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EXECUTIVE SUMMARY

This report forms the basis for the selection of the ninth Earth Explorer mission within ESA’s
Earth Observation Programme. Two competing ‘Fast Track’ candidates, the Far-infrared
Outgoing Radiation Understanding and Monitoring (FORUM) mission and the Surface
ocean Klnematics Multiscale (SKIM) mission. Each have each undergone a rapid and
compressed Phase A feasibility study. This report covers the FORUM mission.

FORUM aims to measure the Earth’s top-of-atmosphere emission spectrum in the 100 to
1600 cm-* (i.e. 6.25 to 100 um) spectral region filling the observational gap in the far-
infrared (100 to 667 cm-1 i.e. from 15 to 100 pm), which has never been observed from space,
spectrally resolved, and in its entirety. This measurement will improve the understanding of
the climate system by supplying, for the first time, most of the spectral features of the far-
infrared contribution to the Earth radiation budget, particularly focusing on the water
vapour contribution related to the continuum absorption in the rotational band, the cirrus
cloud properties, and the ice/snow surface emissivity.

It has long been acknowledged that the far-infrared: defined here as wavelengths greater
than 15 um (wavenumbers smaller than 667 cm-!) plays a pivotal role in determining the
planet’s energy budget. Under clear-sky conditions, this region contributes a quarter to one-
third of the Earth’s greenhouse effect. Under all-sky conditions its influence on Earth’s
emitted energy is even larger, with the typically colder emitting temperatures of mid- and
high-level clouds shifting the peak of the Planck function to longer wavelengths such that, in
the global mean, approximately half of Earth’s emission to space occurs within the far-
infrared.

The dominant role of the far-infrared in determining Earth’s outgoing longwave radiation is
in part due to the strong water vapour rotation band at wavelengths greater than 16.5 pum.
This in turn means that radiative emission in the far-infrared is particularly sensitive to
water vapour in the climatically important upper troposphere/lower stratosphere region.
Similarly, clear-sky longwave radiative cooling through the mid and upper troposphere is
dominated by the contribution from the far-infrared.

For much of the globe this water vapour absorption means that far-infrared surface emission
cannot be sensed from space, but in very dry, clear-sky conditions experienced in the Arctic
and Antarctica this is no longer the case. Here, the outgoing longwave radiation becomes
sensitive to surface emission within the far-infrared through a number of micro-windows
which become progressively more transmissive as water vapour concentration reduces. Very
recent studies show that better understanding of this unexplored phenomenon may play a
critical role in both reducing persistent climate model biases and determining the pace of
Arctic and Antarctic climate change.

Moreover, cirrus clouds (or cirri), typically poorly constrained by observations yet crucial
players in determining current and future climate, have emitting temperatures that place the
peak of their radiative emission within the far-infrared. The ability to correctly simulate the

Page 7/263
Earth Explorer 9 Candidate Mission FORUM — Report for Mission Selection

European Space Agency
Issue Date 21/06/2019 Ref ESA-EOPSM-FORM-RP-3549 Agence spatiale européenne



ESA UNCLASSIFIED - For Official Use

¢-esa

interaction of the radiation spectrum with cirri relies on the capability of optical models to
adequately represent their scattering and absorption properties. These are crucially
dependent on the complex ice-crystal shapes and their size distributions within the clouds.
Recent advances in cirrus cloud modelling have attempted to capture the bulk microphysical
properties of cirri spanning the entire electromagnetic spectrum. However, while there are
many satellite observations of the reflected visible and emitted near- and mid-infrared
radiation in the presence of cirrus clouds that can be exploited to test these developments,
there are no such observations that span the far-infrared. This represents a major barrier to
improving the confidence in the ability to understand and monitor cirrus properties and
their interaction with Earth’s outgoing longwave energy, particularly since the contrast in ice
and water refractive indices between the far-infrared and mid-infrared implies that unique
information relating to cloud classification and microphysics can be leveraged only from
measurements of the far-infrared spectrum.

The FORUM mission directly addresses several of ESA’s Living Planet Challenges
particularly with Challenge Al: Water vapour, cloud, aerosol and radiation processes and
the consequences of their effects on the radiation budget and the hydrological cycle. The
mission will supply multi-annual “accurate and stable measurements of the long-wave
radiation at the top of the atmosphere to assess the contributions of clouds and aerosols,
greenhouse gases, in particular water vapour, and surface optical properties to the radiation
budget”, which are required to reduce the “largest uncertainty (still present) to estimates and
interpretations of Earth’s changing energy budget” (IPCC, 2013). The “accurate descriptions
of the properties of clouds and the distribution of water and ice in the atmosphere”, supplied
by FORUM, will give a better understanding of the role of clouds in the climate system,
including cloud—radiation feedback.

The overarching research goal of the FORUM mission is the evaluation of the role of the far-
infrared in shaping the current climate and thus reduce uncertainty in predictions of future
climate change. This will be addressed by: a) building a highly accurate global dataset of far-
infrared radiances to validate present-day state as captured by Earth system models; b) using
these measurements to understand and constrain the processes that control far-infrared
radiative transfer and hence Earth’s greenhouse effect; ¢) updating the parameterisations of
these processes for implementation in radiative transfer codes, and ultimately in Earth
system models; and d) characterising critical feedback mechanisms.

While the primary focus of FORUM will exploit the high radiometric accuracy, instantaneous
radiance observations will also be used for the following applications: a) retrieval of far-
infrared surface emissivity in appropriate conditions (clear-sky, low precipitable water
vapour); b) assessment of additional benefit of far-infrared compared to state-of-the-art
hyperspectral mid-infrared radiances for upper troposphere/lower stratosphere H20
retrieval; c) detection of thin cirrus cloud; and d) retrieval of ice-cloud optical depth, ice
water path cloud top height, cloud geometrical thickness (or equivalently cloud bottom
height) and particle size.

The FORUM mission consists of a single satellite carrying two optical instruments: the
FORUM Sounding Instrument (FSI) and the FORUM Embedded Imager (FEI). The satellite
flies in a loose formation with MetOp-SG(Al) in a 29-day repeat-cycle Sun-synchronous
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orbit, with a Mean Local Solar Time at the descending node of 09:30 and an average orbit
altitude of 830 km. Vega-C is the baseline launcher in a dual-launch configuration.

FORUM performs continuous step-and-stare nadir-looking observations of spectrally-
resolved top of atmosphere radiances in the mid-infrared and far infrared region of the
spectrum. The primary instrument is the FSI, a single-pixel Fourier Transform Spectrometer
(FTS) sampling the electromagnetic spectrum from 1600 cm-! to 100 cm (6.25 um to 100
um) with a spectral resolution better than 0.5 cm-t. The FSI single pixel is co-located with
the footprint of the FEI, a single-band-infrared-imager centred at 10.5 um with a bandwidth
of 1.5 um and used for scene heterogeneity determination. Both instruments share several
common units, such as the entrance aperture, the pointing mechanism, the thermal and
mechanical framework and the radiometric calibration devices. The FORUM payload data
will be downlinked to the ground station with a radio link in the X-band. The generic Earth
Explorer ground segment infrastructure is used for the FORUM mission.

The space segment is designed for a nominal lifetime of four years with sufficient propellant
to last six years. The FORUM satellite is largely based on a recurrent three-axis stabilised
Earth-pointing platform, with specific mission adaptations, which ensure a streamlined
satellite development approach to meet the stringent programmatic boundary conditions for
this Earth Explorer Fast Track mission while minimising the development risks.

FORUM is considered a technically feasible mission. Critical technologies have been
identified and dedicated pre-development activities have been initiated during Phase A.
Based on the results of pre-developments achieved so far, and assuming successful
completion of the pre-developments planned to be initiated in phase B1, it is expected to
reach at least a Technology Readiness Level of 5 or 6 by the end of Phase B1. The main critical
technologies and pre-developments initiated during the Phase A are:

beamsplitter

calibration blackbody
detection chain
interferometer mechanism.

In terms of scientific readiness, the critical scientific areas of maturity and risk have been
assessed and there are no major issues of concern with respect to the scientific development
of FORUM. The mission and research objectives have remained stable with respect to the
original proposal. However they have been significantly refined within dedicated science
activities and can be considered consolidated. During the Phase A, two measurement
campaigns were performed, one ground-based at Zugspitze summit in Germany, and one
airborne over the UK. The results will undergo further investigation. The first ever
measurements of far-infrared emissivity with simultaneous characterisation of the studied
snow sample, already delivered impressive results confirming, in parts, theoretical
calculations. A complex end-to-end performance simulator has been developed. Based on
simulations and dedicated campaign activities, FORUM was demonstrated to be compliant
with its scientific mission requirements.
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Numerous studies have been performed, demonstrating the impact of far-infrared radiances
and fluxes for weather and climate. A diverse range of researchers (climate scientists,
numerical weather prediction and climate modellers, atmospheric chemists,
spectroscopists) are anticipating real FORUM data to test and improve this understanding.
The interest from the user community has been demonstrated by the participation of about
90 international researchers at the first FORUM user workshop held in 2018.

On the basis of the above, it is considered that FORUM has reached the required Scientific
Readiness Level of 5 at the end of Phase A.

Assuming the expected successful outcome of on-going and planned technology pre-
developments, the maturity of critical technologies will reach the required level prior to the
start of the implementation phase. The development schedule is driven by the instrument
development, calibration & characterisation and test phases. The Design Development and
Verification Plan and the associated schedule are not yet fully consolidated and further
improvements would be necessary to recover - with margins - the launch date by the end of
2025.

FORUM will be the first satellite mission to provide spectrally-resolved measurements in the
far-infrared range, enabling climate research and acquiring knowledge with which to reduce
uncertainty in predictions of future climate change.

It is judged that the FORUM mission concept has reached the expected scientific and
technical readiness level at the end of Phase A, and is sufficiently mature for implementation
as Earth Explorer 9. The development schedule is compatible with a launch in the 2026
timeframe.
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1 INTRODUCTION

The Earth Observation Envelope Programme is a rolling programme designed to underpin
European efforts in Earth Observation from space. The Earth Explorer element of the
programme consists of a series of space missions addressing critical Earth science issues.
To date ESA has developed and launched five such Earth Explorer research missions:

GOCE - Gravity field and steady-state Ocean Circulation Explorer
SMOS - Soil Moisture and Ocean Salinity

CryoSat - Polar Ice Monitoring

Swarm - Earth’s Magnetic Field and Environment Explorer
Aeolus - Doppler Wind Lidar

and is currently implementing a further three:

e EarthCARE - Clouds, Aerosols and Radiation Explorer
e Biomass - to take global measurements of forest biomass
e FLEX —Fluorescence Explorer

The Agency aims to achieve a clear appreciation of the science community’s views on what
mission concepts will give the highest scientific return and best response and solution to
scientific challenges and issues facing society (Earth Observation Science Strategy for ESA:
A New Era for Scientific Advances and Societal Benefits, ESA SP-1329/1 and ESA’s Living
Planet Programme: Scientific Achievements and Future Challenges — Scientific Context of
the Earth Observation Science Strategy for ESA, ESA SP-1329/2, European Space Agency,
Noordwijk, the Netherlands, 2015).

This series of pioneering Earth Explorer satellite missions represents the epitome of
Europe’s technical endeavour in conceiving and realising new Earth-observing capabilities.
Each of these research missions offers new innovative measurement techniques to explore
and understand different aspects of the Earth system. Meanwhile, the guiding principle
remains to define, develop and operate these Earth Explorer missions in close cooperation
with the scientific community to address the most critical Earth-science questions in as
comprehensive and effective a manner as possible.

In 2016, ESA initiated a call to invite proposals for mission concepts that exhibit a certain
degree of maturity, or ‘readiness’, and that demonstrate the potential of new innovative
Earth Observation techniques of relevance to both the scientific and the applications
communities. Mission Proposers were encouraged to make use of recurrent hardware and
software, of formation and constellations (possibly via national and/or international
partnerships), and launch opportunities. Specific to this Call, the scope of the EE-9 mission
was to address science questions that have a direct bearing on societal issues such as:

e Food security

e Availability of fresh water

e Management of the Earth’s resources and energy

e Health of the planet and humankind

e Disaster risk reduction and improvement of disaster resilience
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e Climate change

Not only the feasibility of the concept in terms of realising its scientific objectives and
meeting its technical challenges has to be demonstrated, but also the capacity of the mission
to address scientific questions in the context of above major societal issues.

In 2017, two Earth Explorer 9 candidates were selected for feasibility study (Phase A):
FORUM and SKIM.

The Far-infrared Outgoing Radiation Understanding and Monitoring (FORUM) mission
aims to measure the Earth’s top-of-atmosphere emission spectrum in the 100 to 1600 cm-t
(6.25 um to 100 um) spectral region covering the observational gap of the far-infrared 100 -
667 cm (15 um to 100 um), which has never been observed from space, spectrally resolved,
and in its entirety. This measurement will provide an improved understanding of the climate
system by supplying, for the first time, most of the spectral features of the far-infrared
contribution to the Earth radiation budget, particularly focusing on the water vapour
contribution related to the continuum absorption in the rotational band, cirrus cloud, and
ice/snow surface emissivity.

The Sea surface Kinematics Multiscale monitoring (SKIM) mission aims to observe directly
and simultaneously, Ocean Total Surface Current Velocity and wave-spectra to characterise
and quantify their role in ocean/atmosphere processes and their societal impact at the global
and regional scale.

Owing to the fact that concepts were invited where scientific as well as technological
investigation/validation have progressed, the Agency has implemented a streamlined
schedule as compared to previous Earth Explorer missions.

The Reports for Mission Selection capture the status of the respective mission concept at the
end of Phase A activities. The two volumes will be provided to the Earth-observation
community as a basis for the User Consultation Meeting held in July 2019, and for the
subsequent recommendation for selection of a single Earth Explorer 9 mission by the
Advisory Committee for Earth Observation.

Each Report for Mission Selection follows a common format and logic. Each identified the
scientific questions and related key societal issues motivating the mission and its research
objectives. After establishing the scientific basis and rationale, the specific mission objectives
are outlined and traced to a set of requirements used for system concept definition.
Consolidated descriptions of two competing technical concepts are provided for each
candidate mission, the designs of which are optimised to respond to the mission
requirements. Based on each design concept, the end-to-end performance is simulated and
the maturity of the geophysical data processing is outlined. The results are used to establish
the feasibility and maturity of the concept as well as to evaluate the capability to fulfil the
mission requirements and scientific objectives.

Each report comprises this introductory first chapter and eight subsequent chapters as
follows:
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Chapter 2 identifies the background and scientific issues to be addressed by the mission. It
provides justification for the mission and includes a review of the current scientific
understanding of the issue in question while identifying the potential advances in knowledge
that the mission could provide.

Chapter 3 draws on arguments presented in Chapter 2, and summarises specific research
objectives and related mission objectives.

Chapter 4 outlines the mission requirements, including required Level-2 geophysical data
products and observational parameters, the need for these observations to be made from
space, and aspects of timeliness and timing of the mission.

Chapter 5 provides an overview of the system elements, including the space and ground
segments, operations, calibration and the data processing up to Level-1b.

Chapter 6 details the scientific data processing and validation concept, including processing
and calibration/validation as well as the data processing techniques that need to be
implemented to meet the data product requirements.

Chapter 7 makes a comparison of the expected versus the required performance and ability
to fulfill the research/observational objectives based on the documented system concept.

Chapter 8 documents the readiness of the scientific user community in respect to planned
use of the unique scientific products, the global context in terms of complementary missions
as well as the operational or applications potential of the data products. This chapter also
outlines the societal benefit of the mission.

Chapter 9 outlines a programme of implementation. It also addresses the technical maturity,
the development status of key technologies, and schedules.
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2 BACKGROUND AND SCIENTIFIC JUSTIFICATION

Climate and its variability shapes human well-being. Emerging interdisciplinary research
demonstrates how it determines the nature of societies, affects the characteristics and
functioning of ecosystems and impacts worldwide economic performance (e.g. Carleton and
Hsiang, 2016). Many societal decisions — governing financial investments, infrastructure
design, resource management, and policy — require information about the current climate,
and use predictions concerning how it may change. By improving the understanding of the
current and future state of the climate, society’s basis for decision making is enhanced and
strengthened, benefiting people and communities across the globe.

Climate change has been identified as one of the greatest challenges of this time (United
Nations, 2015). Observations show that some of the most fragile areas of the planet are
changing at a faster rate than has ever been seen in history, with perhaps irreversible, decline
in biodiversity, and implications for water and food security. With its global reach, Earth
observation from space plays a critical role in monitoring climate, providing key
measurements that can be used to both pinpoint and document how it is changing, while
simultaneously confronting the modelling tools that are used to predict the future.

In the climate community, perhaps the most well established metric used to characterise the
climate state is the global near-surface temperature. A critical finding from the early 2000s
was that state-of-the-art climate models could only replicate the historical near-surface
temperature record through the 20t Century if the anthropogenic emissions of greenhouse
gases and aerosols were included in the model simulations (Jones et al., 2013). However,
progress in reducing the spread of future climate predictions from the same modelling tools
has been less forthcoming despite improvements in the understanding of the complexity of
the Earth system (Knutti and Sedlacek, 2013). Earth system models today incorporate a large
array of interlinked processes, representing the best efforts to capture this complexity.
However, the range of predictions of future changes in global mean surface temperature in
response to a doubling of carbon dioxide — the climate sensitivity (Box 2.1) — remains
stubbornly high (Intergovernmental Panel on Climate Change (IPCC) reports; IPCC, 1990,
Stocker et al., 2013). Economic modelling suggests that reducing uncertainty in climate
sensitivity by a factor of two would have a tremendous economic value, of between $5 — 20
trillion (Cooke et al., 2014, 2017; Hope, 2015).

Box 2.1: Climate sensitivity

At the global, multi-annual scale, the energy balance at the top of Earth’s atmosphere can
be considered to be in equilibrium such that the net incoming energy from the Sun is
balanced by the terrestrial radiation escaping to space (also termed outgoing longwave
radiation, OLR). Perturbations to this balance will result in climate adjustments so that
equilibrium at the top of the atmosphere is restored. For example, increases in carbon
dioxide (CO2) will result in additional absorption of surface emitted radiation by the
atmosphere, reducing the OLR and leading to warming, such that Earth emits more
radiation which re-establishes the balance. In reality this readjustment process takes time.
Because of the long timescales of ocean mixing and the large thermal inertia of the ocean,
it can take centuries for the balance to re-establish and for temperatures to reach a new
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equilibrium state. During this period of adjustment, Earth’s energy imbalance is a heat loss
or gain that will ultimately be realised as a change in temperature at equilibrium.

Equilibrium climate sensitivity is defined as the equilibrium global surface temperature
change to a sustained doubling of atmospheric CO2 concentration and provides a relatively
simple means of comparing the response of a wide array of different climate models.
Mathematically it is defined as:

ATs=AF/ A 2.1

where AF is the radiative forcing or change in the net incoming energy (incident solar
radiation minus reflected solar radiation minus OLR) at the top of the atmosphere (TOA)
owing to a doubling of atmospheric CO2 concentrations with respect to pre-industrial
levels, ATs is the resulting change in global mean surface temperature required to restore
equilibrium and A is the climate feedback parameter. In this formulation, A contains the
effects of all the feedback processes that contribute to restore the radiative balance at the
TOA. This includes the response of clouds, water vapour, surface radiative properties and
vertical temperature profiles to the surface temperature change caused by the original
radiative forcing.

The first IPCC report in 1990 estimated an equilibrium climate sensitivity of between 1.5
and 4.5 K, with a ‘best guess’ estimate of 2.5 K. Subsequent reports have updated these
values slightly but the latest published estimates, in 2013, give an identical range.
Estimates emerging from the current Coupled Model Intercomparison Project (CMIP6),
which will contribute to the next IPCC report in 2021, hint at a higher value, suggesting
Earth will warm faster than thought (Voosen, 2019). However, there has been a rather
depressing lack of progress in pinning down an exact value for the Earth’s equilibrium
climate sensitivity, principally because of uncertainties associated with the feedbacks in the
system. The large uncertainty in equilibrium climate sensitivity is one of the largest
uncertainties in predicted future economic impacts of any given scenario of future
anthropogenic emissions (Interagency Working Group on Social Cost of Carbon Memo,
2010, or SCC, 2010).

It is commonly accepted that the range in climate sensitivity is driven mainly by
uncertainties associated with the magnitude and, in some cases, sign of feedbacks in the
system (Stocker et al., 2013). In this context, climate feedbacks are defined as physical
processes that respond to the surface-temperature change induced by a radiative forcing,
such as an anthropogenic increase in CO2. They can amplify or reduce the original
temperature change. At the global scale, the most critical feedbacks are related to cloud,
water vapour and the vertical temperature profile. To reduce uncertainty in future
predictions of climate, observations that are able to test the understanding of the link
between the drivers of change (the radiative forcings) and the climatic response (the
feedbacks) are urgently needed. Moreover, as increasingly recognised by organisations such
as the World Meteorological Organization’s Global Climate Observing System (GCOS), these
observations should be made with an accuracy that allows them to be used, with confidence,
as a benchmark against which future measurements can be compared.
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This basic principle lies behind the concept of GCOS’s Essential Climate Variables (ECVs)
and the emergence of dedicated projects to characterise and develop fundamental climate
data records (e.g. http://www.fiduceo.eu/). Of these, perhaps the most fundamental ECV is
Earth’s Radiation Budget (ERB), measured at the top of the Earth’s atmosphere. Consisting
of two components, the net incoming solar radiation and the outgoing terrestrial radiation,
it measures the flow of energy into and out of the Earth system. At equilibrium, on global
multi-annual scales these components balance, and during a transition to a new equilibrium
their imbalance determines the heating or cooling yet to be realised, as a temperature
change. Measurements of the ERB from space thus contain a wealth of information about
the present and future climate and are essential to understand the climate and how it is
evolving with time.

Outgoing terrestrial radiation is the energy emitted by the Earth-system that escapes to
space. Because of the typical temperatures of Earth’s surface and the overlying atmosphere,
more than 97 % of this emitted energy occurs in the wavelength range 4—100 um (100—
2500 cm-1) and is commonly termed outgoing longwave radiation or OLR. Greenhouse gases
such as CO2 have strong absorption bands over this wavelength range. Increases in their
atmospheric concentrations lead to enhanced trapping of longwave radiation and a
reduction in OLR in these bands (Fig. 2.1a). All other properties remaining unchanged, the
additional heat trapped in the system will ultimately result in an increase in surface
temperature. This increase leads to enhanced OLR as the Earth system attempts to regain
equilibrium at the top of the atmosphere. Interestingly, this increase is manifested across a
quite different spectral range to the original forcing (Fig. 2.1b). In fact it is possible to
decompose different forcings and feedbacks into an associated spectral signature (Box 2.2).
In this way, the distribution of Earth’s emitted energy to space with wavelength implicitly
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Figure 2.1 Spectral variation of (a) change in OLR due to a doubling of CO2 after stratospheric adjustment;
(b) the spectral climate response, AvATs, in restoring equilibrium at the top of the atmosphere. Calculations
by clear-sky Radiative Convective Equilibrium model KONRAD. (L. Kluft, Max Planck Institute for
Meteorology, Hamburg)
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contains the imprint of multiple forcing and feedback processes. Highly accurate
measurements across the OLR spectrum thus provide a means of directly linking changes in
Earth’'s energy balance to the underlying mechanisms behind the change. Such
measurements can only be made from space.

Box 2.2: The spectral signature of radiative forcing and feedbacks

The top of atmosphere broadband radiation flux measurements comprising the ERB
provide key observational constraints for understanding the energy balance of the climate
system and its evolution in time. However, it is difficult to diagnose specific perturbations
to, and responses of, the climate system from such measurements because they integrate
the contribution from these different effects into a single number. Cancellation effects can,
and do, occur (Hansen, 2005), masking the competing signals. In contrast, by measuring
the OLR spectrum, the impact of different controlling factors on the radiation energy
budget can be disentangled (e.g. Harries et al., 2005; Kiehl, 1983; Leroy et al., 2008; Slingo
and Webb, 1997).

Fig. 2.2 provides examples of the type of spectral signatures that might be expected to
emerge owing to specific forcing and feedbacks in the climate system. These have been
calculated using climate model simulations for a double-CO2 climate run, comparing
spectra representative of pre-industrial conditions (atmospheric CO2 concentrations set at
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Figure 2.2 Spectral fingerprint in OLR associated with a doubling of CO, (top left) and the resulting OLR
signal owing to the response of different climate parameters. In each case the blue line shows the global mean
fingerprint while the red curve is the associated 10 standard deviation due to spatial variation in the signal.
To obtain the correct magnitude and sign of the radiative signal in W m-2 the values on each y-axis have to be
multiplied by the number in each panel. The black line in each panel is at 667 cm-L. Values to the left of this
line lie within the far-infrared. (Adapted from Y. Huang et al., 2010)
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280 ppm) to those that were simulated after the model had responded to a doubling of
atmospheric CO: (Yi Huang et al., 2010). The focus is specifically on the signatures down
to the CO: doubling (the original forcing) and the response (feedback) of water vapour,
temperature, distinguishing in both cases between the stratosphere and the
troposphere, and high (ice) clouds. It is apparent that the original forcing has a quite
distinct signal compared to the feedback signals. Moreover, while certain feedbacks show
a broadly similar shape (e.g. tropospheric temperature and humidity) there are subtle
differences which can be discerned given sufficient spectral coverage and accuracy.
Finally, and perhaps most critically, a substantial proportion of all of the feedbacks, and
indeed the CO: forcing, occurs within the far-infrared (FIR) at wavenumbers less than
15 um (667 cm1).

How well is Earth’s OLR spectrum known? At mid-infrared (MIR) wavelengths between 4—
15 um (667—2500 cm-t), continuous, global, hyper-spectral observational records from space
spanning almost 20 years exist (e.g. Chahine et al., 2006; Hilton et al., 2012). Moreover,
satellite observations within specific wavelength bands in the MIR have existed for twice as
long (e.g. Scott et al., 1999). However, as of today, there is less than a year’s worth of
observations of Earth’s OLR spectrum at wavelengths between 15—25 um (400—667 cm-1)
(Section 2.2.1) and no measurements at all of the spectrum between 25—100 um (100—
400 cm). Fig. 2.2 shows that a large proportion of the expected feedback signatures owing
to changes in temperature, water vapour and high cloud is predicted to occur in this FIR
region from 15—100 um (100—667 cm-?). In several cases such as high cloud, tropospheric
water vapour and temperature, the contrast between the FIR and MIR signals holds the key
to distinguishing between different effects. This demonstrates that spectral observations of
the OLR across the FIR from space are urgently needed, to test and refine the understanding
of the links between these parameters and their role in shaping future climate.

More fundamentally, as will be shown, observations in the FIR have the potential to deliver
new insight into the interplay between water vapour, temperature, ice cloud and, in very dry
regions, surface properties, and their radiative impact. It will be shown that the large
contribution that the FIR makes to Earth’s OLR and atmospheric cooling, coupled with its
sensitivity to these critical climate parameters, means that the absence of such
measurements constitutes the major remaining observational gap in the knowledge of Earth
system energetics. The Far-infrared-Outgoing-Radiation Understanding and Monitoring
(FORUM) mission will fill this gap by providing systematic, global, spectral measurements
spanning the FIR and MIR and quantify, for the first time, how these parameters and their
interactions combine to modulate the total energy emitted by Earth, and its variability over
space and time. In this way, the mission directly addresses the most urgent observational
requirement as identified by Atmosphere Challenge Al of the science strategy within the ESA
Earth Observation Living Planet Programme (ESA, 2015a):

Challenge Al: Water vapour, cloud, aerosol and radiation processes and the
consequences of their effects on the radiation budget and the hydrological
cycle.
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Figure 2.3 Ratio of TOA annual mean all-sky FIR flux (15—100 pm) to total OLR as calculated using the NCAR
Community Atmosphere Model: 40 % or more of the OLR is in the FIR at all global locations. (W. Collins
Lawrence Berkeley National Laboratory, US and M. Mlynczak, NASA, US)

2.1 The Far-Infrared Earth: the Benefit of FORUM

The global annual mean spectrally integrated, or broadband OLR over the period 2000—
2010 has been estimated as 239.7 + 3.3 W m-2 (Stephens et al., 2012). Assuming blackbody
emission, this implies that, viewed from space, Earth has a global mean effective emitting
temperature of around 255 K such that the peak of its emission lies within the FIR. The key
role that the spectral region plays in modulating the TOA energy budget can be seen in its
contribution to the total OLR as a function of latitude and longitude, with climate model
simulations suggesting that between 40—65 % of Earth’s all-sky OLR is found in the FIR as
shown in Fig. 2.3.

2.1.1 The Greenhouse Effect, Atmospheric Cooling, Water Vapour and
the Critical Contribution of the FIR

The 255 K global mean effective emitting temperature of Earth is in marked contrast to its
global mean surface temperature of around 288 K. The difference is due primarily to strong
absorption by water vapour and CO2 with much of this absorption occurring within the FIR
(Harries et al., 2008). There are several ways to demonstrate the importance of FIR
absorption. One simple, but powerful way is to display Earth’s greenhouse effect, defined as
the difference between the surface emission and the OLR (Raval and Ramanathan, 1989), as
a function of wavenumber, or the amount of radiation trapped within the atmosphere.
Simulations of this quantity for clear-sky conditions for two extreme cases: a tropical (warm,
wet) and a sub-Arctic winter (cold, dry) profile, show that around one-quarter of the total
greenhouse effect occurs within the FIR for the tropical case, increasing to one-third for the
sub-Arctic winter case (Brindley and Harries, 1998).
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The importance of FIR absorption and emission is not confined to its impact at the TOA.
Clear-sky longwave radiative cooling in the mid-upper troposphere is dominated by the
contribution from the FIR, primarily due to the strong absorption and emission by water
vapour at FIR wavelengths (Fig. 2.4). In this way the FIR has a critical role not only in
regulating Earth’s clear-sky cooling to space but also in influencing atmospheric dynamics.
—W . ; ,
..|

Figure 2.4 Simulated atmospheric longwave radiative cooling rates in K day-! (cm-1)-1 x 103 as a function of
wavenumber and pressure for a standard tropical profile. The cooling in the mid-upper troposphere (pressure
levels between 150 and 700 hPa) is dominated by the contribution from the FIR. (Adapted from Harries et al.,
2008)

A direct corollary of this behaviour is that in clear-sky conditions, or in the presence of low
cloud, outgoing radiation in the FIR is particularly sensitive to changes in mid-upper
tropospheric water vapour (Sinha and Harries, 1995). Fig. 2.5 gives a simple demonstration
of this sensitivity by showing the simulated impact of a 12 % perturbation to water vapour
concentrations on the greenhouse effect for four distinct layers in a standard tropical profile.
As the height of the perturbation shifts from lower to higher layers, the peak response, in
terms of the change in greenhouse effect, also shifts from the MIR to the FIR. It is worth
making several further points here: (1) for this atmospheric profile the 12 % increase in water
vapour concentration results in the same reduction in total OLR as a doubling of COz2; (2)
the typical uncertainty in current estimates of upper tropospheric water vapour is of the
order 10 %; (3) the use of a constant percentage change means that the absolute perturbation
to water vapour amounts in the lower stratosphere is very small (~ 0.3 ppmv); (4) looking
down on Earth, these changes in lower stratosphere water vapour can only be observed in
the FIR, and require high radiometric accuracy and spectral resolution (~ 0.5 cm-?).

The relatively small change in water vapour required to match the integrated effect of a
doubling in COz2 highlights its status as the most important greenhouse gas (Held and Soden,
2000). As shown in Figs. 2.4 and 2.5, a given perturbation to water vapour will have a strong
effect throughout the mid-upper troposphere and into the lower stratosphere. In particular,
the atmospheric radiation balance is highly sensitive to greenhouse gas changes in the
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cold tropopause region (Riese et al., 2012). Even slight variations in water vapour (less than
1 ppm) in the lower stratosphere therefore represent an important source of the decadal
variability in the surface temperature (Solomon et al., 2010).

—=

In addition to its influence on the radiation budget, upper troposphere/lower stratosphere
(UTLS) water vapour also significantly affects, and is affected by, atmospheric dynamics
(Chung et al., 2011), transport (Ploeger et al., 2013), cloud formation and lifetime (Collins,
2002; Sherwood et al., 2010), and, through its strong feedback effect it plays a key role in
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Figure 2.5 Top panel: simulated spectral greenhouse effect, Gv, for a tropical standard atmosphere. The
surface emission is shown by the dashed line. The lower panels show the simulated change in Gv given a 12 %
increase in water vapour in the specified atmospheric layer. In each case values to the left of the dotted line
are within the FIR. (H. Brindley, Imperial College, London)
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shaping the future evolution of the climate (Dessler et al., 2008, 2013). The measurement
accuracy and resolution required to improve the understanding of water vapour radiative
effects, interaction with cloud processes, and transport within the atmosphere strongly
depend on the target application. For example, cirrus cloud properties are strongly
dependent on the environment in which they form (Comstock et al., 2004; Jensen et al.,
2005) such that a 10% uncertainty in relative humidity with respect to ice has significant
implications for the resulting cloud microphysics.

Given these dependencies, over the last couple of decades there have been substantial efforts
to improve the characterisation of UTLS water vapour. A prominent example is the
Water Vapour Assessment 2 (WAVAS-2) by the World Climate Research Programme
(WRCP) and Stratosphere-troposphere Processes And their Role in Climate (SPARC)
initiative. WAVAS-2 aims to update the first SPARC Water Vapour Assessment (Kley et al.,
2000) by including recent satellite, field, and laboratory measurements and assessing
processes affecting stratospheric water vapour and its evolution (see ACP/AMT/EESD inter-
journal special issue, 2016). In-situ airborne hygrometer inter-comparisons within the
UTLS suggest that, at least over the limited geographical and altitude regions sampled,
agreement between different instruments is within their total uncertainty budgets at + 10—
15 %. However, systematic biases between instruments of the same order of magnitude as
this budget are noted in very low humidity regimes (water vapour <10 ppm) (Kaufmann et
al., 2018). Similarly, recent estimates of water vapour trends and variability within the lower
stratosphere recognise that these are still poorly constrained and subject to large
uncertainties (Hegglin et al., 2014; Hurst et al., 2011).

Moreover, despite the substantial effort that has been made to assess, improve and
homogenise upper tropospheric water vapour estimates from radiosondes (McCarthy et al.,
2008, 2009; Miloshevich et al., 2006) and satellite sounders (Shi and Bates, 2011) best-case
uncertainties from the GCOS Reference Upper Air Network (GRUAN) radiosondes are still
of the order 5%, reaching 15% near the tropopause (Dirksen et al., 2014). These uncertainties
are still significant because all current measurement techniques have shortcomings over the
upper tropospheric altitude range. Limb sounding instruments, which offer high vertical
resolution, are affected by the variable nature of the water vapour horizontal distribution;
narrow-band nadir sounding instruments have poor vertical resolution and can suffer from
clear sky and dry biases (Chung et al., 2014; John et al., 2011); MIR hyperspectral sounders
have limited sensitivity to the region and underestimate humidity extremes (Chou et al.,
2009); current Global Positioning System (GPS) radio-occultation based approaches have
reduced sensitivity in the upper troposphere (Kursinski and Gebhardt, 2014) and
radiosondes need corrections to be applied to account for biases induced by daytime solar
heating, instrument time-lags and calibration (Dirksen et al., 2014).

Studies have shown that the enhanced sensitivity in the FIR to small changes in
water vapour concentration in the UTLS can be exploited to improve the knowledge of
water vapour concentrations in this climatically critical region (e.g. Merrelli and Turner,
2012). Simultaneous measurements of the full OLR spectrum from FORUM will allow this
water vapour distribution to be related directly, for the first time, to its associated radiative
signature and greenhouse effect.
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2.1.2 The Role of Spectroscopy

Outgoing long-wave radiation to space is the fundamental cooling mechanism of the Earth-
atmosphere system. Simulations based either on idealised profiles (Clough et al., 1992; Sinha
and Harries, 1995) or estimates of global water vapour fields (Allan et al., 1999; Allan, 2004)
suggest that much of this cooling occurs within the FIR water vapour absorption band (Fig.
2.4). All such simulations make use of radiative transfer codes that can range from highly
detailed, but relatively slow ‘'line-by-line' models, which consider individual spectral lines
(e.g. Clough et al., 2005), to the rapid, but highly parameterised codes typically used in state-
of-the-art general circulation models (GCM) (e.g. lacono et al., 2000). The accuracy of all of
these codes is ultimately dependent on the underlying spectroscopy, or detail of the position,
width and strength of individual gaseous absorption lines and any associated broad-band
features or continua (e.g. Shine et al., 2012). In this way, accurate spectroscopy and its
representation in radiative transfer algorithms fundamentally affects the ability to model
current, and predict future, climate.

Spectroscopy underpins the knowledge of the climate in another, subtly different way. The
long-term records that have been, and are currently being, derived of a multitude of essential
climate variables rely on radiative transfer codes to translate the raw measurements made
by satellites, into the physical properties of the surface and the atmosphere and its
constituents relevant to scientists, policy makers and the general public.

Likewise, modern data assimilation systems used in numerical weather prediction (NWP)
make extensive use of the information related to temperature, water vapour, and other trace
gases provided by satellite observations(e.g. Collard and McNally, 2009).
They either ingest geophysical quantities retrieved from satellite observations, or,
increasingly, use radiances measured directly. In both cases, the quality of the final
NWP forecasts will critically depend on the ability of the radiative transfer model used in the
data assimilation to accurately convert physical quantities into radiances (Saunders et al.,
2018) and hence the accuracy of the underpinning spectroscopy.

Recognising their importance, detailed compilations of spectroscopic parameters have been
built up over time and are continuously updated as new, improved information becomes
available either from laboratory or field measurements (e.g. Gordon et al., 2017; Jacquinet-
Husson et al., 2016). Nonetheless, uncertainties in the knowledge of spectroscopic line
parameters and continua are the primary limitations on the accuracy of leading edge
radiative transfer models (e.g. Mlawer et al., 2019; Turner et al., 2012). Reducing these
uncertainties is therefore an important step towards improving the impact of satellite data
on weather forecasting and climate studies.

Radiative closure studies, where observations of spectrally resolved infrared radiance are
compared to simulations in a tightly constrained environment, can highlight systematic
differences between the calculated and measured spectral radiances. They provide a
means of assessing the consistency of the input spectroscopic parameters within different
absorption bands of the same trace gas, and between different gaseous absorbers. Such
studies have shown how, for example, observations from Infrared Atmospheric Sounding
Interferometer (IASI) can be used to assess the knowledge of the spectroscopy of
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water vapour, carbon dioxide and other trace gases across the MIR (e.g. Shephard et al.,
2009).

Measuring water vapour line parameters in the FIR region in a controlled environment is
challenging because FIR water vapour absorption lines originate from high quantum
number energy levels which are hard to observe at the pressures and temperatures that can
be reached in the laboratory. Therefore, estimates of water vapour FIR line strengths and
positions have been derived through theoretical calculations based on high temperature
laboratory measurements (e.g. Coudert et al., 2014; Lodi and Tennyson, 2012; Yu et al.,
2012) and the spectroscopic uncertainties associated with them are significant.

Ground-based measurement campaigns, observing the atmospheric downwelling radiation
can be used to assess the quality of water vapour FIR spectroscopic parameters. However, as
shown in Fig. 2.6 the transparency of the atmosphere in the FIR reduces dramatically as the
amount of water vapour in the atmospheric column, or precipitable water vapour increases.
For the majority of locations around the globe, precipitable water vapour exceeds 1 cm, with
much of this water vapour in the lowest layers of the atmospheric column. This limits what
can be sensed about the atmosphere from the surface, limiting the altitude range that can be
sampled and completely precluding useful measurements at many FIR wavelengths.
Campaigns designed to test FIR spectroscopy are therefore limited to very dry environments
in order to observe absorption features over the widest possible spectral range, covering the
largest altitude range.

Over time,a number of such campaigns have refined and tested the knowledge of
water vapour spectroscopy within the FIR (e.g. Delamere et al., 2010; Liuzzi et al., 2014;
Tobin et al., 1999; Turner and Mlawer, 2010). Very recent work has exploited the
exceptionally low water vapour contents at Cerro Toco, Chile (precipitable water vapour
between 0.3 and 0.5 mm) to provide an updated estimate of the water vapour spectroscopic
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Figure 2.6 Left: atmospheric transmittance as a function of wavelength and precipitable water vapour. As the
amount of water vapour in the atmosphere increases (moving down the y-axis), micro-windows in the FIR
(wavelength > 15 um) close, meaning that, when looking up from the surface the downwelling FIR radiation
originates from lower in the atmosphere. Right: atmospheric transmittance as a function of precipitable
water vapour integrated over the MIR and FIR. The FIR becomes almost opaque when the precipitable water
vapour exceeds 1 cm. (Q. Libois, Meteo-France)
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parameters across the FIR (Mlawer et al., 2019) and agreement between state-of-the-art
line-by-line simulations of the downwelling radiance at the surface and available
measurements is now sufficient to identify biases in the input water vapour profiles
themselves (Rizzi et al., 2018).

However, ground-based FIR measurements sample atmospheric layers with pressure and
temperature conditions very different from those that can be sampled from space. High-
altitude aircraft and balloon measurements give a more representative picture of what might
be seen from a satellite’s perspective, albeit over a limited geographical range. Such
measurements have demonstrated their value to study water vapour spectroscopy deep into
the FIR (wavenumbers <400 cm1) (Green et al., 2012).

It has, however, still to be demonstrated that the assessed quality of the water vapour
spectroscopy can be extended over the full range of global conditions that can be sampled
from space. In fact, the uncertainties associated with state-of-the-art ground-based
estimates of water vapour spectroscopy are still large. For example, the most recent
estimates of water vapour continuum coefficients have uncertainties of the order 20—30% at
wavelengths 100—400 cm-! (Mlawer et al., 2019). By observing the spectrally resolved OLR
in the FIR, FORUM will provide the first measurements capable of validating and improving
these estimates on a global scale.

FORUM will also make the first high-quality observations of the complete 15 um (667 cm-1)
COz2 band. Observations from IASI show that the 700—750 cm-! region can be matched within
instrumental noise by model simulations using state-of-the-art spectroscopy and collocated
high-quality radiosonde and reanalysis data (e.g. Serio et al., 2019). FORUM measurements,
covering the longwave side of the band (wavenumbers <645 cm-), will provide the first
opportunity to perform a similar validation exercise in this spectral region. Confirmation of
the spectroscopy in this range is important to properly characterise the radiative forcing
owing to enhanced CO2 concentrations (Section 2.1.4) and may also prove beneficial for
improving CO2 and temperature retrievals using the 15 pm band.

2.1.3 Ice Clouds and Radiative Impacts

Clouds affect the radiative balance of Earth’s atmosphere through competing greenhouse
and albedo effects. The balance between these effects is of fundamental importance to
Earth’s climate system and varies with cloud height, microphysical properties, phase,
geometrical thickness and the background atmosphere in which the cloud is embedded.
Insufficient knowledge of cloud fields, their radiative properties, their contribution to the
radiation budget and how this may evolve in a changing climate is the primary reason why
predictions of future climate from different state-of-the-art models show a substantial
variation (Stocker et al., 2013).

One measure of the degree to which a cloud interacts with radiation is its opacity given by
the optical depth, which is a function of wavelength. The larger this number, the greater the
attenuation of radiation by the cloud. It has been understood for some time that the
greenhouse effect of sub-visual or optically thin, high ice cloud or cirrus (Hong et al., 2016;
Sassen and Cho, 1992) exceeds their albedo effect, resulting in a net warming radiative effect
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Figure 2.7 Global ice cloud occurrence frequency derived from four years of CloudSat and CALIPSO
observations as (a) a function of latitude and longitude and (b) a function of latitude and height. Note the
different colour scales. (Hong and Liu, 2015, © Copyright [2015] American Meteorological Society (AMS))

with peak values in the Tropics. As a consequence, any change of these cloud parameters
(e.g. opacity, cloud height, geometrical thickness or even geographical distribution) ina
warming world could enhance or reduce projected warmings.

There is no clear understanding of how clouds will change in the future, both in terms of
location and extent and their microphysical properties, although some different mechanisms
have been proposed (e.g. Bony et al., 2016). Indeed the most recent IPCC report states: ‘The
role of thin cirrus clouds for cloud feedback is not known and remains a source of possible
systematic bias... the representation of cirrus in GCMs appears to be poor’ (Stocker et al.,
2013). More recent studies have also highlighted the prevalence of sub-visual, low-altitude
ice cloud, and simulations have suggested that these too have a substantial radiative impact
(Hong et al., 2016). A notable finding is that, overall, the global net radiative effect of ice
clouds is warming owing to a much higher occurrence of thin cloud compared to thick ice
cloud.

Ice cloud climatologies, built up from multi-year satellite observations from active sensors,
show thatice clouds are extremely widespread, particularly in regions of tropical deep
convection and over the mid-latitudes (Fig. 2.7). Of these ice cloud occurrences, thin and
sub-visual clouds (visible optical depth <0.3) contribute around 40% to the total cloud
occurrence (Hong and Liu, 2015), showing a similar geographical distribution to that seen
in Fig. 2.7. Optically thicker cloud, with visible optical depths of between 0.3 and 3 contribute
a further 39 % to the total ice cloud occurrence. According to this global picture, sub-visual
ice clouds tend to be preferentially located at low altitudes in the northern and southern mid-
latitudes while thin ice clouds are more often found in the tropical UTLS, in the form of
detraining or overshooting cirrus anvils.

The impact of ice clouds on the radiation balanceis complex. It depends on several
parameters such as surface albedo, emissivity and temperature; cloud height and thickness;
and ice crystal size distribution and shape (Baran, 2012; Fusina et al., 2007; Maestri et al.,
2005; Yang et al., 2015), and their geographical location. Unlike the spherical droplets found
in liquid water clouds, the highly complex shapes of ice crystals observed in cirrus clouds
(the crystal habits) makes modelling their impact on radiation particularly challenging. For
example, early work by Stephens et al. (1990) using a simple mechanistic climate model
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concluded that predictions of cirrus feedback on climate were limited by a lack of
understanding of the relationship between the size and shape of ice crystals and the bulk
optical properties of the cirrus clouds. More recent work by Baran (2012) and Baran et al.
(2014) reinforces this statement by showing that significant GCM-simulated longwave and
shortwave radiative flux differences resulting from different crystal models and
parameterisations are widespread, reaching 10—-30 Wm-2 and from -10 to -35 Wm-2,
respectively.

Efforts to constrain the radiative impact of cirrus clouds have primarily focused on the
visible and MIR spectral regions where the abundance of data from both aircraft and satellite
observations has enabled the development, iteration and validation of cirrus scattering
models (Baran, 2012; Baum et al., 2014; Yang et al., 2015). However, to date, there have been
very few spectral observations of cirrus clouds spanning the FIR, precluding a rigorous test
of how well these models are able to capture the radiative signature of cirrus within this
spectral region (Baran, et al., 2014). The limited aircraft-based radiative measurements of
cirrus spanning the FIR and MIR that do exist imply that current optical models are unable
to match the observed signals consistently across the infrared spectrum (Cox et al., 2010).
In order to quantify and reduce the uncertainties associated with current cirrus optical
models in the FIR it is imperative to measure a comprehensive set of spectra, sampling
different meteorological regimes covering the full infrared spectrum. This will enable
improved optical models with quantified uncertainties to be developed, greatly enhancing
confidence in the ability of both climate and NWP models to accurately represent
these radiatively important, widespread clouds. FORUM will provide these measurements
for the first time.

2.1.4 Climate Forcing and Feedbacks: the Power of Spectral
Resolution

As described in Box 2.1, a radiative forcing, AF refers to the deviation from radiative balance
at the top of atmosphere resulting from a perturbation to the climate system. Examples of
natural perturbations include changes in solar radiation related to variations in solar activity
or the worldwide dissemination of volcanic aerosol after an eruption. Anthropogenic
forcings include those owing to changes in the atmospheric concentration of greenhouse
gases arising from human activities.

Although radiative forcing is generally summarised by a single value, each specific forcing
will also have its own spectral signature. For instance the greenhouse effect of CO2 mostly
operates in its strong absorption band centred at 15 pm. Likewise, methane (CH4) and
nitrous oxide (N20) have localised absorption bands at around 7.7 um and 17 um,
respectively. Aerosol interactions with radiation are also strongly wavelength dependent. As
a consequence, discriminating between and accurately assessing anthropogenic radiative
forcings requires detailed spectral information that only satellite-based hyperspectral
observations across the whole infrared (IR) range can provide.

Because of the confidence in the knowledge of both CO2 spectroscopy and line-by-line
radiative transfer codes, the radiative forcing owing to CO2 has been considered to be well-
understood and well-constrained for some time (Stocker et al., 2013), (IPCC 2008).
Nonetheless, recent studies have challenged this view (Pincus et al., 2015; Soden et al.,
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2018). Comparisons of AF resulting from the same change in CO:z across models
participating in the Coupled Model Intercomparison Project 5 (CMIP5) show a spread of up
to 3 W m-2 in AF (Chung and Soden, 2015a) directly affecting calculations of the resulting
climate sensitivity (Chung and Soden, 2015b). Indeed, as originally pointed out over 30
years ago, the impact of inconsistencies in the calculation of radiative forcing on estimates
of climate sensitivity “is nearly half of the often quoted range of uncertainty of 1.5° to 4.5°C”
(Cess et al., 1993). Hence, even if all other aspects of the climate models were perfect, the
spread in projections of CO2-induced climate change would only be reduced by 50 % because
of the differences in radiative forcing. Part of the issue is because of differences in
parameterisations of the radiative transfer used in the various models. However, as
described in Section 2.1.2, as yet there are no high-quality observations spanning the entire
15 um CO2 band. FORUM measurements will enable the assessment of the spectroscopy
across the band for the first time, as well as providing benchmark observations against which
climate models can be compared.

Although a radiative forcing will ultimately result in a change in surface temperature, its
overall effect can be substantially modified by feedback processes operating within the
climate system. Prominent examples of positive feedbacks — or responses that amplify the
original surface temperature change — include those owing to water vapour and surface
albedo. Conversely, since a warmer surface will naturally emit more IR radiation, leading to
a cooling, the largest negative feedback is termed the Planck feedback. Climate models also
tend to predict that the gradient of the tropical temperature lapse rate will lessen with surface
warming, resulting in a negative ‘lapse rate’ feedback (e.g. Soden and Held, 2006). Water
vapour and lapse rate feedback do not act independently, but have a significant cross-
component. Since the upper troposphere warms more than the surface, the water
concentration there also increases more, resulting in additional positive feedback. Finally,
cloud feedbacks comprise all the radiative changes resulting from modifications of cloud
occurrence and physical propertiesin response to a warming climate. Current climate
models show the largest spread in their estimates of cloud feedback with even the sign of the
feedback still open to question (Vial et al., 2013).

While all of the above feedbacks have been recognised for some time, recent work has
identified a new amplification mechanism that has particular relevance for polar regions and
the FIR. As shown by Fig. 2.6, as the atmosphere becomes drier, transparent micro-windows
within the FIR begin to open up such that in clear-skies the effects of changes in surface
conditions can be sensed from space. The importance of this effect is exacerbated by cold
surface temperatures, which shift the peak of the surface emission to longer wavelengths,
within the FIR. Both of these conditions are commonly met in polar environments. Typically
climate models have assumed that the surface emissivity in the FIR is that of an ideal black-
body (i.e. equal to 1 at all wavelengths). Studies using the Community Earth System Model
(CESM) show that accounting for spectrally varying surface emissivity in the FIR compared
to assuming blackbody surface emission results in increases in decadal average Arctic
surface temperatures of up to 2 K, concomitant with decreases of up to 15 % in Arctic sea-ice
extent by the 2030s (Feldman et al., 2014). The authors use these results to introduce a new
positive feedback mechanism, termed the 'ice-emissivity' feedback, whereby sea ice melt in
response to an initial surface warming exposes the less emissive ocean below, resulting in
additional warming. Further analyses with CESM have also shown that (1) the inclusion of
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more realistic spectrally varying surface emissivities can significantly reduce the winter-time
Arctic cold-pole bias (Kuo et al., 2018), which has been a long-standing issue for climate
models in general (Flato et al., 2013) and (2) the sign of the ice-emissivity feedback appears
to be dependent on the detailed characteristics of the underlying surface (X. Huang et al.,
2018). All the above studies rely on estimates of the surface emissivity that have been derived
theoretically and have not been extensively validated in the FIR (Chen et al., 2014). A key
goal of the FORUM mission is to use spectra measured over suitably selected high-latitude
scenes to derive a database of FIR surface emissivities for both the Arctic and Antarctic,
including an assessment of seasonal and, in particular, inter-annual variability.

Because of their uncertainty and influence on climate sensitivity, quantifying feedbacks has
been one of the holy grails of climate researchers for several decades. A better understanding
of how the hydrological cycle, clouds and the general circulation couple to influence climate
sensitivity is one of the WCRP’s current Grand Scientific Challenges (Bony et al., 2015).
Several authors have shown how short term variability, on the timescale of monthly or
annual means, can be used to probe cloud feedback mechanisms (e.g. Zelinka and
Hartmann, 2011; Zhou et al., 2014) and to develop emergent constraints on equilibrium
climate sensitivity (e.g. Klein and Hall, 2015). As highlighted by Box 2.2, highly accurate,
global observations of the Earth’s spectrally resolved emission to space provide a novel and
powerful route for identifying and quantifying the effect of different feedbacks that can
complement these approaches because each feedback bears its own spectral signature which
is intrinsically tied to the overall energetic response of the planet.

Since estimates of climate feedbacks are typically derived from climate model simulations,
and since the vertical structure of the atmosphere is reflected in the spectral distribution of
the outgoing fluxes, it is imperative that the models employed can accurately simulate both
spectrally resolved, and integrated TOA fluxes. Several studies have shown that uncertainties
associated with water vapour spectroscopy, ice clouds and, in polar regions, the surface
emissivity, have a major impact on the ability to assess accurately the radiative impact
of changes in these parameters (Baran, et al., 2014b; X. Huang et al., 2018; Turner et al.,
2012). This represents a fundamental gap in the knowledge of the Earth system and
undermines confidence in the ability of climate models to correctly estimate climate
sensitivity. Comprehensive observations of the full IR spectrum, including the FIR, are
urgently needed. This is the main objective of the FORUM mission.

2.1.5 Numerical Weather Prediction and Climate Model Evaluation

Satellite data, and in particular IR sounder measurements, now provide the largest
contribution to the skill of NWP models (Fig. 2.8) as shown by several operational centres
that routinely assimilate radiances from a number of the advanced IR sounders (e.g. 1ASI,
Cross-track Infrared Sounder or CrlS, Atmospheric Infrared Sounder or AIRS). The
measurements from these sounders contribute to improving the analysis of the model initial
state of temperature, water vapour and ozone fields from which the forecasts are run.
Simulations suggest that FIR measurements will add information on the model UTLS water
vapour fields, which will in turn improve the model radiative heating profiles and
representation of upper-level clouds.
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Figure 2.8 The 24hr forecast error reduction for all the different categories of observations assimilated in the
Met Office global forecast model averaged over the period February to June 2018. (Adapted from Joo et al.,
2013)

Climate models should always be confronted with observations for current and past
scenarios to give confidence as to their ability to forecast the climate. The direct use of
spectrally-resolved radiances and fluxes in climate model evaluation is an exciting, emerging
field. Hyperspectral MIR observations have been exploited to diagnose biases in model
temperature and moisture fields and, critically, to relate them to the underlying causes
(Huang et al., 2007). Similarly, they have been used to evaluate model representations of
cloud cycles and phenomena such as the super-greenhouse effect (Huang and Ramaswamy,
2008), but there is much that could still be done (e.g. Huang et al., 2011).

Recognising the critical importance of the FIR, several attempts have been made to estimate
spectrally-resolved fluxes spanning the full IR by using physical or statistical relationships
between MIR observations and the unmeasured FIR spectrum (X. Huang et al., 2008, 2010).
These synthetic fluxes have been compared with output from reanalyses, showing reasonable
agreement at the global scale, but more significant discrepancies for specific regimes and
between day and night (Chen et al., 2013). When used to evaluate climate-model
performance (Huang et al., 2013) they illustrate how broadband flux can be insensitive to
important discrepancies within individual spectral bands, because differences in the FIR and
MIR water vapour bands are of opposite sign (Fig. 2.9). Because of the coupling between FIR
radiative signatures and water vapour feedback and dynamics (e.g. Kahn et al., 2016), it is
imperative to assess whether such compensation effects and biases are seen in comparisons
with real observations across the FIR.
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Successive generations of the climate models contributing to CMIP struggle to capture the
observed water vapour vertical distribution, particularly in the upper troposphere where the
largest model spread and deviation from observations is reported (Jiang et al., 2012).
Similarly, large systematic biases also exist in NWP models (Dyroff et al., 2015; Kaufmann
et al., 2018) and reanalyses (Jiang et al., 2015; Poshyvailo et al., 2018) particularly in the
tropical UTLS. Highly accurate FIR radiances will bear the imprint of annual and inter-
annual variations in mid-upper tropospheric/lower stratospheric water vapour giving
insight into the coupling between these variations and their radiative impact, and permitting
an assessment of how well this relationship is captured in current models and the scope to
drive improvements.

Recent analyses have also revealed large discrepancies between GCMs and satellite
observations in the frequency and spatial distribution of ice cloud occurrence, and their ice
content (Eliasson et al., 2011; Hong and Liu, 2015; Li et al., 2012; Waliser et al., 2009). These
discrepancies are highlighted as making an important contribution to the sizeable
broadband radiation biases seen across CMIP models (Li et al., 2013). Current GCMs also
struggle with correct partitioning between ice and water cloud and simulating mixed phase
cloud (e.g. Lacouretal., 2018; Tan et al., 2016). The refractive indices determine the intrinsic
scattering and absorption properties of a substance, and for water and ice these show a
strong contrast between the FIR and MIR, and liquid clouds are around 10 times more
absorbing than ice clouds in the FIR. This implies that: (1) FIR observations offer the
potential for improved cloud phase determination (Rizzi et al., 2016; Turner et al., 2006);
(2) iceisso transparent in the FIR that scattering becomes significant, meaning that ice
cloud radiative properties in the FIR are very sensitive to ice particle size and habit, i.e. the
characteristic external shape of an individual crystal (Merrelli and Turner, 2013); (3) the
neglect of FIR scattering in the radiative transfer parameterisations currently employed in
most GCMs may lead to systematic biases (Chen et al., 2014). FORUM observations will thus
not only measure the radiative signature of ice clouds consistently across the IR for the first
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Figure 2.9 (a) Broadband OLR simulated by GFDL AM2 model for the Tropics; (b) Difference between
broadband OLR simulated by GFDL AM2 and estimated from AIRS; (c) as (a) for a spectral band between 0—
560 and 1400—2200 cm; (d) as (b) for a spectral band between 0—560 and 1400—2200 cm-t. (Adapted from
Huang et al., 2008).
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time, but also simultaneously provide a means to better constrain cloud phase, crystal habit
and size: both aspects will allow a rigorous test of current ice cloud microphysical
parameterisations within GCMs and drive improvements that are rooted in observed
behaviour.

Finally, as noted in Section 2.1.4, observations of the FIR emissivity of different surface types
and how these vary with time will allow the incorporation of more realistic representations
of surface properties within GCMs, enabling an improved understanding and quantification
of the interplay between the cryosphere, ocean, atmosphere and radiation budget in some of
Earth’s most fragile locations.

2.2 Readiness and Unique Contribution

2.2.1 Space-Based Heritage

Global, spectrally integrated measurements of Earth’s OLR have been made by a variety of
satellite sensors for almost four decades (Barkstrom, 1984; Wielicki et al., 1996). Similarly,
there is an unbroken record of global TOA hyper-spectral MIR radiances from 2000
onwards (e.g. Chahine et al., 2006; Han et al., 2013; Hilton et al., 2012). In contrast, the only
spectrally-resolved satellite measurements of Earth’s emission extending some way into the
FIR were made for a few brief periods over 25 years ago.

Launched by the US in 1969, the Infrared Interferometer Spectrometer (IRIS) B instrument
on Nimbus-3 (Conrath et al., 1970) obtained short-lived (less than 1 month) measurements
of the OLR spectrum between 400—2000 cm-! (5—25 um) with a resolution of 5 cm-! and a
footprint of 150 km diameter. Its successor, IRIS-D, launched on Nimbus-4 in 1970, covered
amore limited spectral range (400—1500 cm-1) but with higher spectral resolution (2.8 cm-?)
and a smaller ground footprint of ~100 km diameter (Hanel et al., 1972), gathering
measurements over a 10 month period between April 1970 and January 1971. In Europe,
between 1976 and 1979 three Soviet Meteor satellites (25, 28 and 29) carried the East
German Spektrometer Interferometer-1 (SI-1). Designed to provide temperature and
humidity profiles and total ozone (Feister, 1980; Spankuch, 1980), this instrument covered
the spectral range 400—1600 cm-! with a spectral resolution of 5 cm-?, a ground footprint of
~2x2° and an along-track sampling distance of between 100 and 400 km. Due to technical
issues observations from SI-1 on Meteor-25 were unusable, while those available from
Meteor-28 and 29 only represent 19 and 40 days between July and September 1977 and
January and June 1979, respectively (Théodore et al., 2015).

These instruments were ahead of their time, permitting preliminary investigations into
water vapour and CO: radiative transfer (Kunde et al., 1974), total ozone and upper
tropospheric circulation (Prabhakara et al., 1973), and the seasonality and structure of
optically thin cirrus cloud (Prabhakara et al., 1988, 1990). Given the size of their footprints,
their relatively coarse spectral resolution, their lifetime, issues with their geographical
sampling, radiometric calibration and in-orbit stability (Aumann et al., 2011; Bantges et al.,
2016; Kunde et al., 1974), and their limited spectral coverage of the FIR, this gives confidence
regarding the scientific insights that the much-enhanced capabilities of FORUM will deliver.
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2.2.2 Lessons Learned from Campaigns

To date, only a few instruments in the world have measured hyperspectral radiances across
the FIR extending to a wavenumber (wavelength) of at least 100 cm-! (100 pm). These are
the Italian Radiation Explorer in the Far InfraRed — Prototype of Applications and
Development (REFIR-PAD) (Bianchini et al., 2019), the British Tropospheric Airborne
Fourier Transform Spectrometer (TAFTS) (Canas et al., 1997) and the US Far-InfraRed
Spectroscopy of the Troposphere (FIRST) instrument (Mlynczak et al., 2006).

REFIR-PAD, a Fourier Transform Spectrometer covering the 100—1500 cm-! spectral range
with 0.4 cm-! native resolution can be considered a field demonstrator of the FORUM
measurement concept. In 2005 it performed the first FIR observations from a stratospheric
balloon using an uncooled system (Palchetti et al., 2006), with the resulting measurements
used to assess the current knowledge of water vapour spectroscopy (Bianchini et al., 2008).
The spectrally resolved measurements were also used to retrieve the underlying atmospheric
state and to calculate consistent integrated outgoing FIR fluxes. Comparisons with similar
calculations using temporally and spatially collocated operational analyses from the
European Centre for Medium-Range Weather Forecasts (ECMWF) as input showed
significant differences of up to 3.5 W m-2, highlighting how spectral radiances can benefit
flux estimation (Palchetti et al., 2008). Participation in the US Radiative Heating in the
Underexplored Bands Campaign — Il (RHUBC-I1), a ground-based campaign in the Chilean
Andes, with several other ground-based spectrometers saw measurements of the
downwelling spectral radiance which, for the first time, spanned the entire terrestrial
spectrum (Turner et al., 2012). As noted in Section 2.1.2, these observations have been
exploited to provide significant updates to water vapour spectroscopy across the FIR, and
have been incorporated in leading radiative transfer models, with a notable impact on
atmospheric radiative heating rates (Mlawer et al., 2019).

In December 2011, REFIR-PAD was installed in the Italian—French Antarctic station
Concordia, near Dome C. Since 2012, the instrument has been operating autonomously with
almost complete data availability (Palchetti et al., 2015). Among other applications the
measurements have been used to develop and test cloud-classification algorithms (Rizzi et
al., 2016), obtain simultaneous retrievals of water vapour, temperature and cirrus properties
(Di Natale et al., 2017) and assess the performance of schemes designed to synthetically
produce FIR radiances (Bellisario et al., 2018). The time series of atmospheric parameters
retrieved from the REFIR-PAD measurements is a unique tool for characterising the thermal
structure and composition of the Antarctic troposphere (Bianchini et al., 2019), and gives a
taste of what FORUM could deliver on the global scale.

Envisaged as a satellite instrument demonstrator, FIRST, covering the spectral region 50—
2000 cm-at 0.625 cm-! resolution, is designed to operate from a gondola on a high-altitude
balloon (Mlynczak et al., 2006). To date the instrument has participated in two flights during
2005 and 2006, reaching altitudes of 28 and 33 km respectively, and recording
approximately 16000 spectra in total (Harries et al., 2008). It has been through a rigorous
laboratory calibration with warm and cold sources to simulate the range of scene
temperatures observed in the atmosphere (Latvakoski et al., 2013, 2014). FIRST has also
participated in several ground-based campaigns, including RHUBC-I1, providing a rigorous
test of the ability of radiative transfer models to match the spectroscopic signals measured
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in the FIR (Mast et al., 2017; Mlawer et al., 2019; Mlynczak et al., 2016) and an independent
assessment of the spectroscopic updates reported in (Mlawer et al., 2019).

The TAFTS is the only instrument capable of making hyperspectral FIR observations from
aircraft, covering the spectral region from 80—600 cm- with a nominal resolution of
0.12 cm-t. Airborne measurements from TAFTS have been used to probe water vapour
spectroscopy (Green et al., 2012), assess the radiative signature of cirrus across the IR (Cox
et al., 2010) and, most recently, exploited to enable the first airborne retrievals of snow/ice
surface emissivity in the FIR (Bellisario et al., 2017). Campaign results from TAFTS,
discussed in Section 7.4 highlight aspects of the science that FORUM will enable.

2.2.3 Unique Contribution: Why Now?

The deployment, and successful operation of a number of FIR spectrometers in the field
indicates that the technology needed to make high-precision measurements across the
region is robust. Similarly, recent advances in calibration techniques can be exploited to
bring the absolute in-orbit accuracy of such measurements to an unprecedented level,
allowing small changes in the atmospheric state to be discerned from the radiative signals.
The long heritage of space-borne MIR spectra gives a good appreciation of many of the
challenges that will be encountered in interpreting the data optimally. Similarly, the
experience gained processing and analysing FIR spectra from these field instruments means
that the requisite tools have already been prepared and tested on real observations.

Measurements in the field have very recently refined the spectroscopy of the FIR region.
FORUM is ideally placed to leverage these advances, testing whether the updates are robust
from a satellite view before exploiting the new insights gained via radiative transfer
modelling and state-of-the-art retrievals. Moreover, the goal to make direct use of the
measured FORUM radiances for climate model evaluation is also timely given the
development of satellite simulators (Bodas-Salcedo et al., 2011) designed exactly for this
purpose.

Recent interest in FIR remote sensing, strongly tied to the availability of innovative uncooled
detectors sensitive to FIR radiation, has also fostered the development of satellite missions
in the US and Canada. The NASA Polar Radiant Energy in the Far Infrared Experiment
(PREFIRE) aims to study the detailed energy budget of the polar regions. The baseline
mission design consists of two 3U Cubesats, flying for one year, covering the spectral range
5-54 um with a spectral resolution of 0.84 um. A key goal is to make diurnally resolved
measurements of the outgoing infrared spectrum to improve knowledge of the surface
energy budget and its influence on the dynamic response of, in particular, the Greenland ice-
sheet. The PREFIRE instrument must be delivered by 2021, but as yet there is no dedicated
launch date. The Thin Ice Clouds in the Far Infrared Experiment (TICFIRE) sponsored by
the Canadian Space Agency (ASC) is similarly focused on the polar regions, but its aims are
to observe optically thin ice clouds, light precipitation and water vapour in the UTLS to
document and better predict the cooling rates of the atmosphere, known to be key for the
dynamics of cold and stable polar air masses (Blanchet et al., 2011). Covering the spectral
range 8—50 um using eight narrow bands, TICFIRE is supported by Environment and
Climate Change Canada, and is expected to be highly beneficial for the prediction of mid-
latitude winter storms via the assimilation of these new observations. The mission is not yet
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scheduled but discussions are ongoing between NASA and ASC. Both PREFIRE and
TICFIRE are highly process-oriented missions and are characterised by much lower spectral
resolution than FORUM. As such, if launched prior to FORUM, they can be pathfinders for
the broader, global ambitions of FORUM and will provide valuable feedback for the
preparation of the mission.

It is worth re-emphasising that the observations provided by FORUM will address pressing
scientific questions identified by the international climate community. For example, as
climate models move towards resolving convection, new opportunities arise to understand
what governs atmospheric water vapour and cloud distributions. With its capability to
provide new and unique observational constraints on upper tropospheric water vapour and
cloud feedbacks, FORUM will allow these new modelling capabilities to be fully exploited
and will thus contribute significantly to meeting WCRP’s grand challenge on clouds,
circulation and climate sensitivity (Bony et al., 2015). The observations will also speak
directly to the goal of the Global Energy and Water Cycle Experiment (GEWEX) Upper
Tropospheric Clouds and Convection Process Evaluation Studies initiative to understand the
relation between convection, cirrus anvils and radiative heating.

More generally, the Committee on the Decadal Survey for Earth Science and Applications
from Space highlight that reducing the uncertainty in cloud, water vapour and lapse rate
feedbacks, and specifically quantifying the role of the UTLS are most or very important
targets in their most recent report (Committee on the Decadal Survey for Earth Science and
Applications from Space et al., 2018). ESA itself identifies improving the understanding and
guantification of water vapour, cloud, aerosol and radiation processes and the consequences
of their effects on the radiation budget and the hydrological cycle as one of its key challenges
(key challenge Al, ESA, 2015a). ESA recommend that the most urgent observations needed
to meet this goal are sustained, accurate and stable measurements of radiation at the TOA,
that are capable of distinguishing between the contributions from clouds, greenhouse gases
(with an emphasis on water vapour) and surface properties. FORUM meets this
requirement.

2.3  Filling the Knowledge Gap

As demonstrated above, FIR radiation plays a fundamental role in modulating the current
climate and responding to change and holds critical information about key climate
components and processes. Theory suggests that systematic, global observations of Earth’s
outgoing FIR spectrum will provide new insight into the radiative cooling of the planet and
its controls, testing and refining the understanding of how these operate from the local to
global scale, and how they respond in a changing climate. Despite this, there are still no
dedicated satellite based measurements of outgoing FIR radiation beyond a few isolated
spectra from the 1970s, and even these only extend a limited way into the region. By
providing highly accurate measurements of the OLR spectrum across the FIR, FORUM will
address this shortcoming, making a truly unique contribution to the knowledge of the
climate and how it is responding to change.
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Observing how Earth’s outgoing longwave radiation (OLR) varies with time continues to be
a key element of the global Earth Observation programme, with the measurements playing
a crucial role in calibrating and evaluating state-of-the-art Earth system models (e.g. Baker
and Taylor, 2016). Current missions measuring OLR include NASA'’s Cloud’s and the Earth’s
Radiant Energy Systems (CERES) programme (Wielicki et al. 1996), EUMETSAT’s
Geostationary Earth Radiation Budget (GERB) mission (Harries et al., 2005) and the
French/Indian Scanner for Radiation Budget (ScaRaB) (Roca et al., 2015). Looking further
ahead, ESA’s EarthCARE mission (lllingworth et al., 2015) promises to provide new insight
into the coupling of cloud, aerosol and precipitation processes with the energy budget, while
in the US, a CERES follow-on mission is currently being proposed.

Similarly, instruments designed to characterise the Earth’s atmosphere and surface by
making hyperspectral observations of OLR have been, and are continuing to be deployed.
For example, spectrally resolved observations across the MIR from EUMETSAT’s Infrared
Atmospheric Sounding Instrument (IASI) and NASA’s Atmospheric InfraRed Sounder
(AIRS) and Cross-track Infrared Sounder (CrlS) have significantly improved operational
weather forecasting skill (see Fig. 2.8), while also being exploited to develop long-term
records of important climate parameters such as temperature, water vapour, cloud cover,
cloud top temperature and cloud phase, ozone, carbon dioxide, nitrous oxide, methane,
carbon monoxide and many other trace gases. This capability will be continued by, other
instruments such as, IASI-NG on MetOp Second Generation A (MetOp-SG-A).

While all of these missions do, or will provide cutting-edge observations of either the total
integrated OLR, or the outgoing spectrum across the mid-infrared (MIR), none provide the
spectral detail necessary to test the understanding of key physical processes in the
energetically significant far-infrared (FIR). FORUM will provide these observations for the
first time. As demonstrated in Chapter 2, current theory predicts that such measurements
are key for understanding exactly how Earth currently cools to space, and, critically, how it
responds to both natural and anthropogenic change. Therefore, the overarching research
goal of the FORUM mission is,

e evaluating the role of the FIR in shaping the current climate and thus reduce
uncertainty in predictions of future climate change.

This will be addressed by:

¢ building a highly accurate global dataset of FIR radiances to validate present-day state
as captured by Earth system models

e using these measurements to understand and constrain the processes that control
FIR radiative transfer and hence Earth’s greenhouse effect

e updating the parametrisations of these processes for implementation in radiative
transfer codes, and ultimately in Earth system models

e characterising critical feedback mechanisms.
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Because the OLR FIR spectrum has never been measured in its entirety from space,
predicting exactly what can be additionally leveraged from the observations depends on a
number of assumptions. Nonetheless, the current understanding, based on a combination of
theoretical calculations and field measurements, suggests that highly accurate space-based
FIR observations are required to provide:

e an improved characterisation of mid-upper tropospheric/lower stratospheric water
vapour which is critical for climate sensitivity and trends, and with potential benefit
for numerical weather prediction (NWP).

e the ability to detect thin ice cloud (optical depth at 10 um between ~0.03 to ~0.4)
from passive observations. Current passive observations are inefficient at detecting
these clouds, causing biases in the long-term climatologies used to evaluate current
climate models. Better detection may also benefit NWP by enabling improved
discrimination between clear and cloudy radiances, and can also benefit surface
parameter retrievals by removing any contamination from this kind of cloud.

e enhanced sensitivity to ice cloud particle size and shape — these clouds are
widespread, yet assessment of their FIR radiative impact reilies on theoretical
estimates. The optical properties of ice imply that the FIR will be more sensitive to ice
crystal shape and size than the MIR, providing additional information for the retrieval
of these properties.

e enhanced capability for cloud phase discrimination owing to the large contrast of
optical properties between liquid water and ice.

e the ability to retrieve and monitor FIR surface emissivity in low-humidity areas (polar
regions, high altitude regions and deserts). To date, reported estimates of FIR surface
emissivity are extremely limited, however the incorporation of realistic (theoretical)
values in Earth system models has been shown to have important implications for
Arctic surface-temperature bias correction and the future evolution of the region. In
suitable conditions, FORUM measurements can be inverted to obtain a much wider,
observationally based database of FIR emissivity and how it varies with space and
time.
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Figure 3.1 Spectral range of the FORUM instruments in comparison to IASI-NG and METimage on MetOp-
SG(1A). (ESA)
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3.1 Mission Objectives

3.1.1 Primary Objectives

The FORUM mission will observe, for the first time, the distribution of Earth’s OLR across
the IR spectrum, encompassing FIR. Perhaps uniquely in the context of prior Earth Explorer
missions, these measurements are valuable in their own right since the measured radiances
can be used directly to (1) assess and improve the underlying spectroscopy in the FIR; (2) tie
the observed radiative signatures directly to variability, in particular, in water vapour,
greenhouse gases, cloud and surface properties; (3) provide a stringent evaluation of
radiative processes in climate models via the use of satellite simulators. Hence, the primary
goal of FORUM is to enable these measurements to be made with sufficient spectral coverage
and resolution, and with high enough radiometric accuracy that each of these goals can be
met. These high-accuracy measurements can also serve as a benchmark against which future
IR radiance observations can be compared.

Given these aims, the spectral coverage needs to encompass the range over which the Earth’s
energetic emission is significant. While the FORUM payload will focus on this range,
covering 100—1600 cm-! (contributing ~95 % or more to the total OLR), coverage across the
IR necessitates flying in loose formation with a dedicated MIR sounder of similar spectral
resolution. The Infrared Atmospheric Sounding Interferometer-Next Generation (IASI-NG)
on MetOp Second Generation (SG) Al is the logical choice due to its heritage, timeliness and
operational status. By extending a substantial way into the MIR, cross-calibration between
FORUM and IASI-NG (coverage 645—2760 cm-1, Fig. 3.1) can be performed routinely, a
major benefit for both instruments given FORUM’s radiometric accuracy. The mission goals
also strongly complement those of other MetOp-SG(1A) instruments, particularly the
METimage radiometer (high resolution scene identification), Microwave Sounder
(temperature, humidity and cirrus) and Multi-viewing, Multi-channel, Multi-polarisation
Imager, 3MI (cirrus), potentially also benefitting the first of these instruments via cross-
calibration of its MIR channels.

While the infrared signatures of perturbations to surface and cloud properties are relatively
broadband, the radiative impact of changes in water vapour, particularly in the upper
troposphere/ lower stratosphere (UTLS) are manifested at significantly higher spectral
resolution (Box 2.1), driving this aspect of the mission design. To distinguish spectral
signatures owing to seasonal and longer-term variations in UTLS water vapour and allow
assessment of the underlying spectroscopy at a level commensurate with prior ground-based
campaigns a spectral resolution of 0.5 cm- is required.

Since the goal of the mission is to characterise the Earth’s infrared spectral emission over
the full range of atmospheric conditions, the proposed coverage is global. Flying in formation
with MetOp-SG(1A) meets this requirement. Based on the variability seen in the parameters
to which the OLR is sensitive, the mission duration should be long enough that, at the
minimum, the seasonality in the FIR spectral signatures can be evaluated, with the goal to
guantify longer-term variability associated with large scale modes of climate variability such
as the El Nifio Southern Oscillation (ENSO) or the Quasi-Biennial Oscillation (QBO).
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Figure 3.2 Total spectral climate feedback (expressed in terms of climate feedback parameter, Av, or change
in spectral OLR flux per unit surface temperature warming) for the KONRAD model. Different coloured
curves represent different assumptions concerning the vertical distribution of relative humidity, which lead
to large feedback differences, particularly in the FIR region of the spectrum (L. Kluft, MPI-M, Hamburg).

In terms of measurement accuracy, as a climate explorer the emphasis of FORUM is more
on radiometric accuracy than instantaneous noise in order to minimise measurement bias.
By averaging over spatio-temporal scales, or over specific climatic regimes (e.g. cloud type),
the effects of noise can be reduced in order to isolate the true, subtle radiative signatures of
different processes. For example, the radiative impact of variability in UTLS water vapour
on the measured spectrum is small and occurs relative to a cold background signal, making
its detection extremely challenging. However, analyses of annual and inter-annual
variability of stratospheric water vapour mainly build on monthly and zonally averaged
values (Davis et al., 2016). The proposed sampling strategy of FORUM is sufficient to reduce
the uncertainty associated with a 10° zonal, monthly mean spectrum to the underlying
radiometric accuracy by eliminating random noise. Therefore, an absolute radiometric
accuracy of at least 0.25 K at 30 (200—1300 cm-) across all realistic scene temperatures
(190—-300 K) will enable the effects of typical perturbations in UTLS water vapour associated
with ENSO and the QBO to be detected, with finer discrimination possible given the goal
accuracy of 0.1 K (300—1100 cm-1). The same sensitivity will easily provide the means to
evaluate and improve current models of cirrus optical properties consistently across FIR and
MIR and to derive surface emissivity. Importantly, this level of accuracy will also allow the
observations to be used, with confidence, as a benchmark against which future spectrally-
resolved measurements can be compared (Wielicki et al., 2013). A noise equivalent spectral
radiance (NESR) of 04 mwW m=2 sr! (cm?1)1l between 200-800 cm! and
1.0 Mw m-2sr-t (cm-1)-1 outside this range is sufficient to meet these goals given the
instrument sampling.

Recent work has shown that it is possible to exploit short-term variability to probe feedback
mechanisms and potentially to develop emergent constraints on equilibrium climate
sensitivity (Klein and Hall, 2015). For example, the amplitude of natural variability in
monthly tropical mean surface temperature is approximately 1 K. Although small, this is
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large enough to detect surface temperature dependent feedback mechanisms such as that
caused by the changes in altitude and fractional coverage of tropical high cloud in response
to the inter-annual temperature variability (Zelinka and Hartmann, 2011). Model
calculations imply that the spectral feedback for a 1 K surface temperature change has an
amplitude of close to 3—4 mW m-2 (cm?)1 in spectral OLR flux, corresponding to
approximately 1 mwW m-2sr-1 (cm-1)-1in spectral radiance, with humidity induced differences
in feedback of around 0.3 mW m-2sr-1 (cm-1)-1in the FIR (Fig. 3.2). Signals of this magnitude
will be easily detectable by FORUM on the monthly mean scale.

Because climate modellers have traditionally worked in terms of outgoing energy flux, and
because this is also the quantity traditionally reported by dedicated Earth Radiation Budget
(ERB) missions, the Level-1c spectral radiances will be converted to spectral fluxes using
standard techniques (Section 6.1.3). In concert with estimates of surface temperature and
emissivity, both of which can be obtained using the FORUM mission architecture, these
fluxes will be used to derive the first ever observational estimates of Earth’s greenhouse effect
with wavelength across the IR spectrum, and how this varies in space and time. Similarly,
the fluxes will allow the spectral longwave forcing of cloud and its variability to be diagnosed
observationally for the first time. Both metrics will shed new light on the role of cloud and
water vapour in controlling radiative transfer within the atmosphere. Because of the spectral
coverage, the resolved fluxes, greenhouse effect and cloud forcing can also be tied directly to
their integrated broadband impact, which is important in the context of cross-comparisons
with concurrent ERB missions.

3.1.2 Secondary Objectives

While the primary focus of FORUM will exploit its high radiometric accuracy, the NESR is
such that instantaneous radiance observations will also be used for the following
applications:

e retrieval of FIR surface emissivity in appropriate conditions (clear-sky, low
precipitable water vapour)

e assessment of additional benefit of FIR compared to state-of-the-art hyperspectral
MIR radiances for UTLS H20 retrieval

e detection of thin cirrus cloud

e retrieval of ice-cloud optical depth, ice water path (which is the total amount of ice in
the cloudy column in g/m?2) cloud top height, cloud geometrical thickness (or
equivalently cloud bottom height) and particle size

More detail on each of these aspects will be provided in Chapters 4, 6 and 7.
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4 OBSERVATIONAL REQUIREMENTS

This chapter provides the observational requirements for the FORUM mission. All the main
requirements, including requirements on spatial and temporal sampling, on geophysical
parameters and the associated data products necessary to meet the scientific goals, are
derived and justified based on the research objectives outlined in Chapter 3. The
requirements on the FORUM Level-1 and Level-2 products are given.

4.1 General Observational Concept

The FORUM mission requires an instrument able to measure Earth's spectrally-resolved
outgoing longwave energy across the far-infrared (FIR) spectral range with high absolute
accuracy. Characterisation of the surface, atmospheric and cloud homogeneity in the
observed field-of-view is also required to help interpret the resolved radiance observations.
These needs dictate the use of two instruments, which are:

e a spectrometer, the FORUM Sounding Instrument (FSI). The FSI is the core
instrument measuring the spectrally-resolved top-of-atmosphere (TOA) outgoing
longwave radiation (OLR) radiance

e a co-aligned imager, the FORUM Embedded Imager (FEI), sharing the same bore-
sight as the FSI, operating in the thermal infrared (TIR) atmospheric window with
higher spatial resolution than the FSI to characterise scene homogeneity

Observations are performed at nadir to minimise the atmospheric path-length to the surface
and hence maximise the atmospheric transmittance, enhancing the sensitivity to the surface
and facilitating the retrieval of surface emissivity. Nadir observations are also required to
reduce horizontal smearing of different air masses which would introduce uncertainty into
retrievals and hence flux calculations.

The loose formation concept necessitates a Sun-synchronous orbit (SSO) at an altitude of
about 830 km, as anticipated for MetOp-SG(1A). This choice has a consequent fixed overpass
time, which provides a consistent set of observations for climatological assessments.

4.2 Observational Requirements Related to the FSI

In the following subsections, the main requirements for the FSI, related to its spectral
coverage, spectral resolution, noise and radiometric calibration accuracy are derived.

4.2.1 Measurement of the Full Infrared Spectrum at TOA

The OLR at the TOA is dominated by the spectral features of atmospheric constituents,
clouds and surface properties. Fig. 4.1 shows a typical spectrum calculated for a mid-latitude
scenario in clear-sky conditions and in the presence of cirrus clouds. As demonstrated by the
figure, the TOA spectrum contains the signature of many different greenhouse gases that are
relevant for Earth’s radiative budget, including water vapour (H20), carbon dioxide (CO2),
ozone (0O3), nitrous oxide (N20) and methane (CHa).

Page 41/263
Earth Explorer 9 Candidate Mission FORUM — Report for Mission Selection

European Space Agency
Issue Date 21/06/2019 Ref ESA-EOPSM-FORM-RP-3549 Agence spatiale européenne



ESA UNCLASSIFIED - For Official Use

Wavelength [um]

100 20 10 7 5 4
| | | | [ I I I I I I IT I | | I I I I I I I
Black-body surface emission|
— — Clear sky
5 Cirrus cloud
R
(“'I
g i
z
[}
[&] -
=
S
= H,0
=4 i
/ . -
I | | iﬁ:ﬁ-jﬁuﬁm- Ny Ty R S N |

| | | |
900 1100 1300 1500 1700 1900 2100 2300 2500 2700
Wavenumber [cm_l]

|
700

|
500

900 300

Figure 4.1. Spectral OLR at TOA in clear sky (red line) and in the presence of a cirrus cloud (grey line) for a
mid-latitude scenario. The green curve is the blackbody emission at the surface temperature of 26°C which
approximates the surface emission. (L. Palchetti, CNR, Italy)

Clouds and their properties can be sensed when the atmospheric transmittance above the
cloud is sufficiently high to allow the radiation that they emit and scatter to reach the TOA.
Fig. 4.1 also shows that in the absence of clouds, the spectrum contains information about
the surface emission, represented by the green curve, inside the highly transparent,
‘atmospheric windows’ from 800—1000 cm-! and 1100—1250 cm-1.

A requirement on the spectral range of 100—1600 cm-! is set to allow FORUM to cover the
range over which Earth’s energetic emission to space is most significant (Fig. 4.2). While
FORUM will focus on this range, providing the first-ever observations of spectral FIR OLR,
coverage across the full infrared necessitates flying in loose formation with a dedicated MIR
sounder of similar spectral resolution such as IASI-NG.

4.2.2 Spectral Resolution

The spectral resolution is driven by the necessity to provide the spectrum with sufficient
resolution to distinguish the spectral signatures due to seasonal and longer term variations
in upper troposphere/ lower stratosphere (UTLS) water vapour (see Fig. 2.5) and to allow
assessment of the underlying water vapour spectroscopy. To meet this aim a threshold
spectral resolution with full-width half-maximum (FWHM) of 0.5 cm-1 is required.

Fig. 4.3 reinforces this requirement by showing simulations of clear-sky TOA brightness
temperature spectra for the FIR region, where water vapour has very strong absorption
features. The same atmospheric profiles of temperature and humidity have been used as
input in each case but the TOA spectra have been simulated at a variety of different spectral
resolutions. The left panel of the figure shows how the degradation of resolution broadens
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Figure 4.3. Normalised clear-sky cumulative radiance for a nadir view over the full IR spectrum. The figure
shows that dependent on atmospheric conditions, 95 % or more of the total TOA OLR lies within the 100—
1600 cm! range covered by FORUM. (Q. Libois, Meteo-France)
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Figure 4.2. Brightness temperature (Tg) spectra at TOA calculated in the FIR region (left panel) and
frequency occurrence of the Tg values as a function of the different spectral resolutions (right panel). As the
spectral resolution is degraded the shape of the frequency distribution changes and the cold-tail is lost,
indicating a lack of ability to capture the signature of the strong water vapour absorption features. (L. Kluft,
MPI-M, Hamburg, Germany)

the narrow water vapour absorption features, reducing the ability to properly characterise
their spectral signature. The degradation is more clearly shown by the right panel, where the
frequency with which different brightness temperature values occur in the simulations is
plotted for different resolutions. As the spectral resolution is degraded, the capability to
sound the coldest lines of the spectrum, originating from the UTLS, is lost. However, Fig.
4.3, right panel shows that increasing the resolution beyond 0.5 cm- does not markedly
increase the amount of information retained in the cold-tail of the frequency distribution.
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As will be described in Section 7.3, this spectral resolution is also sufficient for the retrieval
of water vapour profiles, cloud and surface parameters that are required to meet the
secondary research objectives stated in Chapter 3.

4.2.3 Noise Requirements

The Noise Equivalent Spectral Radiance (NESR) is a suitable parameter to characterise the
instrument noise performance.

The requirement on the NESR value is chosen to have sufficient sensitivity to meet the
primary research objectives of FORUM, which are related to the capability of identifying FIR
features of water vapour, thin cirrus clouds and surface properties, as stated in Section 3.1.1.
It is worth reiterating that these primary research objectives require high radiometric
accuracy (see Section 4.2.5) at the ‘climatological’ scale (defined here as 10° zonal, monthly
mean, but not precluding other, commensurate binning strategies). To meet these objectives
significant averaging of the spectra will be performed. Given this, the primary driver on
NESR is the necessity that it is small enough that, given the FORUM temporal and spatial
sampling, the uncertainty on a ‘climatological’ spectrum will reduce to the radiometric
accuracy. Focusing more on the use of instantaneous measurements, the key secondary
driver on the NESR is the desire to retrieve FIR surface emissivity (Section 3.1.2). Lastly,
instantaneous measurements will also be used to investigate the potential for improved ice-
cloud detection, and water vapour, and ice-cloud microphysical property and height
retrievals, exploiting FIR information.

For the primary mission objectives the NESR requirement is thus intrinsically linked to the
FORUM orbit (Sun-synchronous orbit, 830 km altitude) and spatial sampling and ground
pixel size (Section 4.4.2). In addition to work on forcing and feedbacks (e.g. Leroy et al.,
2008, Y. Huang et al, 2010), climate observing system simulation experiments by Feldman
et al. (2015) show how monthly, zonally-averaged spectra could be used for model
evaluation, including the identification of both long and short-term climate trends and
variability. Wielicki et al. (2013) identify a target absolute radiometric accuracy of 0.1 K (30)
for the resolved TOA infrared radiance spectrum to be able to characterise natural variability
in the climate system and hence identify signals of change. Given both findings, the proposed
orbit and sampling, and the FIR focus of the mission, the NESR for FORUM has to be lower
than 0.6 mW/(m2sr cm-) in the spectral range 200—800 cm-1. A goal of 0.4 mW/(m2sr cm-1)
would allow a higher temporal and spatial averaging to be employed to meet the same
absolute accuracy. Outside the 200—800 cm-! range, the threshold requirement on the NESR
is relaxed to 2 mW/(m2 sr cm-1), with 1 mW/(m2 sr cm-1) as the goal.

For the secondary research objectives, it is useful to note that, given current FIR models of
water vapour spectroscopy, simulations suggest that it will be possible to retrieve water
vapour profiles between 0—20 km at a 2 km vertical resolution with a precision of 15 %
(Section 7.3.3). This level of precision is quite commensurate with current satellite
capability, particularly in the UTLS, as identified by the ESA Water Vapour CClI Project (e.g.
Hegglin et al., 2013, 2019). With the insight that FORUM will bring for water vapour
spectroscopy in the FIR, it is possible that this simulated performance could improve in
practice.

Page 44/263
Earth Explorer 9 Candidate Mission FORUM — Report for Mission Selection

European Space Agency
Issue Date 21/06/2019 Ref ESA-EOPSM-FORM-RP-3549 Agence spatiale européenne



ESA UNCLASSIFIED - For Official Use
\UKKKL

¢:esa

Similarly, for cloud, a rigorous information content analysis (Labonnote, 2019) suggests that
the threshold (goal) NESR will allow instantaneous retrievals of ice water path (IWP) to
within 20 % (15 %), cloud top height (CTH) to within 10 % (10 %) and cloud base height
(CBH) to within 30 % (20 %) for clouds with an infrared optical depth of between 0.5 and 3.
For thinner clouds, with an optical depth of below 0.5, the CTH is still defined to within 15
% but the IWP and CBH are predicted to be more uncertain. It is worth making the point
that the IWP is very low in these cases so the percentage error appears high for a small
absolute difference. In both absolute and percentage terms, several of these results meet the
requirements laid out by the Global Climate Observing System (GCOS) Implementation Plan
(WMO, 2016) and the WMO Observing Systems Capability Analysis and Review Tool
(OSCAR, https://www.wmo-sat.info/oscar/observingrequirements).

The required NESR will also allow surface emissivity to be retrieved within 0.01 across much
of the FIR. According to current theoretical models of FIR snow emissivity (Chen et al., 2014)
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Figure 4.4. A: spectral radiance sensitivity to 10 and 15 % variation in water vapour for three standard
atmospheres. B: spectral radiance sensitivity to cirrus cloud parameters for a thin cirrus cloud with cloud
optical depth of 0.3 at 8—10 km altitude for a mid-latitude scenario. C: spectral radiance difference for a
variation of surface emissivity Ae = 0.01 for a polar atmosphere and three different surface elevations. (L.
Palchetti, CNR, Italy)

Page 45/263
Earth Explorer 9 Candidate Mission FORUM — Report for Mission Selection European Space Agency
Issue Date 21/06/2019 Ref ESA-EOPSM-FORM-RP-3549 Agence spatiale européenne


https://www.wmo-sat.info/oscar/observingrequirements

ESA UNCLASSIFIED - For Official Use

06

06

SUMMER s SUMMER
SPRING  se— SPRING
WINTER WINTER

0.4

0.4

n s M W | R -

il hdﬂl.l 1 lﬂh“-h
il i o

—r w- - Sr—piETy -

02 F

Radiance difference [mW m? srcm]
Radiance difference [mW m2 sr' cm]

-0.4

-0.4

06 0.6
200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600

Wavenumber [cm!] Wavenumber [cm™]

Figure 4.5. Spectral differences due to a shift of the spectral channel position of 1 ppm (left panel) and 2 ppm
(right panel) compared to NESR/10 (yellow line). The NESR goal requirement is also shown in black. (B. M.
Dinelli, CNR, Italy

this level of accuracy is sufficient to discriminate between different snow grain sizes and
density, information that is important in the context of sign and magnitude of the ice-
emissivity feedback mechanism (Huang et al., 2018).

Fig. 4.4 shows simulations of the sensitivity of an instantaneous FORUM observation to
variations in water vapour, cloud and surface emissivity corresponding with the retrieval
capabilities discussed above. The simulations were performed using the radiative transfer
codes KLIMA (Cortesi et al., 2014) for clear sky and RTTOV (Saunders et. al. 1999) for the
cloudy sky. In each case the results reinforce that instantaneous FORUM measurements
have sensitivity to these geophysical parameters above the level of the required NESR. More
information about the retrieval performance of the Level-2 geophysical products, using this
requirement on the NESR, will be provided in Chapter 7.

4.2.4 Spectral Calibration

The knowledge of the frequency (or wavelength) of each FORUM spectral channel has to be
known with an accuracy that will produce a negligible distortion when the observed
spectrum is compared with simulations. This translates into requiring that the difference
between simulated spectra, one at the nominal frequency grid and one using a grid perturbed
by the error in the position of the central frequency of FSI channels, should be equal or lower
than the NESR value divided by 10.

To evaluate this requirement, the effects of a shift in the position of the central frequency
have been calculated in clear sky, which has narrower spectral lines and is prone to the
largest errors, for three scenarios: tropical summer, mid-latitude spring and polar winter.
The spectra have been simulated at very high resolution (0.0005 cm-1) and then convolved
with a sine cardinal (sinc) function that approximates the FSI instrumental line shape. The
centre of the sinc function has been shifted by different amounts expressed as ppm of the
nominal frequency, and the resulting perturbed spectra have been compared with the
unperturbed ones. Fig. 4.5 shows that the differences produced by a shift of 1 ppm are almost
completely below a tenth of the required NESR goal, whereas a shift of 2 ppm produces
differences that are almost completely below a tenth of the required NESR threshold.
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Therefore, the requirement is that the position of the spectral channel centre will be known
with an absolute accuracy of better than 2 ppm (threshold) and with a goal of 1 ppm.

4.2.5 Requirements for the Calibration Absolute Radiometric
Accuracy

The overarching research goal of the FORUM mission — to evaluate the role of the FIR in
shaping current and future climate — will be addressed by building a highly accurate global
dataset of FIR radiances. Since climate is, by definition, a statistical description of high
frequency weather events it is appropriate to consider building spatial and temporal averages
of the instantaneous FORUM measurements for climate model evaluation (e.g. Feldman et
al., 2015). As noted in Section 4.2.3, the baseline is monthly mean, 10° zonal averages,
although this does not preclude employing other averaging strategies (e.g. by cloud regime).
When taking averages over a large enough sample, the only source of uncertainty on an
averaged spectrum will come from the calibration absolute radiometric accuracy (ARA),
because the statistical noise (NESR) is reduced by the square-root of the number of averaged
measurements (about a factor of 80 for monthly mean, 10° zonal averages). As discussed in
Chapter 3, feedback signals associated with a 1 K change in surface temperature, typical of
the level of variability in tropical monthly mean values, is estimated to be around
1 mW/(m2sr cm) in spectral radiance, with humidity induced differences in the feedback
signal of around 0.3 mW/(m2 sr cm-1), peaking in the FIR (see Fig. 3.2). Similarly, changes
in TOA radiance induced by perturbations in water vapour as a result of ENSO variability
are greater than 0.4 mW/(m2 sr cm-!) (see Chapter 7, Fig. 7.3-14)

Fig. 4.6 shows that an accuracy of at least 0.3 mW/(m2 sr cm-1) in the FIR is required to
capture these climate signatures. This level of accuracy can be reached with a threshold
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Figure 4.6 ARA requirement (goal in the top panel and threshold in bottom panel) converted to radiance for
three scenarios (polar night, mid latitude, tropical day). (L. Palchetti, CNR, Italy)
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requirement on ARA, expressed in brightness temperature, of at least 0.25 K in the 200—
1300 cm-range and 1 K elsewhere. To show that this requirement is commensurate with the
signal sizes highlighted above it has been converted into radiance accuracy and is shown in
the bottom panel of Fig. 4.6. The top panel shows the goal radiance accuracy, which will
allow afiner discrimination of the spectral signatures. This corresponds to the following ARA
requirement: 0.1 K between 300—1100 cm-, 0.2 K between 200—-300 and 1100—1300 cm-,
and 1 K outside these ranges.

Since FORUM aims to provide a record of high-quality spectral measurements with the goal
of reducing uncertainty in climate predictions, the ARA is required with 30 standard
deviation (Wielicki et al., 2013). This level of accuracy needs to be reached for all realistic
temperatures of the observed scenes, from between 190-300 K. Fig. 4.7 provides the
motivation for this choice by showing the frequency distribution of simulated scene
brightness temperatures across the FORUM spectral range for four different scenarios,
covering warm (tropical day time) and cold (polar night) extreme cases. Across these scenes
the vast majority of brightness temperatures range 190—300 K, with only the extreme
southern polar night exhibiting values less than 190 K. Even in this case, 97% of the spectral
brightness temperatures are greater than 190 K. All scenarios show maximum brightness
temperatures less than 300 K.
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4.2.6 Requirements on Stability and Pointing of the Line-of-Sight

To assess the dwell time stability requirement of the line-of-sight, the variation in the
observed radiances caused by the displacement of the centre of a FORUM pixel (assumed to
be a circle of radius r) by a given amount has been calculated. The difference is at maximum
when 50 % of the pixel is in clear-sky and 50 % covered by a cloud, as shown in the left side
of Fig. 4.8.

A displacement of the centre of the FOV perpendicular to the cloud edge, as shown in the
right of Fig. 4.8, will cause the maximum change in the fraction of the FOV contaminated by
the cloud. The radiances observed by FORUM have been evaluated for a partially cloudy FOV
by combining a clear sky simulation with a simulation using exactly the same atmospheric
and surface state but with a cloud inserted in the FOV. If « is the cloud fraction in the
FORUM FQV, the observed spectrum S can be obtained using:

Stot =X Sclear T (1=X)Scioud (4-1)

For asmall displacement d of the centre of the FOV, the difference in the fraction of the cloud
covered area can be easily determined using:

2d
o o 22 (4.2)
nr

And the resulting difference in the spectrum will be:

Saiff = Stot — Stot’ = (x _ocl)(sclear — Scloud) (4.3)
Therefore, varying the value of d, the limiting value that ensures that the change to the
FORUM radiance is too small to significantly impact its quality, can be found. Tests have

shown that a value of 200 m causes average differences in the radiances in the order of a
tenth of the threshold NESR and a value of 100 m causes average differences in the radiances

FORUM ground pixel  Cloud De-pointing d

4

Figure 4.8 FORUM pixel covered by 50 % of a cloud and a depointing of distance d. (B. M. Dinelli, CNR,
Italy)
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Figure 4.9 Spectral difference due to a pointing error of 100 m (blue line), 200 m (red line) in the worst case
of the pixel covered by 50 % of cloud, and compared to a tenth of the NESR goal and threshold requirements.
(B. M. Dinelli, CNR, Italy)

of the order of a tenth of the goal NESR, as shown in Fig. 4.9. Accordingly, the threshold
requirement on the stability of FORUM pointing is set to 200 m and the goal value 100 m.

The value of the maximum accepted depointing angle should ensure that no distortions are
present in the spectra recorded by FORUM. This has been translated to the requirement that
the radiance observed by the FSI during the acquisition of a single scene is constant within
a threshold that has been defined to be the goal NESR value divided by 10. This corresponds
to 0.04 mW/mz2 sr cm-tin the FIR frequency range (200—800 cm-?) and 0.1 mW/mz2 sr cm-1
elsewhere.

To evaluate the differences in the observed radiances, FORUM spectra have been simulated
at high resolution over a set of different viewing angles for climatological atmospheric
conditions, for all seasons and for six latitudinal bands. Fig. 4.10 shows the results of the
simulations in the worst condition found, which is for a tropical atmosphere in summer,
where the differences between the simulated spectra at different angles are the largest. The
spectral differences are calculated for different viewing angles using the goal value for the
spectral resolution.

Fig. 4.10 shows that for viewing angles up to 3.5° the differences between the radiances are
below a tenth of the NESR. Therefore, from radiometric considerations only, the maximum
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Figure 4.10 Difference between FORUM spectrum at nadir and spectra calculated at different viewing angles.
The different colours represent the values of the viewing angles as given in the legend. (Bianca M. Dinelli,
CNR, Italy)

dwell time depointing angle of the line-of-sight should be less than + 3.5° with respect to the
nadir direction.

The maximum depointing angle also ensures that the distortion of the ground pixel should
be less than 200 m. The distortion produced by slant views has been evaluated by calculating
the difference in the radius of the pixel along the orbit track owing to the different pointing
angles, assuming a constant field of view half angular aperture of 0.52° (7.5 km radius for an
orbit altitude of 830 km). With this field of view aperture and assuming a perfect match of
the centre of the pixel for all angles, a 3.5° viewing angle produces a difference in the radius
of about 32 m in one direction and 24 m in the other direction, well below the requirement
of 200 m.

4.3 Observational Requirements related to FEI

4.3.1 Measurement of Thermal Colocated Images

The FSI ground scene covers an area of 7.5 km radius, and the measured spectrum will be
the integral of the atmospheric and surface contribution in that area. In order to facilitate
scene classification and assess the degree of homogeneity of the FSI ground scene and the
cloud coverage, an imager has been added to the mission and will provide collocated
measurements with the FSI.
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The recorded images will also be used to monitor changes of the observed scenes, principally
due to the movement of clouds, during the time needed to acquire one FSI interferogram,
and between the acquisition of FORUM FSI and IASI-NG spectra to screen suitable cases for
synergistic retrieval. This requires at least five images to be acquired during the dwell time.

4.3.2 Size and Spatial Resolution, Spectral Range, Noise and
Accuracy Requirements

The ground pixel size of the imager must be larger than the area covered by the FSI pixel to
account for mispointing between the two and to monitor both the portion of the atmosphere
crossed by the FSI Line of Sight during the integration time and the area covered by the 1ASI-
NG collocated measurement. The FSI pixel covers a circular area with a 7.5 km radius. An
area across and along track of 36x36 km2 will always include the FSI pixel and will also
enable the observation of the surrounding area that will be sampled by the FSI line of sight
during dwell time because of the varying slant path needed to compensate for the satellite
movement. Moreover, this coverage will also enable the observation of the area sampled by
IASI-NG collocated measurements.

The spatial resolution of the FEI should be higher than that of the FSI, to help detect and
assess sub-pixel inhomogeneities of the FSI in both cloudy conditions and when viewing the
surface (i.e. to identify small islands, coastlines, small clouds). Typical opaque ice clouds
produce detectable differences in the FSI signal when covering an area of about 1.2 km?2
inside the FSI FOV. In order to be able to clearly detect this cloud coverage, a spatial
resolution of the FEI of at least two times higher than this value is needed. This corresponds
to 0.6 kmz2, This requirement implies that to be able to infer the scene classification of the
FSI from the FEI, the relative alignment must be known with a spatial co-registration of 300
m as goal and 600 m as threshold.

The imager should be sensitive to the surface and cloud properties, so it also has to be able
to analyse any FSI scene during day and night acquisitions. As a consequence, the spectral
band of the imager has been chosen in the TIR, centred in the atmospheric window at
10.5 um (952 cm-t) where numerous studies (Inoue, 1985, Parol et al., 1991, Ackerman et al.,
1995) have already shown the sensitivity to both surface and cloud property variations. The
FEI spectral band width should enable sufficient coverage of the atmospheric window, which
translates into a width of 1.5 um at around 952 cm-L.

The radiometric accuracy is not an issue for the FEI if just used for monitoring scene
homogeneity since only relative changes are important. However, the imager observations
can also be used to help the study of the cloud properties. Therefore, the accuracy of the
brightness temperature measured by the FEI should be similar to the goal noise level of the
FSI in the same spectral region that is below 1K.

The precision of the FEI can be characterised by its noise equivalent delta temperature
(NeDT), which is typically defined at a single reference temperature, chosen here as 210 K.
This choice is based on the coldest scene that the FEI is likely to measure given its spectral
width since the non-linearity of the conversion of NeDT to radiance makes the requirement
most stringent for coldest scenes. To assess its threshold and goal values the following
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argument is used. Typical land skin temperatures vary greatly (5 K in a range of 10 km) and
cloud top temperatures have a variability of several tens of K depending on their altitude and
opacity profile. The FEI NeDT should be small enough that it enables the identification of
inhomogeneity in the skin temperatures or in the cloud coverage that produce detectable
differences in the FSI spectrum. Therefore, to infer the NeDT, the differences in the FEI
measurements that produce detectable differences (above the FSI goal NESR) in the FSI
radiances need to be assessed. For clear sky, they have been evaluated by simulating the FSI
measurements with varying skin temperatures and computing the differences for both the
FSI and FEI measurements as a function of the skin temperature variation. For cloud
coverage monitoring, the FEI should be able to detect FSI sub-pixel temperature variations
that would produce an averaged FSI spectrum variation (compared to the fully clear pixel)
higher than the FSI NESR. Therefore, simulations have been performed assuming a FSI pixel
is half clear and half cloudy, and the differences between the FSI and FEI measurements in
the clear and cloudy parts of the FSI pixel have been evaluated. In the following sections
these tests are described.

Clear-sky case

FEI and FSI measurements have been simulated with LIDORT (Spurr, 2008) with skin
temperature variations of 0.25, 0.5, 0.75 and 1.0 K. The measurements have been simulated
for six latitudinal bands and four seasons using climatological atmospheric profiles. Fig. 4.11
reports the differences for the FSI measurements in the best and worst case scenarios. Fig.
4.11, bottom panel shows that in the worst case scenario, a skin temperature difference of
0.5 K is the maximum value that produces differences in FSI radiances that are below the
NESR across the majority of the FSI spectral range. Fig. 4.12 summarises the results using a
scatter plot of the differences in the simulated FEI brightness temperatures as a function of
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Figure 4.11. Radiance differences for the FSI measurements in the best (upper panel) and worst case (bottom
panel) scenarios. (L. Labonnote, University of Lille, France)
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Figure 4.12 Brightness temperature differences in the FEI measurements as a function of the skin
temperature differences. (L. Labonnote, University of Lille, France)
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Figure 4.13 FSI radiance difference between fully clear pixel and a pixel half clear and half covered by an ice
cloud. The different colour represents the opacity in terms of IWP of the covered part of the FSI pixel. The
black (grey) line represents the expected FSI NESR goal (threshold). The three panels show three different
surface types (L. Labonnote, University of Lille, France)

skin temperature difference. The figure indicates that a 0.5 K skin temperature difference
(inhomogeneity) always corresponds to an FEI difference below 0.5 K.

Cloudy sky case
For this purpose, three atmospheric profiles in cloudy conditions above ocean, snow and
desert, have been selected from the ECMWF diverse profile database
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(https://www.nwpsaf.eu/site/somware/atmospheric-profile-data/), the last of these being
representative of an extreme temperature contrast between ice cloud and the surface. A
radiative transfer code has been used to simulate the measurement of fully cloudy pixels for
different cloud opacity (IWP varying between 0.1 to 256 g/m?2) and clear pixels for both the
FSI and FEI by taking into account the expected instrument characteristics in terms of
spectral band, resolution and instrument spectral response function (ISRF).

Fig. 4.13 shows the difference between a fully clear pixel and an inhomogeneous pixel
(assumed half cloudy and half clear) that would be measured by the FSI, as a function of the
cloud opacity in terms of IWP, together with the NESR of the FSI (black and grey lines), for
the three different surface scenarios. This difference exceeds the NESR goal of the FSI for
IWP greater than 0.25 g/m2 above the ocean and desert, and greater than 2 g/m2above snow.
If the FSI NESR threshold is considered this value becomes 0.5 g/m2 for the ocean and desert
scenarios, and 4 g/mz2over snow.

Fig. 4.14 shows the brightness temperature difference between fully clear and cloudy pixels
that would be measured by the FEI for the three different scenarios as a function of the cloud
opacity expressed in terms of IWP. From this figure one can directly infer what should be
the minimum signal detectable by the FEI in terms of temperature (dotted coloured lines) to
detect the contrast between a clear and a cloudy pixel. For example, if the desert scenario
(green line) is considered, the minimum signal detectable by the FEI with goal performance
(NeDT = 0.4 K) corresponds to the temperature difference between a clear and cloudy pixel
with IWP = 0.25 g/m2. A value of 0.6 K (green dotted line) is found if a cloudy pixel with
IWP = 0.5 g/m2 is considered. Optically thicker clouds are required to produce a discernible
signal over snow.
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Figure 4.14. FEI brightness temperature (BT) difference between a clear and covered pixel as a function of
the cloud opacity in terms of IWP. The different colours represents the three scenarios. The vertical dashed
and dotted lines give the maximum opacity (in terms of IWP) of an ice cloud that would cover half of the
FSI pixel and for which the difference with a fully clear pixel stay below the FSI NESR goal (threshold).
The corresponding horizontal lines give the minimum signals that the FEI should be able to detect (in
terms of temperature). (L. Labonnote, University of Lille, France)
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4.4  Spatial and Temporal Sampling Requirements

The overarching research goal of the FORUM mission — to evaluate the role of the FIR in
shaping current and future climate — requires sampling of the full range of atmospheric and
surface conditions, with observations covering all regions of the globe for a long enough time
period to capture interannual variability. These requirements, which align with GCOS
monitoring principles for Essential Climate Variables (ECVs) (WMO, 2016) provide the basis
of the mission requirements for geographical coverage, spatial and temporal sampling, and
mission lifetime which are described in the following subsections.

4.4.1 Spatial Coverage Requirements

To meet the science aims described in Sections 2 and 3 FIR spectra need to be obtained over
the full range of observing conditions and meteorological regimes. This means global
coverage is required. The expected surface emissivity products for snow and ice fields places
additional requirements on thorough sampling of high latitudes. A Sun-synchronous 82°
inclination orbit allows these sampling requirements to be met, providing global coverage
and excellent sampling at high latitudes. This orbit also provides the significant additional
advantage of allowing FORUM to fly in loose formation with 1ASI-NG, thus enabling the
MIR 1600—2760 cm-! region of the OLR spectrum to be measured nearly co-incidentally with
the FORUM FIR observations.

4.4.2 Spatial Sampling Requirement and Ground Pixel Size

The spatial sampling requirement is driven by the necessity to observe the variability of the
OLR spectral signal and to use it to identify the spectral signatures of climate variables such
as upper tropospheric water vapour. An along-track sampling of 100 km is the specified
minimum required for FORUM, making its observations compatible with the 100 km
horizontal resolution GCOS-recommendation for the top of the atmosphere OLR ECV for
the Earth radiation budget.
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Figure 4.15 Monthly average difference between FORUM sampling and continuous sampling. Simulations
computed using 6-hourly ERAS profiles for atmospheric parameters and cloud. (Courtesy X. Huang,
University of Michigan, US)
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Fig. 4.15 shows the simulated difference in derived monthly mean brightness-temperature
at the 10° zonal scale, between continuous sampling (true values) and the 100 km FORUM
sampling. For all latitudes and spectral regions, differences are well within the 0.25 K
absolute accuracy threshold requirement of the FSI measurements. This indicates that this
sampling distance will still enable high-quality representative TOA spectra to be generated
at the 10° zonal, monthly mean scale and will not compromise FORUM'’s ability to quantify
the climate role of the FIR.

The FORUM field of view requirement gives a ground observation with a diameter of 15 km.
This is slightly larger than the IASI-NG pixel size of 12 km, but the difference will not
compromise the synergistic use of both measurements (Section 7.3.2). The probability of a
cloud-free observation only decreases by about 1 % as pixel size increases from 12 km to
15 km (Krijger et al., 2007). IASI-NG measurements can therefore be used as the basis for a
guantitative analysis of the expected clear and cloudy FORUM observations, using an
approach originally developed by Meteo-France (Lavanant and Roquet, 2013) to assess
cloud-type occurrence within the IASI FOV (Amato et al., 2014). Such analysis leads to the
expectation that around 28 % of FORUM observations will be cloud free, inhomogeneous
fields of view owing to fractional cloud cover will affect 9 % of observations and the
remaining 63 % of cases will be completely cloud covered. Thus, in common with the
IASI-NG near-nadir observations, the FORUM 15 km FOV will enable good sampling of both
cloudy and clear sky conditions with less than one in ten observations affected by partial
cloud cover.

4.4.3 Mission Duration and Orbit

To enable robust climatological averages, observations need to sufficiently sample inter-
annual variability of Earth’s outgoing radiation, thus an operational lifetime of at least four
years after the commissioning phase is required. This will enable major modes of climate
variability such as the quasi-biennial oscillation to be sampled, and should be sufficient to
sample at least one El Nifio Southern Oscillation. A fixed overpass time provided by a Sun-
synchronous orbit (SSO), will provide constant sampling of the diurnal cycle as
recommended by the GCOS monitoring principles (GCOS, 2016), and avoid aliasing diurnal
variability into the measurements, providing a stable, consistent set of observations suitable
to meet the primary science objectives described in Chapter 3. This option also furthers the
science aims by allowing FORUM to fly in loose formation with an operational SSO mission,
as described in the next Section 4.5.

4.5 Loose Formation Mission Concept with an Operational
Mission

As a stand-alone mission, FORUM will provide unique information on the top of the
atmosphere FIR spectrum. Flying the FORUM mission in loose formation with the
EUMETSAT MetOp-SG(1A) satellite offers many additional benefits. There is a strong
synergy between the FORUM FIR spectral measurements and IASI-NG MIR spectral
observations. Together the FORUM mission and 1ASI-NG, will deliver unique hyperspectral
observations of Earth’s emission spectrum spanning almost five octaves in frequency, from
100 to 2760 cm and comprising virtually the whole spectral range of Earth’s outgoing
energy.
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In addition to IASI-NG, the MetOp-SG(1A) satellite will host a range of operational and
climate monitoring instruments that will provide complementary information, such as water
vapour and temperature profiles, and cloud-field parameters, which will support and
enhance the scientific exploitation of the FORUM measurements.

The FORUM coincidence requirement, to fly in loose formation with MetOp-SG(1A) with
separation of less than 1 minute will ensure synergistic exploitation of the data from the two
platforms. With this time difference, atmospheric fields should be sufficiently stable to
enable IASI-NG and FORUM observations to be exploited to provide combined
instantaneous retrieval of water vapour and temperature (Section 7). A temporal difference
of one minute should also be sufficient to enable synergistic cloud products to be derived, as
is done for the A-train satellite constellation. For example, the MODIS and POLDER
instruments on Aqua and PARASOL respectively provide observations separated by about
three minutes which are used together to derive cloud thermodynamic phase (Riedi et al.,
2010). Similarly, the MODIS and IIR instruments, on Aqua and CALIPSO are used to
retrieve information on multi-layer clouds using observations separated by up to a minute
(Sourdeval et al. 2016).

The Multi-viewing, Multi-channel, Multi-polarization Imaging (3MI) on MetOp-SG(1A) also
offers interesting synergy with FORUM FSI measurements. The multi-viewing and
polarisation capabilities of 3MI will enable its observations to discriminate between liquid
and ice particles and provide the capability to detect super-cooled cloud layers above ice, a
frequent occurrence in polar regions. Furthermore, 3MI multi-view observations in the O2-A
band will also provide information on cloud top height and geometrical thickness (Desmons
et al., 2013). Given the compatible 4x4 km2 pixel size of the 3MI imager, co-registration
errors with the FORUM observation should be small enough that this information can be
used as a reliable first guess in FORUM cloud property retrievals

MetOp-SG-(1B), flying in an orbit separated by about 30 minutes from MetOp-SG(1A), will
host further sensors with the cloud parameters derived from the measurements of the Ice
Cloud Imager (ICI) being of most relevance to the FORUM products. Although the 30 minute
time difference between the FORUM and MetOp-SG(1B) overpasses will limit direct
synergistic exploitation, comparison of spatial and temporal averages of data products from
the two missions, such as zonal and monthly means of climate variables should still prove
informative.

4.5.1 Advantages of Flying in Loose-Formation with IASI-NG

While the success of the FORUM mission does not depend on 1ASI-NG, the availability of
IASI-NG measurements matching those of the FORUM FSI will enable the following
additional activities, contributing to the consolidation, validation and scientific exploitation
of FORUM measurements.
e FORUM FSI and IASI-NG spectral radiance comparison verifying the radiometric
and frequency intercalibration of the sensors across their overlapping wavenumber
range (see Section 6.2).
e Opportunity to verify the spectral consistency of spectroscopic models across the full
infrared range. This is particularly relevant for the water vapour continuum
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Figure 4.16 Sketch of FORUM and IASI-NG ground sampling patterns. (L. Palchetti, CNR, Italy)

parametrisation and spectroscopic line data such as line positions, intensities, and
broadening coefficients relating to molecules that are spectrally active both in the FIR
and in the MIR region (up to 2760 cm-1).

e Opportunity to verify spectral consistency of cloud micro-physical models across the
FIR and the full MIR regions, from 100 to 2760 cm-1.

e Opportunity for synergistic retrieval schemes to generate improved or more complete
Level-2 products, in particular: spectral fluxes, surface spectral emissivity and
temperature, cloud parameters, and temperature and water vapour profiles (see
Section 7).

4.5.2 Temporal and Spatial Co-registration Requirements with IASI-NG

Fig. 4.16 illustrates the FORUM and IASI-NG ground sampling patterns for the IASI-NG
fields of regard either side of the sub-satellite track. For these near nadir observations the
distance between the centres of IASI-NG pixels is up to 32 km increasing to about 87 km for
the fields of regard at the edges of the IASI-NG swath (not shown). Since the FORUM FSl is
nadir-viewing it will only be matched to IASI-NG pixels close to the IASI-NG sub-satellite
point and spatial matching with 1ASI-NG will require the ground tracks of the two satellite
orbits to be closely matched. A requirement for the maximum distance between the FORUM
and MetOp-SG(1A) ground tracks of < 100 km as a goal (300 km threshold), guarantees that
FORUM FSI and nearest IASI-NG pixel centres will be separated on the ground by less than
23 km (26 km threshold). This distance is the worst case and occurs when the FORUM pixel
falls right in-between the fields of regard of 1ASI-NG. The co-registration requirements
corresponds to FORUM viewing the two centre IASI-NG fields of regards for the goal and
the centre six for the threshold. This can be considered a very good matching criterion in the
light of the results of tests reported in Chapter 7. For an assumed satellite altitude of 800 km
the satellite ground tracks will need to be within 7.1° (20.4° threshold). Horizontal smearing
of the tropospheric air mass (< 15 km) sounded by the matched IASI-NG measurement will
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Level-1 Products Product Definition and Requirement

FSI Level-1b Spectrally and radiometrically calibrated spectral radiance in W/(m?2 sr cm-?), separated for
the two output ports in the 100-1600 cm-! band.
Spectral resolution (FWHM): 0.36 cm1(G) /7 0.5 cm1(T)

FEI Level-1b Thermal images radiometrically calibrated in W/(mZ sr) and geolocated with preliminary
pixel classification. NeDT: 0.3 K (G) and 0.8 K (T) at 210 K.

FSI Level-1c Spectrally and radiometrically calibrated spectral radiance, resampled at a specific spectral
grid and with the two ports averaged. Radiometric, spectral and geometric errors are
appended.

Precision(*): Noise-Equivalent Spectral Radiance (NESR)

0.4 mW/(m2 sr cm?) (G), 0.6 mW/(m2 sr cm-1) (T) in the spectral range 200-800 cm-!

1 mW/(m2sr cm) (G), 2 mW/(m2sr cm?) (T) outside the spectral range 200-800 cm-!
Accuracy(*): Brightness temperature for all observed scenes in the range of 190-300 K
The goal requirement is

0.2 Kin 200-300 cm™!

0.1 K in 300—1100 cm-!

0.2K in 1100—1300 cm!

1K elsewhere

The threshold requirement is

0.25 K from 200 cm-! to 1300 cm-!

<1 K elsewhere

(*) Precision is the random error component of each individual measurement. Accuracy is the difference between the
true value and the measurement in absence of any random error.

Table 4.1 Level-1 product requirements. (G) and (T), goal and threshold, respectively.

then be less than 2 km (6 km threshold), i.e. significantly smaller than the maximum 23 km
(26 km threshold) difference between the FORUM and IASI-NG pixels.

Co-location requires consideration of the temporal difference as well as the spatial match
between the FORUM and IASI-NG measurements as temporal evolution of the atmosphere
between observations will affect its composition, particularly cloud coverage and properties.
Cloud motion into or out of the field of view holds the most potential for producing large
effects over a short time period, significantly modifying the measured spectrum and
compromising synergist use of data from the two instruments. For this reason, temporal
collocation requirements were defined to limit the cloud fraction change in the instrument
field of view to less than 2 % over the period between FORUM and IASI-NG measurements.
Assuming an average speed of clouds in the troposphere of 20 m/s and a 15 km diameter
ground pixel, this translates to limiting the temporal mismatch between FORUM and 1ASI-
NG to less than 1 min.

4.6 FORUM Products

4.6.1 Level-1Products

Standard Level-1b and Level-1c products are to be delivered (Table 4.1) as the primary
FORUM products. They include both the instantaneous spectral radiances of the FSI and the

Page 60/263
Earth Explorer 9 Candidate Mission FORUM — Report for Mission Selection

European Space Agency
Issue Date 21/06/2019 Ref ESA-EOPSM-FORM-RP-3549 Agence spatiale européenne



ESA UNCLASSIFIED - For Official Use

¢-esa

thermal images of the FEI. Since the FSI has two redundant channels that provide the same
spectral information, Level-1c is the average of the two output channels including the errors
associated with the instantaneous single measurement. The Level-1c products are the
standard radiance products delivered to users for assimilation and will be the basis of
analysis and averaging for climate studies. They are also the starting point for the derivation
of the Level-2 described in Chapter 6.

4.6.2 Level-2 Products and Potential Higher-Level Products

More information about the retrieval of the products shown in Table 4.2 will be provided in
Chapter 6, where also other geophysical quantities, such as temperature vertical profiles,
spectral fluxes and surface temperature, will be discussed in details. Additional information
such as scene identification from the thermal imager will also be discussed. The Level-2
products (see Table 4.2) include the main parameters to characterise the observed
atmospheric state: vertical profiles of water vapour, surface emissivity, and cloud
parameters. Since the FIR is expected to realise its major scientific benefit in the study of
ice-cloud, the parameters that are required at Level-2 are the column ice water path, the
cloud top height and effective particle diameter.

Potential higher-level products could be provided by FORUM through dedicated science
centres and other data-processing infrastructures. Examples include Level-3 zonal, monthly
averages of Level-2 products and Level-1c radiances suitable for climate detection and
attribution studies and facilitating model evaluation.

4.6.3 Data Latency

Timeliness is the period of time from data acquisition to the delivery of the relevant products
to the users. Operational global data assimilation requires data in less than 3 hours to be
used for forecast applications. Many scientific applications, including climate model
evaluation have much longer latencies. For example, 24 hours is sufficient for real time daily
monitoring in conjunction with field study execution, and monthly resolution data is
preferred for many climate monitoring applications such that latency of a month or more is
sufficient.

Level-2 Products Products Definition and Uncertainty (+) Requirement

All-sky broadband FORUM Level-1c FIR OLR extended to broadband with the Level-1c from

spectral flux IASI-NG, consistent with independent broadband flux observations to within
the radiance to flux uncertainty, with minimal bias averaged over all scenes.

Water vapour profile Vertical profiles of water vapour concentration with 15 % uncertainty at 2-km
vertical resolution

Surface emissivity 0.01 in the 300—600 cm! spectral range for polar region on 50 cm-! spectral
grid

Ice water path (IWP) 20 %

Cloud Top Height (CTH) 1km

Particle size diameter 20 %

(+) uncertainty is the total error, including both the random and accuracy components.

Table 4.2 Level-2 product requirements.
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Therefore, for the objectives of FORUM, a data latency of 24 hours to generate Level-1
products is requested. Similar latency would also be appropriate for temperature and water
vapour products and ice cloud properties. Longer latency periods can be afforded for
guantities most likely to be employed as averages and for climate applications such as surface
emissivity and spectral fluxes.

Near-real-time delivery (i.e. within three hours from acquisition) of radiances and
temperature and water vapour profiles after the commissioning phase could support their
assimilation in operational Numerical Weather Prediction applications or possible new
applications in the context of MetOp-SG if studies showed that FORUM data would be
beneficial to model analyses and forecasts.
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5 MISSION ELEMENTS

This chapter provides the technical description of the FORUM mission, as derived from the
preparatory activities in Phase A. Two technical baseline concepts are described that respond
to the mission requirements defined in previous chapters. The concepts were developed in
two parallel Phase A system studies by two industrial consortia led by Airbus Defence and
Space Limited and Thales Alenia Space UK with Airbus Defence and Space GmbH and OHB
Systems AG as instrument subcontractors respectively. Whenever relevant, two
implementation concepts (concepts A and B) are described to present the different
implementation options capable of meeting the mission requirements. The figures below are
courtesy of the respective industrial consortia.

After an overview of the mission architecture and the orbit characteristics (Section 5.1 and
Section 5.2), the space segment is described in detail (Section 5.3) followed by the launcher,
ground segment and operations concept (Section 5.4, Section 5.5 and Section 5.6). The
overall mission performance is summarised in Chapter 7.

5.1 Mission Architecture Overview

Fig. 5.1 depicts the main architectural elements of the FORUM mission. The space segment
consists of a single satellite carrying two optical instruments: the FORUM Sounding
Instrument (FSI) and the FORUM Embedded Imager (FEI). The satellite flies in a loose
formation with MetOp-SG(1A) enabling the fulfilment of the required temporal and spatial
co-registration between the FSI and the IASI-NG instrument on MetOp-SG(1A). The
formation strategy ensures no risk of collision by allocating sufficient reaction time or by
being in a passively safe configuration during safe mode of either satellite.

Space Segment Ground Segment
~ -
- [ Concept A Concept B
Baseline Launcher g
J ~ ™~
Vega-C ’ e Flight Operations Segment
L < b
Dual launch £ {0 il %( >
A W < R b v 4 o3
i o Tagoe . _. t e
Wie: -“'550 kg Mok _an) ke Flight Operation Ground StationS
hows RS0l bowa s O Control (ESOC) (Svalvard /Kiruna)
Instruments:
Fourier Transform Spectrometer (FSI) Imager (FEI)
Nominal Lifetime: 4 years
- Orbit: 550 at 830 Km; LTDN at 9;30 a.m. _ .
\_ Loose formation with MetOP-SG-Al. J ( Payload Data Ground Segment
. =5 ot T,
= AN A N O
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Figure 5.1 FORUM mission architecture for Concept A and B.
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Vega-C is the baseline launcher in a dual configuration. It launches FORUM into a phasing
orbit, from which FORUM manoeuvres into its nominal orbit, i.e. the one of MetOp-SG(1A).

FORUM performs continuous step-and-stare nadir-looking observations of spectrally-
resolved top of atmosphere (TOA) radiances in the mid-infrared (MIR) and far-infrared
(FIR) regions of the spectrum. The primary instrument is the FSI, a single-pixel infrared-
atmospheric-sounder Fourier Transform Spectrometer (FTS) sampling the electromagnetic
spectrum from 100 cm-1 to 1600 cm-! (100 um to 6.25 pum) with a spectral resolution better
than 0.5 cm-t. The FSI single pixel is colocated with the footprint of the FEI, a single-band-
infrared-imager centred at 10.5 um with a bandwidth of 1.5 um and used for scene
heterogeneity determination. Both instruments share many common units, such as the
entrance aperture, the pointing mechanism, the thermal and mechanical framework and the
radiometric calibration devices.

The ground segment uses the generic Earth Explorer ground segment infrastructure,
comprising:

e The Flight Operations Segment (FOS), responsible for operations and safety of the
spacecraft during all mission phases. It includes the Telemetry, Tracking and
Command (TT&C) ground station and the Flight Operations Control Centre (FOCC).

e The Payload Data Ground Segment (PDGS), which includes the Science Data
Acquisition Station, the Processing and Archiving Element and the Mission Planning
and Monitoring Element.

The FORUM FOS receives orbit and mission planning data from the MetOp-SG’s FOS to
ensure consistent formation-flying operations. A single high-latitude ground station (e.g.
Svalbard, Kiruna) delivers the FORUM scientific data via X-band. The PDGS delivers and
distributes science data, processed up to Level-2 to the users within 24 hours or within three
hours under request.

5.2  Mission Analysis

5.2.1 Orbit Selection

The spatial and temporal co-registration between the FORUM and IASI-NG observations
drive the orbit selection and the need to fly in loose formation with MetOp-SG(1A). FORUM'’s
orbit is the same orbit as MetOp-SG(1A), a 29-days repeat-cycle Sun-Synchronous Orbit
(SSO), with a Mean Local Solar Time (MLST) at the descending node of 09:30 and an average
orbit altitude of 830 km, as detailed in Table 5.1

For both concepts, the along-track temporal co-registration between the FSI and the 1ASI-
NG nadir observations remains, under nominal operations, below 1 minute. The across-track
spatial co-registration remains below 100 km during nominal operation during the mission
lifetime, as shown in Fig. 5.2 (bottom) and Fig. 5.3. (left), guaranteeing that the FSI
observations are always contained within the IASI-NG field of view (FOV) 1 to 3 during
nominal operations, as shown in Fig. 5.9.
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Orbit Mean Elements* Orbit Characteristics
Semi-major axis 7195.605 Repeat cycle/orbits per day 14+6/29
Eccentricity 0.001165 Repeat cycle length 29 days
Inclination 98.701° Orbits/cycle 412
LTDN 09:30 a.m. Min. time FORUM/MetOp-SG(1A) 21.29's
(Concept A)
. o Min. time FORUM/MetOp-SG(1A)
Arg. Perigee 90 (Concept B) 20s
= -
Sxf:rr:])Keplerlan 2SI S (D S S Max. distance FORUM/MetOp-SG(1A) <1 minute

Table 5.1 FORUM orbit characteristics and mean orbit elements.

5.2.2 Loose Formation Flying and Orbit Maintenance

The FORUM-—MetOp-SG(1A) formation is based on a non-cooperative concept that
guarantees the fulfilment of the FORUM spatial and temporal co-registration requirements
(see Section 7.2), the safety of the satellites and the undisturbed operations of MetOp-
SG(1A).

The FORUM station-keeping strategy drives the selection of its position in the formation.
Concept A station-keeping strategy is similar to the A-train constellation and is based on
coordinated control boxes (Fig. 5.3., right), which guarantee a safe formation with either
FORUM flying ahead or behind MetOp-SG(1A). Furthermore, flying ahead ensures no
disruption of MetOp-SG(1A) operations in case of FORUM failure.

Concept B, maintains the formation by applying a master (MetOp-SG(1A)) slave (FORUM)
strategy, mimicking MetOp-SG(1A) in- and out-of plane manoeuvres. In addition, FORUM
also performs any other manoeuvre required to keep the spacecraft a safe distance apart and
to fulfil the spatial and temporal co-registration requirements with MetOp-SG(1A)/1ASI-NG.
This strategy results in a safer scenario when FORUM flies ahead if the relative ballistic
coefficient between FORUM and MetOp-SG(1A) is larger than 1, and behind if lower than 1.

The minimum time separation (see Table 5.1) between the two satellites is driven by the
requirement from the FOS to have a minimum reaction time of three days before a potential
encounter could occur. The distance kept between satellites and the use of different
communication frequencies for TT&C and science data downlink prevent any interferences
with Met-Op-SG(1A).

Concept B proposes to inject the spacecraft on a phasing orbit similar to the operational
orbit, but with an offset of 15 km on the Semi Major Axis (SMA). This offset will result in a
slow relative drift, allowing the nominal phasing between the two satellites to be reached in
about 67 days in the worst case. Once the target relative position between the two satellites
is reached, an in-plane manoeuvre is performed to modify the semi-major axis of the orbit
and achieve the reference mission orbit altitude.
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Figure 5.3 Concept B. Top: SMA variation for the master—slave formation concept. Middle: distribution of in-
plane manoeuvres and required delta-V. Bottom: cross-track motion of FORUM ground track with respect to
MetOp-SG(1A).
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Figure 5.2 Concept A: Across-track motion of FORUM ground track with respect to MetOp-SG(1A) for
the worst-case orbit during the mission lifetime (Left). Coordinated control box concept (Right)

Concept A proposes to launch FORUM directly into its nominal orbit, followed by correction
of the injection and the formation phasing error by performing in- and out-of-plane
manoeuvres. This solution requires specific launch windows.

Both Concepts carry sufficient fuel to fulfil the nominal mission lifetime of 4 years, excluding
commissioning, have tank capacity to carry fuel beyond the needs of the mission life and
extend their operation for more than two years.

In order to comply with the Space Debris Mitigation Policy and Guidelines, FORUM will
perform an end-of-life disposal maneuver to lower the orbit perigee to an altitude that
guarantees safe uncontrolled decay within 25 years (See Section 5.6.5).
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5.3 Space Segment

5.3.1 Overview

The FORUM space segment consists of a satellite carrying the FSI and the FEI instruments
and flying in loose formation with MetOp-SG(1A). Both concepts are based on largely
recurrent platforms with mission specific adaptations, which ensures the satellite
development to approach the industrial cost target of an Earth Explorer fast track mission
while minimising the development risks.

The accommodation of the payload drives the physical satellite configuration, which is based
on a classical platform and payload module design. Both concepts, as shown in Fig. 5.4 and
Fig. 5.5, foresee the payload to be mounted on top of the platform in launch configuration.
In orbit, the satellite flies, in nominal mode, with the launch interface ring panel facing the
Sun. Such configuration guarantees the payload an unobstructed view of Earth, keeps the
payload shaded from direct Sun illumination and maximises the power generated along the
orbit. The required performances are met, for both concepts, with comfortable margins in
terms of mass, power, mass memory and consumables sufficient to sustain the 4 years
nominal mission lifetime.

The satellite configuration is described in Section 5.3.2 followed by the payload concept in
Section 5.3.3, and complemented by the description of the overall satellite subsystems and
budgets in Section 5.3.4 and 5.3.5, respectively.

5.3.2 Satellite Configuration

The FORUM configuration design is based on careful consideration of:

— Accommodation of the payload so that the FSI and the FEI have unobstructed nadir
view of Earth.

— Direct access to cold space for instrument calibration and thermal control purposes,
which requires the accommodation of both instruments on the cold-sky-facing panel
of the satellite.

— Pointing and co-registration requirements, which favour the isostatic mounting of the
instruments on a specific payload support panel.

— Line-of-sight (LoS) stability during the 14 seconds FSI dwell time, to minimise micro-
vibrations and LoS pointing drifts.

— The need to have a thermally stable payload owing to the stringent FSI Absolute
Radiometric Accuracy (ARA).

— Accommodation in the Vega-C fairing envelope under a dual launch configuration.

— Assembly, Integration and Testing (AIT), to ensure that the instrument and payload
development and integration are decoupled, for optimum schedule and cost
efficiency.
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Figure 5.4 Satellite configuration for Concept A.

Concept A, shown in Fig. 5.4., is a 2.370 m high, 1.888 m wide and 2.058 m deep satellite
based on the full reuse of the Copernicus Sentinel-5P platform and the Astrobus-M
equipment. It provides large margins in terms of payload accommodation (mass and
volume), power availability and fuel, at the expenses of a non-optimised platform in terms
of mass and volume, but still compatible with a dual launch on Vega-C. The platform has a
hexagonal-prism shape, which hosts the avionics equipment, the batteries, several
instrument and platform electronics units and the propulsion module. Three fixed
deployable solar array assemblies, for power generation, are mounted to the outside of three
of the six panels of the structure. The 10 cm-thick top panel of the platform hosts three
startrackers, the payload, the X-band downlink antenna and one of the two S-band antennas.
The GNSS antenna and another S-band antenna used for up- and downlink TT&C are located
at the bottom of the spacecraft, close to the interface ring with the launcher adapter.

The payload is placed in the cold-space side of the satellite, thermally decoupled from the
platform and its temperature is kept stable by active and passive means. The startrackers
and the payload are mounted on the top panel, the latter isostatically, to minimise thermo-
elastic distortions induced by the platform. The platform communicates with the payload for
command and control purposes through MIL-1553B interfaces, while the payload data
communication is provided through a Spacewire link.
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Concept B, shown in Fig. 5.5, has a quasi-cubic shape of 1.666 m high, 1.665 m wide and
1.663 m deep, based on the adaptation of the Proteus 150/300 standard platform and the
Copernicus Sentinel-3 and Earth Explorer FLEX equipment. Concept B provides an
optimised solution with enough margins in terms of accommodation, power and fuel
availability at the expenses of a non-fully-recurrent concept. The platform hosts the avionics
equipment, the batteries, several instrument electronics units and the propulsion module.
Two fixed and deployable solar arrays made of 3 panels each are mounted on two of the four
sides of the outer structure. A 6 cm-thick panel hosts three startrackers and the payload.

The X-band downlink antenna and the S-band antenna are mounted on the nadir-looking
panel while the zenith-looking panel hosts the redundant S-band antenna and the GNSS
receiver. Two Sun sensors are placed at the tip of the solar arrays. Both concepts use
hydrazine-based chemical propulsion, embarking four 1IN thrusters located within the
launch interface ring, hence perpendicular to the flight direction. Therefore, attitude slew
manoeuvres are needed to perform the orbit maintenance.

Solar Arrays |\

1666 mm

1136 mm

1655 mm

v

Velocity Cold
(Xsa) . Space
Nadir (Zsad)

(-Ysat)
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Figure 5.5 Satellite configuration for Concept B.
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Figure 5.6 FORUM FSI and FEI spectral coverage in comparison with other infrared instruments. (ESA)

5.3.3 Payload

5.3.3.1 Overview

The FORUM payload consists of two optical instruments observing Earth in nadir-viewing
mode:
e The FORUM FSI is a Fourier Transform Spectrometer measuring Earth’s TOA
emission spectrum from 100 to 1600 cm-L.
e The FORUM FEI is a thermal infrared imager centred at 10.5 micron with a
bandwidth of 1.5 micron looking at the same scene as the FSI to acquire co-located
images during the FSI dwell time for detection of scene inhomogeneities.

Fig. 5.6. illustrates the spectral coverage of the FORUM FSI and FEI instruments in
comparison with other Earth observation infrared instruments. The FSI acquires
spectrally resolved data in a spectral range that no other Earth Observation
infrared instrument has ever measured.

5.3.3.2 Observation Principles

The FORUM payload consists of a single-pixel infrared-atmospheric-sounder FTS, named
FSI, providing MIR and FIR spectrally-resolved data of the atmosphere and Earth’s surface.
The FSI is complemented by a single-band-infrared-imager, named FEI, used to determine
heterogeneity within the scenes observed by the FSI.

The FSI samples the atmosphere and Earth’s surface in a ‘step-and-stare’ mode acquiring
emitted TOA MIR and FIR radiances, as illustrated in Fig. 5.7. The sampling starts with the
‘step’ phase by directing, by means of a pointing mechanism, the FSI LoS to the centre of a
ground sample located ahead of the sub-satellite point. Once the ground target is fixed, the
‘stare’ phase starts by keeping the FSI LoS fixed on the desired ground target during all the
instrument dwell time. The stare is achieved by LOS compensation of the inherent relative
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Figure 5.7 FORUM step-and-stare acquisition principle for Concepts A and B.

motion between the satellite and the ground target, whereby the payload compensates for
the relative along-track motion by a LOS pointing mechanism and the platform compensates
for the relative across-track motion (and partially the along-track motion) induced by Earth’s
rotation by means of a yaw steering platform attitude-control law. Once the dwell time is
completed, the step phase starts again, hence completing a single data acquisition. The FSI
generates an interferogram per stare phase, which requires the synchronisation of the
interferogram mechanism and the pointing mechanism (See Section 5.3.3.5.3. and Section
5.3.3.5.4 for more details).

The LoS stability of the 15 km diameter FSI pixel, colocated with the FEI nadir pixel, remains
within £100 m during the 14s FSI dwell time. To achieve this, both instruments share
common elements such as the entrance aperture, the pointing mechanism, the thermal and
mechanical framework and the radiometric calibration devices.

The FEI acquires at least five images during each FSI dwell time, distributed symmetrically
with respect to an acquisition at the middle of the FSI dwell time, where satellite nadir
coincides with the FSI LoS. Each FEI image has a footprint of at least 36 x 36 km2 and it is
sampled with a 0.6 km x 0.6 km, along- and across-track respectively, Ground Sampling
Distance (GSD) at the nadir image. The SSD between the centre of the footprint of two
consecutive set of 5 FSI images is less than 100 km.
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Figure 5.8 FORUM instrument calibration strategy for Concepts A and B.
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Figure 5.9 IASI-NG and FORUM instruments co-registration.

The FSI acquisitions are split between science observation and radiometric calibration.
When in radiometric calibration, the FSI looks into either a hot onboard blackbody or deep
space. Both concepts perform autonomous radiometric calibrations in a regular sequence
illustrated in Figure 5.8. Concept A sampling strategy is based on a 5 to 1 Earth observation-
calibration sequence while concept B baselines a 12 to 3 sequence. Both strategies provide a
homogeneously distributed worldwide sampling of Earth’s atmosphere and surface. The loss
of science acquisitions owing to radiometric calibrations is less than 20% of the total samples
without any systematic loss of science acquisitions at any particular Earth location, while
meeting the demanding absolute radiometric accuracy mission needs.

The FSI and the FEI instruments perform synergic observations with the IASI-NG
instrument on MetOp-SG(1A) with an along-track temporal co-registration of less than one
minute. The half-span swath of IASI-NG is made by an array of seven instantaneous FOVs.
FORUM'’s observation is constrained to be co-registered with only the three innermost FOVs
on each side (threshold) or the one innermost FOV on each side (goal). This is illustrated in
Fig.5.9. To achieve the temporal and spatial co-registration between the FORUM instrument
and IASI-NG acquisitions, FORUM flies in loose formation with MetOp-SG(1A).

The FSI samples the spectrum from 6.25 um to 100 um (1600 cm-! to 100 cm-1) with a
spectral resolution better than 0.5 cm-! and a spectral sampling of about 0.36 cm-1. As shown
in Fig. 5.6, no other ESA Earth observation mission provides spectrally resolve radiances
either the atmosphere or the surface of Earth beyond 16 um. FEI features a single IR 1.5 um
width band centred around 10.5 um.

5.3.3.3 Level-1 Observation Requirements

This section provides an overview of the key Level-1 observation requirements driving the
design of the FSI and the FEI instruments. In case threshold and goal values are specified,
the threshold value is reported together with the goal value in brackets and identified by G.
Details on the performance achieved by both concepts can be found in Section 7.2.
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Drivers/Impacts

—=

Observation Requirements Specification

Calibration coverage loss <20% Calibration strategy

S| and EEI observation modes Earth Observation and calibration Call_bratlon strategy, calibration unit
modes design

Maximum LoS depointing angle <+3.5deg Calibration strategy, dwell time, NESR

FSI/FEI LoS stability over FSI dwell
time
Table 5.2. FORUM FSI and FEI common observation requirements.

AOCS design and equipment, micro-

<100 m (G: 50 m) vibrations, thermo-elastic

5.3.3.3.1 Observation Requirements Common to FSI and FEI
Table 5.2 summarises the main FSI and FEI common observation requirements.

The FSI and FEI will perform co-aligned and co-registered ground sample measurements in
step-and-stare mode, stable within the FSI dwell time, and with an accuracy defined in Table
5.2. This is achieved by an oversized FEI FOV, a common pointing mirror to compensate the
satellite ground speed, minimising thermal distortion sharing the same mechanical and
thermal configuration, and by on-ground and in-flight calibration.

The FSI and FEI LOS stability during the FSI dwell time is achieved by:
— A thermal control which minimises the instrument thermo-elastic distortions
— An accurate platform attitude control and the minimisation of micro-vibrations
— Implementing a satellite yaw steering attitude control to compensate on-ground
LOS drifts due to Earth’s rotation velocity

FSI and FEI will have two observation modes: acquisition and calibration. For calibration
purposes a calibration blackbody (traceable to Sl units) and a deep-space view have been
included in the payload and are frequently viewed by both instruments.

5.3.3.3.2 FSI Observation Requirements
Table 5.3 lists the main FSI instrument observation requirements.

Observation Requirement

Specification

Drives/Impact

Geometric requirements

Along-track spatial sampling
distance

< 100km (G: <70 km)

Maximum dwell time, acquisition
principle

System integrated energy

> 90% over 15 km area

Geometrical field of view, spatial
resolution, image quality

System Energy Distribution
Function (SEDF) non-uniformity
within one spectral sample

Variation <15%xSEDFmax over
90% of Full Width Half Maximum
(FWHM)

(G: <10%xSEDFmax over 80% of
FWHM)

Optical design, field stop, detector
performance angular dependence

SEDF non-uniformity knowledge

Knowledge error < +5% over 80%
of FWHM

On-ground calibration
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SEDF non-uniformity between
spectral samples

Difference between 2 spectral
samples < £5% over 80% of
FWHM

(G: < £5% over 90% of FWHM)

Detector performance angular
dependence, optical design

Spectral requirements

Spectral range

100 to 1600 cm

Product coverage, optics material,
coatings, detector type, delta OPD,
Optical Ground Support
Equipment (OGSE)

Spectral resolution

<0.5 cm (G: <0.36 cm?)

FTS MOPD, retrieval accuracy,
interferometer field of view

Spectral knowledge

<2 ppm (G: <1 ppm)

Spectral calibration strategy,
retrieval accuracy, metrology laser
choice and stability

Instrument Spectral Response
Function (ISRF) knowledge error

Resulting radiometric error:
< 0.06 mW/m2/sr/cm-!

(G: <0.02 mW/m2/sr/cm™)

Retrieval accuracy, on-ground
calibration, instrument stability
over time

Radiometric requirements

Signal dynamic range

Spectral radiances with equivalent
blackbody brightness temperature
in the range 190 K to 300 K

Detection chain

Noise Equivalent Spectral
Radiance (NESR)

<0.6 mW/(m2:sr-cm-)
(G: < 0.4 mW/(m2sr-cm))
within [200-800 cm1]

< 2.0 mW/(m2-sr-cm-1)
(G: <1.0 mW/(m2:sr-cm-?) outside
[200-800 cm-!]

Instrument throughput (étendue)

Absolute Radiometric Accuracy
(ARA)

Goal:

<0.2 K from 200 cm-1 to 300 cm-
<0.1 K from 300 cm-1to 1100 cm-!
<0.2K from 1100 cm- to 1300 cm!
<1 K elsewhere

Threshold:
<0.25 K over [200-1300 cm™]
<1 K elsewhere

Retrieval accuracy, on-ground and
in-flight radiometric calibration,
onboard blackbody design

Table 5.3 FORUM FSI instrument main observation requirements.

>esa

Geometric requirements:

FORUM requires a maximum Along-Track Spatial Sampling Distance (SSD) of 100
km (goal 70 km) along the orbit while keeping the observation angle below 3.5 degree. This
means that the on-ground distance between two consecutive 15 km diameter samples will
always be smaller than 100 km (see Section 7.2.1). This requirement drives the maximum
FSI dwell time, the detector choice and the acquisition principle.

The spatial performance of the FORUM FSI instrument is fully described by the System
Energy Distribution Function (SEDF). It can be seen as the spatial response function,
and is defined on the Earth ellipsoid as the spatial distribution of the energy collected by the
instrument for an acquired spatial sample. The SEDF reflects the detection sensitivity of the
instrument in the spatial domain, in a similar way as the ISRF in the spectral domain. Its
integral over the FOV projection defines the System Integrated Energy (SIE). Since the
spatial requirements of the FSI define a circular instantaneous FOV of the spatial samples
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with stabilised LOS during integration time, the SEDF resembles a circular top-hat function.
Its spatial extent is constrained by requirement to 15 km diameter, and primarily depends
on interferometer (or telescope) FOV, and orbit altitude (the latter being fixed by the MetOp-
SG orbit). The shape is determined by the angular sensitivity of the instrument from various
instrument effects, such as optical aberrations and coating performance. Diffraction effects
are also significant in the low wavenumber range (<200 cm-1). The system requirements
demand flatness within the inner circle of the SEDF (80% of the diameter), as well as equality
in shape for all spectral channels. This will ensure uniform spatial sensitivity across the
spectral range.

The System Integrated Energy (SIE) describes the imaging quality of the system in
terms of spatial resolution. It is the ratio of the energy measured over a specific area (FSI
spatial sample of 15 km in diameter) to the energy measured from the entire scene. It is
obtained by integrating the system energy distribution over a specified surface area. The SIE
is required to be larger than 90% over a 15 km circular area. This requirement defines the
geometrical instrument FOV, hence the spatial sampling and resolution of the instrument.

Spectral requirements:

The Spectral Range from 100—1600 cm- is one of the core requirements and drives
significantly the design of the instrument in terms of detector technology, delta Optical Path
Difference (OPD), data rate, optical coatings and optics materials and OGSEs. It poses
challenges in terms of the selection of material and coatings, especially for the interferometer
beamsplitter and the onboard blackbody (see results of pre-development activities on
beamsplitter and on blackbody coating emissivity in Section 5.3.3.5.4.).

The Spectral Sampling Interval is the spectral distance between adjacent spectral
samples within a spectral band. It is defined as the inverse of twice the Maximum Optical
Path Difference (MOPD) between the two split beams: FSI spectral sampling interval =
1/(2*MOPD). This mainly drives the interferometer mechanism design.

The Spectral Resolution is the Full Width Half Maximum (FWHM) of the unapodised
instrument spectral sampling function, which is typically a cardinal sine (sinc) function
whose main lobe is broadened by the instrument self-apodisation. For an FTS, the spectral
resolution drives the MOPD and the acceptable instrument self-apodisation. Major
contributor to the broadening of the FWHM is the beam divergence, especially if a telescope
is used to reduce the beam dimensions inside the interferometer as in the case of FORUM.

The Instrument Spectral Response Function (ISRF) describes the spectral response
of the whole instrument chain including the transmittance of optical components and the

detector response. It relates the radiance L’'(o), derived from the acquired interferogram,
with the monochromatic TOA spectral radiance L(o) incident on the instrument, see
Equation 5.1:

[oe)

L(oy) = f ISRF (0,0,)L'(0)do

0
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The system requirements demand an accurate knowledge of the ISRF, as discrepancies
between the actual spectral response and the ISRF assumed in Level-2 processing give rise
to equivalent radiometric errors, which in turn map into systematic retrieval errors. In order
to keep this error source negligible, the ISRF knowledge requirement is formulated in terms
of the equivalent radiometric error on Level-1b spectral radiance: the radiometric error from
ISRF uncertainty shall be less than 10% of the NESR in the most demanding wavenumber
interval (200—800 cm-). This stringent requirement demands an extensive on-ground
calibration of the instrument line shape, as well as accurate characterisation of the
transmission properties, including absorption features of the beam-splitter material. It also
requires precise characterisation of the self-apodisation effect, resulting from beam
divergence in the interferometer, as well as the modulation efficiency.

The Spectral Knowledge defines the accuracy of the position of each spectral channel
centre within the spectral range. It will be known with an absolute accuracy better than 2
ppm (goal: 1ppm). The spectral axis of a spectrum measured with an interferometer is
generated by the laser metrology system. The uncertainty of the apparent laser wavelength
creates a scaling error of the spectral axis. This requirement therefore drives the metrology
laser choice and the spectral calibration strategy.

Radiometric requirements

The Dynamic Range represents the range of brightness temperatures within which
requirements are to be met. The brightness temperature is the temperature of a blackbody
that would emit the same amount of radiation as the targeted scene/body for a given spectral
channel. FORUM requires a dynamic range spanning 190 K to 300 K in equivalent
brightness temperate units. It drives mainly the detection chain.

The Noise Equivalent Spectral Radiance (NESR) is the standard deviation of a time
series of radiance measurements in a given spectral channel. It describes the radiometric
resolution of the instrument and is related to the signal-to-noise ratio (SNR) of the measured
radiance L by Equation 5.2:

NESR = —
SNR

The NESR is a key specification for the instrument sizing and retrieval precision (see Chapter
4). Therefore, the NESR is specified over the full applicable dynamic range of the instrument.
The NESR values required for the FSI instrument are reported in Table 5.3. The main
contributor is the detector noise. The NESR requirement drives the étendue of the
instrument leading to a pupil size in the range of around 70—80 mm equivalent diameter.

The Absolute Radiometric Accuracy (ARA) is the unknown systematic error of Level-
1b measurement. It is specified as an equivalent brightness temperature error over the full
dynamic range. The ARA budget combines two main error sources: (1) uncertainties linked
to the knowledge of the reference blackbody radiance (2) uncertainty in the measured signal
(e.0. NESR of calibration spectra, temperature). The absolute accuracy required for the
FORUM FSI instrument reported in Table 5.3 is very demanding, particularly in the spectral
region between 300 cm-and 1100 cm-! and at the low end of the dynamic range (i.e. 190 K),
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Observation Requirement

Specification

Drives/Impact

Geometric requirements

Temporal Sampling

>5 acquisitions per dwell time

Acquisition principle, NEdT, data
downlink capacity, FEI read out

Field of View (FOV)

>36 x 36 km?

Detector choice

Spatial Sampling Distance (SSD)

<0.6 km

Detector choice, focal length

Modulation Transfer Function
(MTF)

MTF >0.3 at Nyquist frequency

Optical design (aberrations),
image quality, detector
performance

Spectral requirements

Spectral Range

10.5 pm £0.75 pm

Optical design, detector

Instrument Spectral Response
Function (ISRF) Knowledge

<5% of the peak value

On-ground calibration, instrument
stability

Out-of-band signal

< 2% (G: <1 %) at 210 K

Requirement limiting the out-of-
band straylight of the observed
scene

Radiometric requirements

Signal dynamic range

From 190 K to 300 K

FEI detection chain choice

Noise Equivalent delta
Temperature (NedT)

<0.7K (G: <0.3K) at 210 K

Etendue of the instrument and
optical design

Relative spatial radiometric
accuracy (RXRA)

<0.2Kat210K

Calibration approach and angular
uniformity of the blackbody

Absolute Radiometric Accuracy
(ARA)

<3K (G:<1K) at210K

Detector surroundings thermal
stability

Straylight

<1.5 K at a distance of 5 SSD
(G: <0.8 K at adistance of 3 SSD)

Optical design, coatings
reflectivities

Table 5.4 FORUM FEI instrument main observation requirements.

where a goal accuracy of 0.1 K is specified. This requirement drives the calibration strategy,
the maximum tolerable noise in the calibration measurements, the blackbody emissivity, the
frequency bandwidth to avoid aliasing of the out-of-band signal, the thermal stability and
thermal design of the instrument and the blackbody design. Out-of-band straylight is also
not detected because filtered by the Germanium coating (VIS) or the gold mirrors (UV), and
filtered by the frequency response of detection electronics.

5.3.3.3.3 FEI Observation Requirements

Table 5.4 summarises the main FEI observation requirements while the main requirements
are further explained hereafter.

The FEI instrument FOV will cover an area on Earth of minimum 36x36 km2. The Along-
Track and Across-Track Spatial Sampling Distance of the FEI will be smaller than
0.6 km. This drives the optical design and the detector choice.

The Modulation Transfer Function (MTF) defines the image quality of the FEI and it
will be larger than 0.3 at Nyquist frequency. Major contributions to the MTF are the optics
diffraction and aberrations and the detector spatial sampling. This requirement drives the
detector performance and limits the optical aberrations of the FEI optical design.
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Spectral requirements

The FEI measures the scene radiance in a Spectral Range defined by one spectral channel
cantered at 10.5 um with a 1.5 um spectral width. This drives the selection of coatings,
bandpass filters, optics materials and detector type.

The ISRF knowledge is specified as a template (see Chapter 7). This requirement together
with the Spectral Range template drives the optical filter design and contributes in the
NEdT budget. The ISRF will be characterised on ground. Since the requirement is applicable
in flight it drives both the on-ground calibration accuracy and the instrument stability.

The FEI Out-of-Band Rejection defines the required signal attenuation of the bandpass
filter outside of the needed spectral band. It shall be smaller than 2% (goal 1%) for a
blackbody of equivalent brightness temperature of 210 K. This requirement addresses the
quality of the optical filter.

Radiometric requirements

The Noise Equivalent delta Temperature (NEdT) defines the minimum measureable
temperature change with respect to a reference temperature level. The required NEdT is
reported in Table 5.4 and specified for each FEI image taken during the interferogram dwell
time. The maximum image acquisition time is 2.8 s, which allows for a series of temporal
samples and co-adding to enhance the ratio between signal and noise. The NEdT drives the
instrument throughput (étendue) and therefore the FEI instrument optical design.

The Relative Spatial Radiometric Accuracy (RXRA) is the relative variation of the
unknown systematic error of the spatial samples acquired in an image while imaging a stable,
spatially uniform and Lambertian scene, but with spectrally varying content. It is of key
importance as the objective of the FEI is to determine the scene heterogeneity to
discriminate scene/cloud information within the FSI spatial sample. The FEI requires an
RXRA lower than 0.2 K for a reference scene at 210 K. This requirement drives the
calibration approach and the angular uniformity of the blackbody radiance.

The driver for the Absolute Radiometric Accuracy (ARA) is the variation of the FEI
detector environment temperature between calibrations, which will be in the order a few mK
to reach the goal reported in Table 5.4.

Straylight is light generated by unwanted imaging (ghost) and scattering on the elements
of an instrument (optical surfaces, contaminants, mounts, internal baffles, higher-order
diffraction, etc.). It drives the optical design and the coatings performance of the FEI to limit
the straylight generated by ghost images and scattering on mechanical and optical surfaces.
The requirement assumes a non-uniform scene having two different levels of radiances. The
straylight generated by the higher radiance level part into the lower radiance part has to be
lower than 1.5 K (0.8 K goal) at a distance of 5 SSD (3 SSD goal) from the transition.
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Figure 5.10 Payload functional diagram for Concept B — similar for Concept A.

5.3.3.4 Overview

The payload comprises two instruments: the FSI, which is an infrared four-port, double
pendulum-type FTS, and the FEI, which is a single-spectral-band thermal infrared imager.
The two industrial consortia each derived very similar payload concepts.

Fig. 5.10 shows the payload functional block diagram (Concept A block diagram not shown
but similar). The main subsystems are: deep space/blackbody and Earth ports, pointing unit
allowing to select the different ports, FSI instrument (front telescope, four-port
interferometer, focusing optics, pyroelectric detectors and associated electronics), FEI
instrument (optics, microbolometer detector and associated electronics).

An Instrument Control Unit (ICU) provides control and monitoring of the FSI, the FEI and
the pointing mechanism. It interfaces to the Front End Electronic (FEE) on one side and to
the platform for power and data on the other side. The interferometer has its dedicated
Interferometer Control Electronics (ICE), which also includes the laser metrology system.
The metrology system interfaces to the interferometer mechanism via optical fibres. The ICU
and the ICE are both mounted inside the platform and connected to the instrument modules
via harnesses and optical fibres.
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5.3.3.5 Payload Subsystems and Instruments

5.3.3.5.1 Mechanical Accommodation and Analysis

The payload mechanical accommodation is outlined in Fig. 5.11 for Concept A and in Fig.
5.12 for Concept B. The accommodation is driven by the geometrical and thermal stability
needed to meet the pointing knowledge requirement and the radiometric requirements (see
Section 5.3.3.3.2). For both concepts, the payload includes:

— A very stable optical bench to minimise thermoelastic distortions. It supports all the
optical elements, the pointing mechanism, the interferometer, the calibration units
and the detection chains. The optical bench is isostatically mounted on the platform.
The optical bench together with the optical units is kept at around 293 K for both
Concepts A and B.

— A nadir and deep-space baffles minimise undesired radiation inside the instruments
from the Earth and Sun, respectively.

— A calibration blackbody accommodated at the entrance of the instruments. The
blackbody view is selected by a rotation of the pointing unit.

The optical bench is made of an all-aluminium sandwich for Concept A and a monolithic
aluminium panel for Concept B. It supports all the optical elements, mechanisms,
interferometer, calibration units and detection chains. The optical bench is isostatically
mounted on the platform with three bipods. In order to guarantee the structural
performance and thermal isolation from the platform, the bipods are made of Glass Fibre
Reinforced Polymer (GFRP) tubes with titanium fittings for Concept A and of titanium for
both tubes and fittings for Concept B.

In Concept A, the interferometer, the reference blackbody, the FEE for FEI and FSI, the FSI
detectors, the pointing mechanism, the telescope and the FSI focusing optics are mounted
on the top side of the optical bench. On the bottom side of the optical bench, only non-
dissipating units are accommodated: nadir and deep-space baffles, pointing mirror,
blackbody, FEI optics and detector.

In Concept B, all FSI and FEI units (except metrology system and FEES) are accommodated
on the bottom part of the optical bench to guarantee a protected thermal environment. The
top part of the optical bench contains the calibration blackbody, the scanning and pointing
unit, the nadir and deep-space baffles and the metrology system. The accommodation
concepts are sound and provide adequate margins to accommodate changes in later phases,
given the existing volume and mass margins at platform and system level.

Mechanical analysis

Both concepts have built up detailed FEM of the instrument representing all structural
elements. These models have been used to perform all relevant mechanical analyses (modal,
strength, acoustic/random, thermo-elastic and micro-vibrations). For Concept B coupled
loads analyses with the platform have been performed while for Concept A, the interface
loads derived from the Copernicus Sentinel-5P platform have been deemed representative
enough.
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Figure 5.11 FORUM Payload accommodation — Concept A

For both concepts, the natural frequencies of the instrument and platform exceed the
required limits and the dynamic coupling between them results in benign loads to the
instrument. Sine and random spectra have been notched to acceptable levels, and the
analysed stresses for quasi-static loads are low. All margins of safety are positive with a few
exceptions, which can be improved easily by increasing the strength of these elements,
without any cascade effect at system level thanks to the available volume and mass margins.
The thermo-elastic and micro-vibration analyses demonstrated in both concepts that
sufficient LOS stability and reduced acceleration levels at sensitive units occur under
operational conditions.

As a result, for both concepts, the structure proposed is feasible, stable and robust enough
to cope with potential updates of the instrument design.

5.3.3.5.2 Thermal Architecture

Both concepts present different thermal architecture designs. For Concept A, a heater-
controlled shroud encloses the whole instrument. Its external sides are covered with Multi-
Layer Insulation (MLI) with the exception of radiators and the Earth and deep-space
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Figure 5.13 FSI (left) and FEI (right) beam footprints on pointing mirror for Concept A.

calibration apertures. The internal sides are black painted to facilitate the radiative coupling
with the units. The optical bench and all optical subsystems are in radiative heat exchange
with the shroud, like in an oven, imposing a uniform and stable temperature of +20 °C on
all non-dissipating units within its cavity. Heat dissipating units are accommodated inside
dedicated compartments, whose inner lateral walls are covered in highly reflective MLI and
whose top panel is equipped with Second Surface Mirror (SSM) radiators. The radiators are
thermally decoupled from the rest of the structure by means of thermal washers. The
temperature will be controlled to a lower set point in order to maintain the dissipating units
at +20 °C. Although the instrument is in the shade, Earth IR and albedo is a major source of
thermal disturbance. Therefore, the instrument apertures are equipped with thermal baffles
to reduce the influence of Earthshine and stray light. In order to conductively decouple the
instrument from the platform, the former is mounted using GFRP kinematic bipods with
Ti6AI4V fittings.

For Concept B, the payload lateral sides are surrounded by a MLI sunshield, with cutouts for
both entrances, nadir and zenith. The instrument itself is also covered with MLI with the
exception of radiators and apertures. Both passive and active thermal control are present to
maintain the payload at the required temperature and within the required stability. Active
control of the heaters on the optical bench top sheet ensure that the units are maintained at
a stable temperature of +21°C. The FEE (FEI, FSI and laser system) are conductively
decoupled from the optical bench using flexures and radiative insulated with MLI. The
radiators are directly attached to the unit upper face. The thermal baffles, which have direct
heat flux from the Sun during the orbit, are insulated with MLI. The heater-controlled optical
bench, which accommodates all the optical subsystems, is supported by titanium bipods to
reduce the conductive coupling between instrument and platform. Both concepts achieve
very high temperature stability for the optical subsystems and the optical bench. The orbital
temperature stability of the optical bench is better than 0.2 K (peak to valley). The optical
units are even more stable (<0.02 K, typically). Preliminary STOP analyses demonstrate that
the optical performance degradations caused by thermo-elastic distortions are well below
the allocated limits.

5.3.3.5.3 Entrance Aperture and Pointing Mechanism

The entrance aperture of both instruments is defined by the aperture stop, which is located
in front of the first telescope mirror for the FSI and in front of the first lens for the imager
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Figure 5.14 FORUM Pointing mirror unit — Concept A

FEI. The entrance pupil circular equivalent diameter is 72 mm for Concept A and 80.2 mm
for Concept B. The FEI entrance pupil diameter is equal to 25 mm in the case of Concept A
and 29.4 mm in the case of Concept B. The FEI and FSI optical beams are separated using a
pupil offset as shown in Fig. 5.13.

The first optical element after the entrance aperture is a pointing unit. Concept A proposes
to reuse the MetOp-SG scan mechanism (used for MWI, MWS, ICI and METimage
instruments) replacing its mirror and the pointing mechanism control electronics. This
concept is a single-axis scanning and pointing mirror unit, which ensures both the Earth,
calibration blackbody and deep-space viewing selection by rotation of the mirror. It also
performs the scanning function required to maintain a stable ground pointing coordinated
with the interferometer mechanism during the simultaneous acquisitions of the FSI
interferogram and the FEI images.

Concept B uses two mirrors, each ensuring one function of the above-mentioned functions.
In both concepts, the FSI and the FEI share the same Earth view through the
pointing/scanning unit. The deep-space view and the onboard calibration blackbody are also
common for FEI and FSI for both concepts. Concept B design is based on the IRS scanning
mechanism.

The pointing mirror of Concept A is shown in Fig. 5.14 while the pointing and scanning unit
of Concept B is shown in Fig. 5.15.

For Concept A, the pointing mirror has to be in a defined position during launch and early
orbit (LEOP) to prevent sunlight entering the optical system during any non-nominal
pointing of the platform. Additionally, a launch lock is needed because the friction moment
will be eliminated during launch by random loads. As the nominal mechanism, outside the
nominal operating range. The permanent magnet keeps the mechanism at a fixed position
during launch. Once in orbit, the mechanism is rotated by approximately 180° into the
nominal operation range, where the permanent magnet does not have an impact.
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For Concept B, when rotating the pointing mechanism to one of the selected targets, the
other openings will be closed by a co-rotating cylinder. During launch the pointing operation
of the FORUM mechanism is limited to a small angular range, a pair of permanent magnets
can be placed on the rotating and stationary parts of the mirror and it will point towards the
blackbody and both nadir and cold-space baffles will be closed to protect against
contamination.

To compensate the satellite along-track motion, the pointing mirror speed will be selected
for the individual dwells depending on the current satellite latitude, requiring an update of
the commanded rotation speed of the mechanism. This is achieved by using the Position
Velocity and Time (PVT) data provided by the Onboard Computer (OBC) to the ICU and
extracting the appropriate rotation speed from a stored table.

5.3.3.5.4 FORUM Sounding Instrument (FSI)

Optical concept

The optical design of the FSI for Concepts A and B is very similar. It implements a compact
optical instrument keeping, thanks to the front telescope, the interferometer pupil
compatible with the manufacturability of corner cubes and beamsplitters. The optical design
allows the complete FORUM spectral range with the required spectral resolution to be
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Figure 5.16 FSI optical layout for Concept A (top) and Concept B (bottom).

covered, keeping the beam divergence small for performance optimisation. The optical
layout of Concepts A and B is shown in Fig. 5.16.

The system uses a three-mirror fully reflective telescope, a four-port double pendulum
interferometer and two focusing optics to direct the light onto the two FSI detectors.

The front telescope optics has three main functions:

— To reduce the beam diameter to keep the beamsplitter and the cube corners in the
interferometer at a manufacturable size. The telescope has a magnification of 2.4 (of
the field angle) meaning that it allows a compression of the pupil by the same factor.
The exit pupil diameter is therefore equal to around 30 mm.
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— To relay the aperture stop onto the entrance pupil of the interferometer on the cube
corners.

— To provide a well-corrected intermediate image plane where the field stop is placed.
The spot size at the field stop determines the System Integrated Energy (SIE).

The front telescope optical design consists in a three-mirror afocal telescope. The mirrors
are made of aluminium and will be gold coated.

The interferometer is a four-port double pendulum type interferometer. One input port
of the interferometer is fed with the light coming from the front telescope optics. The second
input port is fed by a reference blackbody source for Concept A and by deep-space view for
Concept B. A layout of the interferometer for Concept A is presented in Fig. 5.17. Concept A
implements a double pivot mechanism for compactness reasons while Concept B uses a
single pivot point preferring a less compact but simpler design. Both concepts have selected
a double-sided interferogram acquisition meaning that the interferogram is sampled from —
MOPD to +MOPD in a symmetrical way around ZPD. Regarding the trade-off on sampling
directions, Concept A has selected a unidirectional sampling meaning that the interferogram
sample points are acquired from —MOPD to +MOPD and then there is a return without data
acquisition back to —MOPD to restart a new acquisition. Concept B has selected a
bidirectional sampling for better efficiency, the interferogram sample points are acquired
from —MPD to + MPD and then from +MDP to —MPD and so on.

The interferometer entrance pupil is located at the cube corners apex. The interferometer
opto-mechanical design is such that it can accommodate, without any modification, any
selected beamsplitter solution from those studied within the Phase A pre-development
activities. The interferometer optical design parameters are summarised in the Table 5.5
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Parameters Concept A Concept B

Interf_erometer entrance pupil equivalent diameter 305 mm 33 mm

(nominal)

Beam divergence (nominal, full angle) 43 mrad 44 mrad

Used MOPD 14cm 1.35cm

Spectral resolution 0.46 cm!at 1600 cm-! 0.48 cm at 1600 cm!
Diamond Plate (baseline) Diamond plate (baseline)

Beamsplitter options Polypropylene membrane Polypropylene membrane
Mylar membrane Mylar membrane
Monolithic Monolithic

Cube corners
Bare gold coated Bare gold coated

Table 5.5. FORUM FSI interferometer main parameter for Concept A and B.

Beamsplitter

In early Phase A, the beamsplitter was identified as a critical component owing to the need
to demonstrate transmission and reflection properties in the FORUM spectral range
compatible with the requirements (Section 5.3.3.3.2). This necessitated a dedicated pre-
development activity. Both industrial consortia chose an interferometer design that can
accommodate different beamsplitter solutions (see Table 5.6) without having to modify its
design.

The beamsplitter solutions studied within the frame of the pre-developments by both
industrial consortia are: diamond beamsplitter plate, polypropylene membrane and Mylar
membrane.

The selected baseline beamsplitter is a dual-wedged diamond plate. Diamond is a good
candidate material showing a quite high and flat transmission over the full FORUM spectral
range. The splitting interface (named front face) between the two arms is enhanced by
applying a germanium coating on the beamsplitter diamond substrate. The rear face of the
beamsplitter is either bare diamond (fresnel losses in the order of 15% in transmission due
to diamond high-optical refractive index) or an antireflective coating improving the overall
transmission. As the FORUM spectral range is very wide, it was difficult to find a classic
dielectric antireflective coating. Therefore, the implementation of microstructures have been
studied as a means to enhance the transmission. Such beamsplitter (diamond substrate
germanium coated on one side and microstructuring on the other side) feasibility has already
been demonstrated in the frame of NASA’s OSIRIS-REX mission. The beamsplitter was
however smaller (38 mm in diameter versus around 60—70 mm for FORUM FSI). For more
details, refer to “The OSIRIS-REx Thermal Emission Spectrometer (OTES) Instrument
(Christensen, et al., 2018)”. Within the pre-development activities in Phase A, germanium-
coated diamond samples, microstructured diamond samples and full-size wedged and
coated-diamond beamsplitters were manufactured and tested for both consortia. The
different steps that the samples underwent during the Phase A pre-development activities
are summarised in Table 5.7.
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Beamsplitter
parameters Concept A Concept B
Dual-wedged diamond plate
Dual-wedged diamond plate
Germanium coating on one side
Baseline Germanium coating on one side ) )
Bare diamond on side two
Anti-Reflection coating on side
two Option: Dual-wedge diamond plate Germanium
coated on one side and AR coating on side two
Dual polypropylene membrane Single polypropylene membrane
Back-ups
Dual Mylar membrane Single Mylar membrane

Table 5.6. FSI interferometer beamsplitter solutions both baseline and back-ups (Concepts A and B).

Diamond samples were coated with germanium and the performance was tested
(transmission, reflection) before environmental tests (see 4RT performance in Fig. 5.20 left).
The diamond samples TVAC test is ongoing at the time of writing this report, results will be
reported at UCM presentation. Diamond samples were also manufactured with
microstructures and the transmission improvement, with respect to bare diamond interface,
was characterised over the full FORUM spectral range, see Fig. 5.18. The improvement is in
the range of 5—15%, depending on the wavenumbers which improve the overall NESR
performance.

On top of the diamond samples, full-scale wedged-diamond beamsplitters have been
manufactured, coated and tested by Concept B (planned for Concept A in Phase A). Fig. 5.19
shows a full-sized wedged diamond beamsplitter manufactured during the pre-development
activities. It demonstrates the feasibility of manufacturing and coating a wedged-diamond
substrate of size needed for FORUM (70—80 mm in diameter). Fig. 5.20 right reports the
compliant WFE performance measured on the full-scale diamond plate after coating and the
beamsplitter efficiency based on measured reflection and transmission data.

S:;tr:grc;ligm;)nd Microstructured Full-size wedged
diamond samples diamond plate
samples
Manufacturing v Y v
Coating v % %
Performance testing
Transmission/Reflection over full FSI v v Onaoin
spectral range [100—1600 cm-] go1ng
WFE measurement (before and after coating) NA NA v
Environmental testing
Adhesion test v NA NA
TVAC test Ongoing NA Phase B1

Table 5.7. Beamsplitter baseline phase A pre-development activities summary table — Concept A and B.
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Measurements of transmittance
(1) bare diamond interface (2) microstructures in diamond
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Figure 5.18 (Left) Uncoated diamond sample, (Right) Transmittance of single interface bare diamond
compared to bare diamond including microstructuring versus wavenumber — Concept A
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Figure 5.19 FSI interferometer full size wedged diamond beamsplitter breadboard uncoated (Left) and after
Germanium coating (Right) - Concept B

Diamond beamsplitter efficiency based on measured data
VErsus wavenumber

g 0.4 s a mm

0 0.4 mm
0 200 400 600 800 1000 1200 1400 1600

Wavenumber [cm-1]

Figure 5.20 (Left) FSI diamond beamsplitter Efficiency based on measurement (Concept A), (Right) Ge-
coated diamond WFE measurement in transmission (full scale sample) — WFE measured <100 nm rms
(Concept B)
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Figure 5.21 FSI Beamsplitter back-up solutions: Concept A Polypropylene beasmplitter (Left), Concept B
Mylar beamsplitter (Right). (Courtesy of Cardiff University)

Alternative material beamsplitters pre-developed. Membranes beamsplitters made
of Polypropylene or Mylar (see Fig.5.21) have been studied as back up solutions for the FSI.
Compared to diamond, the Mylar and polypropylene exhibit absorption features in the
FORUM spectral range which would lead to non-compliance to the NESR performance in
the absorption bands. Mylar membranes used as beamsplitter in the FORUM spectral range
have flight heritage (for example the polarising beamsplitter used on Cassini Composite
InfraRed Spectrometer (CIRS) and ground heritage (REFIR-PAD) Moreover, the
membranes are sensitive to mechanical and thermal stresses which would require attention.
The membranes have a splitting coating in Germanium. The Polypropylene and Mylar
beamsplitters have been manufactured and coated with Germanium within the phase A pre-
development activities. They have been mechanically mounted in design-representative
stainless steel or aluminum mounts. Transmission and reflection measurements over the full
FORUM spectral range have been performed. WFE measurements have also been
performed. The polypropylene substrate and the germanium coating deposition were not
successful presenting significantly lower 4RT performance compared to the predictions and
a much higher WFE which is not acceptable for the required modulation efficiency.
Investigation to improve the manufacturing process continue however at the time of writing
this report. However, with current performance, Polypropylene is not considered a viable
solution for FORUM. Mylar shows reasonable WFE, however the germanium deposition
present non-homogeneities, which worsen with time, degrading the expected 4RT and the
WEFE. Further investigations on the germanium deposition process are on-going at the time
of writing the report.

Corner cubes.

As retro-reflecting elements of the interferometer, monolithic corner cubes are employed to
ensure against angular distortions. Corner cubes less than 90 mm in diameter are standard
Commercial Off-The-Shelf (COTS) products. They are aluminum elements coated with a
bare gold coating. A photo of the corner cubes integrated in the interferometer breadboard
is presented in Fig. 5.22.

Interferometer mechanism

A double pendulum mechanism was selected for the interferometer for both concepts. This
choice reliably provides sufficient stroke and beam diameter, with a simple configuration
and is robust to environmental loads. In the pendulum mode of operation, the corner cubes
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Figure 5.22 Monolithic cube corners made of Aluminum, gold coated — Concept A

located at the tip of both arms move in opposite directions and the resulting OPD between
them produces the interferogram.

Concept A uses a double pivot point mechanism, see Fig. 5.23., while concept B uses a single
pivot one, see Fig. 5.24. Concept A has heritage from commercial ground-based
interferometers, thousands of units are operational with the same double pivot mechanism
as the ones proposed for FORUM. Moreover, a prototype of the double pivot mechanism,
smaller in size but representative of FORUM'’s is currently undergoing space qualification
campaign in the frame of the Large Aperture Dual Pivot (LADP) development, with the aim
to reach TRL6+ by the end of 2019. Concept B proposes to use a single pivot mechanism,
smaller in size but fully representative of the one on the Atmospheric Chemistry Experiment
(ACE)-FTS instrument onboard Science Satellite (SciSat) and TANSO-FTS instrument on
board GOSAT. These FTS include a double pendulum interferometer based on a single pivot
point mechanism. Both interferometer mechanisms are considered feasible and with proved
heritage. However, pre-development activities are on-going (and will continue in Phase B1)

/ Alignment Cube

Retroreflector 2
Scan arm 2

Beam Splitter Wall

Redundant laser
metralogy with
optical fiber I/O

Interface
Connections

Metrology mirrors

Retroreflector 1

Voice coil actuators
Scan arm 1

Figure 5.23 FORUM FSI Interferometer breadboard sketch — Concept A. (Courtesy ABB).
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Figure 5.24 FORUM FSI interferometer sketch — Concept B. (Courtesy OHB)

to demonstrate the required performance for the specific FORUM design in the relevant
environment.

The actuation principle involves a voice-coil, (in fact a double-coil for redundancy), which
imposes the rotation of the two arms with relation to flexible pivot hinges - one single hinge
in the case of Concept B. This configuration provides large rotations around a fixed
determined axis, showing high stiffness and virtually no friction even without lubrication.
The launch loads are resisted by the constrained degrees-of-freedom of the flexible hinges as
well as by a pin-puller, which generates low shock upon release.

Fig. 5.25 shows an interferometer breadboard developed by the Canadian Space Agency,
which includes the same mechanism as the one proposed for FORUM Concept A.

It has been specified that sampling speed instabilities shall remain lower than 1% during
science acquisition. While analysis have confirmed that the interferometer design meets this
requirement for both concepts, within the frame of the pre-development activities in phase
A, a breadboard for Concept B has been manufactured and aligned — Fig. 5.25. The speed
stability and micro-vibrations tests are on-going at the time of writing the report.

During each Earth observation dwell time, the interferometer and the pointing mechanism
are aligned such that the acquisition during one dwell is from the same ground sample. The
interferometer mechanism movement is synchronised with the pointing mirror movements
for high performance LoS compensation. In the short gap between two dwell time windows,
the pointing mechanism is set to either back to the new starting angle position, or to the
calibration blackbody or towards the deep space view and the interferometer mechanism is
reversed for the next interferogram acquisition.
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Figure 5.25 Large aperture interferometer breadboard developed by ABB partially funded by the Canadian
Space Agency. (Courtesy ABB)

The interferometer runs in a continuous forward/backward motion in a close-loop control
using the metrology laser fringe signal. The sampling window signal and the scan direction
are sent to the ICU to generate the signal to synchronise the interferometer with the pointing
mechanisms. The two synchronisation signals required by the pointing control electronics
are one (GSYNC) marking the start of each pointing scan sequence and another (RSYNC)
triggering the position/rotation reset.

The GSYNC signal is derived from the ICE Sampling Window Signal and the RSYNC signal
is derived from the ICE Scan Direction Signal. The ICE, as well as the ICU operates based
upon their internal master clock, but both units receive the pulse-per-second (PPS) signal
from the platform.

Figure 5.26 FTS Interferometer mechanism breadboard Concept B. (Courtesy of OHB).
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Figure 5.27 Optical layout of the metrology beam in the interferometer.

The interferometer motion is fully periodical and deterministic. Potential timing jitters are
well below a p-second resulting in negligible error contributions compared to the dwell time
of 14 seconds. Any long-term drift effects can be compensated for by using a configurable
interferometer turn-around time, which allows re-synchronisation (Concept A), or by
determining the optical ZPD position (with help of the mechanical ZPD reference) and then
symmetrical fringe counts from this position on.

In general, there are four types of disturbances of an interferogram due to micro-
vibrations. All result in spectral artefacts (ghosts) and cause spectral/radiometric errors.
The design of the FSI for both concepts is such that only one exists. FORUM has a single
pixel; therefore no shear ghosts are created. FORUM has no integrating detector; therefore
no integration ghosts are created. FORUM is not a limb-sounder; therefore, pointing
variations do not result in amplitude ghosts. The remaining ghost type to analyse is phase
ghosts due to the electrical delays. The electrical delay of the science and the metrology
system may be different and would create ghosts in the presence of micro-vibrations. As the
delays are stable, they will be characterised and taken into account in the interferogram
resampling. The residual ghost is small enough to be neglected, compared to NESR.

Metrology system

The main function of the metrology is to measure the OPD in real time for triggering the
science acquisition on known OPD position and to control the motion of the mechanism of
the interferometer. The metrology systems for both concepts has heritage from the
metrology systems, including the lasers, of 1ASI, GAIA, MIPAS, TANSO-FTS, IASI-NG and
IRS.

The metrology is based on a linearly-polarised laser signal at 1550 nm. Fig. 5.27 shows the
optical lay-out of the metrology beam. The laser signal is injected into the interferometer via
an optical fibre. The laser beam travels into the interferometer. At the output, a polarisation
beamsplitter separates the beam into its two orthogonal polarisation components and each
beam is injected into the returning optical fibre and sent to the ICE. The returning signals
are captured by photodiodes in the ICE.
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Figure 5.28 Scan arm direction determination with the two metrology signals.
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As shown in Fig. 5.28, one signal, called the ‘F’ signal, serves to count the laser fringes and
generate the science sampling trigger at equal OPD values. One pulse is sent every X laser
fringes. The F signal is also used to feed the servo control of the scan arm and ensure a
uniform speed over the sampling window. The second signal is called ‘D’. There is delay
introduced between F and D which means that it is possible to distinguish between forward
and reverse scans, and determine the direction of the scan arm.

The fringe counting pulses can be generated at every zero crossings of the metrology signal
(half wave) or every one out of two zero crossings (once per wave). Alternatively, it is also
possible to emit more dense pulses (e.g. every quarter wave) by interpolation. The metrology
layout is fully redundant. There is a total of two injection fibres, two polarising beamsplitters
and four collection optical fibres.

Focal plane/detection chain.

The FORUM FSI detection chain is located at each of the two outputs of the interferometer,
after the FSI focusing optics, and it comprises the FSI detectors and the FSI FEE. The FSI
detectors convert the optical interferograms into an electrical signal, which is then sampled
by the FEE and formatted into digital data to be sent to the ICU. The two detection chains
are electrically and functionally independent.

The selected detectors for the FSI are based on pyroelectric crystal technology. A pyroelectric
crystal exhibits a temperature dependent spontaneous electrical polarisation. Thanks to this
property, temperature changes result in a change in the electric field at the two faces of the
crystal that can be measured allowing the detection of thermal infrared signals, like in the
case of the FSI interferograms. The pyroelectric crystal used for FORUM detectors is
Deuterated L-alanine Dopped Triglycine Sulphate (DLaTGS) a material offering very high

Concept A Concept B
Baseline detector LEONARDO’s DLaTGS pyroelectric LEONARDO'’s DLaTGS pyroelectric
detector 99 series standard detector 106 series standard
Window/lens material Diamond Diamond
Detector sensitive area 2mm 2mm
Operation mode Voltage mode Voltage mode

Table 5.8. Pyroelectric detectors used in the detection chain for the FSI - Concepts A and B.
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Figure 5.29 The setups built for the detection chain pre-developments activities for responsivity and
noise characterisation of the pyroelectric detectors, for Concept A (left) and B (right).

sensitivity in the IR spectral range. The crystal is grown as a wafer and polished into a thin
element, with electrodes deposited on the opposite faces. The surface of the crystal exposed
to infrared light is blackened to enhance its absorption, and the element is mounted in a
hermetically sealed industry-standard electronic package, with a diamond window to admit
radiation. The baseline detectors for both concepts are provided in Table 5.8.

The noise and the responsivity properties of several DLaTGS detectors were characterised in
laboratory environment within the frame of the Phase A pre-developments activities. In the
study for Concept A, the measurements were compared to the datasheet from
manufacturers, while the pre-development for Concept B provided a relative comparison of
the performances of different detectors. The setup built for the detection chain pre-
developments in both studies are shown in Fig. 5.29, where the radiation source (blackbody),
the detector and the FEE can be identified easily. Some results for the responsivity of the two
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Figure 5.30 Results from the detection chain pre-development for the detectors considered as baseline in
Concept A (left) and B (right).
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baseline detectors are shown in Fig. 5.30. The results for responsivity and noise are in line
with the expected values (coming from detector suppliers datasheet) for both baseline
detectors.

The pre-development activities also focused on comparing and providing quantitative data
from two different operation modes of the detector, voltage-mode and current-mode. The
voltage-mode is the standard mode of operation, and the measurements within the pre-
development activities confirmed the manufacturers experience and model. For the current
mode, the investigation of detector’s performance did not give conclusive results for the
correlation between measurements and model.

The dependence of the detector with temperature was also investigated in both pre-
developments, but the characterisation could not provide consolidated conclusions on the
ideal detector temperature for best performances. A tuning of the detector nominal
operational temperature is still considered as a viable strategy for optimising the detector
performances, but needs to be confirmed as part of the pre-development activities foreseen
in Phase B1.

Black body/calibration devices.

FORUM embarks blackbody sources to perform in-flight radiometric calibration. FSI is
calibrated in flight using a deep-space view and a blackbody maintained at instrument
temperature (e.g. 293 K), and temperature monitored to provide a known reference
radiance.

The calibration blackbody is implemented at the entrance of the instrument. The pointing
mirror is used to point to Earth, and to deep space for radiometric calibration, including
offset determination and blackbody for radiometric calibration. The calibration blackbody
and the deep-space view port are both used for the FSI and the FEI radiometric calibration
in flight.

The calibration blackbody baseline for both concepts is based on well-proven black-coated
cavity geometries, the design of which allows the emissivity requirement to be reached
(>0.99 for most of the FORUM spectral range).

The black coating baseline has been selected based on performance, stability and
heritage. The outcome of the trade-off and pre-developments of Phase A converged towards
the selection of the well-characterised high emissivity paint Mankiewicz Nextel 811-21. The
emissivity of several samples of Nextel 811-21 (Fig. 5.31 left) in the FORUM spectral range
up to 100 um have been tested in ambient at the Physikalisch-Technische Bundesanstalt
(PTB) facilities in Berlin (Fig. 5.31. center). In addition, PTB has long standing records for
on-ground performance stability of this coating. This paint has also flight heritage as it was
used, for example, for the blackbody cavity of the High Resolution Dynamics Limb Sounder
(HIRDLS) instrument on the NASA EOS Chem satellite. Other potential candidates (Fig.
5.31 right), with better performance but less heritage, such as Vanta S-VIS, S-IR from Surrey
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Figure 5.31 From left to right: (1) Black-coated sample for emissivity measurement Nextel 811-21, (2) emissivity
measurement set-up in air at PTB, (3) black-coated samples prepared for environmental tests.

Nanosystems and Deep Sky Black from Equinox have been considered as options. The
emissivity of all the above mentioned black coating options has been characterised (at the
time of writing this report) in air over the complete FORUM spectral range 6um to 100 um
during and will be characterised in a vacuum by the end of Phase A. The baseline and
promising black-coated samples also underwent environmental testing: adhesion test,
thermal vacuum cycling and humidity. The deposition process repeatability for the Nextel
black coating has also been assessed within the pre-development activity as two samples
manufactured from two different batches have been tested. (see Fig. 5.32 showing a stable
performance).

The blackbody geometry has been iterated based on some blackbody performance
simulations using the STEEP software. Several trials of geometry, black coating types have
been performed in order to identify the best compromise. Nextel together with well-known
cylindrical cavity geometry has been selected as baseline allowing to reach the emissivity
requirement. The model has then been refined: a thermal model has been developed and
thermal environment simulations were carried out to assess the gradient over the cavity in
order to evaluate the impact on radiometric performance. This analysis confirmed the

Directional spectral emissivity of Nextel 01 black coated sample Directional spectral emissivity of Nextel 02 black coated sample
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Figure 5.32 Nextel 811-21 black coated sample emissivity measurement results before and after environmental
testing for 2 different samples manufactured from 2 batches — Concept A and B. (Courtesy of PTB).
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compliance of the blackbody design to the requirements. Further pre-development activities
regarding the cavity geometry will be performed during the Phase B1.

Concept A includes a phase changing cell device in order to absolutely calibrate in orbit the
thermal sensors and hence reduce some errors due to the thermal sensors temporal
drift in the overall Absolute Radiometric Accuracy budget. A pre-development activity has
been done in phase A to build a representative mock up and test the repeatability of the
melting point. The results conclude that the repeatability is well within the requirement of
10 mK, as shown in Fig. 5.33.

The blackbody is maintained at floating temperature (temperature of the instrument) and
temporarily increased to around 30deg for the calibration of the thermal sensors thanks to
the phase changing cell (once per month).

Concept B does not include an on-board phase change cell device for recalibrating the
temperature sensor of the blackbody in-flight. Platinum Resistance Thermometer (PRT)
sensors are known for being sensitive to vibrations and thermal cycling, additional errors in
ARA budget are accounted for and some measures have to be taken to limit the contribution:
— Temperature variations to be tracked to estimate the range of the PRT hysteresis
— Possible use of on-ground reference PRTs that would experience the same
temperature variations
— Maintain the temperature in a small range during MAIT, delivery, pre-flight to
minimize the thermo-elastic effects

Concept A also includes a reference blackbody at the second input port of the interferometer.
This blackbody is maintained at the instrument temperature. Concept B views deep space in
the second input port of the interferometer.
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Figure 5.33 (Left) Phase change cell mock-up for plateau repeatability measurement, (Right) Melt
temperature reproducibility within 10 mK measurement results — Concept A
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5.3.3.5.5 FORUM Embedded Imager (FEI)

Optical concept

Parameters Concept A Concept B
Effective focal length 25 mm 48.2 mm
Entrance pupil diameter 25 mm 30 mm
Field of view 41km x 41km 38.4 km x 38.4 km
F/number 1.0 1.6
Spectral range [9.75;11.25] um [9.75;11.25] um

o 34 um
Pixel size 17 ym

(spatial binning of 2x2 pixels)

Table 5.9. FORUM FEI optical design main parameters for Concepts A and B.

The FORUM Embedded Imager opto-mechanical design is presented in Fig. 5.35 for Concept
B. It is a fully refractive design for both concepts. The optical design for Concept A consists
of spherical lenses made of germanium and a flat silicon window part of the detector
package. Concept B’s optical design is an objective made of spherical and slightly aspherical
germanium lenses.

The FEI is equipped with a bandpass filter centred at 10.5um and with a bandwidth of 1.5
um. The bandpass filter is located either as a flat add-on near the aperture stop or on the
front surface of the first lens for Concept A. For Concept B, the bandpass filter is applied as
an add-on element between the first and second lens. The main optical parameters of both
concepts are summarised in Table 5.9.

The focal plane unit of the FEI comprises:
— amicro-bolometer array detector and its proximity electronics
— FEE
— a mechanical supporting structure allowing thermal control and mechanical
alignment of the detector

A micro-bolometer array is built from a 2D pixel matrix, where each pixel consists of a black,
IR absorbing surface. Incident IR radiation heats the pixel surface and changes its resistance,
which is sensed by a highly sensitive electric circuitry placed directly under the pixel
absorber surface. The temperature reading, which is proportional to the incident IR power,
is sampled, amplified, and multiplexed into a clocked analogue video output. The advantage
of micro-bolometers, in contrast with IR matrix sensors, is that they can be operated
uncooled, and they are smaller, lighter and consume less power. The disadvantage is a lower
IR sensitivity, expressed as NEDT and high noise sensitivity to package temperature
variations. In addition, micro-bolometers are commonly operated with F/1 optics, whereas
photodiode matrix detectors are optimised for slower F/2-F/4 optics. These consideration
drives the design, which has led to a relatively simple, cost-efficient and small design while
still fully compliant with the FEI requirements.

Page 100/263
Earth Explorer 9 Candidate Mission FORUM — Report for Mission Selection

European Space Agency
Issue Date 21/06/2019 Ref ESA-EOPSM-FORM-RP-3549 Agence spatiale européenne



ESA UNCLASSIFIED - For Official Use .

(=
®
7
0

Heaters .
Optics barrel

Isostatic mount

Concept A implements as baseline detector for the imager an ULIS PCIO640 Gen2 micro-
bolometer array.

Concept B implements ULIS PICO 1024-048 off-the-shelf microbolometer detector. ULIS
P1CO 1024-048 has an NEDT of about 50 mK (@ scene temperature of 300 K, frame rate of
30 Hz and F#1 illumination) and typical thermal time constant of 12 ms in 17 um pixel size.
Both detectors are COTS components and the ULIS PICO 1024-048 has followed a
gualification programme funded by ESA.

The mechanical and thermal accommodation of Concept A baseline consists of lens
housing, spacers and FPA made of the same material. Titanium was selected for the
mechanical properties and the CTE very close to the optical elements’ materials.

The preliminary structural design for the FEI Concept B is displayed in Fig. 5.34. The
germanium lenses are mounted in a single titanium barrel, which is fixed to the optical bench
by means of aluminium blades. Thermal conductivity through the blades is required to
evacuate the heat dissipated by the detector and rely on the optical bench active thermal
control to minimise the FEI displacement variation. The optical bench orbital thermal
stability is sufficient to meet the radiometric accuracy requirement. The overall size is about
186x133%x146 mm.

The FEI uses the same calibration devices as the FSI for the calibration blackbody and
deep space view.

5.3.3.5.6 Payload Control Electronics

The electrical architecture includes all required elements and functionalities to support a
self-contained design of the instrument. This means that no external control, external to the
payload, is required, except for the activation of the payload and the surveillance of essential
ICU parameters during the nominal and survival modes. The main building blocks of the
FORUM payload architecture are:
— Instrument Control Unit (ICU), which provides the central hardware and software
functions to interface with the platform, command and control the instruments and
collect and transmit science data to the PDHU in the platform.
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— Pointing Control Electronics (PCE), which operates the pointing and scan
mechanism. Both functionalities are merged into a single device, for Concept A, and
no dedicated control box is foreseen, hence it will be integrated into the ICU. For
Concept B, the pointing and scan functions are implemented in two mechanisms. The
electronics controlling the scan mechanism will be implanted in a dedicated box while
the pointing mechanism is commanded and control by the dedicated module in the
ICU.

— Interferometer Control Electronics (ICE), which operates the interferometer
mechanism and the metrology equipment. A dedicated electronic box is foreseen in
both concepts.

— Two FEE units operating the two FSI detectors.

— One FEE operating the FEI detectors.

— Electrical/electronic equipment, which includes the pointing mechanism actuator
and position sensors, the interferometer actuator and metrology equipment, the
calibration blackbody and the reference blackbody.

— Thermal control hardware including thermistors and heater of the autonomous
operational thermal control system and the survival thermal control system, which is
operated directly by the platform.

— Instrument harness, including connector brackets at instrument level and all
supporting hardware.

The ICU, ICE and the PCE for Concept B are units exported into the platform and, hence,
thermally controlled by the platform. All electronic units implement full redundancy except
for the FEE’s, where only interface redundancy is baselined.

The ICU implements a LEON2 core based processor. It interfaces the platform to exchange
telemetry, command and control, and science data via Spacewire link for Concept A while
for Concept B TT&TC is transferred via a MIL-1553 bus while science data is exchanged via
Spacewire. The ICU also implements dedicated interfaces for discrete commands (e.g. switch
on/off) or discrete signals such as the Pulse Per Second (PPS) for time correlation with the
platform. Redundant power lines supporting unregulated voltage are protected via LCL at
platform side. The ICU is also capable of receiving EQSOL status signal for the platform to
warn the payload of any platform anomaly, that power may be removed from the instrument
in few seconds, and that the payload will be entering safe mode. The electrical architecture
proposed by for consortia is sound and suitable for the FORUM payload.

5.3.3.5.7 FSI On-Ground Characterisation and In-Flight Calibration

FSI on-ground characterisation

Spectral characterisation: On-ground spectral characterisation involves the
characterisation of the metrology system and the determination of the Instrument Line
Shape (ILS) and a spectral scaling factor. ILS and spectral scaling factor are characterised
using the monochromatic signal of a tuneable laser in the thermal infrared — injected into
the instrument using an integrating sphere — and a parametrised mathematical model of the
instrument line shape.
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The shape of the ILS is scanned by tuning the laser frequency in steps smaller than the
spectral resolution of the instrument. The measurements, together with a parametrised
mathematical model of the ILS give access to the ILS at every wavenumber in the FORUM
spectral range.

The spectral scale factor is determined by comparing the central wavenumber of the
measured ILS with the wavenumber of the monochromatic input signal. The difference in
wavenumber represents a spectral scale shift over the full spectral range. Spectral shifts arise
from a change in angle between the science beam or the metrology laser beam and the
interferometric axis, spatial sensitivity of the detector of drifts in wavelength of the
metrology laser.

The characterisation of the metrology laser system includes the determination of the
metrology laser wavelength as a function of temperature and driving current. The laser
wavelength is determined using a calibrated wavemeter. SNR and phase shifts are
characterised as a function of interferometer temperature.

Radiometric characterisation: The radiometric response is determined by using an on-
ground reference blackbody, Sl traceable over the full FORUM spectral range. The blackbody
will cover the full FOV. The radiometric characterisation is conducted in vacuum with the
use of liquid nitrogen to mimic the deep-space view and, if necessary, the second input port.
The internal calibration blackbody and the instrument will have reached their nominal
temperature within the expected stability before performing the tests.

Geometric characterisation: The spatial response of the detector is determined using small
instantaneous FOV scans over the full instrument FOV, called the knife-edge method. For
small wavenumbers, blackbody sources at different temperatures are used and for high
wavenumbers, a laser source in the TIR is used.

FSI in-flight calibration

Radiometric calibration: The in-flight radiometric calibration is based on a hot and a cold
reference measurement to determine radiometric gain and offset correction factors. A hot
cavity blackbody and a deep-space view measured with a pre-defined sequence, serve as a
hot and cold reference scene. Earth measurements Sq(o) are calibrated using a gain G(o)
and an offset I, ¢, (0) correction factor such that:

Ls(0) = (éé )) Logrset(0))

With Equation 5.3
Su(o) — Sc(o)
Ly(o) — L¢(o)

S
]Loffset(o-) = % - LC(G)

G(o) =
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Ls(o) is the calibrated radiance at wavenumber o; Ss(0),Sy(0),Sc-(a) are the complex
measured spectra for the scene, hot reference and cold reference views respectively.
Ly (0), L:(0) are the calculated radiances for the respective hot and cold reference views.

The challenging requirement on absolute radiometric accuracy requires an elaborated
processing of calibration measurements to minimise the radiometric noise residual on the
derived correction factors. Efficient ways to reduce noise have been identified, based on a
statistical treatment of a series of calibration acquisitions over a specific period of time.

Spectral calibration: Spectral calibration is necessary to retrieve spectral correction factors
to determine the spectral scale within the desired accuracy. The accuracy of the spectral scale
depends on:

— Alignment of the optical axis of the science beam with the interferometric axis

— Alignment of the interferometric axis and the optical axis of the metrology laser beam

— Spatial sensitivity variation of the detector

— Short term laser wavelength stability

These contributors are characterised on ground and the impact of a possible degradation in-
flight over the mission lifetime is computed by opto-thermo-mechanical analysis.

Furthermore, the accuracy of the spectral scale depends on the drift of the metrology laser
wavelength due to thermo-elastic effects and aging. This contributor results in a slow
varying, long-term spectral scale shift and requires in-flight calibration either by using
atmospheric spectral invariant features (baseline approach), as developed for the Infrared
Sounder on the Meteosat Third Generation satellite, or by using a gas cell as reference source
(back-up approach)

Pointing calibration: The FSI pointing calibration and the co-registration with the FEI is
performed to calibrate pointing bias errors, which occur due to launch loads, zero-g effects
and ageing effects. Bias errors can be calibrated by using the Moon as pointing target, letting
the Moon transit across the FOV. This would require the platform to manoeuvre accordingly.

FSI and FEI in-flight co-registration can be done with in-orbit data of the footprint of the
sounder on the imager array at 10.5 um over several orbits, which would give the offset with
respect to an arbitrary coordinate origin in the FEI array.

5.3.3.5.8 FEI On-Ground Characterisation and In-Flight Calibration

FEI on-ground characterisation
The FELI is characterised on-ground using the same procedures as foreseen for the FSI:
— Radiometric characterisation is done with the internal and external blackbodies
— Spectral characterisation of implemented filters is done at component level
— Geometric characterisation is done using small instantaneous FOV scans over the
full instrument field of view, called knife-edge method. Straylight will be tested
together with the FSI SEDF, using a point source at infinity. This test will also allow
to determine the co-registration with the FSI.

Page 104/263
Earth Explorer 9 Candidate Mission FORUM — Report for Mission Selection

European Space Agency
Issue Date 21/06/2019 Ref ESA-EOPSM-FORM-RP-3549 Agence spatiale européenne



ESA UNCLASSIFIED - For Official Use \\\U‘l‘k
@=esa

— The spectral performance will be characterised at filter supplier level.

FEI in-flight calibration

Radiometric calibration: Radiometric calibration is performed thanks to a two-point
calibration using a hot and a cold reference scenes. The hot reference scene is a hot blackbody
cavity on board while the cold reference scene is a deep-space view. Just like the radiometric
calibration for the sounder, a radiometric gain and offset correction factors are derived and
used to calibrate Earth measurements.

Spectral and geometric calibration: No in-flight spectral characterisation is deemed
necessary because of the temperature stability during the lifetime and because the filter
substrate and coating will be radiation-hardened. In-flight LOS calibration may be done
using the same methods as described by the FSI.

5.3.4 Platform

5.3.4.1 Overview

Concept A relies on use of the flight-proven Copernicus Sentinel-5P platform while Concept
B relies on the use of an existing flight-proven spacecraft design from the Proteus 150/300
generic product line, with extensive reuse of off-the-shelf components (e.g. Copernicus
Sentinel-3). This section describes each platform subsystem and provides the rationale for
its architecture and the selection of components.

5.3.4.2 Structure

The mechanical design of both platform concepts is driven by:
— The need to accommodate the FORUM payload within the volume available under the
Vega-C fairing considering a dual launch
— The compatibility with the launcher mechanical environment
— Simplicity and reuse of flight-proven design to reduce cost and schedule

Top Floor

Lateral panel Lateral panel

Lateral panel . Lateral panel

Lateral panel

Lateral panel

Lateral panel Lateral panel

Lateral panels Bottom floor

Double cone Bottom floor

J Bottom floor
reinforcement /

Launcher Interface Ring =
Launcher Interface Ring

Figure 5.35 FORUM structural concepts, Concept A (left) and Concept B (right).
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Fig. 5.35 shows the two structural concepts proposed for FORUM. They are both designed
to sustain the launch loads by providing a direct load path to the launcher adapter through
the interface ring.

The structure of Concept A is based on an integrated solution that supports both platform
and the payload. The structure is a hexagonal prism, 1.7 m high and 1.6 m diameter at the
base. A double-cone structure provides the transition between the launch vehicle interface
and the hexagonal body. The inner cone provides support to the propulsion module, while
the reaction wheels, the solar-array deployment mechanism are mounted on the bottom
floor. Six aluminium-alloy machined frame beams connect the bottom floor to the top floor,
which serves as the payload interface structure. The six lateral panels, made of aluminium
honeycomb, act as thermal radiators and support the main avionics equipment, which are
mounted on the panel inner faces and can be accessed during AIT by folding the panels
downwards.

Concept B is based on a squared box (1.1 m high, 1.2 m wide, 1.2 m long) of aluminium
sandwich panels, assembled on a bar frame with an L-shaped section to facilitate integration
operations. The main load path is provided by the primary structure, which is made of six
sandwich panels with aluminium skins and honeycomb core (four lateral panels, a top panel
and a base panel), a bottom aluminium machined frame and a launcher interface ring.

In both concepts, a standard 937 mm diameter interface ring provides the interface to the
launcher adapter to be used in Vega-C dual configuration.

The structure compatibility with the launcher environment has been assessed for both
concepts through dedicated mechanical analysis with Finite Element Models (FEM). For
concept A the detailed Copernicus Sentinel-5P platform FEM has been used while the
Sentinel-5P payload FEM has been replaced with a lump-mass and the FORUM-specific
bipods. For Concept B, a coupled (payload and platform) FEM model has been used.

For both Concepts, the quasi-static and dynamic analysis has been performed considering
the Vega-C mechanical environment, with the spacecraft located in the upper position of the
VESPA-C long adaptor. The results of the dynamic analysis showed that the fundamental
axial and longitudinal frequencies of both concepts are compliant with the Vega-C
requirements. Quasi-static analysis confirmed the adequacy of the proposed design for
Concept A and identified optimisation solutions for Concept B.

The results of the thermo-elastic analysis show that thermo-elastic deformation between the
instrument LOS and the startracker optical heads stay within the allocated budget so that
the overall system pointing budget can be met with margins.

Both concepts have been designed to minimise the effect of micro-vibrations. By embarking
fixed deployable solar arrays, the reaction wheels remain the only source of micro-
vibrations. These effects can be mitigated by appropriate accommodation.
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5.3.4.3 Mechanisms

Solar arrays are first kept attached to the platform structure during launch and, then, release
after lunch by means of hold-down and release mechanisms. Both concepts use standard
solutions, foreseeing the presence of hinges, a stiffener and a hold-down release mechanism
based on thermal knives or non-explosive actuator, depending on the solar array supplier.

5.3.4.4 Thermal Control

The thermal control subsystem maintains all units located in the platform within their
specific temperature ranges during all during the full mission lifetime.

For both concepts, the thermal control is based on both passive (filler, doubler, washer,
paint, radiators and MLI blankets) and active (heaters and thermistors) hardware and relies
on well-proven design concepts based on Copernicus Sentinel-5P, for Concept A, and on
Proteus, for Concept B. The platform heat rejection is achieved by optimising the radiators
size (1.7 m2) inherited from Sentinel-5P, in Concept A, and by accommodating about 3.3 m?2
of Second Surface Mirrors (SSM) on the four lateral panels, in Concept B. In Concept A, 26
heater lines are used on the platform and nine heater lines on the propulsion. For both
Concepts, the satellite platform can provide the necessary heating power ranging from about
10 W, during nominal observation mode in hot case, to about 100 W, during the worst cold
case scenario represented by the safe mode.

5.3.4.5 Electrical Architecture

The electrical architecture integrates the relevant platform and payload subsystems by
distributing energy, signals, data and commands, enabling:
— The commanding and control of the satellite in all relevant operation modes
— The acquisition, storage and transmission to ground of payload, auxiliary and HKTM
data
— The distribution of power from the generation and storage to all units.

The two concepts make use of similar well-proven architecture solutions and equipment
based on Copernicus Sentinel-5P and Astrobus-M for Concept A (see Fig. 5.37), and
Copernicus Sentinel-3 and Proteus for Concept B (see Fig. 5.38).

The command and control functions, executed by the OBC (Concept A) or the SMU (Concept
B), are transferred to the platform and payload units via Spacewire for Concept A and via
redundant MIL-1553B buses for Concept B.

The science data communication link from the payload to the PDHU is accomplished by a
cross-trapped cold redundant Spacewire interface to allow high data transmission.

Power lines are designed for power bus voltages between 22 V and 37 V. Power lines
distributing power from the solar arrays, PCDU and batteries are protected by controlled
double insulation.
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5.3.4.6 Command, Control and Data Handling

The Command, control and data handling subsystem, together with the electrical
architecture, provides the following functions:
— Overall satellite command and control including AOCS algorithms in all relevant
operation modes
— Running the onboard autonomy and FDIR
— Provision and distribution of ground- and software-issued commands to the satellite
— Collection and storage of satellite HKTM

For Concept A, the command and control architecture is based on two physical units: The
OBC and the Remote Interface Unit (RIU). The OBC is a two-board fully-redundant
computer based on a recurrent OSCAT Mk3 unit, which has evolved from the well-proven
OSCAR 2 Mk2 on Sentinel-5P and Spot 6/7. One board implements the processor module
(PM) and its input/output interfaces, the TM/TC and the reconfiguration unit (RU). The
other generates all the power rails. Each PM is based on a LEON 3FT processor providing
256 MB CPU RAM and 512 MB exchange memory/mass memory RAM dimensioned to store
HK data for up to 72 hours.

The RIU consists of two cold redundant units that augment the OBC interfaces providing,
among others, the commanding of the three magnetorquers and the four reaction wheels
and the thruster flow control valves.

The OBC and RIU combination provides the commanding and HK telemetry acquisition for
both the platform and the payload.

For Concept B, the command, control and data handling subsystem re-uses the Sentinel-3
Satellite Management Unit (SMU), which provides the processing resources, the TMTC
interfaces and the platform busses controller. The SMU manages the satellite operations,
performs low-rate data handling, attitude and orbital control tasks. It is also responsible to
manage the flow of housekeeping telemetry to the ground via the S-band transmitter. The
SMU also provides the PPS time-code signals to all time-sensitive units in the satellite. It
also provides dedicated discrete 1/0 interfaces for control and monitoring of the propulsion,
power, thermal, mechanisms and instrument systems and provide standard interface sets,
such as high power commands or thermistor monitoring. Finally, startrackers are managed
by dedicated electronics units.

5.3.4.7 Payload Data Handling and Transmission

The payload Data Handling and Transmission (PDHT) subsystem, together with the
electrical architecture, acquire, store and transmit to ground the scientific data generated by
the payload. It consists of the Payload Data Handling Unit (PDHU), which includes one or
more redundant Mass Memory Units (MMU), and the X-band downlink chain.

The payload data flow starts from the ICU, which ensures the transfer of data to the PDHU
for storage until the next scheduled pass over the ground station. The MMU'’s inside the
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Figure 5.38 X-band antenna and GNSS antenna FOV for Concept A.

PDHU store the payload data, auxiliary data required for data processing (e.g. position,
velocity and attitude data) as well as relevant platform and payload HKTM.

For both concepts, the architecture includes a redundant mass memory array and a simple,
cold-redundant X-band downlink chain, featuring a modulator, amplifier, Travelling Wave
Tube Amplifier (TWTA) a Radio Frequency (RF) switch and an isoflux fixed antenna (see
Fig. 5.38) with an RF power of 4 W (Concept B) and 1 W (Concept A). The PDHU is cross-
trapped in cold-redundancy with the ICU and the X-band downlink chain.

Both concepts generate onboard scientific data with an average rate of 1.82 Mbs-! for Concept
A, and 0.97 Mbs-!, for Concept B, and then transmitted from the ICU to the PDHU where
they are stored. According to these rates, Concept A will produce about 10 Gbit per orbit and
about 150 Gbit in 24 hours, while Concept B will generate about 5.5 Gbit per orbit and about
84 Gbit per 24 hours. Concept A reuses the PDHT from Astrobus-M AS250 avionics
(Sentinel-5P) while Concept B uses the baseline for the FLEX PDHT architecture. Both
PCDU have a mass memory of about 2 Thit which give to the satellite the capability to store
more than one week of scientific data.

The payload data downlink speed to ground is 120 Mbs-! for Concept A, which assumes QPSK
modulation, and 270 Mbs1 for Concept B, which assumes a 8PSK modulation. This
architecture is compatible with two downlinks per day (24 h data aging) or one downlink per
orbit (3 h data aging).

In Concept B, the HKTM generated and stored on board is downloaded within the X-band
data stream, while in Concept A this function is not provided and only a subset of platform
telemetry useful for data processing is included in the scientific data stream.

5.3.4.8 Electrical Power

The electrical power subsystem, together with the electrical architecture, supports the
following functions:
— Generation of power
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— Energy storage
— Power regulation and distribution to all equipment

The average power consumption is about 432 W for Concept A and 439 W for Concept B.
Both concepts present classic and flight-proven power architectures with classic design
solutions.

An internally redundant Power Conditioning and Distribution Unit (PCDU) is responsible
for distributing power from the solar arrays and the battery to the platform and to the
relevant payload equipment, providing power and battery charge control and monitoring.
Both concepts implement a Direct-Energy-Transfer (DET) power-conditioning scheme
comprising a classic architecture based on Sentinel-5P (Concept A) and FLEX and Sentinel-
3 (Concept B). The PCDU distributes power via single power lines that are protected by
Latching Current Limiters (LCL). Critical components, namely OBC and S-band
transponder, are connected through resettable current limits, which maintain power to the
protected unit even after an anomaly. Both concepts use a non-regulated 28 V power bus
based on direct connection to the batteries and ranging in voltage between 22 V and 34 V for
the operation mode for Concept A and between 24 V and 37 V for Concept B, hence
compatible with the power needs.

Power is generated by body-mounted deployable solar arrays. In Concept A, the solar array
has three wings distributed in a petal configuration, each with an available area of 5.6 m2. In
Concept B, there are two 3.25 m2 wings with three panels each. Both cases use triple-junction
gallium-arsenide cells with efficiency of 29.5% at the beginning of life. The maximum power
generated at End of Life (EOL) is about 760 W for both concepts. The solar panels are stowed
against the panels of the structure during launch, and release autonomously by the onboard
software after separation from the launcher. Concept A will use recurring units with
additional power margin in excess of 15%, while Concept B will use an up-scaled version of
the FLEX solar arrays.

Both concepts have baselined off-the-shelf batteries with heritage from previous missions.
The batteries are charged during daylight operations thanks to the excess power generated
by the solar array while they are used in eclipse and during contingency operations. The
battery consists of two modules of lithium-ion stackable decks in a 8s104p configuration
with a capacity of 4500 Wh (BOL) for Concept A, and one module of 216 NL cells in a
configuration of 9s24pa and a capacity of 57.6 Ah for Concept B. During nominal operation
battery Depth of Discharge (DoD) is on average 16% for Concept A while it is slightly above
20% for Concept B.

A complete passivation of the power subsystem is performed once the satellite reaches the
end of its operational life. All the energy stored in the battery will be depleted and the solar
array will be prevented from recharging. This prevents any potential explosion, minimising
impact on space debris.
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Figure 5.39 Power consumption and generation profile for Concept A.

5.3.49TT&C

The TT&C subsystem provides S-band communication capabilities between the satellite and
the ground stations and support the following functions:
— Command reception, for reception and demodulation of commands sent from the
ground station
— Telemetry transmission, for modulation and transmission of HK data to the ground
— Ranging and Doppler tracking providing range and range-rate determination as back-
up of the onboard GNSS receiver data for orbit determination in the event of an
emergency and during LEOP

The TT&C functions are implement for both concepts via a traditional and flight proven
architecture (Concept A based on Astrobus AS250 avionics inherited from Sentinel-5p and
Concept B based on Sentinel-3 inherited avionics) using a functional chain consisting of two
S-band transponders connected to two S-band low-gain hemispherical omnidirectional
antennas via a 3 dB hybrid splitter/coupler. The receivers work in hot redundancy while the
transmitters function using cold redundancy. Fig. 5.40 shows the configuration of the S-
band antennas and their unobstructed field of view.

Two omnidirectional antenna ensures a communication link for all possible attitude of the
satellite in nominal and non-nominal conditions.

Concept A is designed to download to ground all the realtime and the recorded HKTM via
the S-band link. Operationally, the satellite is expected to perform parallel dumping of
HKTM data through two different channels towards the TT&C ground station at least twice
per day.

On the other hand, Concept B TT&C design expects only transmission of realtime HKTM
during nominal operations because recorded HKTM are dumped via the X-band link and the
ground station dedicated to scientific data acquisition. Playback recorded telemetry can be
downloaded also through the S-band link in case of contingency operation (e.g. failure of the
X-band link).
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Figure 5.40 S-band antenna FOV for Concept B.

Telecommands are uplinked at a rate of 64 kb s! through the TT&C ground station, while
two operational modes are used to downlink the telemetry data. A low data-rate link
transmitting at 124 kb s and using a SP-L/PM modulation scheme is available when ranging
function is activated (LEOP and contingency operations due to GNSS failure). During
nominal download operations, a high telemetry transmission data rate is available at 2 Mb
s'1 for both concepts. By accounting for an onboard telemetry data generation of 8 kb s-1for
Concept A and of 14 kb s for Concept B, S-band download performances allows for the
transmission of 72 hours of recorded HKTM to TT&C ground station in few consecutive
orbits (4 to 6). When required by a contingency event, this will allow ground operators to
acquire onboard telemetry data useful to identify and analyse anomalies.

5.3.4.10 AOCS

5.3.4.10.1 AOCS Architecture

Both concepts baseline a three-axis stabilised spacecraft with an attitude and AOCS based
on a gyro-less architecture constituted (see 5.4.2) by flight-proven sensors, to determine
attitude and orbit position, and actuators to control attitude and perform orbit manoeuvres.

The AOCS software implements several modes of operations, which are similar for both
concepts. Each mode relays on a specific set of sensors and actuators (see Table 5.10), which
allow the implementation of the necessary actions throughout the mission life, from launch
and separation to decommissioning, including, nominal, contingency and manoeuvring
operations. Main modes mostly comprise several sub-modes. Shifts from one mode to
another is done via telecommand or automatically, except for recovery from safe mode and
initiation of control mode, for which a ground control intervention is mandatory for safety
reasons.

5.3.4.10.2 Initial Acquisition and Safe Mode

This mode is active as of satellite separation from the launcher or triggered by the FDIR after
detection of a critical failure. It aims to reduce the residual angular momentum and acquire
an attitude necessary for starting solar power generation. Starting from any arbitrary
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Modes
Equipment Redundancy
SAFE NOM | OCM
1 internally redundant (Concept A)
Sun sensors (CSS) X
2 branches of 4 in hot redundancy (Concept B)
GNSS receiver 2 units in cold redundancy X X
2 electronics in cold redundancy + 3 optical
ST (SRS, heads in hot redundancy X X
Magnetometer (MAG) 2 units in cold redundancy X
Magnetorquer (MTQ) 3 units internally redundant X X X
Reaction wheels (RW) 4 units in hot redundancy X X X
Propulsion system 4x1N thrusters X

Table 5.10 AOCS equipment vs. AOCS modes for FORUM Concepts A and B.

orientation and angular rate, the satellite is driven and maintained in a Sun-pointing
attitude. In this mode, only vital satellite functions are maintained and the satellite is put
into safe conditions where it is able to survive for the time necessary to solve the contingency.
Coarse Sun sensors and magnetometers provide the satellite attitude estimation while
magnetotorquers and reaction wheels perform the necessary control functions.

This mode has no provision to avoid Sun intrusion within the payload FOV, since both
concepts implement measures to prevent Sun intrusion in the optical path. Concept A
implements a shutter mechanism and Concept B positions the mirror of the pointing
mechanism in a safe configuration.

5.3.4.10.3 Nominal Operation Mode

The nominal mode ensures the accurate three-axis stabilisation of the satellite during
scientific observations and instrument calibration. Attitude estimation is achieved through
startracker measurements, orbit navigation through GNSS and attitude actuation using
reaction wheels. Angular momentum accumulation is off-loaded by magnetotorquer bars
using an onboard magnetic field model. The platform also performs a sinusoidal yaw
steering manoeuvre to compensate for the rotation of Earth, while the instrument scanning
mirror compensates for the relative motion the satellite with respect to ground during the 14
seconds FSI dwell time. These relative motion compensation strategies remove the largest
components of the FSI LOS drift, however small drifts in the order of meters, peaking to tens
of meters at the poles, still remain, but allowing to meet the requirements.

5.3.4.10.4 Orbit Control Mode

This mode is in charge of performing any in-plane and out-of-plane orbit manoeuvres during
the commissioning, nominal and EOL phases, as well as controlling the formation and any
collision avoidance manoeuvre. All manoeuvres are performed using thrusters. Reaction
wheels, in-orbit control mode for Concept A and in nominal mode for Concept B, are used to
perform slew manoeuvres before and after the thrust to properly orient the satellite. Concept
A implements non-tilted thrusters, two axes are controlled through off modulation of the
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Figure 5.41 Concept A AOCS Architecture.

thrusters, whilst the third axis is controlled with the reaction wheels. Concept B
accommodates tilted thrusters (see Fig. 5.42 left) and can use pulse off modulation to unload
wheel angular momentum. Attitude estimation during orbit control mode is achieved
through startracker measurements, and orbit navigation through GNSS.

5.3.4.10.5 Other Modes

Concept B implements a transition mode that manages the transition from the Sun pointing
to nominal mission pointing attitude. This mode uses startracker and GNSS measurements
and manages autonomously the attitude slew to avoid any Earth or Sun blinding of the
startracker.

5.3.4.10.6 Pointing Budgets

The instrument and platform attitude errors contribute to the pointing and geolocation
performances, which can be budgeted in terms on Absolute Pointing Error (APE), Relative
Pointing Error (RPE) and Absolute Knowledge Error (AKE), shown in Table 5.11.

Page 115/263
Earth Explorer 9 Candidate Mission FORUM — Report for Mission Selection European Space Agency
Issue Date 21/06/2019 Ref ESA-EOPSM-FORM-RP-3549 Agence spatiale européenne



ESA UNCLASSIFIED - For Official Use

Concept A Concept B
Error Contributors AKE APE RPE AKE APE RPE

AT | ACT | AT | ACT | AT | ACT | AT | ACT | AT | ACT | AT | ACT
Bias AT/ACT [urad] 591 | 565 | 591 | 565 | O 0 306 | 295 | 877 | 885 |12 |13
Bias [urad] 817 817 0 425 1246 18
Harmonic AT/ACT[urad] 7 44 12 78 12 | 40 278 | 293 | 278 | 295 | O 2
Harmonic [urad] 45 79 42 404 405 2
Random AT/ACT[urad] 31 11 36 13 38 | 16 12 13 44 45 44 | 46
Random [urad] 33 39 41 18 62 63
Total [urad] 895 935 83 847 1713 82
;ggak'é]c)o[r:g”ted @altitude | 743 776 69 703 1423 68

Table 5.11. Pointing budget summary for both concepts.

The pointing error budget takes into consideration the following errors:

— Time-Constant Errors (or Bias) contributing linearly to the budget:
AlV (e.g. Startracker integration and Payload Integration)
In-orbit Factor: E.g. 1-10 g offload, Flight temperature distortion.
AOCS Accuracy, Startracker bias and aging effects for electronics and AOCS
FSI and FEI Alignment
Mechanism Accuracy for the Pointing unit and Scan unit
— Time-Variable Harmonic Errors, contributing linearly to the budget:
e Platform and instrument Thermo-Elastic Distortion and errors
e Orbit Error from Line of Sight (e.g. yaw steering law error)
e Scanning Velocity error
— Time-Variable Random Errors contributed RSS to the budget:
e Platform and payload Random Environment including micro-vibration
e Orbit Model Error. e.g. geoid model errors
e AOCS Stability and control rate, startracker noise, AOCS controller error
e Scanning mechanism control errors

5.3.4.11 Navigation and Time Generation and Distribution

The navigation subsystem is in charge of generating a reference time signal, which is
distributed to other units for direct use or for co-relation with other time references
generated by other clocks. The GNSS also provides autonomous in-orbit navigation and
determination for normal operations, including orbit corrections. PVT (Position, Velocity
and time) is calculated and transmitted by the OBC as required for use in the AOCS and
TT&C subsystem. At 1 Hz a PVT message and attitude quaternions is sent to the instrument
control unit which embeds this information within the science data downlinked each orbit.
This signal is also used to co-related the interferometer sweeps and the pointing mechanism
with a reference onboard time.
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Both Concepts implement TT&C ranging function to support LEOP operations and GNSS
failures. Furthermore, for Concept A, an accurate onboard orbit propagator is proposed too
in order to propagate the orbit in case of transit GNSS system outage.

For both concepts the baseline consists of two GNSS units, with two antenna operated in
cold redundancy.

5.3.4.12 Propulsion

The FORUM propulsion subsystem provides the necessary thrust for correction of launcher
injection errors, for orbit control manoeuvres and for the EOL de-orbiting manoeuvres. Both
concepts use standard and well-proven solutions based on a mono-propellant hydrazine
system, pressurized with helium for Concept A (see Fig 5.42 right) and nitrogen for Concept
B and operated in blow-down mode.

Concept A baselined propulsion system is the recurrent PM-22 module developed by
Arianespace which has already flown on Sentinel-5P, SPOT 6/7. It offers a maximum fuel
storage capacity of 82 kg, giving about 6 kg more fuel than the mission needs. Concept B
propulsion subsystem reuses flight proven units, such as Sentinel-3 or Exomars, and
equipment for which the qualification is in progress in the frame of FLEX. The tank offers a
maximum fuel capacity of 45 kg, offering about 3.5 kg margin with respect to the mission
needs.

Four 1IN thrusters are accommodated on the bottom panel. This means, before any
manoeuvre, the satellite will be reoriented with a slew manoeuvre through the activation of
the AOCS actuators. In Concept A the thrusters are parallel and aligned with the Z axis of the
satellite. In Concept B, the thrusters are slightly tilted to provide capability of generating
torque and support for the attitude control if necessary (see Fig. 5.42 left). For both concepts,
the thrusters are configured in two pairs providing the means to comply with all thrust needs
for every manoeuvre during the mission lifetime. Actually, the propulsion subsystems are
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Figure 5.42 Orientation of the thruster plumes for Concept B (left) and propulsion subsystem schematic
for Concept A (right).
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able to generate sustained 4N thrust for large manoeuvres as well as minimum impulse of
less than 0.3 mm/s in Concept A and less than 0.5 mm/s in Concept B, in line with the
manoeuvring accuracy required to ensure orbit maintenance and formation flight control.
The thrusters operate in cold redundancy allowing for the isolation of a failure thruster and
the operation of the second set of thrusters to ensure the continuation of the mission.

In order to comply with the ESA requirements on debris mitigation, which impose the
complete depletion of all the energy sources stored on board after the operation phase, the
propellant tank will be completely emptied when the deorbiting manoeuvre has been
completed. The use of pyro-valves, which when opened, allows complete depletion of all the
propellant residuals is considered in both concepts either as baseline (Concept B) or as an
option (Concept A).

5.3.4.13 Software

The FORUM software architecture is based on standard modular architectural design
principles inherited from AstroBus Earth observation missions, the PUS product and the
OSCAR OBC, for Concept A and for Proteus based projects and Sentinel for Concept B.

For Concept A, this modular architecture allows flight-proven solutions to be combined with
mission adaptation and features two main layers:

— A standardised execution platform software: providing all services to implement the
application processes including realtime kernel, input/output System, PUS Services
and finally the application interface and framework.

— Application process software: implementing the functional of the software (e.g.
satellite initialisation, AOCS functions, payload management, FDIR) based on the
application interface and framework provided by the execution platform software.

— In addition to the OBC hosting the CSW, payload, the startracker, the GNSS receiver
and the PDHU contain flight software that may need to be adapted.

For Concept B, the following software components will be adapted:
— OBSW — application: platform onboard application software fully FORUM specific
— OBSW — boot: platform onboard boot software
— STR SW: startracker software
— GNSS SW: GNSS software
— Instrument SW: ICU software

5.3.5 Budgets

5.3.5.1 Mass and Power Margin Philosophy

Table 5.12 shows the mass and power margins applied to any unit. An additional 15% margin
at system level has been applied to the mass and power budget against unpredictable mass
and power evolutions.
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5.3.5.2 Power Budget

FORUM power consumption will vary according to the operational modes. Observation and
downlink mode is expected to be the most power demanding because payload instrument
and electronics operate together with the PDHT. The safe mode is characterised by the
minimum power consumption. Table 5.13 reports the power budgets for the two concepts,
focusing on the total power consumption needs for the various operational modes.

5.3.5.3 Mass Budget

Table 5.14 reports the mass budgets for both concepts studied. Concept A is heavier than
Concept B. Concept A is based on a medium class type of platform, while, Concept B takes
advantage of a small class bus. This is true, in particular, for structure and propulsion
module masses, as well as for the available onboard propellant. Nevertheless, for both
concepts, it will be possible to accommodate the satellite in Vega-C dual launch configuration
by ensuring a sufficient mass allocation for a secondary passenger.

5.3.5.4 Delta-V and Propellant Budget

The delta-V budgets and the related propellant needs are summarised in Table 5.16. Slight
differences between concepts appears due to the solutions applied to reach the operational
orbit and because of different formation flight acquisition and maintenance strategies.
Furthermore, Concept B propellant needs are relatively low thanks to the lighter design than
Concept A. Propellant margin would allow an extension of the lifetime of more than 2 years
for both concepts.

Mass and power budget
Type of unit/ Equipment
Unit margins

Harness 30 %
New units/equipment 20%
Modified units/equipment 10%

Recurrent units/equipment 5%

Table 5.12: Mass and power unit margin.

Operating Mode Concept A | Concept B
Safe Mode [W] 349 404
Orbit Control Mode [W] 292 466
Observation [W] 426 436
Observation and Downlink [W] 485 561
Observation in eclipse [W] 426 445
Observation and Downlink in eclipse [W] 485 570
Nominal (orbit average) [W] 432 439

Table 5.13: Power budget for Concept A and B.
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Concept A Concept B

Data Handling [kg] 17 21
Electrical Power S/S [kg] 96 79
Harness [kg] 63 27
X-band comm S/S [kg] 14 14
S-band comm S/S [kg] 7 4
AQOCS [kd] 63 48
Structure [kg] 223 109
Thermal S/S [kg] 34 10
Propulsion [kg] 29 15
Platform Total [kg] 547 327
Payload Total [kg] 107 124
Dry Mass Total [kg] 654 451
System mass margin (15%) [kg] 98 68
Balance Mass [kg] 15 4
Dry Mass with margin [kg] 767 523
Propellant [kg] 82 45
Wet Mass [kg] 850 568
Launcher performance [kg] 2020 2020
Launcher adapter [kg] (Vespa long) 575 575
t::sr;%gg?r[?(i;] (mass available for secondary 595 877
Launch margin w.r.t. LV performance [%)] 29% 43%
Table 5.14: Mass budget for Concept A and B.

Concept A | Concept B
Instrument data rate [Mbs1] 1.82 0.46
Downlink rate [Mbs1] 120 270
Average instrument duty cycle [%] 100% 100%
Mass memory requirement [GB] 138 35
Mass memory size EOL [GB] 250 230
Mass memory margin [%] 45% 85%

Table 5.15: Data rate and volume budgets for Concept A and B.
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Delta-v [m/s] Concept A Concept B
gcr(;)litisiirj[{g(r:]tion correction and formation 325 26.1
Orbit maintenance 39.8 24
Collision avoidance 2.0 4.3
Deorbit manoeuvre 105.6 83.7
Total 179.9 138.1
Propellant mass incl. residuals [kg] 71.9 39.16
Total (incl. 15% margin) 76.2 41.35
Tank capacity [kg] 82.3 45
Propellant margin [kg] 6.13 3.65
Propellant margin [%)] 7% 8%

Table 5.16: Delta-V and propellant mass budget for Concept A and B.

Concept A | Concept B
Elements

Mass [Kg] | Mass [Kdg]
S/C 850 568
VESPA-C (LONG) 455 455
PLA 937 120 120
Total 1425 1143
Launcher performance 2020 2020
Mass margin (mass available for secondary passenger) | 595 (29%) 877 (43%)

Table 5.17: Vega-C performance and mass allowance for the second passenger.

5.4 Launcher

Vega-C is the baseline launch vehicle, used in dual launch configuration. The spacecraft can
be accommodated on top or inside the Vega Secondary Payload Adapter (VESPA) structure,
as shown in Fig. 5.43 and Fig. 5.44. Two versions of VESPA will be available: a long version,
which enhances the allocated volume for the lower satellite, and a short version, which give
more space to the upper satellite. The FORUM satellite is compatible with the upper position
of both versions of VESPA, with large volume margins. In the lower position, however,
FORUM is only compatible with the long version of VESPA for both concepts. Concept A
with no margin due to the position of the S-band antenna and Concept B with more than
20% volume margin.

Both concepts accommodate a 937-mm standard launcher interface ring with clamp-band
and push springs as release mechanisms from the launcher vehicle. The backup launcher is
Ariane 6.2, which will replace Arianespace Soyuz in the 2025 timeframe. It represents a
European backup that comfortably envelopes the size and performance of Vega-C providing
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equivalent or even improved dual launch capability. Furthermore, selection of a Kourou-
based alternative adheres to the ESA launch policy and offers the benefit that launch range
requirements, procedures and safety requirements are broadly similar to those of the
nominal option. A first assessment has confirmed the compatibility of the mechanical design
with the backup launcher.

Figure 5.43 Concept A accommodation in the Vega-C fairing, inside (left) and on top (right) of the VESPA-long.

Figure 5.44 Concept B accommodation in Vega-C fairing, inside (left) and on top (right) of the VESPA-long.
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5.5 Ground Segment and Data Processing

5.5.1 Overview of Ground Segment Elements

The current generation of Earth Explorers ground segments uses generic components
configured or adapted to each satellite. In line with this approach, the FORUM ground
segment comprises two main components: the FOS and the PDGS as shown in Fig. 5.45. The
FOS includes the TT&C ground station and the FOCC. The TT&C ground station provides
the following main functions:

— HKTM acquisition and telecommand uplink

— Satellite tracking

— Data connection to the FOCC

During LEOP, a dedicated ground station network supports the operations. This network
uses Estrack core and enhanced stations where possible. The FOCC is based at ESOC and
will provide the following main functions:

— Satellite monitoring and control

— Flight dynamics and manoeuvre planning

— TT&C ground station network control

— Overall software maintenance

— Mission simulation

— FOS supervision

— Spacecraft system data distribution

— Interface with the launch site for LEOP

The PDGS is responsible primarily for receiving the science data from the satellite, applying
the appropriate processing algorithms and delivering the data products to the users. It
comprises the following functions:
— Payload data acquisition and ingestion for downlink of science data telemetry
— Processing, archiving and dissemination
— Mission planning
— Monitoring, quality control and calibration/validation
— User segment/service
— The FOS and PDGS are design as independent as possible. Existing interface formats
and specifications supported by the ESA infrastructure software are used wherever
applicable.

5.5.2 Flight Operation Segment

The FOS is responsible for the spacecraft operations control and monitoring during all
mission phases. Operations control and monitoring activities include housekeeping
telemetry, performance monitoring, telecommanding of all activities, orbit control,
constellation monitoring and control, reaction to space debris conjunction warnings, on
board software maintenance and mission planning. The FORUM FOS is based on existing
ESA hardware and software adapted to the FORUM mission where necessary.
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Figure 5.45 Ground segment architecture for both Concept A and B.

5.5.2.1 Telemetry, Tracking and Command (TT&C)

The FORUM spacecraft provides S-band for TT&C capability and X-band for high speed
downlink of stored scientific data.

The operations concept for the FORUM mission routine phase foresees two TT&C passes per
day during nominal working hours and additional TT&C passes under request after orbit
control manoeuvres, to confirm successful manoeuvres execution. Either the Kiruna or
Svalbard ground stations are foreseen as the baseline TT&C ground station making use of
the combined S- and X-band capability. Additional TT&C stations will be available during
LEOP. No specific modifications/upgrades of the proposed S- and X-band ground station
network are needed in support of FORUM operations.

GNSS data is used as input to the orbit determination process, although tracking data
collected during S-band passes can also be used for orbit determination, if required.
Planning of the TT&C ground station passes can either be based on pre-agreed standing
order requests or, if combined S- and X-band, in combination with PDGS activities.

FORUM TT&C passes will be scheduled independently from MetOp-SG(1A) TT&C in a
different or the same ground station site. The ESTRACK Management and Scheduling
System (EMS) will execute all scheduling of the FORUM ground station TT&C passes.
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5.5.2.2 Mission Control System (MCS)

The main functions of the MCS are to manage all flight operations of the spacecraft, during
both real-time activities when in TT&C contact with a ground station and all non-real time
operational activities. The MCS is based on the Earth Explorer MCS, which is an extension
of SCOS-2000, or its successor EGOS-CC. Customisation of the MCS to support the FORUM
specific mission databases, ground interface specifications, the final operations concept, will
be carried out using the existing capabilities of the MCS.

There are no requirements to coordinate the MCS with the MetOp-SG MCS.

5.5.2.3 Flight Dynamics (FD)

FD service delivers orbit information and orbit related event files to the various planning
entities and ground stations. FD supports the generation of the parameters needed as input
to manoeuvres telecommand sequences and to execute monitoring of the spacecraft. The
FD service will receive regular updates of the MetOp-SG(1A) orbit to plan and co-ordinate
the associated FORUM orbit and formation flying manoeuvres.

The ESOC Earth observation FDS infrastructures will be re-used for FORUM. Mission
specific customization will be carried out to support the external interfaces i.e. orbit and
status data exchange with MetOp-SG(1A) MCS, FORUM ground station network, format
specific updates e.g. GNSS receiver data formats, satellite telecommand parameters for orbit
manoeuvres, etc.

The monitoring of the loose formation flying with MetOp-SG(1A) shall be performed by the
Constellation Coordination System (ESA-CCS). Which is a centralised multimission tool for
monitoring satellite constellation configurations enabling information exchange between
geographically distributed mission operations centres.

The ESOC Space Debris Office (SDO) provides the space debris monitoring and collision
avoidance service. In the event of conjunction warnings the SDO provides the related data
allowing the SDO, FCT, FD teams to assess the risk and establish the needs for executing
collision avoidance manoeuvres. All conjunction data will be shared with MetOp-SG(1A)
MCC and any collision avoidance manoeuvres coordinated with MetOp-SG(1A).

5.5.2.4 Mission Planning System (MPS)

The MPS is provided as part of the MCS and will be tailored for FORUM to receive input files
from PDGS (science, payload, operations), FD, ESTRACK scheduling and FCTs. The output
of the ESOC mission planning are conflict-free schedules to drive the automated pass
activities of the MCS and ground stations, and the mission timeline command sequences (in
UTC or orbit position) for loading into the satellite mission timelines.

The MPS will require configuration in accordance with the mission constraints laid down in
the Flight Operations Procedures.
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5.5.2.5 FOS Operational Approach and Implementation

During routine phase, operations are automated as far as possible to reduce manpower
requirements. The FOS is nominally manned during working hours, five days per week. In
case of critical events/ anomalies outside of these working hours, the on-call engineer is
alerted. Immediate response to failures out of working hours is not required. Assessment of
the impact of any anomalies, safe-modes, conjunction warnings and ESA-CCS generated
alerts will be carried out by the FORUM and the SDO /FD on call service, as required. Any
anomaly responses shall be coordinated as necessary with the MetOp-SG(1A) MCC. The
FORUM orbit is such that the formation flying strategy provides a passive-safe scenario in
which no immediate reaction is needed to avoid a collision event between the MetOp-SG(1A)
and FORUM satellites.

During LEOP, operations are supported by a network of LEOP dedicated ground stations
using both ESTRACK Core (i.e. Kiruna) and Augmented stations (i.e. Svalbard or Troll), see
Fig. 5.46. The specific ground stations to be used during FORUM LEOP will be driven by
the launcher selection and launch orbit characteristics.

The FOS operational approach for LEOP is to have a full FCT available for the LEOP activities
covering the foreseen LEOP period (nominally 3 days), 24 hours a day split into two shifts.
The autonomous initialization sequence that will handle the Solar Arrays deployment, the
AOCS activities and the S-band TM activation.

For routine phase a team within the ESOC Earth observation division will be available
maximizing shared resources with operational activities coordinated through the Satellite
Operations Manager (SOM). Contact with the pre-defined set of ground stations is
automated driven by the ESOC scheduling and planning service and monitored by ESTRACK
(24/7 availability). Execution of the ground station passes is automated to allow both
manned and unmanned passes to be taken from the MCS. Depending on the specific
implementation for FORUM two TT&C passes are foreseen to be executed per day, which
can be selected to occur during working hours.

Daily operations will be characterised by the use of automated timelines both on board and
ground supported by weekly FOS mission planning. There is no requirement for realtime re-

Figure 5.46 Ground station contact areas Svalbard and Troll (left) and ground station contact areas Kiruna and
Troll (right)
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planning of schedules nor out-of-hours mission planning support. Telemetry monitoring is
autonomously executed by the MCS taking the housekeeping TM received in real time and
playback data dumped during ground station passes. All alerts, out of limits, or non-nominal
events are reported and analysed by the FCT engineers.

The external inputs to the FORUM FOS are orbit and manoeuvre data from MetOp-SG(1A)
provided by MetOp-SG MCC. This information is required to monitor the loose flying
formation between FORUM and MetOp-SG(1A) and to plan the FORUM orbit control
manoeuvres to maintain this formation.

5.5.3 Payload Data Ground Segment

FORUM uses the generic, but satellite configurable, PDGS components developed for
previous Earth Explorers. Thus, a standardised PDGS provides the following functions:
— Payload data acquisition and ingestion for downlink of science data telemetry

— Processing and reprocessing

— Archiving, user services and dissemination
— Mission planning

— Calibration and Validation

— Instrument performance and monitoring

5.5.3.1 Payload Data Acquisition and Ingestion

Science data along with recorded HKTM downlink will be performed via X-band. The choice
of the acquisition station is mainly driven by the data latency. For the threshold latency of
24 hours, it is sufficient to download data twice per day. Such a service can be provided by a
single station like Kiruna and possibly a lower latitude station. On the other hand, a data
latency of three hours requires one downlink per orbit. A single high-latitude station such as
Svalbard or a combination of stations is required in this case.

MetOp-SG(1A) does not impose specific constraints on the selection of FORUM X-band
stations. The risk of interferences in case of using the same station is removed by the fact
that both satellites are always distant by at least 0.1 deg and the additional possibility to use
different X-band frequency ranges for FORUM versus the ones used by MetOp-SG(1A)
(7750-7900 MHz). The absence of potential conflicts also simplifies the task of the PDGS
mission planning facility in charge of planning X-band downlinks.

5.5.3.2 Processing and Reprocessing

The PDGS processing function is in charge of generating Level-0, -1b and -1c products for
the two instruments. The PDGS is also expected to generate Level-2 products. Higher-level
synergistic products between FORUM and IASI-NG may also be produced.

The processing function operates systematically and in a data-driven manner using as main
input the science raw data generated by the telemetry acquisition function as well as auxiliary
data as secondary inputs.

The update of ground processors occurring during Phase E require reprocessing of historical
data to maintain consistent product quality. While reprocessing of limited datasets is
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Product Data/Orbit Data/day [GB] | Data/year Mission Data
[MB] [TB] [TB]

LO 1378.7— 348 19.7 -5.0 72—-18 359-9.1

Lla 66.8 — 135.5 1.0 -1.9 0.3-0.7 1.7-35

L1lb 66.8 — 135.5 1.0-1.9 0.3-0.7 1.7—-35

Llc 19— 17.8 0.3-0.3 0.1-0.1 0.5-0.5

Total 2910 - 966.9 41.5—-13.8 15.2-5.0 75.8—-25.2

Table 5.18. Product data volume (left Concept A; right Concept B).

expected to be managed by the main processing function, systematic reprocessing of past
data require important computing resources over a limited time and the current trend is to
rely on resources shared with other missions.

5.5.3.3 Archiving and Dissemination

Level-0 and Level-1 products will be systematically generated and archived. Table 5.18
summarises the volumes of generated products as estimated by the two different concepts.

The archiving will interface with the user and re-processing service to routinely deliver the
Level-1b and Level-1c data products to the FORUM users.

5.5.3.4 Mission Planning

This function is in charge of defining the plan of activities for the instruments and to update
onboard settings for both instruments as an outcome of calibration activities, trend analysis
and specific request. This function is also in charge of planning X-band downlink activities
over acquisition stations.

Both instruments operate in a systematic way. The FSI performs autonomously radiometric
calibration by regularly pointing deep space and an onboard hot blackbody. Only few other
calibration activities (e.g. FEI blackbody calibration performed once per orbit) are explicitly
controlled by the Mission Planning function.

The planning of X-band downlink will grant sufficient flexibility to support a single or
multiple ground stations as well as several latency objectives including the 3 hours goal and
the 24 hours threshold. Plans generated by the mission planning will typically cover a week
of operation and will be sent to FOS two weeks in advance. This function will also support
re-planning to cope with contingencies.

5.5.3.5 Calibration/Validation

The main functions of the calibration/validation facility are:
— Processing of in-flight calibrations measurements and update of onboard instrument
settings or calibration parameters used by the ground processors as required
— ldentification and characterisation of deviation based on the processing of in-flight
calibrations or vicarious measurements that may trigger payload planning requests
(e.g. additional in-flight calibrations) or possibly processors evolutions
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— Support to Cal/Val users (provision of special calibration products...)
— Configuration control of the instruments calibration databases.

5.5.3.6 Instruments Performance & Monitoring and Control

This function performs the systematic extraction of key parameters at all product levels
starting from source packets. Those parameters are used to generate various instrument
monitoring reports, products quality reports and perform trend analysis.

The main objective of the monitoring and control function is to ensure that the PDGS fulfils
its objectives in particular in terms of performances and availability so that the mission
requirements can be met. This task is fulfilled by compiling status information and reports
generated by all the PDGS in order to detect possible anomalies and deviation from
expectations as predicted by models.

The list of parameters to be monitored will typically include instrument temperatures of
sensors distributed over the instrument, black body temperatures, other instrument HKTM
parameters such as voltages and currents, product quality related parameters such as spectra
quality level, and life-limited items such as number of scans, scan mirror and pointing mirror
movements.

5.5.3.7 User Services and Dissemination

ESA pursues a policy of developing a multi-mission infrastructure for the distribution of data
products to end-users. It is assumed that such multi-mission User Services will be upgraded
to handle FORUM data products for end users. The user services will support data product
discovery, access and visualisation, as well as provide general information on the FORUM
mission status and help desk.

Access to FORUM products will be free and open following ESA policy for Earth observation
Level-1b and Level-1c data. Access to Level-0 and calibration data products will be available
for selected users, e.g. calibration and validation teams and instrument specialists. The users
will be able to access systematically specific products levels (e.g. for assimilation purposes)
or selected specific products based on specific criteria including at least product type, time
windows and geographic area.

5.5.4 Level-0 to Level-1 Data Processing

The main task of the Level-0 to level 1 on-ground processor is to process all the received
interferograms from the satellite. The FORUM processing chain follows a rather usual
sequence of events for an FTS (See Fig. 5.47)

5.5.4.1 FSI Processing

The low amount of data production and the available downlink is sufficient to allow the full
transmission after only application of bit trimming and the corresponding data formatting
for download. Downloading the full bandwidth will be advantageous to remove efficiently
the large part of errors created by speed variations and part of the microvibration effects.
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The on-ground processing of the FSI data starts by checking the overall integrity of the
received data. Afterwards the atmospheric data and the calibration data is process in

parallel:

e Science measurements processing, consisting on the following main steps:

o
o

OO0OO0OO0OOo @]

o o

(0}

Determine OPD grid and correct temporal delays in the reference signals
Interferogram pre-processing
= Spikes detection and correction.
= Non-linearity correction: The pyro-detectors show a high non-
linearity. Therefore the interferogram values must be corrected before
any other processing
= (Gain equalisation: Both interferograms, measured by the two detectors
for the same spatial sample, shall be added. Therefore the gain of the
two detectors should be equal
Interferogram resampling: resamples the interferogram samples, which are
equidistant in time, to a grid equidistant in space.
Spectral and phase correction.
Retrieve radiometric and spectral correction factors
Radiometric calibration: Assigment of radiance levels to the measured signal
Spectral calibration: Assignment of wavenumbers to each spectral sample
Geometric calibration: Assignment of the position on the Earth and the co-
registration with the imager pixel grid.
Provide the output spectra in the pre-defined spectral grid
Determine spectra quality level
Determine the ISRF to be delivered with the obtained spectra or (TBC)
perform an ISRF normalization to a pre-defined ISRF choice

e Deep-space and internal blackbody calibration measurements processing,
consisting on the following steps:

(0]

O 0O

@]
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Determine OPD grid and correct temporal delays in the reference signals
Correct the non-linearity, spikes and electronics delays and filtering
Determine spectra quality level

Determine the radiance based on the blackbody model and the measured
blackbody temperature and instrument temperature

Store complex spectra based on the measurement case, time and orbit part ID
to be used in the radiometric calibration of the science data.
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Figure 5.47 Processing chain for Concept A and similar for Concept B.
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5.6 Operations, Utilisation and Disposal Concept

5.6.1 Overview

The FORUM operation concept is standard for a SSO mission with need to maintain the
formation with MetOp-SG(1A) as the only operational constraints. During the 4 years of
nominal operations (excluding commissioning), the observations occur continuously over
the entire orbit. Table 5.19 summarises the main mission phases and Fig. 5.48 shows, as
illustration, the mission operation reference timeline for Concept B.

5.6.2 LEOP and Commissioning

The LEOP covers the period from switch-over to internal power on the launch pad until the
satellite is in its deployed configuration in orbit and the AOCS is operating in Normal Mode.
The nominal duration of the LEOP is three days. The correction of any orbit injection errors
and orbit acquisition to MetOp-SG(1A) will be combined and performed outside of the LEOP
phase.

FORUM will be launched with Vega-C from the Europe’s Spaceport in Kourou, French
Guiana. After separation from the launcher, an autonomous sequence initiates the solar
array deployment, the S-band transmitter switch-on and the AOCS initialisation, attitude
rate reduction and acquisition of sun pointing. The automated LEOP sequence includes
autonomous re-attempts to deploy solar arrays in case of failures.

Upon completion of the LEOP sequence, initial satellite checkout is executed from ground
using the S-band communication opportunities from the LEOP ground segment network of
ground stations. The subsequent steps prepare the satellite to transition from Initial
Acquisition mode into the normal three axis stabilized Normal Mode. The LEOP sequence is
such that the ground shall not need to intervene in less than 6 hours from launch and that
execution of an orbit control manoeuvres shall be possible 24 hours after separation (in the
event of debris conjunction). After confirmation of the health of the satellite and acquisition
of the Normal Mode, LEOP can be declared complete.

Operational Phase Duration

LEOP 3 days

Commissioning Phase No longer than 6 months

Formation acquisition Approx. 60 days (in parallel with commissioning)
Nominal operation phase 4 years

End of Life phase Up to 1 month

Disposal Within 25 years

Table 5.19. Main FORUM mission phases and their duration.
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The commissioning and loose formation acquisition phase begins after the end of the LEOP
phase. The loose formation acquisition may take up to 67 days depending on the injection
orbit and any launcher dispersion errors which allows for commissioning activities to be run
in parallel with the orbit correction and formation acquisition. The platform commissioning
involves the switch on and check out for health and performance of all nominal platform
units. Redundant units will only be commissioned if it does not impact the nominal
operational configuration i.e. they can be operated off-line. The payload (FSI and FEI)
commissioning will occur over a longer period starting with functional check out followed by
the performance and calibration of the payloads. In addition to the satellite in-orbit
verification and adjustment, the whole FORUM system including FOS and PDGS up to
Level-2 processing will be checked out, including the coordination with the MetOp-SG(1A)
FOS and PDGS.

5.6.3 Nominal Operations and Calibrations

After completion of commissioning phase and acquisition of the loose formation with
MetOp-SG(1A), FORUM will commence with nominal operational activities.

The FORUM mission is designed for maximum autonomy of operation driven from on board
mission timelines uplinked from ground (two-week mission plan) on a weekly basis. Two
TT&C passes per day are baselined for routine operations. The stored housekeeping
telemetry is either received via S-band or via the X-band link depending on the mission
specific implementation. Science data can either be downlinked once per orbit to achieve a
data latency off three hours or twice per day to achieve 24 hours data aging. The operational
concepts proposed have considered combining the S- and X-band activities into a single
ground station antenna offering the dual downlink capability and using the two pass per day
approach for both TT&C and science data downlink.

The formation shall be maintained, mainly, through in plane manoeuvers that aim at
controlling the co-registration between the two satellites in the defined operational range.
The frequency of these manoeuvers will be below eight per year and will be grouped with
standard in-plane maintenance manoeuvers when feasible. Orbit control manoeuvers are
expected to be one month apart at solar maximum and up to six months apart at solar
minimum.

Even though FORUM may use the same ground stations as MetOp-SG(1A), it will not
interfere with its communications nor constrain MetOp-SG(1A) operations in any way. This
interference management is performed using two techniques: different communications
frequency bands (S- and X-bands) and limiting the minimum distance between spacecraft
to geometrically avoid any interference, achieved with more than 15 seconds difference.

The nadir facing observation attitude is maintained throughout the orbit and science data
acquisition is continuous, also during TT&C and science downlink. Instrument calibrations
are thus part of the payload normal operations with the exception of potential LOS
calibration using the Moon.
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Figure 5.48 Mission Operations reference timeline (Concept B)

5.6.4 Contingency Operations

5.6.4.1 Description of FDIR Concept

The FDIR strategy is based on a categorization of the onboard failures into several failure
levels having each of them a specific detection mechanism and resolution. As an example,
Concept B FDIR strategy is based on the following levels:

Level-0: Failures with no impact on the mission. Example: Single bit memory errors
corrected by EDAC.

Level-1: Failures of a unit or function managed by a local reconfiguration without
impact on the current mode. Example: AOCS sensor failure.

Level-2: failures affecting a functional chain. Example: Attitude control error,
abnormal estimation of total angular momentum. .

Level-3: failures related to the Satellite Data Processing function. Example:
Persistent OBSW overrun.

Level-4: failures are spacecraft critical failures. Example: Power bus under-voltage,
thruster ON time.
The PUS FDIR monitoring service are implemented utilizing the Service 12 for monitoring
and Service 19 for event-action triggering.

5.6.4.2 Approach to Formation Safety

The approach for the MetOp—FORUM formation safety has been discussed in Section 5.3.
The orbit maintenance strategies ensure a safe formation under nominal and safe mode
conditions with minimum or no disturbance in the MetOp-SG(1A) nominal operations
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In the scenario where a contingency situation has generated a parasitic delta-V (i.e.
manoeuver incorrectly planned or executed, thruster failure), equal to or smaller than of the
maximum in-plane orbit control manoeuver of FORUM, the FOS team have a minimum of
3 days to investigate and react, from receiving the TM notifying the contingency situation to
executing the contingency response. Instead of the nominal 8 days if no parasitic delta-V has
been generated.

The use of the ESA-CCS tool facilitates the monitoring and information transfer between the
two Mission control centre FCTs of the orbit evolution especially around orbit maintenance
manoeuvres (in-plane, out-of-plane), any individual debris avoidance manoeuvres, safe
mode orbit evolution, and associated mission status information.

The MCC at ESOC will be set up with a multi-mission FD and SDO team available 24/7 to
support monitoring and response to collision avoidance manoeuvres and any emergency
manoeuvres including orbit manoeuvres impacting the safety of the loose formation flight
with MetOp-SG(1A). The on-call FCT engineers for FORUM would support the resulting
conjunction analysis and any contingency response activities to be executed on FORUM.

5.6.4.3 Overview of Contingency Operations

In response to any on board monitoring triggered by the onboard FDIR or alerts raised by
the Space Debris office, ESA-CCS or MetOp-SG(1A) MCC, various levels of response and
resulting contingency operations would be put in place.
The ESOC FOS provides a 24/7 service on-call, out-of-hours service in support of:

— Collision Avoidance Manoeuvres

— Emergency Manoeuvres (including orbit manoeuvres impacting the safety of the

loose formation).

— The ESOC FOS provides working hours, 5 days/week service in support of:

— Contingency Recovery Actions,

— Responses to anomalies reported by MetOp-SG(1A) FOS,
For new anomalies, FOS would get the support from Industry/Project/Mission Manager as
required depending on the anomaly characteristics. For reoccurring anomalies, FOS can
execute pre-defined contingency recovery actions to recover and return to nominal
operations as soon as possible.

5.6.5 Disposal

After FORUM reaches the end of operational lifetime, or in the event of a critical situation
that would induce the need to terminate the mission, it enters a decommissioning phase.
This phase will ensure that the space segment does not present a casualty risk and does not
remain in the LEO protected region more than 25 years after end of the mission. The disposal
manoeuvres will be performed over several successive orbits to lower the perigee. At present,
the expectation is that the casualty risk will be below the required 1 in 10000 for an
uncontrolled re-entry.

FORUM will decrease the orbit perigee down to an altitude of between 530 to 490 km
depending on an aero stable or tumbling approach and in a way to prevent any risk of
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collision between FORUM and MetOp-SG(1A). These manoeuvres require a Delta-V of 106
m/s (Concept A) to 84 m/s (Concept B). Simulations performed to assess the survivability
and associated casualty risk of re-entry show that for an uncontrolled re-entry in the year
2054 (see Fig. 5.49), the long-term casualty risk assessment is compliant with the risk
threshold of 10-4. After the last manoeuvres, thruster valves are kept open until all the
hydrazine has been released. The satellite can be oriented in the maximum drag attitude.
Solar arrays are passivated to prevent battery recharge. The satellite will then be inoperable.
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Figure 5.49 Perigee and apogee altitude evolution for EOL disposal for uncontrolled re-entry.
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6 SCIENTIFIC DATA PROCESSING AND VALIDATION
CONCEPT

Far-infrared-Outgoing-Radiation Understanding and Monitoring (FORUM) will uniquely
provide top-of-the-atmosphere spectrally-resolved far-infrared (FIR) radiances. The
methods and tools for the data processing are based on experience with mid-infrared (MIR)
sensors. Though methods such as inversion techniques to obtain atmospheric profiles from
radiances are well-understood and transferrable, the underlying models such as the
spectroscopy for water vapour, surface emissivity, or parameterisation of the optical
properties of ice cloud have only been tested in a very limited number of field and laboratory
experiments. These assessments have shown notable inconsistencies: a) airborne
measurements indicate that microphysical models of ice cloud properties that are valid in
the MIR cannot explain observations in the FIR. This is due primarily to assumptions
regarding crystal habit (Section 7.4.2.1); b) measurements from balloons and from the
ground have led to updates in the underlying FIR water vapour spectroscopy, however
uncertainties are still significant (Mlawer et al., 2019); c) FIR emissivity models urgently
need to be evaluated (Sections 2.2.4/7.4.2.2). As shown in Chapter 2, uncertainties in these
parameters can have far-reaching impact.

FORUM radiances will be routinely analysed to obtain the vertical distribution of water
vapour, surface temperature and emissivity and cloud properties. The obtained Level-2
products will undergo a validation process to evaluate the quality of the data and to highlight
possible problems in both the analysis method and in the auxiliary data used to perform the
analysis. This implies the use of FORUM radiances to evaluate and improve the quality of
the existing spectroscopy and available ice cloud optical property parameterisations. For
spectroscopy this will be done comparing the differences between observed and simulated
radiances using different spectroscopic data. Improving the representation of cloud optical
properties is more challenging but will be informed by the ability of both forward and inverse
modelling to capture the observed behaviour over a wide range of ice cloud scenarios. For
example, existing retrieval approaches (Section 6.1.2.2) can be extended to consider the full
range of crystal shapes and potentially include the impact of shape combinations. Again,
planned validation activities will contribute to this effort by providing in-situ microphysical
information collocated with FORUM radiance observations.

More generally, rigorous testing of the FORUM retrieval tools and methods in the run-up to
launch, coupled with continuous evaluation of the underlying models will allow the scientific
community to maximise the potential of FORUM.

6.1 Retrieval Approach

This Section outlines the main principles that form the basis of the FORUM data processing.
The FORUM embedded imager (FEI) images acquired during the FORUM sounding
instrument (FSI) dwell time will be used to quantify the sub-pixel inhomogeneity and the
temporal variability of the scene observed by the FSI. These data will be used for diagnosis
and characterisation of the FSI response and will ultimately improve the accuracy of the
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Figure 6.1. FORUM FSI data processing chain. (ESA)

processing chain applied to the measured FSI spectra. Here the focus is on the general
principles driving the analysis of the FSI-measured radiances.

First, a pre-processing algorithm, referred to as cloud detection and classification module,
will discriminate if the observed radiance refers to clear or cloudy sky. In the latter case, the
cloud will be classified in terms of phase (liquid/solid) and in terms of opacity. The spectral
radiance will then be processed by the retrieval module that, on the basis of the results of
the cloud detection and classification, will choose the set of parameters to be retrieved. In
clear sky, atmospheric state parameters such as temperature and water vapour volume
mixing ratio profiles, and surface properties such as the emissivity spectrum and
temperature will be retrieved. In the presence of an ice cloud (alone or in multilayer
conditions), the total amount of ice in the cloudy column, called Ice Water Path (IWP in
g/m2), ice cloud top height (CTH in km) and ice cloud bottom height (CBH in km) will be
retrieved by assuming fixed temperature and water vapour profiles as well as surface
properties from ECMWF reanalysis. The posterior error estimation of the retrieved
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guantities will take into account the contribution of these non-retrieved parameters as well
as measurements errors. For optically thin ice cloud, the retrieval module will be flexible
enough to enable simultaneous retrieval of cloud parameters and atmospheric state
parameters, which should increase the number of atmospheric state retrievals (usually non-
treated in the presence of cloud) and give more accurate or unbiased results by taking into
account the ice cloud contribution. In the presence of optically thick ice cloud only the CTH
will be retrieved with an estimate of the IWP. An estimation of the water vapour above the
ice cloud will also be considered. After retrieval of the atmospheric, surface and cloud
parameters, spectral and total fluxes will be computed, exploiting both the retrieved
atmospheric state and the spectral radiances. Fig. 6.1 shows a scheme summarising the
FORUM FSI data processing chain.

6.1.1 Cloud Detection and Classification

Before undergoing Level-2 processing, the measured FORUM spectral radiance will be pre-
processed by a Cloud Identification and Classification (CIC) module. The algorithm planned
for implementation in the CIC module of the FORUM Level-2 processor is based on one
recently developed by Maestri et al., (2019). This algorithm was also implemented and tested
in the FORUM end-to-end simulator (see Section. 7.1). CIC is a machine-learning algorithm
based on principal component analysis. A database of simulated spectral radiances is first
established. The database contains synthetic observations relating to a variety of
atmospheric conditions, cloud and surface types. In this database, the radiances are grouped
into different classes depending on latitude and on whether they refer to clear or cloudy sky.
In case of cloudy sky, the radiances are classified according to the cloud phase (solid, liquid
or mixed) and type (optically thin or thick). A covariance matrix is then built for each class
of radiances and its eigenvectors are computed. When a new observed spectrum becomes
available, it is added to each of the classes of spectra of the pre-computed database. For each
of these extended classes, the covariance matrix and its eigenvectors are computed. A
predefined similarity index is then evaluated to establish whether the eigenvectors related to
the extended class differ significantly from those of the original class. If the eigenvectors of
the extended class are sufficiently similar (within a certain threshold of the similarity index)
to those of the original class, then the measured spectrum is considered to belong to that
class.

This cloud detection and classification algorithm is partially based on past works of
Malinowski (2002) and Turner et al., (2005). However, compared to the existing algorithms
it is easy to implement, user-friendly, fast and efficient. In Maestri et al., (2019), this
algorithm was also used to demonstrate that exploiting FIR spectral channels in addition to
the MIR channels greatly improves the capability to identify and classify clouds.

After the cloud detection and classification, the scene homogeneity will be examined. The
five FEI images acquired during dwell time of the FSI will be investigated. From each, only
the pixels relative to the surface observed by the FSI pixel will be extracted. The comparison
of the extracted pixels belonging to different images will be used to assess the scene variation
in time. Then the selected pixels of each FEI image will be classified according to their
brightness temperature (BT) and the frequency distribution of the BTs will be computed. If
all the FEI pixels fall within a limited range of BT, the scene will be considered homogeneous,
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otherwise a degree of inhomogeneity will be reported according to the distribution of BT
within the FSI pixel.

6.1.2 Retrieval Method

Retrieving the atmospheric, cloud and/or surface state from the measured upwelling
spectral radiances y is generally referred to as an inverse problem (Rodgers, 2000). The
solution to this is usually referred to as optimal estimation. The problem is solved by fitting
a physical model of the observed radiances to the actual measurement. The physical model
is referred to as the forward model. The forward model simulates the observed radiances on
the basis of an assumed atmospheric, cloud and surface state and on a set of ancillary data,
including spectroscopic line database, cloud microphysical properties database and
instrument response functions. The atmospheric, cloud and surface state parameters to be
retrieved are represented by the unknown state vector x. All the other quantities that are
assumed as known in the forward model, are represented by the vector p. Thus, the forward
model is a function of both x and p and is indicated as f(x,p). Further details about the
forward model are provided in Section 6.1.2.1. Starting from an a priori estimate xa of the
atmospheric state, cloud and surface properties, the forward model is able to simulate the
spectral radiance reaching the instrument. In the maximum a posteriori probability method
(Rodgers, 2000), the best estimate of the state vector x is obtained with the vector Xs
corresponding to the minimum of a scalar cost function defined as:

@) = (y—Fxp) S5 (y - Fxp)) + ((xg — 1) TS5 (x4 — X)) (6.1)

In this expression Sy and Sa are the covariance matrices describing the error that affects
respectively the measured/forward modelled radiances y/f(x,p) and the a priori estimate
Xa. In the 2 (chi-square) function, the first term represents the error-weighted summation
of the squared differences between the observed spectral data points yi and the
corresponding simulations fi(x,p). The second term of Eq. 6.1 is the error-weighted
summation of the squared differences between the state vector elements xi and their
corresponding a priori estimates Xai. This second term is introduced to penal ise the solutions
that differ significantly from the a-priori estimate xa. The smaller the diagonal elements of
the a priori error covariance Sa, the stronger the penalisation. The penalisation term is used
because, on its own, the first term of Eq. 6.1 often shows a degenerate minimum, i.e. the
minimum may be a kind of a canyon or a flat valley instead of a single point. In this case,
the inversion is said to be ill-posed and has infinite solutions. Among the possible solutions
minimising the first term, the second term of Eq. 6.1 selects the solution closest to the a priori
estimate Xa.

Several numerical methods can be adopted to find the minimum of Eq. 6.1. One of the most
popular methods is the Gauss-Newton method, eventually modified according to the
Levenberg-Marquardt (LM) recipe to cope with possible strong non-linearities in f(x,p)
(Rodgers, 2000). The covariance matrix mapping the errors Sy and Sa into the solution X is
given by:

Sy = (KTS; 'K+ S, (6.2)
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where K is the Jacobian matrix, containing the derivatives of f(x,p) with respect to the state
vector x. Fig. 6.2 illustrates the behaviour of the retrieval procedure in clear-sky both in the
spectral (left panel) and in the state vector (right panel) domains. In this case the retrieval is
based on a synthetic FORUM FSI observed spectral radiance obtained from a forward model
simulated spectrum to which measurement pseudo-random noise has been added according
to the goal noise equivalent spectral radiance (NESR) requirement. In the left panel of Fig.
6.2, the black curve represents the observed (synthetic) spectrum y and the red curve the
simulated spectrum f(x:,p) at the end of the retrieval. It is interesting to inspect the
differences between observed and simulated radiances, the so called residuals of the fit, that
is the vector y — f(x1,p). In Fig. 6.2, left panel, the elements of this vector are represented by
the blue line. If the retrieval converges properly and the measurement and forward model
errors are well accounted for in the matrix Sy, then the residuals are randomly distributed
around zero, with standard deviations equal to the square roots of the diagonal elements of
Sy (the magenta lines). The orange curve shows the forward model f(xo,p) at the first
iteration, pointing out the inadequacy of the initial-guess atmospheric state.

The right panel in Fig. 6.2 shows the behaviour of the components of the state vector x
referring to the temperature profile. In this plot the orange line represents the initial guess
profile and the dark-green line the a priori profile xa. The error bars of the a priori profile
are not shown as in this illustrative case they are all assumed equal to 10 K. The blue circles
represent the retrieved values xr, with their error bars given by the square roots of the
diagonal elements of Sx. Finally, the black line represents the true value of x used to generate
the synthetic observed spectrum. Considering that the error bars represent 10 statistical
errors, the retrieval procedure is able to recover the true state vector within the error
margins. Note that for illustrative purposes in this test retrieval, the a priori error of
temperature was artificially set to 10 K (a huge value), therefore also the errors of the
retrieved profile are very large. Realistic retrieval error estimates are shown in Chapter 7.

The above x2 function (Eq. 6.1) is by design well-suited to introducing any climatological
constraint by means of its second term. For a cloudy case, it is known that the information
concerning the bottom height will be much smaller than for top layer and total water content.
Therefore, the algorithm uses climatological constraints to help the convergence especially
for the CBH. This climatological constraint comes from auxiliary data like the radar/lidar
(DARDAR) project (Delanoe and Hogan, 2008), which provides an unprecedented global
database of the ice water content profile over more than 10 years. This product was obtained
by using the combination of the two active sensors, the cloud-aerosol lidar with orthogonal
polarization (CALIOP) and the radar CloudSat. This climatological database together with
the penalising term of the above 2 function will therefore constrain the CBH corresponding
to a given IWP and CTH to stay within the limits given by the DARDAR observations.

6.1.2.1 Forward Model

The forward models used to simulate clear and cloudy sky radiances are different because of
the added complexity to treat multiple scattering within the cloud. The task of the forward
model is the simulation of the spectral radiance f(x,p) measured by the FSI. This is achieved
in two steps:
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Figure 6.2. lllustration of the retrieval procedure in the spectral domain (left) and in the state vector domain
(right). The plotted elements of the state vector refer to the retrieved temperature profile. Note that for
illustrative purposes in this test retrieval, the a priori error of temperature was artificially set to 10 K (a huge
value), therefore also the errors of the retrieved profile are very large. (M. Ridolfi, University of Bologna,
Italy)

1. For each relevant frequency oi, the radiance S(oi) reaching the FSI is simulated by solving
the radiative transfer equation (Eq. 6.3) with an integral along the FSI’s line of sight to
Earth’s surface.

2. The distortions introduced by the measuring instrument are simulated by convolving the
radiance S(oi) with the instrument response functions both in the spectral and spatial
domain.

The radiative transfer equation to be solved for the calculation of the spectral radiance S(oi)
reaching the FSI at altitude z1 can be written as:

dt(a;, 6.3
S(0)) = Ssurface f](o‘uT( ))M (6.3)

In this expression the second term on the right represents the radiance contribution from
each overlying atmospheric layer that reaches the FSI. z is the altitude coordinate, zo is the
altitude of Earth’s surface, and x is the coordinate along the line of sight of the instrument.
T(z) is the temperature at height z. 7(oi, x(z)) is the atmospheric transmission between the
point x along the line of sight and the observer. It depends on the atmospheric pressure,
temperature and composition via the coordinate x. It also depends on the spectroscopy of
the atmospheric gases. J(0i,T) is the source function that, in clear-sky conditions, and
assuming local thermodynamic equilibrium is the Planck function. In cloudy conditions, or
in the presence of aerosols, the source function also includes the scattering source function
that is the contribution due to the scattering of the radiation by the cloud/aerosol particles.
The optical properties of the cloud or aerosol, which determine the scattering contribution,
are evaluated knowing the cloud phase or aerosol composition, the size distribution of the
particles and their shape or shapes (see Section 6.1.2.2).
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The first term on the right of Eq. 6.3, Ssurface, IS the contribution of Earth’s surface emission
to the radiation measured by the FSI, and may be written as:

Ssurface = [La(07) (1 — €5ure(07)) + €sure(0:) B(0y, Tsur) 170 (07) (6.4)

where Lq is the downwelling radiance at the surface, esurf is the surface emissivity, Tsurf IS the
surface temperature and 7o is the transmissivity between the surface and the FSI. The first
term on the right is hence the downwelling atmospheric radiance reflected back towards the
instrument by the surface. The second term is the thermal emission of Earth’s surface, both
of which are modulated by the atmospheric transmission. Equation 6.3 is usually solved
numerically, by dividing the atmosphere vertically into thin layers, evaluating the radiation
emitted and absorbed in each layer, and, in presence of cloud/aerosol, scattered along the
line-of-sight of the instrument.

Cloudy-sky approach

Conventional radiative transfer (RT) codes that accurately reproduce the scattering effects
are very time consuming and cannot be reasonably used in real-time in any retrieval scheme.
This limitation explains why there are so few cloud products from high spectral resolution
measurements (beside the altitude of the cloud top layer). The Radiative Transfer for TOVS
(RTTOV) model (Saunders et al., 1999; Saunders et al., 2018) is a fast RT model originally
developed to simulate Tiros-N Operational Vertical Sounder (TOVS) measurements in clear-
sky conditions, for assimilation of large band spectral radiances into NWP model analyses.
RTTOV is also widely used in satellite retrieval, simulation of imagery and data assimilation
communities. The core of RTTQOV is a fast parameterisation of layer optical depths due to gas
absorption. It has been extended to simulate a variety of different instruments from passive
visible, infrared and microwave downward-viewing satellite radiometers. Recently, to
account for scattering effects in the IR, a method based on Chou et al. (1999) was introduced
into RTTOV. The performance of the updated model has been assessed via comparison with
more accurate RT code, which treats the scattering contribution exactly, and shows that
RTTOV can now reproduce radiances with an error less than 0.2 K in the MIR in cloudy
conditions (Vidot et al., 2019), and is currently being tested in the FIR. In addition to
radiances, RTTOV also provides layer transmittances, a Jacobian matrix and is therefore
perfectly suited for use in a retrieval module. During Phase A studies, RTTOV has been
updated to simulate the FSI measurements by taking into account the spectral resolution
and ISRF requirements. RTTOV can also handle a cloud fraction profile to enable
simulations for atmospheres partially covered by cloud (use of maximum overlap method),
and it can also handle any mixture between liquid and ice phase in the same layer.

6.1.2.2 Clouds Microphysical Model

Ice clouds

As described in Section 6.1.2.1, the cloud properties enter into the forward model through
the scattering source function that is a function of both the macro-physical properties of the
clouds (CTH, CBH) and of their micro-physical properties. As outlined in Section 2.1.3, one
of FORUM'’s main targets is the study of ice clouds. Therefore, in the Phase A studies, two
approaches have been explored as representative of ice cloud models currently used within
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the scientific community. The first, referred to as the conventional approach, is currently
implemented in the FORUM end-to-end-simulator (see Section 7.1). It is based on the
microphysical representation of the bulk ice properties developed by Yang et al. (2013), who
have produced an optical properties database for different particle shapes and effective sizes.
This database covers a wide range of ice particle dimensions (between 2 and 10 000 pm),
shapes (up to 11) and wavelengths (between 0.2 to 100 pum). In the FORUM end-to-end-
simulator approach, a particle shape is pre-assigned and the retrieved cloud parameters are
the particle effective size, cloud optical depth at 900 cm-1 and CTH.

The second approach, labelled as the explorative approach, makes use of an original
representation of bulk ice optical properties from the knowledge of ice water content (IWC
which is the amount of ice per volume in g/m3) and temperature (Baran et al., 2014, Vidot
et al., 2015). The optical properties have been linked to the amount of ice and cloud
temperature by evaluating more than 20000 in situ samples of IWC and temperature. For
each sample, a size distribution was first computed following the method of Field et al.
(2007), which makes use of the measured IWC and temperature to obtain a universal size
distribution. The bulk ice optical properties are then computed given the size distribution
and by using the ensemble model of Baran and Labonnote (2007), which considers six
different ice crystal shapes representative of the observed cloud ice particle shape
complexity. The particle shape is attributed depending on the particle size (simple shape for
small particles to complex shape for large particles). A parameterisation of these optical
properties has been developed afterwards as a function of IWC and temperature (Vidot et
al., 2015), allowing the ice bulk microphysical properties to be represented by these two
parameters only, with no need of choosing a particle shape and size distribution. During
Phase A studies, this parameterisation was extended to the FIR and now covers the spectral
interval between 0.2 to 100 um and is included in the RTTOV model. In this explorative
approach, the retrieved cloud parameters are therefore: the total amount of ice (the IWP in
g/m2), CTH and CBH. The cloud optical depth at any wavenumber can also be computed
directly from the relation, provided by the microphysical model, between the extinction
coefficient and the couple (IWC, temperature).

Liquid clouds

In case of multilayer scene, it is important to take into account the liquid cloud contribution
under the ice cloud in the forward model. RTTOV model can handle these multilayer
configurations and even mix layers (liquid + ice) by attributing to each layer an amount of
ice and/or liquid content. This water content (and temperature for the ice phase) is then
converted into optical properties for each phase by means of a microphysical model.
Concerning the liquid phase, five different types of clouds are considered that correspond to
five different microphysical models. For each cloud type, agamma standard size distribution
is assumed and is given by Equation 6.5.

n(r) = Cree b’ (6.5)

Table 6.1 gives the coefficients (o, b and y) of the size distribution for each cloud type and
have been taken from the OPAC database (Hess et al., 1998). The last coefficient, S, is also
provided by the OPAC database and allows the translation of the liquid water content (LWC)
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in a particle number concentration (Niiq = LWC/S in cm-3) which is then used to compute the
liquid cloud optical properties needed in the forward model. To summarise, when the CIC
module detects a multilayer cloud, a liquid cloud type, both a geometrical extension and an
amount of water has to be established either from climatology or ECMWF reanalysis. The
forward model is then run with this liquid cloud contribution to retrieve the ice-cloud layer
properties. Any misrepresentation of this liquid cloud water content and geometrical
extension will map an error into the retrieval process. This error will be estimated a
posteriori to derive a realistic ice-cloud parameter error.

Cloud type a b Y S [gm-=3/cm-3]
Stratus continental 5 0.938 1.05 0.00112
Stratus maritime 3 0.193 1.30 0.00375
Cumulus continental clean 5 0.0782 2.16 0.00065
Cumulus continental polluted | 8 0.247 2.15 0.00023
Cumulus maritime 4 0.00713 2.34 0.00677

Table 6.1 Coefficients of the gamma size distribution (see Eq. 6.5) for the five different liquid cloud types
provided by the OPAC database.

6.1.3 Calculation of Spectrally-Resolved and Total OLR Fluxes

Fig. 6.3 provides a schematic of the relationship between radiance and flux. Assuming
azimuthal independence, the upwelling flux of energy at a wavenumber o, Fo, at the top of
the atmosphere is defined by:

T

2
F, =2m f S(0,8,x) sin 0 cos 6 d6 (6.6)
0

where 0 is the zenith angle and S(o, 6, x) is the upwelling spectral radiance, which varies with
viewing angle and is dependent on the underlying atmospheric state, x, as discussed in
Section 6.1.2.1.

Since FORUM measures only at nadir the contribution of the radiances from other angles to
the upwelling flux has to be inferred. This is a common problem for satellite-derived fluxes
and is tackled by using knowledge of geophysical properties of the scene to determine the
conversion between radiance and flux. For deriving broadband OLR there are two well-
established options for doing this. The first involves the direct computation of OLR using a
suitable forward model fed with the best estimates of the atmospheric and surface state (e.g.
Zhang et al., 2004, Susskind et al., 2012). The second makes use of scene dependent
observation geometry dependent anisotropy models known as angular distribution models
(ADMs) which describe the angular variation of the radiance. Scenes are typically
categorised according to variables such as surface type and temperature, water-vapour
content, temperature-lapse rate, cloud fraction and optical depth, which must be determined
for each radiance observation. These ADMs can be generated using radiative transfer
modelling or can be built up over time from many prior observations if an instrument
samples all the relevant directions. This latter approach is the one taken for the CERES
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Figure 6.1. Relationship between radiance and flux. (Adapted from Brindley and Russell, 2018)

broadband instrument, based on scene identification from the Moderate Imaging
Spectroradiometer flying on the same platform and ancillary meteorological information (Su
et al., 2015). Historically, the ADM approach has been applied to broadband radiance
measurements, but work by Huang et al. (2008, 2010) has seen the development of spectral
ADMs (with 10 cm- resolution) using a combination of RT modelling and reanalyses.

The initial approach for FORUM, is based on the first method. Using the best estimate of the
underlying state from the measured nadir radiances, a forward model of the spectral angular
radiance distribution will be performed. Spectral top of atmosphere fluxes will be generated
by integrating over the upward hemisphere (Eq. 6.6). The main assumption here is of
horizontal homogeneity of the atmosphere below the sensor, but this is implicit in all similar
approaches and in the calculations of current climate models.

Using this approach will ensure that the fluxes are spectrally consistent to the limit of the
accuracy of the forward model and the FORUM measurements. As discussed, the spectral
consistency of the forward model is limited by the uncertainties in the spectroscopic and
cloud models, especially in the FIR. Iterative forward model improvements achieved by
comparison with FORUM measured radiances (Section 6.1), mean that, in principle, it will
be possible to reduce these forward model errors to the absolute radiometric accuracy level
of FORUM measurements. With this method it will be possible to evaluate fluxes over any
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spectral interval, including the total OLR and to consistently link variability and changes in
the derived fluxes to the underlying causes.

6.2 Validation Concept

Following best practice guidelines (e.g. Bates and Privette, 2012; Bojinski, 2014; Su et al.,
2018) the FORUM validation strategy will:

cover the full range of conditions

account for uncertainties in the validation methodology and comparison data.
establish the International System of Units (SI) traceability of the measurements
provide quantitative uncertainty estimates and temporal and spatial error
covariance.

e incorporate strategies to detect systematic biases and changes to the error
characteristics

e define and establish automated monitoring of data quality
o formally report methods and results in the peer review literature.
e ensure up to date information is available to users.

6.2.1 Validation Organisation

Pre-launch activities will focus on the development and validation of processing systems and
retrieval tools. They will also establish the instrument characteristics and provide an
assessment of the expected accuracy of the radiances and derived products. Activities to
refine the processing and retrieval methods, including the underlying RT codes and cloud
models will also be carried out during this phase. After launch, comparison with ground
based, in situ and remotely-sensed data and products and NWP models will be employed to
guantify the accuracy of all the products and compare the result against the expected
accuracies. The methods and models will be confirmed and refined as necessary during
initial in-orbit validation.

In-orbit validation will be broken into three stages, designed to move from the simplest
conditions to more complex cases, culminating in the release of validated products with
associated uncertainties. Validating the radiances and temperature and water vapour profile
products will be the focus of the first two stages, with the aim to have these products ready
for wide scale release at the end of the second stage.

Stage 1 will focus on simple cases of clear-sky spatially homogeneous scenes over ocean.
These initial studies will establish broad confidence in the data and algorithms under
operational conditions and, if necessary, enable iterative improvement of the instrument
model, the forward modelling and the profile retrievals. A clear-sky field campaign deploying
an instrument capable of resolving the infrared spectrum from 100—1600 cm- should be
part of this stage, allowing direct comparison with FORUM across the full spectral range.

Stage 2 activities will extend the evaluation of the radiances and temperature and water-
vapour profiles and characterise their uncertainties globally over the full range of conditions.
It will evaluate the ability to correctly detect cloud and to identify ice cloud for subsequent
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derivation of properties, validating the ability of CIC module of the Level-2 processor to
classify spectra for appropriate Level-2 retrieval treatment.

Stage 3 activities will validate Level-2, ice cloud properties, surface emissivity and spectral
fluxes. Field campaign focusing on ice cloud retrievals and others providing surface
emissivity observations will be required for these comparisons. At the end of stage 3,
validation should be sufficient to enable initial release of all the remaining products along
with full uncertainty information.

Evaluation of all the products will continue beyond these initial intensive validation activities
to provide continuing assessment of product quality and uncertainty. Automated procedures
will be put in place to flag low quality data, and large scale retrospective analyses for spurious
trends or cycles or other deterioration in the quality of the products will be carried out
periodically.

6.2.2 Validation Methods

The complex problem of screening and selecting data and applying the corrections or
transformations required to optimise the comparison due to mismatches in the quantities
observed will be handled within the framework of a comparison model. Spatio-temporal
mismatch and differences arising from discrepancies in the measurement characteristics
and retrieval details will be addressed by the model, with the specifics varying with the
product being validated, the data used for its evaluation and the detail of the scene. As well
as optimising the comparison, the model will provide an estimate of the uncertainty in the
comparison result considering both the uncertainty in the input data and the comparison
methodology and incorporating supplementary information where needed.

NWP models will allow a comparison of the FORUM-measured radiances globally with those
simulated from the model fields of temperature, water vapour, clouds and surface properties.
Although the model fields will have some uncertainties the radiance biases should be <1 K
for clear-sky scenes and the global coverage allows problems in remote areas to be detected
at an early stage. The behaviour of the biases around an orbit and during the day can provide
useful information on instrument calibration issues. Combining such evaluation with
comparison against other sensors will also help identify NWP model and sensor dependent
errors.

Comparison of radiances and retrieved profiles with IASI-NG will be performed globally.
Comparison to other polar-orbiting sounders will exploit simultaneous nadir overpass
opportunities expected at high latitudes. The comparison model will consider the spatial and
temporal variability of each scene to define appropriate coincidence criteria and associated
errors and consider the effect of spatial sampling differences. Radiance comparisons will be
made in the spectral overlap region by apodising to a common wavelength scale. Retrieved
profiles will be compared making allowances for the different spectral ranges and averaging
kernels of the instruments and a priori assumptions of their retrieval methods. A conversion
of retrieved profiles from one sensor to the inferred radiances for the other will complete the
sounder intercomparison.
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Field campaigns using airborne interferometers covering the FIR will provide radiance
comparisons across the full FSI spectral range and enable retrieved profiles to be directly
compared to measured quantities. To allow the comparison model to derive the best estimate
of the atmospheric profile for the satellite overpass, simultaneous sampling of upper and
lower atmosphere from balloon sensors, such as radiosondes and cryogenic hygrometers,
launched at intervals and supplementary information on atmospheric variability from well-
instrumented ground sites or field campaign data will be used (see Tobin et al., 2006;
Chahine et al., 2000). Although subject to significant mis-match errors correlated with
environmental state (Sun et al., 2017, Pougatchev, 2008), global comparisons employing
established quality radiosonde networks can be used for wider-scale qualitative assessment
of the retrieved profiles providing an upper bound on retrieval quality (Divakarla et al.,
2006; Trent et al., 2019).

Level-2 spectral flux validation will concentrate on comparisons with other derived flux
guantities. Coincident views with Clouds and the Earth's Radiant Energy System (CERES,
Wielicki et al., 1996) and Geostationary Earth Radiation Budget (GERB, Harries et al.,
2005), both broadband Earth radiation sensors, will be analysed as a function of view angle
difference and scene to investigate overall consistency and variations in bias with
observation characteristics. Co-locations with satellites carrying CERES-AIRS, CERES-CrIS
and the CERES follow-on instrument can also be exploited to make comparisons with
spectral fluxes derived by the methods outlined in Huang et al. (2008, 2010) and Han et al.
(2013).

Validation of the Level-2 surface emissivity will require surface based and airborne
measurements of the upwelling radiance across the FSI spectral range, as well as
independent measurements of surface skin temperature and surface characteristics such as
snow specific surface area and density. Since the far infrared emissivity is only expected to
be retrieved in very dry atmospheres its validation does not need to be global but will need
to establish the reliability of identifying such conditions, properly characterising the
uncertainty and flagging poor quality retrievals. This can be achieved by longer term ground
based deployment at a few well selected sites to sample a range of conditions (e.g. Dome
Concordia (Antarctica), Summit (Greenland), Libya, Atacama Desert, Morocco).

Validating the Level-2 ice cloud properties will require field campaigns employing multiple
aircraft. These will provide simultaneous above cloud spectral observations across the mid
and far-infrared and in-situ cloud microphysical data. Additional measurements from lidar
will give cloud vertical information and multiple meteorological balloon launches and
dropsondes will sample the atmospheric state. Used together, the data will enable detailed
case study validation of the ice cloud properties (e.g. O’Shea et al., 2016, Whiteway et al.,
2004). It will also be used to evaluate the cloud microphysical models and test their ability
to consistently capture the observed radiances across the MIR and FIR in a tightly
constrained environment with observed ice-crystal habits and distributions. Wider-scale
gualitative measures of consistency between FORUM ice-cloud properties and those
retrieved by other missions will be used to broaden the validation domain and identify
problematic regimes and trends in the data (see Hollmann, 2018; Karlsson and Devasthale,
2018). Intercomparison and modelling studies carried out during field campaigns will be
used to help interpret differences between cloud datasets, quantifying the impact of the
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different spectral ranges and the modelling assumptions employed in the other retrievals, as
well as the effect of differences in spatial or temporal sampling.

6.2.3 Quality Monitoring

As well as retrospective analysis to investigate trends in the data, ongoing monitoring of data
guality and automated checking to flag poor-quality data and provide real-time alerts, will
be implemented. Monitoring the bias between observations and calculations based on near-
real-time NWP profiles will provide timely monitoring across a range of spectral regions and
identify cloud contamination in observations identified as clear (e.g. Saunders et al., 2013).
Well-defined scenes will allow the most sensitive detection and double difference
comparison of the bias with other observations will enable screening of NWP model
dependent errors. The relative calibration of the FSI radiances can be tracked against other
sounders by comparing bias corrections determined from geostationary sounders, and also
at selected wavelengths using observations sites such as Dome Concordia, located in
Antarctica at an elevation of 3,233 metres (Aumann et al., 2016). Statistics of the IASI-NG
and FORUM FSI radiances in their spectral overlap region will be monitored against the
baseline established during initial validation to highlight changes. Flagging of individual
spectra will employ cross comparison with IASI-NG and expected correlations between FSI
wavelengths, following methods employed to monitor noise and identify spurious signals in
the infrared spectra observed with the AIRS and IASI instruments (Goldberg et al., 2005;
Serio et al.,, 2018; Tobin et al., 2009) using statistical techniques such as principal
component analysis.
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7 MISSION PERFORMANCE ESTIMATION

7.1 FORUM End-to-End Mission Performance Simulator

The Far-infrared Outgoing Radiation Understanding and Monitoring (FORUM) end-to-end
simulator (FEES) is a tool to predict and assess the Level-1 and Level-2 performances of the
mission. The FEES architecture is based on established and well proven end-to-end
architectures representative of passive optical remote sensing techniques and instruments
(e.g. the Earth Explorer 8 FLEX end-to-end simulator).

The simulator models the elements relevant to the Level-1 and Level-2 mission performance.
Each module is chained to others in a logic that follows the observation sequence of events.
The modules can be run sequentially, continuously (i.e. end-to-end), or individually; the
latter configuration is used for verification and validation purposes or to reduce processing
time in parametric analyses. When run in end-to-end mode, the FEES is used to demonstrate
the consistency and coherence of the observation concept (including the instrument), the
whole processing chain up to Level-2 and the impact of errors in the Level-1 and 2
performance. This is achieved by modelling the main error sources and its propagation
through the detection/retrieval chain in a data driven manner where the interfaces between
modules are established through output files that act as input files to the next module in the
chain.

Fig. 7.1 details the FEES architecture in its individual modules. The different modules model
the observed geophysical scene, the propagation of the radiation in the atmosphere until the
TOA (forward model), the spacecraft/mission elements relevant for the mission (e.g. orbit,
satellite pointing), the instruments, the processing chain and the retrieval algorithms. The

Atmospheric/
Time Geolocation Hé‘:::gii:al - - - Test data set S;;—;al:e
Cloud
e Level 2
Identification &
Module

Classification

Input
Grid — Atmospheric/ Spectrum Image
Surface State

Performance Assessment
Module

Figure 7.1 High level architecture of the FORUM end-to-end simulator (ESA)
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end-to-end chain starts with an input of the orbit time and geolocation. Top of the
atmosphere (TOA) radiances are created from the surface properties (surface emissivity and
surface temperature) and the atmospheric state (gases, temperature, and clouds), at a spatial
resolution suitable to simulate scenarios for the FORUM measurements. The top of the
atmosphere radiances are sampled on a spectral grid much finer than the spectral resolution
of the two instruments, the FORUM sounding instrument (FSI) and FORUM embedded
imager (FEI). Spatial and spectral complexities are required to analyse geometric and
radiometric uncertainties. Level-2 products are generated after the instrument simulators
and the Level-1 processor. The performance assessment module compares the outputs of the
Level-2 processor with the initial inputs. Each individual module, as well as the complete
chain have been verified and/or validated using standard methods such as dedicated tests,
review of design and code and analysis inspection. In the next sections each component of
the FEES will be described in more detalil.

7.1.1 FEES Geometry Module

The Geometry Module is executed first in the end-to-end chain. It generates a geometric grid
of the input scene by modelling the satellite orbit, the platform attitude, and the viewing
geometry based on user input of orbit time and geolocation.

The geometry module provides the real and estimated geolocation information (latitude and
longitude) of each pixel in the grid by making use of ESA’s Earth Observation Custom
Furnished Item (EO-CFI) tools. It also provides information on the angular viewing (e.g.
observation zenith angle) of each pixel of the grid and it is user-configurable, allowing to
create grids with a spatial sampling up to ten times better than the FEI spatial sampling
resolution. Such fine grids can be used to investigate the impact of scene inhomogeneities in
both FSI and FEI.

The geometry module can also create a user configurable number of grids during an
individual FSI dwell time, which allows modelling the pointing stability of the instrument’s
line of sight once perturbed with satellite attitude errors. This can be used to determine the
impact of such instabilities on Level-1b with the FSI simulator and later, on Level-2 products
with the Level-2 module.

The grid generated from the geometry module is combined with the scene generator and the
observing system simulator so that the correct geophysical and spectral radiance
information is assigned to each pixel of the grid, correlated with the extent and position of
the field of view of the FSI and FEI.

The Geometry Module has been verified and validated making use of the well-established
and proven routines contained in the EO-CFI tools.

7.1.2 FEES Scene Generator Module

The scene generator module, second to be run in the simulation chain is able to generate
user configured scenes based on satellite or climatological data. The scene generator module
provides hyperspectral data cubes of top of the atmosphere radiances derived from uniform
or heterogeneous surface and atmospheric scenarios.
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The scene generator module draws from complex 3-dimensional input scenes for generating
realistic, high-spectral resolution top-of-atmosphere radiances. The atmosphere is defined
by temperature and pressure profiles, the geometric height, trace gas concentrations of water
vapour (H20), carbon dioxide (COz2), ozone (Os), nitrous oxide (N20), carbon monoxide
(CO), methane (CHa4), oxygen (Oz2), nitric oxide (NO), sulphur dioxide (SO2), nitrogen
dioxide (NO2), ammonia (NH3), and nitric acid (HNOs3), and the surface by its temperature,
elevation, and emissivity. Clouds are described by cloud top height, geometrical thickness,
optical depth at 900cm-?, cloud phase, and cloud effective radius following the conventional
approach based on Yang et al. (2013) as outlined in Section 6.1.2.2. These are all the
parameters determining the top-of-atmosphere radiances in the far and mid-infrared, the
relevant spectral range for these simulations. The atmospheric data is created from a
combination of ERA-Interim (ERA-I) Reanalysis (Dee et al., 2011) and climatological data
from 1G2 v5.4 (Remedios et al., 2007) or from moderate-resolution imaging
spectroradiometer (MODIS) product data when using the full complex 3-dimensional
capabilities. There are several options for selecting the input scenes for initiating this module
(see Section 7.1.6).

From the geolocation and time information (latitude, longitude, date and hour), the
corresponding data from ERA-Interim and 1G2 are picked. ERA-Interim provides data four
times a day with a horizontal resolution of 0.75°. The ERA-Interim Reanalysis files account
for atmospheric vertical profiles of the temperature, pressure, water vapour and ozone
mixing ratios, besides information on the surface temperature and surface altitude. The 1G2
data files contain altitude, pressure, temperature and gaseous mixing ratio profiles and the
data is stored according to latitudinal belt (0—20°, 20—65°, 65—90°, for both North and
South), day period, and season. The data sets are merged using surface temperature,
temperature, pressure, water vapour and ozone mixing ratios between the surface and 60
km from ERA-Interim, and above 60 km until 80 km of altitude, as well as for the other trace
gases 1G2. CO2 has been linearly corrected to concentration levels representative of 2018.
The final number of vertical levels used in the computation is 52 and the vertical atmospheric
grid extends from the surface to 80 km. If the surface altitude is higher than the sea level the
number of layers might be reduced.

The surface emissivities are taken from the Huang et al. (2016) database containing
emissivity values along the extended FORUM spectral range assigned to eleven different
surface types. These surface emissivities are assigned according to a database of surface
types created from MODIS measurements (Huang et al., 2016) and are chosen according to
geolocation and month.

For creating cloudy scenes, the user defines cloud top height, cloud geometrical thickness,
cloud optical depth at 900 cm-! and cloud effective radius. Clouds can be inserted into the
full or part of the scene. The auxiliary data for the cloud microphysical properties are derived
from the Yang et al. (2013) database for non-spherical particles, and from Scattnlay for
spherical particles (Pefia and Pal, 2009). For ice clouds, the Yang et al. (2013) database is
used to construct the auxiliary file that contains the extinction/scattering coefficients and
phase matrix of non-spherical particles. The ice crystals are assumed to be aggregates of
pristine columns. From the single scattering properties of single particles, cloud bulk

Page 153/263
Earth Explorer 9 Candidate Mission FORUM — Report for Mission Selection

European Space Agency
Issue Date 21/06/2019 Ref ESA-EOPSM-FORM-RP-3549 Agence spatiale européenne



ESA UNCLASSIFIED - For Official Use \\\&\\@\I\l\\g
@esa

properties are generated assuming that the particle size distributions are a set of gamma type
functions with a shape parameter equal to O0.1. The distribution is sampled on the radius of
the equivalent spheres. The effective radii of the final particle size distribution for ice clouds
spans the 2-100 um range.

In the case of scenes based on MODIS data, the following data sets were assembled for the
simulations:

e The MODIS cloud product (06 _L2) for cloud parameters (cloud particle phase, cloud
particle effective radius, cloud optical thickness and cloud top height) and the surface
temperature, retrieved at a spatial resolution of 1km

e The MODIS Atmospheric Profile product (07_L2) for temperature and water vapour
profiles, and the surface height

e The GlobCover 2009, a Global Land Cover Map constructed with global MERIS
(Medium Resolution Imaging Spectrometer Instrument) fine resolution mosaics,
with about 300 m spatial resolution. The global land cover map counts 22 land cover
classes defined with the United Nations Land Cover Classification System (LCCS),
and these surface types are associated to one of the eleven surface types from Huang
et al. (2016) emissivity database.

All input data, for both MODIS and the ERA-1/1G2 cases, is mapped onto the grids provided
by the geometry module. For each grid, the scene generator module will then assign a
hyperspectral data cube of top-of-atmosphere radiances. These are calculated by a couple of
line-by-line multiple scattering radiative transfer codes at high spectral resolution (i.e. 10-2
cm-1or higher) in the 50-1649 cm-! spectral range. This covers the measurement intervals of
the FSI and FEI sensors.

The radiative transfer codes are LBLRTM (Line-by-line Radiative Transfer Model — Clough
et al. 2005) and LBLDIS (Turner et al., 2005) for clear and cloudy skies. The LBLDIS is a
combination of LBLRTM and the DISORT (DIScrete Ordinate Radiative Transfer — Stamnes
et al., 1988). The auxiliary database of gas spectroscopy properties is the AER v3.6 that in
turn is derived from the high-resolution transmission molecular absorption (HITRAN)
database. The water vapour continuum is described by the CKD_MT3.2 parametrisation,
used to generate the clear sky radiances for the FEI and FSI. In the case of cloudy sky the
LBLRTM calculates the optical depth of each atmospheric layer and vertical profiles, later
used as input to LBLDIS. The LBLRTM is one of the most used radiative transfer models.
The results have been validated with the observations of many instruments, and its execution
time is acceptable, especially when the list of selected gases is kept short. The DISORT
algorithm remains the undisputed leader of the full-physics methods for calculating multiple
scattering effects. While there are different approaches (doubling and adding, stochastic
methods), the DISORT has a very solid mathematical basis.

7.1.3 FEES Instrument and Level-1 Processing Modules

The behaviour of both FSI and FEI is modelled with dedicated modules. These modules
introduce the most relevant error sources and uncertainties, and also include the Level-1
processors. Two instantiations of the FSI and FEI, representative of Concept A and Concept
B were implemented in the end-to-end performance simulator.
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7.1.3.1 FSI Module

This module simulate the behavior of the FSI by modelling a Mach-Zehnder interferometer,
the most general design of an FTS, giving access to both input and output ports and allowing
the implementation of separate divider/recombiner beamsplitters. The modelling follows a
procedure further outlined in Bianchini et al. (2009).

The FSI module works as a chain. The hyperspectral data cube provided by the SGM is
converted into an interferogram (Level-0) making use of interferometric coefficients and
optical and electronic transfer functions, customised to represent concepts A and B. The
interferogram (Level-0) is then transformed into an uncalibrated spectrum (Level-1a) using
Fourier transformation with the possibility to compensate for specific instrument
characteristics, with a zero path difference detection and a phase correction of the
interferogram. In the following step, the radiometric calibration is performed on the
uncalibrated spectrum making use of a hot and a cold reference measurement. Furthermore,
the a-priori error originating from the calibration procedure (calibration error) and the
detector noise (NESR) are estimated. The outputs of this last step are the measured
atmospheric spectral radiance as observed on each of the two detectors at the two outputs of
the interferometer (Level-1b). As a final step, the calibrated spectra obtained in each output
port are averaged and then resampled on a configurable frequency grid (Level-1c), to obtain
a single spectrum with the required spectral sampling to be provided as input to the Level 2
module.

A separate module calculates the instrumental line shape (ILS) according to the FSI
instrument parameters. In particular, the instrumental line shape is computed considering
the effects of the finite maximum optical path difference, and the line broadening and shift
due to the finite divergence of the radiation propagating inside the interferometer (self-
apodisation effect). The output of the ILS module is a set of tabulated and truncated ILS
functions centered at specific, selectable wavenumbers.

Both Level-1c and ILS generated by the FSI are later used as inputs by the Level-2 module to
perform the corresponding retrievals.

The following features, error sources, and uncertainties are included and propagated in the
interferometer simulation chain in order to model the behaviour of the FSI:
e a model of the blackbody with customisable temperature (cold deep space or a set
blackbody temperature) to allow flexibility in the customisation of the simulator
e High spatial resolution input scenes are used to account for the effects of the finite
field of view and the consequent beam divergence inside the interferometer, also in
case of observing non-homogenous scenes. The beam divergence, together with the
finite optical path difference, results in a wavenumber-dependent instrumental line
shape that introduces a frequency shift in the corresponding spectral radiance. The
high-spatial resolution scene allow to accurately calculate the shape of the
instrumental line shape
e Errors induced by line of sight drifts are included by interpolating between a set of
interferograms acquired for a set of slightly different input scenes corresponding to
different observation angles along the duration of the dwell time
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e The beam splitter efficiency is one component of the interferometric efficiency and it
is calculated considering the beam splitter’'s complex amplitude transmission and
reflection coefficients

e The modulation efficiency is another component of the interferometric efficiency and
is calculated considering contributions from wavefront tilt, wavefront shear and root-
mean-square wavefront error

e The optical transfer function, also part of the interferometric efficiency, accounts for
absorption and incomplete reflection in the instrument optics that are outside of the
interferometric path, for instance, the windows on the detectors or the front telescope
mirrors

e Electronics transfer functions modulating the outputs of the interferometer (e.g.
detector response and preamplifier response)

e Detector noise, added and propagated through the FSI modules

e Calibration errors due to uncertainties on temperature and emissivity of the
blackbody sources, and propagated through the calibration algorithm

e Sampling errors and digitisation noise

e Calibration functions are derived from a combination of the spectra of a hot and cold
reference blackbody; these are obtained as an average of a customisable number of
hot and cold blackbody measurements

Two sets of calibration measurements (at least) and one scene measurement are necessary
to perform the radiometric calibration in the Level-1b module, resulting in at least three
iterations of the main functional block. Error propagation is applied to calculate the
calibration function and the calibrated measured radiances. The a-priori error on the
calibration blackbody source thermometry and on the blackbody emissivity is used to
calculate the calibration error, while the detector noise, expressed in terms of noise-
equivalent power (NEP), is used to calculate the spectral noise. The two radiometrically
calibrated spectra as well as the calibration error and spectral noise of the two detector
channels, as a function of the wavenumber, are the output of the Level-1b module. The
calibration strategy is fully configurable, and both the spectral noise and radiometric
accuracy can be provided as pre-calculated inputs.

Dedicated tests comparing the results against dedicated pass/fail criteria have been carried
out. Among others:
e The correct generation of the interferograms (Level-0), the instrument response and
the final calibrated spectrum (Level-1b/c) including the calibration function, have
been tested using TOA spectra acquired by the REFIR-PAD instrument in 2005 in a
stratospheric balloon flight (Brazil) in the required wavenumber range.
e The correct ingestion, generation and propagation of noise errors has been tested by
comparing noise error estimation by industry to the computed noise errors.
e The correct generation of the ILS has been evaluated by comparing the calibrated
Level-1c spectrum of the FSI module to a radiative transfer model spectrum calculated
at high spectral resolution and convolved with the tabulated ILS.
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7.1.3.2 FEI Module

The FEI module models the FEI sensor behavior by processing spatially and spectrally
oversampled scenes. This module accounts for the main instrument effects and noise error
(both systematic and random) influencing the radiance acquisition, its sampling and its
transformation into FEI Level-1b products. The features and error sources implemented
within the FEI module are:
e Optical point spread function (PSF) for the spatial convolution of the high-resolution
input scene.
e Instrument spectral response function (ISRF) for the spectral convolution of the high-
resolution input scene
e Radiometric noise, modelled as a random signal with normal distribution with a
standard deviation equal to the noise equivalent delta temperature (NEdT)
e Calibration bias and calibration gain uncertainty
e Quantisation and saturation errors in the analog-to-digital converter
e Attitude errors for the estimation of each pixel geolocation

The modelling and results of the features and errors listed above have been verified using
dedicated tests with pre-determined pass/fail criteria. When relevant, the results were
compared with the ones calculated by the dedicated performance models provided within
Concept A and B industrial activities.

7.1.4 FEES Level-2 Retrieval Module

From the FSI Level-1c radiances, this module identifies whether the scene is clear or cloudy
and then inverts the noisy spectra to extract information about the atmospheric composition.
In addition, ancillary information is retrieved from the FEI Level-1b. The Level-2 retrieval
module follows the approaches outlined in Section 6.1. Here some more specifics are
provided.

A machine-learning algorithm based on principal component analysis, is the first step to
assess whether the measured scene is clear or cloudy and what kind of cloud is present. The
measured scene here is the Level-1c output of the FSI observing system simulator. The full
algorithm is described in Maestri et al. (2019). Four classes of synthetic test sets were
extracted from the same data sets as in the scene generator model for the area of interest
over Europe and parts of Northern Africa (see Fig. 7.2): clear sky, cirrus cloud, water cloud
and ice cloud. It should be noted that this is different from when the same algorithm is
applied to the airborne data as described in Section 7.4, where only two classes (clear and
cirrus cloud) were encountered during the campaign. Test set matrices are assembled from
radiances at high spectral resolution. These test sets were processed with the two instances
for the FSI observing system simulator to obtain test sets TSx fully compatible with the two
mission concepts of the two consortia taking the noise of the measurements into account. X
can stand for clear, water, ice, or cirrus.

Eigenvectors €TS and eigenvalues A of the covariance matrices of the four (clear, cirrus, ice,
water clouds) test sets are computed. The number of significant principal components that
allows removing the part of the signal associated with the noise is defined by Turner et al.
(2005) as the number Po that minimises the function:
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where p is the pth principal component, P is the total number of principal components, and

RE(p) = (7.2)

where Ai is the ith eigenvalue, and Jx is the number of spectra in the test set.
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Figure 7.2 Locations of scenes and their classification that were used for creating the test data set for the
machine learning cloud identification code (University of Bologna, Italy)
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To perform the classification of the radiance produced in the end-to-end simulator chain,
extended training sets ETSx are defined by adding the measurement to the test set matrix.
With these similarity indices SIx are computed:

Py Veot

Z Z |eETSyx (v, p)? — €T Sx(v,p)?| (7.3)

p=1lv=

Sly=1—
X 2P,

where eTSx and eETSx are the eigenvectors of the four training set and of the four extended
training set, and they depend on the wavenumber v. For instance, if the Level-1c radiance is
a clear sky case, then the TSciear is similar to the original ETSciear, because no new
information was added, whereas the ETScirrus Will be different from the original TScirrus
because a significantly different element was introduced. The highest Sl establishes the class
of the scene. This classification undergoes an additional test depending on the highest
similarity index. Again, for the clear sky measurement example, the following tests have to
fulfill the criteria:

e  Slcirrus — Slclear < O
e  Slwater— Slclear <0
e Slice— Slclear <O

A successful classification has to pass all three tests and an unclassified scene results from
an inconsistent cross test. The performance of the cloud identification and classification
module has been thoroughly tested. Details can be found in Maestri et al. (2019).

Depending on the clear or cloudy classification, the Level-2 module will branch either into a
clear-sky retrieval or cloudy-sky retrieval. In future updates to the FEES, also clear-sky
parameters will be retrieved for cirrus cloud cases.

In the clear-sky case, the retrieval is performed using optimal estimation (Section 6.1.2) with
an a priori covariance matrix adapted to the FEES settings, originating from the covariance
matrix applied to assimilate 1ASI radiances into the UK Met Office models. Water vapour,
temperature profile, and surface temperature are retrieved simultaneously. The FEES also
calculates the total precipitable water vapour. The a priori profiles are given by the true
profiles perturbed by a quantity compatible with the covariance matrix of the a priori profile.
Surface temperature and water vapour and temperature profiles are given by 10 year
climatological averages from ECMWF ERA interim data and are used as first guess in the
inversion. In future versions, for cases with precipitable water vapour below a certain
threshold value, the emissivity will also be retrieved. This will be possible because the
atmosphere will be more transparent, and the observed radiance will contain information
about the surface (Fig. 2.6).

In the cloudy-sky case, a priori estimates of surface temperature and atmospheric
temperature and water vapour profiles are defined in the same way as for the clear sky case.
A priori cloud properties are estimated as follows:
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e Cloud top height: if the cloud is optically thick the cloud top height is estimated from
the FSI brightness temperature at 900cm-L. In the case of cirrus, the cloud top height
is set according to latitude based on Veglio and Maestri (2011) as cloud top height =
15 - (latitude/10).

e Cloud optical depth: For optically thick clouds, the optical depth is set as the most
probable value for that location and pressure level according to the ESA monthly
cloud CCI data. For optically thin clouds, a fixed optical depth value is used. This is
defined based on Veglio and Maestri (2011) for tropical scenes (latitude < 30°) as
0.82, and for midlatitude/polar scenes (latitude > 30°) as 0.96.

e Cloud particle effective radius: The cloud particle effective radius is set to the most
probable value for the location according to for each kind of cloud is also read from
the ESA monthly cloud CCI datab, with no dependence on the pressure level.

e Cloud thickness. The cloud geometrical thickness is set to a standard value according
to cloud type.

In the case of missing ESA cloud CCI data, standard values of effective radius and optical
depth are used. A priori errors are also fixed: 1 km for cloud top height and cloud geometrical
thickness; 2 for cloud optical depth and 10 pum for the cloud effective radius. In the cirrus
cloud case, a pre-processor refines the a priori estimates of cloud optical depth, cloud particle
effective radius, and cloud top height with a 1-dimensional minimisation based on a
bisection method.

The cloud thickness is not included in the retrieval state vector and its value is kept fixed at
the standard for that cloud type. The other parameters are retrieved using the a priori values
described above as a starting point for the inversion algorithm.

The Level-2 retrieval uses the same radiative transfer codes as the scene generator module,
LBLRTM and LBLDIS (Section 7.1.2). This avoids errors being introduced into the chain
from phenomena parametrised differently in different radiative transfer codes. The same 52
level vertical grid, as use for the scene generator module is used.

Additional data qualifiers are derived from the FEI Level-1b measurements and the
geolocation, e.g. the sea/land fraction is calculated for the field of view of the FSI. The
inhomogeneity of the scene is evaluated by analysing the FEI Level-1b radiances within the
FSI field of view. Groups of data are defined on the basis of the distribution of FEI brightness
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Figure 7.3 Brightness temperature distribution for the FEI for a complex scenes (this is the MODIS 7 case)
(right panel), the frequency distribution (left panel) and the fitted 4 levels of heterogeneity (middle panel)

(University of Bologna, Italy)
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temperatures. This is achieved by fitting a polynomial of variable order to the brightness
temperature histogram. The minima of the polynomial are then used to group the data and
thus calculate the fraction of the FSI field of view corresponding to each. This process is
illustrated in Fig. 7.3 which shows a distribution with four levels of inhomogeneity. The
corresponding fractions are: 9 % grey, 60 % blue, 14 % pink, 17 % red.

The performance of the Level-2 module has been assessed and refined during the Phase A
study by comparing the output with the truth. In Phase B these efforts will continue and
spectral fluxes will also be added as a FEES Level-2 product.

7.1.5 FEES Performance Assessment Module

The performance assessment module is the last module executed in the chain. It produces a
series of figures of key performance factors to compare the outputs of the end-to-end chain
with the input scenes. It is based on standard plotting routines and functionalities.

7.1.6 FEES Test Scenarios Description

As mentioned in Section 7.1.1, there are several data sets that can be used to initialise the
end-to-end simulations; one is based on ERA-1/1G2 data and another one based on MODIS
data products. In general, the FEES is able to simulate FORUM measurements all over the
globe. But in order to make the FEES a portable tool, input data sets are limited to areas of
interest. The chosen region for the ERA-1/1G2 data is shown in Fig. 7.4, left panel, 70°—
20°N, and 0° — 30°E. The scene is considered for two days, one day in Summer, 15 July 2017,
and the other one in Winter, 15 January 2018, both days for 00, 06, 12, and 18 UTC.

This area is chosen to be representative of the most typical atmospheric conditions, including
extreme cases, polar, mid-latitudes and equatorial latitudes. The input to the simulator is
selected from the area of interest by geolocation and date. Any kind of clouds can be defined
in the input files and these will then be added to the scene. Similarly, the surface properties
from the databases can be overwritten. From these, uniform or heterogeneous scenes can be
created. For the heterogeneous scenes there are two ways: a circle of any diameter can be
inserted anywhere into the field of view. Alternatively, a straight-line segment can be added
with customisable position. This would be e.g. representative of a coastline scene having two
different surface temperatures and emissivities, or in the former case, a cloud. Two instances
of heterogeneity can be added simultaneously and those can also overlap enabling the
simulator to create multilayer clouds.

Scientific assessment of the FEES is based on 12 scenes outlined in Table 7.1. These 12 key
scenes address a wide range of the environments that will be encountered by FORUM. Six of
the scenes account for cloud cover and six are in clear sky but with the same surface and
atmospheric properties of the corresponding cloudy case. This was done in order to:

e provide a challenging dataset for cloud identification/classification
e allow the evaluation of the errors associated with the retrieved geophysical
parameters when misclassification are assumed.
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Figure 7.4 Left panel: the study area for which dedicated datasets have been generated, here the surface levels
in metres. Right panel, MODIS region of interest from a granule recorded over the United Kingdom on 7
February 2018. From North to South, the three regions are referred to as MODIS 7, 8, and 9 (University of
Bologna, Italy)

The simulations of the selected scenarios are based on information derived from ERA-
Interim reanalysis and monthly averaged surface properties derived from satellite
measurements and thus represent realistic observational conditions. The scenes span
observational conditions ranging from Artic regions to Tropics, and include the following
extreme cases:

a desert case for evaluating the effects on the profile retrievals (temperature and
humidity) of a large temperature gradient between surface temperature and
atmospheric/cloud layers

an ocean case is a very common case and is a typical observational condition. When
in presence of a very thin cirrus cloud (optical depth is set to 0.3) it represents a
scientifically relevant case for cloud identification and properties retrieval.

an ocean case with stratus is common, but challenging. It is suitable to evaluate the
errors in the retrieval of atmospheric properties when the stratus is not identified due
to its low altitude and its properties similar to the ocean layer.

a continental case in clear sky or in presence of an altocumulus cloud, allowing a
verification of the clear/cloudy retrieval algorithm over land.

a snow surface representative of Arctic conditions that are observed every orbit by
FORUM. When accounting for an ice cloud with moderately thick opacity (optical
depth of 3) it is a very challenging case owing to the similarity of the cloud properties
to the atmospheric background.

a Po valley case with a cumulonimbus is relevant for the study of extremely thick
clouds and also archetypal of hurricane conditions.
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Scene Surface Cloud phase, | Cloud top height/ Optical depth Effective particle
if cloudy thickness (km) radius (pm)

Cirrus on desert desert ice 12/2 1 10
[Tropical — Sahara Desert]
Summer

Cirrus on ocean sea ice 15/1 0.3 6
[MidLat - Mediterranean]
Summer

Coastal marine stratus sea liquid 1.25/0.5 20 10
[MidLat - Mediterranean]
Summer

Continental 1 altocumulus vegetation | ice 10/2 6 30
[MidLat — Black Forest]
Winter

Ice cloud on snow ground snow ice 8/2 3 18
[Polar - Finland]
Winter

Continental 2 cumulonimbus vegetation | ice 11/6 300 80
[MidLat — Po Valley]
Summer

Table 7.1 Description of the 12 scientific scenes considered in the FEES

Heterogeneous scenes, are obtained using atmospheric and surface properties as in the
uniform scenes. These scenes are applied to evaluate how the quality of retrieved products
is degraded by the presence of heterogeneities.

In the case of scenes based on MODIS data, radiances were pre-computed over a region in
the United Kingdom (see Fig. 7.4). Three cases have been selected as marked in the figure, a
clear sky scene (referred to as MODIS 8), and two cloudy scenes (MODIS 7 and MODIS 9).
These are challenging scenes with respect to their heterogeneity.

7.2 Level-1 Mission Performance

This section reports the Level-1 performance achieved by the technical concepts described
in Chapter 5, at the time of the Preliminary Requirements Review (PRR) at the end of the
Phase A. The performance have been computed by means of dedicated system and
instrument performance models using, when available, test data obtained from the
technology pre-development activities, also described in Chapter 5. The FORUM End-to-
End Performance Simulator (FEES) has been used to model FEI Level-1b and FSI Level-1c
data products, as defined in Chapter 4, using geophysical scenes constructed either
synthetically or by ingestion of MODIS data. The FEES has been also used to confirm system
and instrument performance, when relevant.

7.2.1 Level-1 Mission Performance Summary

Table 7.2 shows that one of the two technical concepts (Concept B) described in Chapter 5 is
able to achieve Level-1 performance in line (and sometimes better) with the mission
requirements defined in Chapter 4, which were derived from the FORUM scientific mission
objectives (Chapter 2 and 3). Full compliance is also expected to be achieved by the other
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concept (Concept A) during Phase B1, based on the technical similarities between both

concepts.

Performance Achieved

Mission Requirement Specification
q P Concept A Concept B
Mission Lifetime 4 years excluding commissioning >4 Years ] >4 Years ]
_ 24 hour nominal <17 hours [v] <17 hours [v]
Latency of level-1 data 3 hour under request <2 hours [V] <2hours [Y]
Coverage gaps due to calibration < 20% of samplings 18 % [V] 20 % [V]
Spatial Sampling Distance (SSD) <100 km (G: <70 km) <100km [v] <100km [V]
Temporal co-registration with MetOp- <1 minute <1minute [v] <1iminute [v]
SG(1A)
écc;r(clazs)—track spatial co-registration MetOp- <300 km (G: < 100km) <100km  [v] <100km  [v]
Maximun FSI LoS depoining angle <+3.5deg ] [V]
Pointing Requirement Specification e.?rlg:mg Performance Achieved
Geolocation accuracy (absolute knowledge) <750 m AKE 743 m ] 703 m [V]
Across-track absolute pointing accuracy <1250 m ﬁgrgss TS 544 m ] 1017 m ]
RPE + APE
. . - . <200m yaw steering
v v
Line of Sight Stability (diameter) (G: 100 m) error 194 m V] 186 m [V]
contributor
FSI Observational Requirements and Performance
Spectral Requirement Specification Performance Achieved
Spectral Range 100 to 1600 cm-* ] [l
Spectral Resolution <0.5cm? (G: <0.36 cmY) <046cm? [v] | <0.48cm?! [V]
1to 3ppm V]
Spectral Knowledge <2 ppm (G: < 1ppm) See 7.1.3.4 for < 1lppm [V]
more details
Instrument Spectral Response Function <0.06 mW/(m2srcm) (G: < <0.02 mW/(m?sr | <0.04 mW/(m?2
(ISRF) knowledge error 0.02 mW/(m2 sr cm) cm-t) [vV] | srcm) [V]
Geometric Requirement Specification Performance Achieved
System Integrated Energy (SIE) > 90% over 15km area >90.8% [V] | >94% 1
Threshold:
variation < 15%xSEDFwmax over
90% of Full Width Half Maximum
S . (FWHM)
S)_/stgm Energy Distribution Function (SEDF) <15% v | <15% ]
within one spectral sample .
Goal:
variation < 10%xSEDFmax over
80% of Full Width Half Maximum
(FWHM)
Threshold:
difference between 2 spectral
SEDF between spectral samples samples < £5% over 80% of <+5% [vV] | <x5% ]
FWHM
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Goal:

difference between 2 spectral
samples < £5% over 90% of
FWHM

Radiometric Requirement

Specification

Performance Achieved

Spectral radiances with equivalent

Signal dynamic range Brightness Temperature from V] [V]
190 Kto 300 K
<0.6 mW/(mZ2sr-cm-)
(G: < 0.4 mW/(m2-sr-cm-1)) within
[200-800 cm-1]
Noise Equivalent Spectral Radiance (NESR) ] [V]
< 2.0 mW/(m2sr-cm-?)
(G: <1.0 mW/(m2-sr-cm) outside
[200-800 cm-!]
Threshold:
v
<0.25K from 200 to 1300 cm | L] from 200K
to 300 K
<l K elsewhere
x
Absolute Radiometric Accuracy (ARA) Goal: goéfliom SIS [V]
<0.2 K from 200 cm-! to 300 cm-!
<0.1 K from 300 cm! to 1100 cm-!
<0.2K from 1100 cm-! to 1300 cm-! See 7'1'3'2. for
more details
<1 K elsewhere
FEI Observational Requirements and Performance
Spectral Requirement Specification Performance Achieved
Spectral Range 10.5 um £0.75 pm ] [V]
ISRF Knowledge <5% of the peak value <5% [V] | <5% [V]
FEI Out-of-band signal < 2% (G: 1%) at 210K <1.3% [v] | <0.6% ]
Geometric Requirement Specification Performance Achieved
28 vl |5 [v]
. _— . (16 images co- (84 images co-
Temporal Sampling > 5 acquisition per dwell time added per added per
acquisition) acquisition)
2
Field of View (FoV) >36 x 36 km2 41x 41 km2 [v] ?3'14 2AESEaLl
. . . . 0.577km  [V] 0.599km  [v]
Spatial Sampling Distance (SSD) <0.6 km at half FSI dwell time (Hmax) (Hmax)
Modulation Transfer Function (MTF) MTF > 0.3 at Nyquist frequency 0.32 [v] 0.32 V]
Radiometric Requirement Specification Performance Achieved
Dynamic range From 190K to 300K ] [V]
Noise Equivalent delta Temperature (NEdT) | <0.7 K(G: <0.3K)at210 K 0.7K [v] | 0.18K ]
Relative spatial radiometric accuracy <0.2K [v] | <0.13K ]
(RXRA) <0.2 Kat210K (Linear sum) (linear sum)
v v
Absolute Radiometric Accuracy (ARA) < 3K (G: < 1K) at 210K <.2K [v] <1.'1 K [v]
(linear sum) (linear sum)

Straylight

<1.5 K at a distance of 5 SSD
(G: <0.8 K at a distance of 3 SSD)

<15K at5SSD
[v]

<15Kat5SSD
[v]

Table 7.2 Main Level-1 mission and instrument requirements and achieved performance for Concept A and B.
Compliance in highlighted with [v'] while [*¥] is used to highlight non-compliance or partial non-compliance.
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7.2.2 Level-1 Mission Performance

Data latency: The data latency, defined as the time interval from acquisition of data by the
instrument to the delivery of the product at the user interface, is driven by various factors,
e.g. data volume, number and location of downlink Ground Stations (GS), space-to-ground
downlink speed, transfer time to PDGS, and processing speed. Both Concepts achieve less
than 24 hours of maximum data latency of Level-1 products by downlinking twice per day at
Kiruna GS and less than 3 hours when downlinking to Svalbard GS every orbit, as shown in
Fig. 7.5. The performance achieved provides more than one hour margin to also process and
distribute Level 2 data.

Coverage and sampling: Both FSI concepts sample the Earth continuously with a spatial
sampling distance varying from 99 km to 100 km, as shown in Fig. 7.7 (right) along the orbit.
FORUM achieves the required sampling by implementing a step-and- stare concept with a
dwell time of 14 seconds, constant along the orbit, and a repositioning time of the pointing
mirror of less than one second. The calibration strategy defined in Chapter 5 results in about
18% and 20% samples loss during nominal operations for Concept A and B, respectively. Fig.
7.6 (right) shows, for Concept B— similar for Concept A —, that the sampling strategy does
not create systematic loss in coverage.

FORUM provides a homogenous worldwide coverage as shown in Fig. 7.6 left, despite the
coarse sampling, the small FSI footprint and the missed samples due to calibration. FORUM
provides daily revisit of the Polar Regions between 76° and 82° (North and South
Hemisphere).

Geolocation, pointing and LoS stability: Table 7.2 summarizes the geolocation and
pointing performance (i.e. absolute pointing knowledge, across-track absolute pointing and
LoS stability over the FSI dwell time). Both consortia meet all requirements with a gyroless
concept. Fig. 7.7 (left) shows the LoS stability during a FSI dwell time —Concept A (top) and
Concept B (bottom)—, as modelled by the FEES, using attitude errors as derived from the
Phase A activities. The geolocation of the FSI LoS during 5 FEI acquisition, equally
distributed during the FSI dwell time, are plotted. All of them remain within a circumference
of 200 m, as specified in the requirement.

Time, hours Time, hours

50 [

-150  -100 -50 0 50 100 150 -150 100 -50 0 50 100 150
Longitude [deg] Longitude [deg]

Figure 7.5 Maximum data latency for Level-1 data products when downlinking twice per day using Kiruna GS
(Left) or with one downlink per orbit using Svalbard GS (Right). Plots for Concept B, similarly for Concept A
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FEI Ground Sampling distance and FSI/FEI footprint co-location Fig. 7.8 (left top
and bottom) shows the FEI footprint for a nadir acquisition at about 24 degrees latitude
modelled using FEES. The colour map shows the SSD for each of the pixels within the FEI
footprint. The variation of the SSD within the pixels of the footprint due to Earth’s curvature
is clearly observed. The SSD of all pixels remain below 600 m. Fig. 7.8 (right) shows the
spatial co-location of the FSI and FEI footprint for Concept A, as modelled by the FEES.

Northern Hemisphere
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Figure 7.6 : Left: Concept A and similar for Concept B, orbit ground track and coverage in the Northern
Hemisphere (top) and in the Southern Hemisphere (bottom), data computed for an orbit repeat cycle. Right:
Concept B and similar for Concept A average (red line), 25% and 75% percentiles (blue bars) and minimum
and maximum (error bars) revisit time per latitude after a sample is missed due to calibration. Data is
computed for a period of 12 repeat cycles.
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Figure 7.7 Left: LoS stability during the FSI integration time - Concept A (top) and Concept B (bottom)
modelled using the FEES and attitude errors as derived from the Phase A baseline concepts. Acquisition 1:
beginning FSI dwell time, Acquisition 3: middle FSI dwell time, Acquisition 5: end FSI dwell time. Right: SSD
between two consecutive FSI samples plotted along the orbit (true anomaly).
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Figure 7.8 Left: FEI footprint for a nadir FEI acquisition at ~24 deg latitude. The plot shows a colour map of
the SSD for every pixel in the footprint — Concept A (top) and Concept B (bottom). Right: FSI footprint (red

circle) co-located with the 74 x 74 pixel grid of the FEI (purple square) — Concept A and similar for Concept B.
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Figure 7.9 Left: SEDF at 100 cm-1 for Concept A (top) and B (bottom). Right: Worst case SIE at 100 cm-1
for half of the spatial sample — Concept B similar for Concept A

7.2.3 FORUM Sounding Instrument (FSI) Level-1 Performance

7.2.3.1 Geometric Performance

System Integrated Energy (SIE) and System Energy Distribution Function
(SEDF): Fig. 7.9 shows the SEDF of both instrument concepts (left top: Concept A, left
bottom: Concept B) at 100 cm-l. Despite of diffraction effects blurring the SEDF edges
significantly at the lowest wavenumber of the spectral range, both concepts offer almost
perfect circular spatial sensitivity with flatness in the centre according to the specifications
(see Table 7.2). The sharpness at the edges of the SEDF defines the performance in terms of
System Integrated Energy (SIE), which is depicted in the right panel of Fig. 7.9, also at the
worst-case wavenumber (100 cm-1). As seen in the Fig. 7.9, it complies with the demands
that 90% of the total detected energy originates from within a circle of 15 km dimeter.

7.2.3.2 Radiometric Performance

Noise Equivalent Spectral Radiance (NESR): The main contributors for the NESR
budgets, together with their typical values, are listed in Table 7.3; all contributors are
mutually independent and hence summed up in root-sum-squared. The main component of
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the NESR budget is the noise created by the pyroelectric detectors (i.e. Detector Noise
Equivalent Power). Other relevant noise sources are the front-end electronics (i.e. amplifier
and quantisation noise and sampling errors), the speed fluctuations of the scanning
mechanism, the sampling errors due to noise in the metrology channel and delays between
the science and metrology signal. Shot noise is orders of magnitude smaller than detector
noise hence considered negligible.

The NESR performance for the baseline concepts is shown in Fig. 7.10. The green curves
shows the NESR calculated using data available from the predevelopment activities (i.e.
diamond Beamsplitter: 4RT) and with the detector technical specifications from the vendor,
also verified with data measurements in the pre-developments. The blue curves show the
expected performance when using screened detector (improvement between 10 and 15 %,
see Chapter 5). The red dotted curves show the potential improvement (5 %) of the
instrument performance by optimization of the operation temperature of the pyroelectric
detector. The red-dotted curve for Concept B also include the anti-reflection treatment on

Contributor to the NESR Summation rule Typical value at 800 cm-1
[mW/sr/m3/cm-1]

Detector Noise Equivalent Power (NEP) rss 0.5

Amplifier noise rss 0.003

Quantization noise rss 0.4

Sampling errors rss 0.002

Speed fluctuations rss 0.05

Shot-noise (scene/detector) rss Negligible

Table 7.3 Contributors to the NESR budget considered in Concept A and B

2.00 +—— proven detector perfarmance P 2.00 +— —— proven detector performance 4
—— screened detector + BS AR coating —— screened detector

1.754 -=- screened det. + BS AR coating + Optim. Tger 1.75 - === screened det. + BS AR coating + Optim. Tger
- goal - goal

1.50 1 —— threshold 1.50 - — threshold

1.251 1.251

1.00 A 00T ey EUSMIENS U F—— RO ST ST S ——

0.75 0.75

0.501 0.501

Spectral radiance [mW/m?/srfcm ]
Spectral radiance [mW/m?/srfcm™]

0.251 0.251

0.00 ; ; - ; . - ; 0.00 : ; : ; - . .
200 400 600 800 1000 1200 1400 1600 200 400 600 800 1000 1200 1400 1600
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Figure 7.10 Left: NESR for Concept A; baseline beamsplitter and detector performance based on data
obtained in the detection chain and beamsplitter predevelopment (green) (see Chapter 5), with screened
detectors (blue), with screened detectors and optimum detector temperature (red dotted). Right: NESR for
Concept B; based on data obtained from the beamsplitter and detection chain pre-developments (See
Chapter 5) (green), screened detector (blue) and screened detector, antireflection coating and optimum
detector temperature (Red dotted).
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the diamond beam-splitter, considered in the baseline of Concept A, with an expected to
improvement of 5 to 15%, depending on the spectral position, should the on-going Phase A
pre-developments be successful. The NESR is compliant with the Threshold requirements
by an ample margin for both baseline concepts. In case of using optimised detectors and a
successful pre-development results in Phase B1, the performance could be better than the
goal for both concepts in all the spectral range, especially in the FIR.

Absolute Radiometric Accuracy (ARA): The main contributors to the ARA budget are
associated to calibration blackbody temperature and emissivity, instrument background
temperature, noise on calibration measurements as well as biases due to scattered solar
radiance and different incidence angles on the scanning mirror as detailed in Table 7.4.
Calibration of measured Earth radiances relies on the implementation of an on-board
blackbody cavity with temperature, emissivity and reflected instrument background
knowledge as main uncertainties.

The blackbody temperature is monitored continuously in-flight using a thermistor including
a phase change cell (Concept A) or a Platinum Resistance Thermometer (PRT) (Concept B).
The emissivity of the blackbody is characterised on ground to an accuracy of 0.001.
Depending on the sampling speed of the interferometer, solar radiance scattered by the TOA
and Earth surface and not filtered by the Ge coating of the beam splitters (VIS) or the gold-
coated mirrors (UV) may result in spectral aliasing in the FORUM wavenumber range of
interest. This aliasing can be effectively suppressed by an appropriate detector sampling
frequency.

Radiometric noise reduction on acquired calibration measurements is essential to meet the
requirement. This is achieved by statistical methods using calibration data acquired
continuously during several days/weeks with an improved performance the longer is the
calibration data set. The residual creates a systematic radiometric noise accounted for in the
budget.

Contributor to ARA Summation rule Typical values @ 100 cm-1 | Typical values @ 1600 cm-1
Calibration blackbody | 0.015K -0.02K  (@190K) | 0.01K - 0.02K (@190K)
temperature knowledge 0.03K-0.04K  (@300K) | 0.03K - 0.05K (@300K)
Calibration blackbody P 0.006K - 0.02K  (@190K) 0.004K - 0.02K (@190K)
e inear
emissivity knowledge 0.01K-0.04K  (@300K) | 0.0IK - 0.04K (@300K)
Instrument background rss 0.05K (@190K) 0.01K (@190K)
temperature knOWledge 0.09K (@SOOK) 0.03K (@SOOK)
Instrument background | 0.01K (@190K) | 0.29K (@190K)
temperature stability 0.01K (@300K) 0.01K (@300K)
Radiometric noise 0.04K - 0.11K (@190K) | 0.35K-0.84K (@190K)
X rss
residual 0.01K - 0.11K (@300K) | 0.02K (@300K)
o ] _ 0.01K (@190K) | 0.57K (@190K)
Sun aliasing residual linear
0.02K (@300K) | 0.017K (@300K)
Incidence angle on . 0.02K (@190K) | 0.11K (@190K)
scanning mirror 0.02K (@300K) 0.003K (@300K)

Table 7.4 Contributors to the Absolute Radiometric Accuracy budget considered in Concept A and B.
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Although the instrument background temperature is kept constant, it shows a slow periodic
varations along the orbit, which causes a systematic error, also accounted for.

Uncorrelated contributors are summed up as root-sum-squared whereas correlated
contributors are summed up linearly. For contributors that are always positive such as the
sun aliasing, a linear summation is assumed. A special case is the calibration blackbody
emissivity contributor. It is an uncorrelated contributor but since the emissivity has an upper
boundary at 1 and the contributor is most likely to be positive, a conservative linear
summation approach has been chosen.

Fig. 7.11 shows the total ARA performance for Concept A (Left) and Concept B (Right)
summing the contributors as indicated in Table 7.4. Concept B presents a performance better
than the goal requirements over the full FORUM spectral range within the full specified
dynamic range [190K, 300K].

Concept A ARA is better than the goal specification within a scene temperature interval of
[210K, 300K] and compliant to the threshold specification within a scene temperature

— 190K I — 190K
1071 200 K 1.0+ 200
210K 210K
— 250K — 250K
0.8 — 300K ‘{ 0.8 — 300K
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Radiometric error [K]
Radiometric error [K]

200 400 600 800 1000 1200 1400 1600 ' 200 400 600 BOO 1000 1200 1400 1600
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Figure 7.11 Top: ARA performance in equivalent delta temperature — Concept A (left) and Concept B (right).
Bottom: ARA in equivalent delta temperature at 200 K without out-of-band signal contribution and for
varying the blackbody emissivity knowledge, assuming the same instrument background temperature
stabilisation.

interval of [200 K, 300K], if optimisation of the detector sampling frequency and removal of
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the sun alias is achieved. For the scene temperature interval between [190 K to 200 K] full
compliance is not achieved in the spectral range between 1100 cm and 1300 cm-! but is
ensured with the goal values in the FIR range [800 cm- to 100 cm-!]. Differences in
performance between concept A and B mainly arise from the different calibration scheme.

The ARA is computed with a 99.7 % confidence Level. Temperature sensors are recalibrated
in-flight, with the expected degradation over mission lifetime is included in the ARA budget.
The degradation of the blackbody emissivity cannot be calibrated in-flight, although its
degradation could be estimated on-ground. A sensitivity analysis on the impact of the
degradation of the emissivity of the calibration blackbody has been performed at a scene
temperature of 200 K. Fig. 7.11 (bottom) shows the ARA budget for both concepts when
neglecting the sun aliasing and increasing the blackbody emissivity knowledge error by
factor of 10. Models shows that the main impact of the black body emissivity uncertainty
occurs at low wavenumbers, where the available margins would still allow complying with
the goal requirements for Concept B in the whole dynamic range and with the threshold
requirements for Concept A from ~200 K to 300 K.

7.2.3.3 Spectral Performance

Spectral resolution: The FSI threshold spectral resolution is met with margins for both
concepts. The MOPD is chosen as 1.40 cm for Concept A and 1.35 cm for Concept B to comply
with the spectral resolution requirement (0.5 cm-1) at 1600 cm in the presence of self-
apodisation due to the angular span of interfering beams. The impact of self-apodisation on
spectral resolution performance depends on wavenumber resulting in a spectral resolution
is better than 0.46 cm1 (Concept A) and 0.48 cm-! (Concept B) at wavenumber 1600 cm-!
and better than 0.43 cm-! (Concept A) and 0.45 cm-! (Concept B) at 100 cm-1 (Fig. 7.12).

Instrument Spectral Response Function (ISRF): Since both concepts baseline
diamond beam splitters with relatively constant transmission, there are no spectral regions
with elevated radiometric errors associated to beam splitter absorption features. The
systematic errors remain below 10% of the noise Level (NESR) across the entire spectral
range of the FSI, and full compliance to the ISRF knowledge requirement is achieved by both
concepts.

047 0.47
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Figure 7.12 Spectral resolution dependence with wavenumber due to self-apodisation (Left: Concept A; Right:
Concept B).
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Spectral accuracy: The position of the spectral channel centers is measured in flight via
the metrology laser system sampling the OPD. As a consequence, the dominant spectral error
arises from the limitations of the laser wavelength stability, translating into a scale error of
the FSI spectral grid. The requirement is therefore expressed as a fraction of the spectral
channel center, and specified to 2 ppm. Such precision requires a highly stable metrology
laser, and on-board spectral references (e.g. gas absorption cells), if the requirement is to be
met by design. Alternatively, long-term spectral shift errors can be determined by making
use of atmospheric spectral features in the acquired Earth radiance spectra. Both concepts
target a mixed approach, performing in-flight spectral calibration via stable laser technology,
as well as spectral scale correction of radiance spectra in the L1b ground processor. While
the metrology laser assures the short-term stability of the spectral scale, the post-processing
aims at correcting for long-term drift of the laser frequency

For Concept A, a simulation analysis was performed, resulting in spectral scale correction
with an accuracy of about 3 ppm. It is, nevertheless expected that significantly better
accuracy of the spectral scale correction can be achieved by improving the algorithms during
Phase B1. Alternatively, embarking long-term stable lasers, would guarantee the compliance
to the requirement at the expenses of increasing the cost and complexity.
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Figure 7.13 Examples for spectral calibration concept for Concept B. The upper panels show a mean of
600 simulated clear-sky radiance spectra representative of the North Atlantic Ocean (IRS LWIR spectral
range). The lower panels show the strong apodisation response. The left panels show the selected spectral
features for the spectral calibration (long term drift monitoring), the right panels show the effect of the
apodisation that removes the blackbody shape and extension of the side-lobes.
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Concept B relies on a technique developed for the Infrared Sounder (IRS) instrument on-
board the Meteosat Third Generation (MTG) to monitor and correct the long-term drift of
the metrology laser system (see Fig. 7.13). It determines the spectral scale factor changes
from atmospheric absorption features that are spectrally stable for uniform scenes above the
North Atlantic Ocean. The spectral invariance is reached after application of a strong
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Figure 7.14 FSI Level-1c data product modelled using the FEES. Spectra shown in radiance (Top four figures)
and in Brightness Temperature units (Bottom 4 figures) for 7 clear and cloudy sky scenes, computed with
Concept A (Left) and Concept B (Right) baselines instrument performance parameters as described in Chapter
5and 7.
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apodisation, which removes the radiance baseline and efficiently removes most spectral
features originating from further side lobes of the ISRF. The measurements acquired over
the spectral calibration area are filtered in terms of scene uniformity and strength of the
absorption features. The position of the selected spectral features is then determined to high
accuracy, and the weighted average over the calibration period is used to calculate the scale
error. In this way, a continuous monitoring of the spectral scale shift originating from the
long-term wavelength-drift of the metrology laser is achieved. The technique predicted to
yield spectral accuracies of better than 0.5 ppm for IRS, is deemed to be fully applicable to
the FORUM instrument spectral since the spectrum is measured at highest spectral
resolution.

7.2.3.4 FSI Level-1c Performance Modelled with the FEES

Fig. 7.14 shows the FSI Level-1c data product as modelled by the FEES. It shows the
spectrum in radiance and brightness temperature units for seven input scenes under clear
sky and eight under cloudy sky conditions, as defined in Section 7.1.6. Level-1c has been
modelled using the baseline concepts instrument configurations and performance as derived
from the results of the PRR of the Phase A activities. Fig. 7.14 shows consistency in the results
obtained running the FEES with both concepts, as expected due to the similar technical
designs and achieved performance.

7.2.4 FORUM Embedded Imager (FEI) Level-1 Performance

7.2.4.1 Geometric Performance

FEI Temporal Sampling: Both concepts acquire over 400 images per FSI dwell time
(14 s). In the case of Concept A, 16 images are averaged per acquisition, meaning that 28 FEI
acquisitions per FSI dwell are downlinked while in the case of concept B, 84 images are
averaged per acquisition, leading to a downlink of 5 acquisitions per FSI dwell. Both concepts
are compliant with the temporal sampling requirements.
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Figure 7.15 FEI optics MTF (Zemax) in the nominal configuration for different field positions as a function
of frequency (Nyquist frequency: Concept A=29.4 cycles/mm, Concept B = 14.7 cycles/mm) — Left: Concept
A, Right: Concept B.
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Figure 7.16 FEI NEdT. Left: Concept A; Right: Concept B.

FEI Field-of-view: Both concepts are compliant by implementing microbolometer array
detectors able to acquire much larger areas than the required 36km x 36km. For Concept A,
the central 74 x 74 pixels of the detector lead to a minimum FoV of 41km x 41km. For
Concept B, the central 128 x 128 pixels of the detector (with 2 x 2 binning) provides a FoV of
38.4km x 38.4km.

Modulation Transfer Function: The MTF of the FEI has been assessed at Nyquist
frequency for 3 x 3 field positions over the FEI FoV. The MTF is computed as the product of
the detector MTF, the optics MTF (aberrations due to alignment and manufacturing errors)
and the diffraction MTF. In addition, the LoS instability during acquisition caused by
platform instabilities and scan unit inaccuracies has been considered. The optics and
diffraction MTF has been assessed thanks to Zemax tolerancing analysis worst-case output.
The worst case MTF at Nyquist frequency (Concept A: 29.4 cycles/mm, Concept B: 14.7
cycles/mm) is for both concepts higher than 0.30 with margins, making the FEI instrument
compliant to the MTF requirement. (Fig. 7.15).

7.2.4.2 Radiometric Performance

Noise Equivalent delta-Temperature (NEdT). Fig. 7.16 shows the compliance of both
concepts to the NEdT requirement for different scene temperatures. Both concepts acquire
images at a much higher rate to perform temporal averaging reducing the noise level of the
detectors at the required temperature (210K). Concept B complies with the goal by averaging
84 images while Concept A complies with the threshold performance by averaging 16 images.

Absolute Radiometric Accuracy (ARA): The main contributors to the ARA are the
errors introduced by the calibration sources, and the thermal stability of the FEI. The offset
is affected by the thermal background, given by the self-emission of the optical and
mechanical elements in its field of view, and the temperature of the detector itself. Both
concepts are compliant by designing the instrument to limit the temperature fluctuations of
the FEI assembly between two calibration events. An improvement of the radiometric
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accuracy is possible using blind pixels of the microbolometer (not-illuminated detector
pixels) to compensate for temperature variations at detector level between calibrations.

Relative Spatial Radiometric Accuracy (RXRA): This performance is primarily
affected by inhomogeneities of the thermal radiation background reaching the detector. In
both concepts, the design and the thermal stability between two calibration events enable to
reach compliance to RXRA requirement as reported in Table 7.2.

7.2.4.3 Spectral Performance
Spectral range: The FEI covers a single spectral band centered at 10.5 um with a spectral
bandwidth of 1.5 um. The spectral band is achieved thanks to a bandpass filter.

Out-of-band signal: The FEI out-of-band signal achieved is 1.3% and 0.6% at 210K for
Concepts A and B, respectively. The performance has been assessed based on already
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Figure 7.17 FEI Level-1b data products in integrated radiance units modelled with the FEES using
MODIS based data (case 7: left and case 9: right as defined in Chapter 7.1.6) as input scenes.
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Figure 7.18 Radiances in brightness temperature for the six clear sky scenarios plus MODIS case 8 (left) and
the corresponding brightness temperature difference to the six cloudy scenarios (right). (ESA)
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=
NS
Scene (cloudy) Cloud identification Scene (clear-sky) Cloud identification
Cirrus on desert cirrus desert clear
[Tropical — Sahara Desert] [Tropical — Sahara Desert]
Summer Summer
Cirrus on ocean cirrus ocean clear
[MidLat - Mediterranean] [MidLat - Mediterranean]
Summer Summer
Coastal marine stratus clear (water) Coastal clear
[MidLat - Mediterranean] [MidLat - Mediterranean]
Summer Summer
Continental 1 altocumulus ice Continental 1 clear
[MidLat — Black Forest] [MidLat — Black Forest]
Winter Winter
Ice cloud on snow ground cirrus snow ground clear
[Polar - Finland] [Polar - Finland]
Winter Winter
Continental 2 ice Continental 2 clear
cumulonimbus [MidLat — Po Valley]
[MidLat — Po Valley] Summer
Summer

Table 7.5 Performance of the cloud detection for the 12 science scenes considered in the FEES. Green
indicates a successful detection, red unsuccessful.

existing filters in the frame of EarthCare MSI and S3 SLSTR instruments. Concepts A is
compliant to the threshold while Concept B is compliant to the goal out-of-band signal.

ISRF and ISRF knowledge: In Concept A, the ISRF includes the spectral responses of
anti-reflection coating, Germanium lenses, detector coating and dedicated band-pass filter.
The band-pass filter spectral response is taken from the analogous component used in the
EarthCARE-MSI instrument. In Concept B, the feasibility is assessed using as a reference
the measured data for an already developed band pass filter for Sentinel3-SLSTR (central
wavelength of 10.8 um and a bandwidth of 1.1 um).

The in-flight ISRF knowledge accounts for the accuracy of the on-ground characterisation
and the stability between on-ground and in-flight lifetime. Compliance is achieved based on
instrument heritage (e.g. S3 SLSTR and EarthCare MSI).

7.2.4.4 Level-1b Product Modelled with FEES

Fig. 7.17 shows the FEI Level-1b data product as modelled by the FEES. It shows the FEI
integrated radiance using as input MODIS data of a realistic cloudy/clear sky heterogeneous
input scene. Radiance variation due to input scene heterogeneity due to clouds is clearly
captured by the FEL.

7.3  Scientific Performance
In the following sections, the performance relevant to the science goals is evaluated.

7.3.1 FEES Performance

Only results for Concept B are presented from hereon because of the similarities to Concept
A. As explained in Section 7.1.6, six cloudy and corresponding clear-sky scenarios were
selected to cover the range of expected cloud/ clear contrast in the atmosphere. Results for
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these are shown in Fig. 7.18. The largest temperature contrast in the atmospheric window
between clear and cloudy conditions occurs for the cumulonimbus case (light green) and the
smallest contrast, which exhibts only a few degrees difference between clear and cloudy
scenes if for the marine stratus cloud in a coastal area (magenta). Table 7.5 shows this case
is challenging for the cloud detection algorithm. All clear, cirrus and ice cloud scenarios were
correctly identified. The three MODIS cases were assigned to cirrus and clear cases albeit as
heterogeneous scenes (Table 7.6, Fig. 7.4, right).

For the two cirrus cases, cirrus over desert and cirrus over ocean, the cloud optical depth was
decreased in steps of 0.01 whilst keeping all other parameters unchanged, to determine the
lowest detectable cirrus cloud optical depth. For the desert case, this was 0.05 and for the
ocean case, 0.02 (Table 7.7). This is well within the requirements (Chapter 3).

For each case identified as cloud a full retrieval of cloud parameters is performed. Results
for the five plus 3 MODIS scenes (the coastal marine case was wrongly attributed to a clear
sky retrieval) are summarised in the Tables 7.8 and 7.9. For each parameter the retrieved
value and the truth are stated.

Scene Cloud identification
MODIS 7 cirrus

MODIS 8 clear

MODIS 9 cirrus

Table 7.6 Cloud/clear-sky detection for the three MODIS case.

Scene Minimum optical depth for successful
cloud identification

Cirrus on desert 0.05

[Tropical — Sahara Desert] Summer

Cirrus on ocean 0.02

[MidLat - Mediterranean] Summer
Table 7.7 Minimum cloud optical depth for cloud identification

Scene Cloud optical depth Cloud top height (km) Effective particle radius (um) | Chi-
Truth Retrieved Truth Retrieved Truth Retrieved square

Cirrus on 1.0 1.0 12.0 11.8 10.0 9.9 1.003

desert

Cirrus on 0.3 0.3 15.0 15 6.0 5.8 1.115

ocean

Continental 1 6.0 6.2 10.0 9.6 30.0 42.5 1.310

altocumulus

Cirrus cloud 3.0 3.0 8.0 8.0 18.0 15.4 2.304

on snow

Continental 2 300.0 10.0 11.0 10.7 80.0 59.8 1.050

cumulonimbus

MODIS 7 3.0+£2.2 2.3 5.2+2.8 5.843 29.6+9.9 3.4 13.30

MODIS 9 25+2.4 1.4 9.3+1.6 10.3 14.9+3.2 14.0 1.650

Table 7.8 Performance of the cloud parameter retrievals.
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Scene Ice water path (g m-2)
Truth Retrieval Difference (%)
Cirruson desert | 3.70 3.64 1.7
Cirrusonocean | 0.79 0.76 3.8
Continental 1 57.88 83.80 -44.8
altocumulus
Cirrus cloud on 18.01 15.71 12.8
snow
Continental 2 7491.67 187.50 > 100
cumulonimbus
MODIS 7 28.00 +£8.10 X X
MODIS 9 12.62 + 7.56 6.68 47.1

Table 7.9 Performance for the calculation of the ice water path.
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Figure 7.19 Example retrieval for a water vapour profile for the desert case.

The retrieved cloud top height is always within 1 km of the truth, which meets the
requirements. For the three cirrus cloud cases the effective particle radius and the ice water
path retrieval accuracy is better than the 20 % requirement. For the thicker clouds the results
are mixed. The retrieval cannot obtain any information from within the cumulonimbus cloud
and it struggles with the altocumulus particle radius though the optical depth retrieved
agrees well with the true value. The MODIS 7 case has several cloud types and heights in the
FSI pixel as indicated by the large standard deviations and chi-square for these retrievals.
This is the case where the analysis of the imager indicated a distribution of four levels of
heterogeneity (Fig. 7.3). Given the large range of optical depth encountered for MODIS 9,
the results are still considered reasonable.
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For the clear-sky retrieval, an example for the water vapour profile retrieval is shown in Fig.
7.19. This s the desert case with low humidity. The right panel shows the uncertainties. There
is a significant reduction from the a priori uncertainty to that estimated for the retrieval.
However, the true error, obtained from the difference of the true and the retrieved profile is
significantly lower than the estimated uncertainty. This result is expected for a model scene
and reflects the results from the uncertainties of the cloud property retrievals. In Phase B the
performance will be investigated by statistical analysis of results for larger numbers of
scenes. The uncertainty budgets will also be rigorously assessed with respect to systematic
contributions, e.g. the unknown ice crystal shape.

7.3.2 Complementary Scientific Performance

In this section, further scientific performance is presented. This analysis focusses on cloud
properties, water vapour information, and emissivity.

7.3.2.1 Retrieval from Synthetic Observations in Clear Sky

To verify the performance of FORUM Level-2 products in clear-sky, synthetic FSI
observations were generated according to both the goal and the threshold requirements on
the measured spectral radiance described in Chapter 4. Observations were simulated for 80
clear-sky scenarios, sapnning different seasons, latitudes (five polar, 41 mid-latitudes, and
34 tropical latitudes) and surface types (vegetation, snow, ocean, and desert).

Based on each synthetic spectral radiance, simultaneous retrievals for temperature, water
vapour and ozone profiles, surface temperature, and emissivity were carried out. The initial
guess used for the retrieval is from Liuzzi et al. (2016) and the a priori errors on the target
parameters are those used at United Kingdom MetOffice for the assimilation of 1ASI
measurements in their operational numerical weather prediction model. The retrieval is
performed on a vertical grid of 2 km steps from O to 10 km, 1 km steps from 10 to 20 km, and
5 km steps from 20 to 80 km.

The top panels of Fig. 7.20 show the precision on the water vapour and temperature
retrievals for the different latitude bands, for the goal (full line) and threshold (dotted line)
radiometric requirements. As one can see, water vapour is retrieved in the upper troposphere
with a precision of 10—15% and therefore meets the goal requirements in the tropics and the
threshold in polar and mid latitude regions for Level-1 observations meeting either the goal
or threshold requirements. The air temperature is retrieved with a precision of 0.2—0.4 K in
the troposphere/ lower stratosphere for all latitudinal bands. The precision on the emissivity
retrievals is shown in the bottom panel of Fig. 7.20. Since the spectral emissivity change
slowly with wavenumber, it is retrieved with a spectral sampling grid of 50 cm-1. As one can
see, the threshold emissivity requirement cannot be met in the tropics, but the goal
requirement is met (between ~450 and ~600 cm-1) in polar region and the threshold in mid
latitude regions, for Level-1 data meeting either the goal or threshold radiometric
requirements.

7.3.2.2 Retrieval from Synthetic Observations in Cloudy Sky

To evaluate the quality of the cloud parameter retrieval module presented in Section 6.1,
adataset provided by ECMWF containing a diverse set of atmospheric profiles has been used,
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Figure 7.20 Precision on the water vapour retrieved profiles (top left panel) and the temperature (top right
panel), Precision of retrieved surface spectral emissivity (bottom panel). (S. Del Bianco, CNR, Italy)

enabling a realistic ice cloud description in terms of ice water content (IWC) profile and
atmospheric state. From these realistic profiles and the FSI Level-1 requirements (see
Chapter 4), a set of synthetic observed radiances have been computed and fed through the
retrieval module to test its performance in terms of the Level-2 requirements (see Chapter
4).

A dataset of 5000 diverse profiles sampled from the ECMWF NWP model fields available
from the European Organisation for the Exploitation of Meteorological Satellites
(EUMETSAT) NWP Satellite Application Facilities
(www.nwpsaf.eu/site/software/atmospheric-profile-data/) has been used to obtain a
realistic range of atmospheric profiles. The variables considered from these profiles were
temperature, water vapour, ozone and cloud water content (ice and liquid), designed to
represent the full range of values encountered in the Earth’s atmosphere. This dataset
comprises of 212 single-layer ice cloud cases, and 3151 multi-layer cloud cases. Here, only
results from single-layer clouds are considered. Fig. 7.21 shows the geographical location of
the single-layer ice cloud cases with the corresponding opacity indicated by the colour scale.
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Figure 7.21 geographical location of the single-layer ice cloud cases. The colour scale indicates the opacity of
the cloud in terms of the optical depth at 10 pm (COD10.m) and equivalent ice water path (IWP in g/m?). (L.
Labonnote, University of Lille, France)

It is interesting to note that almost 45 % of these ice only cases have a cloud optical depth
(COD) at 10 um (COD1oum) less than 0.05 (equivalent to an ice water path (IWP) < 1 g/m?)
corresponding to sub-visible ice cloud

Several previous studies have shown that passive measurements are not very sensitive to
thin cloud, for example Ackerman et al. (2008) demonstrated that clouds with a visible
optical depth of less than 0.4 cannot be detected using the MODIS instrument. However, the
detection of thin clouds can be improved by the use of high spectral resolution
measurements that enables the absorption lines that can be used to detect cloud, to be better
resolved. Indeed a recent cloud identification and classification (CIC) algorithm (Maestri et
al. 2019) has been developed specifically for the FORUM mission (see Sections 6.1.1 and 7.1)
which shows that the lower limit of detection, expressed in CODioum, IS reduced to
approximately 0.03 for tropical atmospheres and 0.5 in polar regions. These results suggest
that the detection of the very thinnest of sub-visible clouds might not be possible from
passive measurements, even with high spectral resolution in the FIR. Consequently, the
retrieval performance will only be shown for cases that present an IWP > 1 g/m2 (COD1oym >
0.05), which reduces the number of single-layer ice cloud cases to 120.

Using the ECMWEF dataset of single-layer ice cloud cases as input to the RTTOV model, a set
of 212 synthetic radiances have been simulated. The surface emissivity values used for these
simulations are reported in Feldman et al. (2014), which provides emissivity for four classes
(snow, desert, vegetation and ocean) between 10 and 3000 cm-. Each profile has been
assigned an emissivity that depends on its geographical location and season. A realistic
random noise, based on the FSI NESR goal requirements, has been added to the synthetic
radiances.

Fig. 7.22 presents the retrieved IWP, CTH and CBH as a function of the true value for the
single layer ice cloud. A perfect retrieval would yield a scatter plot distributed along the first
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diagonal (1:1 line). The figure also indicates the number of cases where convergence is
achieved (i.e. a successful retrieval) compared to the total number of 120 single layer ice
cloud cases with IWP > 1 g/m2. The goal and threshold values (defined in Chapter 4 and
provided by the WMO-OSCAR database) are indicated by the orange and green dashed lines
respectively. The colour of each dot indicates the temperature contrast between the surface
and the top (or bottom) layer of the cloud.

As can be seen from the top panel of Fig. 7.22, the number of successful retrievals is high
(> 88 %). The threshold requirement for IWP is achieved for more than 92% of cases, and
the goal requirement for 75 % of the cases. Perhaps unsurprisingly, cases where the
temperature contrast between the cloud top layer and the surface is low (the darkest red
dots) result in larger differences between the retrieved and true values. These cases generally
correspond to profiles that have a temperature inversion in the troposphere, which results
in multiple potential solutions to the retrieval inversion. The bottom left panel of Fig 7.22
shows that the cloud bottom height (CBH) is more difficult to retrieve, with relatively large
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Figure 7.22 Scatter plot of the retrieved IWP (top), CBH (bottom left) and CTH (bottom right) as a function
of the truth for the single-layer ice cloud cases (total of 120 cases with IWP > 1 g/m2). Vertical light blue line
show the retrieval uncerainties attached to the retrieved parameter. The colour scale indicates the
temperature contrast between the surface and the cloud top (or bottom) in degrees K. The orange and green
dashed lines show the limits in which the retrieval must fall in order to achieve the Level-2 goal and
threshold requirements, respectively. Numbers in bracket indicates the number of retrievals that reach the
corresponding requirements. (L. Labonnote, University of Lille, France)
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uncertainty ranges, which do however generally encompass the true values. However, the
performance in terms of Level-2 requirements is poor compared to the IWP, with only ~8 %
(~40 %) of cases achieving the goal (threshold) requirement. The bottom right panel of Fig.
7.22 shows that the cloud top height (CTH) is retrieved well apart from cases suspected to
contain temperature inversions. Although the performance in terms of Level-2 requirements
is better than for CBH, it remains much lower than the IWP performance with only ~15 %
(~50 %) of cases achieving the goal (threshold) requirements.

Numerous passive sensors provide information on cloud top height (or cloud top pressure),
however, only a few passive sensors retrieve both the cloud altitude and extent. Ferlay et al.
(2010) and Desmons et al. (2013) developed a method to retrieve both the cloud top pressure
(CTOP) and the cloud geometrical thickness from the multi-viewing and polarised
instrument POLDER3 on board PARASOL. Evaluation of the retrieval performance of
POLDERS3 and MODIS versus active sensor has been analysed by Desmons et al. (2013) and
results are summarised in the left panel of Fig. 7.23 for CTOP.

In order to compare the performance of FORUM with that of Desmons et al. (2013) shown
in the left panel of Fig. 7.23, the Level-2 requirements for the CTH and CBH expressed in km
were translated into pressure units (Fig. 7.23, right panel).

One can see from this figure that for a cloud top layer at 7.5 km, the goal requirement of 0.2
km would be less than 15 hPa (reduces to ~ 5 hPa at 20 km), and the threshold requirement
of 1 km would be lower than 50 hPa (reduces to ~20 hPa at 20 km). If these requirements
are applied to the POLDER3 and MODIS CTOP retrieval performance, one can see from the
left panel of Fig. 7.23 that for POLDER3 about 17 % of retrievals achieve the goal
requirement of 15 hPa, 25 % the threshold requirement of 20 hPa (for CTH=20km) and 55
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Figure 7.23 Left plot: scores obtained in 2008 by the POLDER3 instrument (black line) and MODIS CTOP
(grey line) for single layer ice cloud as a function of the error in hPa. The error is the difference between the
truth given by the Lidar CALIOP and the retrieved cloud top pressure, and scores are the percentage of cases
with a difference (truth-retrieval) smaller than the error. Figure has been obtained from Desmons et al. (2013).
Right plot: Translation in pressure unit of the goal (red line) and threshold (green line) L2 requirements for
the CTH and CBH. We recall that the goal requirement has been set to 0.2 km and threshold to 1 km for both
CTH and CBH. (L. Labonnote, University of Lille, France)
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% the threshold requirement of 50 hPa. For MODIS these numbers reduce to 10%, 15% and
45% respectively.

The results of this simple comparison suggest that FORUM will be able to greatly improve
upon CTH retrievals from MODIS and POLDER3. Concerning the ice cloud geometrical
thickness POLDER3 performance, Desmons et al. (2013) have shown that the mean bias over
2008 was about 1.5 (0.85) km with a standard deviation of 5.8 (4.85) km over ocean (land).
Again, these numbers highlight the added potential value of FORUM to retrieve the cloud
vertical extent.

Furthermore, since those instruments only use visible wavelengths limiting their capability
to daytime retrievals, FORUM will have the additional benefit of being able to perform these
retrievals at all times. FORUM could also provide additional benefits to other planned
instruments such as 3MI (POLDER next generation), by enabling a more comprehensive
sampling of the cloud fields and vice versa.

7.3.2.3 The Synergistic Inversion of FORUM and IASI-NG Measurements

As outlined in Section 4.5, FORUM will fly in loose formation with IASI-NG on the MetOp-
SG(1A) satellite. This will enable synergistic, simultaneous inversions of matched FSI and
IASI-NG measurements. To assess the advantages of the synergistic retrieval, the retrieval
uncertainty relating to the inversion of FORUM only, 1ASI-NG only, and the synergistic
FORUM+IASI-NG measurements were computed. The computation was done for several
scenarios: namely, three clear-sky atmospheric scenarios (Antarctic Winter over ice, Mid-
Latitude Spring over land, and tropical Summer over ocean) and 21 scenarios with a single
layer of ice clouds. For this assessment a joint retrieval of the following target parameters
were executed: temperature, water vapour and ozone Volume Mixing Ratio (VMR) profiles
with 1 km vertical retrieval grid in the O —50 km range, and surface temperature and spectral
emissivity (from 100 to 2700 cm! with 50 cm-! steps). In the cloudy cases IWP, CTH and
CBH are also included in the retrieval vector together with the atmospheric and surface
parameters. The total retrieval uncertainty is computed as the mapping onto the solution
(see EqQ. 6.1), of the following uncertainty components: measurement NESR and ARA
compliant with the respective goal requirements for the FSI, spectral interference from non-
retrieved CH4 VMR profile (10% variability) and uncertainty in the CO2 VMR (0.25%) (see
Remedios et al. 2007). IASI-NG measurement characteristics reported in Crevoisier et al.
(2014) were applied. In the initial computations, the FSI and IASI-NG measurements were
considered as simultaneous and perfectly matching in space. An example result is in shown
in Fig. 7.24 for water vapour profiles and surface emissivity for two different scenarios: clear-
sky Antarctic Winter over ice, and tropical atmosphere over land in the presence of an ice
cloud layer between 8.5 km and 15.5 km. The ice cloud is defined with an IWP of 8.899 g/m?
and optical depth at 1000 cm-! of 0.34.

Page 187/263
Earth Explorer 9 Candidate Mission FORUM — Report for Mission Selection

European Space Agency
Issue Date 21/06/2019 Ref ESA-EOPSM-FORM-RP-3549 Agence spatiale européenne



ESA UNCLASSIFIED - For Official Use

\\\k&@k&&‘
s
\
\ :
H20 total errors. , type: CLEAR SKY Total EMISSIVITY errors.
25 - - 1 T T T T
A-PRICR! 20l e 1 i £ H i
FORUM FORUM + 1ASI-NG synergystic, NAdof{100-1600)=27. 76 eie
FORUMHASING o FORUM, Ndol{100-1600)=2345 cie
f 1 APRIORT EITON
20 Lo R M 4 :
i - 0.1
2
@
T 15 ‘;f
= W
7]
g E 0.01
= w
ﬁ 10 ,ﬂ:_‘-:
©
W
o
< 0.001
51
0 i i i 0.0001 i i
0 5 10 15 20 25 30 35 0 500 1000 1500 2000 2500
H;0 VMR error (%) Wavenumber (cm 1)
H20 total errars. type: CLOUDY SKY Total EMISSIVITY emors.,
25 - - 1 T T T T T
APRICR] 2100 e ! i £ : &
FORUM FORUM + 1ASI-NG synergystic, Ndof{100-1600)=11 53 e
FORUMHASING o FORUM, Ndol(100-1600)=9.23 e
i APRIOR! EITON e
20 b V] i i
- 0.1 - -
2 | :
o Q Q
g 15 g At |
= & :
w
2 £ 0.01 i u
E o : :
< ® : \‘wJ \.
© | f
@ : :
o H H
< 0.001 H 3
51
0 i i i 0.0001 i i
0 5 10 15 20 25 30 35 0 500 1000 1500 2000 2500
H;0 VMR error (%) Wavenumber (cm 1)

Figure 7.24 Top panels: H,O VMR (left panel) and surface emissivity (right panel) retrieval uncertainties for a
clear sky, Antarctic Winter scenario over ice. Bottom panel: The same as the top panels. But for a tropical
atmosphere over land, in the presence of an ice cloud between 8.5 and 15.5 km. Black curves represent the a-
priori uncertainty, red curves the FORUM-only retrieval uncertainty and the blue curves the retrieval
uncertainty of the synergistic FORUM+IASI-NG retrieval. The differences between red and blue curves
highlight the improvements achieved with the synergistic FORUM+IASI-NG retrievals. (M. Ridolfi,
University of Bologna, Italy)

In the Antarctic Winter case, the atmosphere is very dry and therefore it is sufficiently
transparent in the FIR region to allow surface emissivity to be retrieved with a small
uncertainty across the majority of the IR. Due to the relatively small thermal contrast
between the surface and the troposphere, water vapour is retrieved with a larger relative
uncertainty as compared to tropical cases. The tropical example shows opposing
characteristics to the Antarctic winter case: the large amount of water vapour in the lower
atmosphere prevents the detection of the surface characteristics in the FIR region. On the
other hand, due to the large thermal contrast between the lower and the upper troposphere,
water vapour is retrieved with smaller relative uncertainty compared to the polar case. In
Fig. 7.24, the differences between red and blue curves highlight the improvements achieved
with a synergistic FORUM plus IASI-NG retrieval: The water vapour VMR uncertainty
improves slightly. On the other hand, the uncertainty on the retrieved surface emissivity is
considerably reduced. Particularly, in the FIR region between 300 and 600 cm, a 70%
reduction of the uncertainty as compared to the inversion of the FSI measurement alone can
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be achieved. Note that this uncertainty reduction occurs despite the fact that 1ASI-NG
measurements do not cover the FIR spectral region. This is a result of the improved
temperature profile and surface temperature retrieval achieved when introducing IASI-NG
measurements in the inversion. Due to the correlation among retrieval parameters, and
especially between surface emissivity, surface temperature and temperature in the lowest
atmospheric layers, using IASI-NG measurements results in a significant reduction of the
uncertainty on the overall set of retrieved parameters, including surface emissivity in the
FIR.

Fig. 7.25 shows the retrieval uncertainties of surface temperature and cloud parameters:
IWP, CTH and CBH, for the various atmospheric scenarios considered. Each measurement
scenario is characterised by a given value of IWP as reported in the horizontal axis of the
plots. In the panel relating to surface temperature, the three clear-sky scenarios (polar
winter, mid-latitude spring, and tropical) are artificially associated with IWP values less than
0.01 g/m2 to enhance plot clarity (see the grey area in the top left plot of Fig. 7.25). The black
lines show the a-priori uncertainty assumed in the retrieval, the red symbols indicate the
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Figure 7.25 Retrieval uncertainties on Surface temperature (top left), IWP (top right), CTH (bottom left) and

CBH (bottom right) for the various test atmospheric scenarios considered. Black lines represent the a priori
uncertaintires, red symbols the FORUM-only retrieval uncertainties and the blue symbols the uncertainty in
the synergistic retrieval. Each measurement scenario is characterised by the IWP value in the horizontal

axis. (M. Ridolfi, University of Bologna, Italy)
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uncertainty achieved with the inversion of only FSI measurements and the blue symbols
refer to the uncertainty associated with the synergistic retrieval of FORUM+IASI-NG
measurements. The synergistic retrieval with IASI-NG results in marked reductions of the
retrieval uncertainty in most of the cases. The synergistic retrieval typically reduces the
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Figure 7.26 Error reduction factors achieved in the synergistic retrieval of FSI and IASI-NG measurements.
Each plot refers to a specific retrieval parameter indicated in the plot’s title. The coloured symbols refer to the
different mismatch error components as indicated in the plot’'s key. (M. Ridolfi, University of Bologna, Italy)
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surface temperature uncertainty by about one order of magnitude. In the case of cloud
parameters, the synergistic use of IASI-NG measurements is also effective at reducing the
retrieval uncertainties, with the reductions dependent on the value of IWP.

These results do change when the time- and space- mismatch between the FSI and IASI-NG
measurements is considered. In phase A studies, the impact of measurement mismatch on
the synergistic retrieval has been evaluated by assigning to the IASI-NG measured spectral
radiance an additional uncertainty component, the so called matching uncertainty, that
accounts for the fact that the spectrum itself is not acquired for exactly the same atmospheric
and surface conditions as those of the FSI measurement. The following mismatch
uncertainty components were considered, with characteristics compliant with the FORUM
orbit requirements discussed in Section 4.5:

1. Natural variability of water vapour VMR and temperature profiles in a 23 km radius
area. As explained in Section 4.5, based on the FORUM orbit requirements, 23 km is
the maximum distance between the centres of FORUM and IASI-NG ground pixels.

2. Variability of water vapour VMR profile within a 1 min time interval.

3. 1Kvariability of surface temperature (typical variability in a 23 km radius area).

4. 20 % variability of surface emissivity, to account for the cases in which the surface
type is different in the two matching measurements.

5. 2% and 10 % opaque cloud fraction difference between FSI and IASI-NG FOVs. This
mismatch uncertainty component accounts for the cases in which an opaque cloud
enters the instruments’ FOV in a time lag of 1 min between the two measurements,
i.e. only one of the instruments observes this cloud.

Variabilities 1 - 4 were estimated using the high-resolution (1.5 km) atmospheric and surface
fields provided by a NWP model run from the UK MetOffice for this purpose, for a limited
geographical area over the UK, and for 3 different times of a day (25 January 2018). All the
variabilities mentioned above were then transformed into spectral uncertainties attributed
to the IASI-NG spectrum using the Jacobian of the forward model (see eq. 6.1). The
uncertainty of the synergistic retrieval was then re-computed and compared to that obtained
for perfect matching of the measurements. To illustrate how the performances of the
synergistic retrievals degrade with mismatch uncertainties present, the ratio between the
synergistic retrieval uncertainty and the FORUM-only retrieval uncertainty were computed
for the various retrieval parameters. In case of vector retrieval parameters, i.e. in the cases
of water vapour and temperature profiles and in the case of the surface emissivity spectrum,
the average of this ratio over the vector elements was computed. Values much smaller than
1 indicate that a marked reduction of the uncertainty is achieved using the synergistic
retrieval relative to the FORUM-only retrieval. Values of the ratio close to unity indicate that
a negligible uncertainty reduction is obtained using the synergistic retrieval.

Fig. 7.26 shows, for each retrieved parameter, the uncertainty reduction factor as a function
of the IWP for the various measurement scenarios considered. The blue symbols refer to the
case of perfect matching (both in time and space) of FSI and IASI-NG measurements. The
other coloured symbols refer to the uncertainty reduction factors achieved in presence of
mismatch uncertainties as indicated in the plots’ key. In general, the mismatch uncertainties
due to variations of water and temperature profiles cause only a marginal loss of the
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improvements obtained in the synergistic retrievals. The effect for the case in which an
opague cloud enters the field of view of one of the instruments, is most pronounced. In this
case, the improvements achieved with the synergistic retrieval are partially or significantly
lost depending on the retrieval variable. Significant differences in the emissivity and the
temperature of the ground surfaces sounded by the two instruments also result in a
reduction of the improvement obtained in the synergistic retrieval of surface emissivity.
However, these critical cases can be detected and effectively mitigated in operational
conditions. For example, differences in cloud fraction between FSI and IASI-NG FOVs can
be detected via MetOp-A METimage measurements. Similarly, geolocation data and maps
of surface type can be used to check if the ground pixels of the two instruments are sounding
surfaces with significantly different spectral emissivity. In these cases, a correction scheme
can be implemented in the synergistic retrieval: the IASI-NG measurement will only be
included when the joint retrieval provides an improvement to the FORUM-only retrievals.

7.3.2.4 Performance of FORUM for Detecting Inter-Annual Variability

In this section, the performance of FORUM with respect to inter-annual variability of water
vapour will be investigated. Due to the nominal FORUM mission lifetime of 4 years, the focus
here is on variations mainly caused by El Nifio-Southern Oscillation (ENSO), which
represents an important inter-annual (short-term) climate variability. Recently, the 2015—
2016 El Nifo exhibited a strong influence on upper tropospheric and lower stratospheric
temperature and H20 as indicated in ERA-Interrim data and Aura Microwave Limb Sounder
(MLS) satellite observations (Diallo et al., 2018). This can even be seen in zonally averaged
temperatures, which increased by about 5K in the upper tropical troposphere (50°S — 50°N)
from January 2015 to January 2016. Corresponding MLS water vapour values increased at
the same time by about 20 % to 30%. The capability of FORUM to capture such inter-annual
variability is investigated, based on these averaged values to derive the order of magnitude
of the signals to be expected. Regional perturbations may be larger (e.g. for the West Pacific
or Indian Ocean) or smaller.

To estimate the impact of such disturbances on the OLR spectrum and to check on its
detectability by FORUM, the approach of Y. Huang et al. (2010) is followed (Fig. 2.2). The
authors show in a theoretical study that individual greenhouse gas forcings and climate
feedbacks have distinct spectral signatures in the outgoing longwave radiation (OLR). Y.
Huang et al. use a climate model experiment with a doubling CO2 scenario as a proxy for
climate change, taking representative profiles before and after the doubling as input to
radiative transfer calculations to diagnose the CO2 forcing and feedbacks of temperature,
water vapour, and clouds. Based on optimal detection technique, fingerprints of different
contributors and their associated contributions to total OLR changes are isolated not only in
clear-sky but also for all-sky conditions. They show that a spectral resolution of about 1 cm-1
is sufficient to account for any nonlinearity effects (sum of individual changes not equal to
the total change) and to reconstruct individual contributions to OLR changes with minimal
biases (order of 1 %). The method is directly transferable to FORUM, which provides an even
better spectral resolution for the extraction of fingerprints of single contributors.
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Figure 7.27 Spectral fingerprints of water vapour and temperature changes from January 2015 to January
2016 in the tropical UTLS. The red curve shows the combined fingerprint of atmospheric temperature and
water vapour changes, while the blue curve shows the fingerprint of water vapour changes alone. Straight

horizontal lines indicate the noise level for an individual observation. (B. M. Dinelli, CNR, Italy)

Fig. 7.27 shows spectral residuals representing changes in the OLR corresponding to the
above mentioned atmospheric temperature and water vapour changes (50°S — 50°N) from
January 2015 to January 2016. The red line corresponds to the total fingerprint of
atmospheric temperature and water vapour changes, while the blue line shows the
fingerprint of water vapour changes only. Straight horizontal lines represent the goal noise
level for single FORUM observations. The fingerprint signals evidently exceed the FORUM
noise level of a single observation in the long wavelength part of the spectrum.

7.3.2.5 FORUM Systematic Error Assessment

Systematic errors originate from the uncertainties on the different instrumental,
atmospheric and auxiliary parameters that will not be targets of the retrievals in the Level-2
analyses. They include the concentration of the various interfering species whose spectral
signatures overlap the ones of the target molecules, the spectroscopic data and water vapour
continuum model employed, and instrumental effects. FORUM Level-2 clear sky retrieval
are the vertical profile of water vapour and temperature, surface temperature and spectrally
resolved emissivity.

Systematic errors affecting FORUM Level-2 products are estimated using the simulation of
the retrieval procedure and the error spectra calculation, as in Dudhia et al. (2002). the
method used for the error assessment is briefly outlined below. As reported in Chapter 6, at
any step of the retrieval iterative process, the solution is expressed by the equation
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x =xo+ ((KTS;'K) + S;l)_l[KTSy‘ln + 57 (%0 — x2)]

where X is the state vector of the parameters to be retrieved, Xo the vector of the parameters
at the previous step of the iterations, Xa the a-priori state vector, K the Jacobian matrix, Sy
and Sa the Variance Covariance Matrices (VCM) of the measurements and of the a-priori
state respectively. The vector n, the so-called residual, contains the difference between the
observation and the simulation performed by the forward model inside the retrieval code
with the set of parameters Xo. In the presence of a systematic error, the observed radiances
will differ from the real radiances by a contribution due to the considered systematic error
and the new residuals n will be affected by the same systematic contribution. Calling the new
solution X, the estimate of the systematic error that affects the retrieved state vector can be
calculated as the difference Ax=x — x.

Defining G (the information gain matrix) as:
G = ((KTS;'K) + S31) 'KTs;?
and
Ax=G-(N—n)

The quantity (n — n) can be evaluated with simulations as the difference between the spectra
at the top of the atmosphere obtained with unperturbed conditions and with each parameter
perturbed by its systematic uncertainty.

To have a complete picture of the expected systematic components of the error, simulations
using the 1G2 climatological atmospheres (Remedios et al. 2007) have been performed. The
IG2 database contains yearly climatological profiles estimated for four seasons and six
latitude bands from 2002 to 2012 and their climatological variability at 1o. In this work, the
IG2 profiles for four seasons of 2012 in six latitudinal bands were applied, polar North (90°N
— 65 °N), mid-latitude North (65°N — 30°N), tropical North (30°N — 0°), tropical South (0°
—30°S), mid-latitude South (30°S — 65°S) and polar South (65°S —90°S).

The following set of systematic error sources have been considered: VMR of interfering
species, instrumental line shape uncertainty, spectroscopy, forward model errors, ARA. The

Table 7.10 A priori errors for water vapour and temperature profiles.

Height (km) A priori error for H20 (%) A priori error for temperature (K)
120.0 10.0 1.4
64.6 10.0 1.4
32.1 10.0 0.6
15.8 10.0 0.6
8.0 30.0 0.5
2.6 30.0 0.5
0.0 3.0 0.5
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Figure 7.28 Global average systematic errors on retrieved water vapour (left panel) and temperature (right panel)
as a function of altitude. (A. Di Roma, CNR, Italy)

sources of the systematic errors along with the values used in the analysis are listed in the
following

e VMR of interfering species > The systematic component was set to the lo
climatologic variability estimated for MIPAS for mid-latitude, equator and polar
winter and summer. The following gases have been considered: CO2, N20, CHa,
HNOs, CFC-11, CFC-12, CFC-14, CFC-22, CCls marked correspondingly as [CO2,
N20, CHa, HNOg, F11, F12, F14, F22, CCl4]

e Uncertainties on the knowledge of the instrumental line shape (ILS) function - The
error spectra are created from the difference between spectra calculated with the
perturbed ILS function and with the unperturbed one. The systematic errors due to
the following parameters are accounted for separately: Frequency shift error (goal
value, 1 ppm [ILS_1ppm] and threshold value, 2 ppm [ILS_2ppm]); maximum
width error (Full Width Half Maximum (FWHM) perturbed by 0.6%) [ILS FW]

e Water Vapour Continuum Model - differences between spectra computed with the
MT_CKDv2.5 model and MT_CKDv3.0 model. [CONT]

e Frequency grid in the Forward Model - difference between spectra computed with a
very fine spectral resolution 0.0005 cm-! (that enables to model all the line centers
correctly) and spectra with the resolution used in the retrievals (reduced to reduce the
CPU time) (0.0025 cm) [HR-GRID]

e Uncertainties on spectroscopic parameters - random perturbation in line strength
and pressure broadening coefficients (HWHM) of HITRAN2016 transitions,
according to the errors reported in the database [SPDB]
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Figure 7.29 Average systematic errors on retrieved water vapour (left panels) and temperature (right panels)
as a function of altitude for the different latitudinal bands: top polar, middle mid-latitudes and bottom
tropical. (A. Di Roma, CNR, Italy)

The systematic error assessment has been performed using a vertical grid with a 2 km step
from ground level to 8 km altitude, 1 km step from 8 km up to 20 km altitude and 5 km step
from 20 km up to the top of the atmosphere. The surface emissivity is retrieved at 30 evenly
spaced spectral points covering the full FORUM spectral range from 100 to 1600 cm-. Table
7.10 reports the a-priori errors used for each retrieved variable. For water vapour, the error
is expressed as percentage error of the a-priori profile, while for temperature the absolute
error in Kelvin is reported. For the ground emissivity, the a-priori error was set to 0.1 for all
the selected spectral points. The VCM of the observations (Sy matrix) was set to FORUM
goal NESR (Noise Equivalent Spectral Radiance).
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Figure 7.30 Systematic errors on the retrieved ground emissivity. Top left panel: global average, Top right
panel: mid-latitude average, Bottom left panel: Polar average Bottom right panel: Tropical average (A. Di

Roma, CNR, Italy)

The systematic errors have been averaged over all seasons and latitudinal bands to produce
a global estimate of their magnitude. The results are shown in Fig. 7.28 for water vapour and
temperature. The errors are expressed as percentage errors for water vapour and as absolute
error for temperature in the altitude range from O to 25 km. For both water vapour and
temperature retrievals, systematic errors due to the trace gases CFCs, CHa4, and CCl4 are
negligible (below 0.01 % for water and 0.01 K for temperature), while CO2, N2O and HNO3
produce systematic uncertainties between 0.1 % and 1 % for water vapour and between 0.01
K and 0.1 K for temperature. Similar uncertainties result from the error on the ILS, the
frequency grid used in the forward model (HR-GRID) and the absolute radiometric accuracy.
The dominant sources of systematic error are the uncertainties associated with the
spectroscopic database and with the water vapour continuum model.

The impact of the systematic errors has a latitudinal dependence, as shown in Fig. 7.29. The
impact of interfering species varies with latitude. A special case is HNOs which shows the
maximum contribution in the polar regions at winter time (not shown here) due to the ozone
hole chemistry. However, in all latitudinal bands, the major error sources are still due to the
spectroscopic errors and the continuum model.
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The impact of the systematic error sources on the retrieved surface emissivity (shown in Fig.
7.30) is always very small, below 0.01. The errors in frequency regions not sensitive to the
surface emissivity are set to zero, therefore the plots in Fig. 7.30 also show the spectral
regions where FORUM will be sensitive to the surface emissivity. The width of the spectral
sensitivity increases going from the tropics to the Poles, where it reaches its maximum extent
because of the increasing transparency of the overlying atmosphere as the water vapour
concentration reduces (Fig. 2.6).

The size of the systematic errors on the water vapour and temperature profiles due to the
interfering species suggests that FORUM measurements are sensitive to their variability and
therefore could be used to retrieve the abundance of several trace gases, like HNOs, N20 and
COz2. The impact of the spectroscopic errors and continuum model on the retrievals suggests
that FORUM measurements are sensitive to spectroscopy and can therefore be used to
improve the quality of spectroscopic data.

7.4  Campaign Data Analysis

The Earth’s outgoing longwave radiation can only be measurements at the top of the
atmosphere with a satellite mission like FORUM. However, the effects of the atmospheric
state and surface parameters on the far-infrared can be investigated in ground-based
campaigns and airborne field experiments. In the next two sections, results from field
campaigns that investigated the sensitivity to parameters such as temperature, water vapour,
surface emissivity and cloud parameters including sensitivity to the habit of ice cloud
crystals, are shown. These results complement the synthetic performance tests as presented
in the previous section.

7.4.1 Ground-based Campaign at Zugspitze

A new instrument called far-infrared radiation mobile observation system (FIRMOS) was
developed, build, tested, and successfully deployed in a field experiment during the FORUM
Phase A studies. Because of the high opacity of the atmosphere in the FIR, caused by the high
concentration of water vapour (see Fig. 2.6), field measurements require a high altitude site
where a dry atmosphere is sufficiently transparent in the FIR. The Observatory Zugspitze
Summit, Germany (47.4°N, 11.0°E, 2962 m above sea level) offers excellent facilities in the
vicinity providing independent validation of the geophysical data products.

The instrument was operated on the terrace of the Summit, for two months in November-
December 2018 and January-February 2019 acquiring measurements when the weather
conditions were appropriate. The instrument covered the 100-1000 cm-! spectral range with
a resolution of 0.36 cm-! and 36 s acquisition time. The calibrated spectral measurements
were validated using the Extended-range Atmospheric Emitted Radiance Interferometer (E-
AERI) (ABB Bomem Inc., Quebec, Canada), an operational instrument installed
permanently at the Summit covering the 400 to 3000 cm-! spectral range with 0.6 cm-! of
resolution (Sussmann et al., 2016). This instrument was fitted with two new calibration
blackbodies for this campaign. Here, only the comparison for the integrated water vapour is
shown (Fig. 7.31), both retrieved from the spectral measurements using the same technique
adapted from Serio et al. (2008). Good agreement is found. The very small mean difference
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Figure 7.32 scatterplot for the integrated water vapour measured by the FIRMOS and E-AERI instruments.
The same retrieval code was used for both instruments. Good agreement is found. The small mean difference
can be assigned to a 4 m height difference of the two instruments. (L. Palchetti, CNR, Italy)
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Figure 7.31 Comparison between FIRMOS water vapour retrievals and radiosonde (RS) profiles. The left-
hand panel shows the average RS profile in red and the average coincident FIRMOS profiles in black. The
other two panels show the average difference, both in volume mixing ratio (central panel) and in percentage
difference (right panel) together with the average FIRMOS retrieval error (cyan curves). (C. Belotti, CNR,
Italy)

between the two datasets can be explained by the 4 m difference in altitude of the two
instruments.
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In order to derive profiles of water vapour and temperature, and the CO2 total column, the
FIRMOS measurements were analysed with the KLIMA code (Del Bianco et al. 20), and for
cloudy scenes, with the SACR code (Di Natale et al. 2017). Both codes are based on the
Levenberg-Marquardt iterative method of the optimal estimation approach (see Section 6.1).
SACR allows the retrieval of clouds parameters, such as the optical depth, the effective sizes
of ice crystals (or alternatively the ice water path), the ice-to-water fraction, the liquid
droplets sizes, and the cloud bottom layer. As for the FEES, the a priori information for the
initial guess is taken from the 1G2 climatology (Remedios et al. 2007). The SACR forward
model is able to treat the multiple scattering effect on the radiation due to multi-layered
clouds and uses the optical coefficients for the ice particles from databases provided by P.
Yang for different habits (Yang et al. 2013, see also Section 6.1).

Though the comparison with the E-AERI showed excellent results, the underlying water
vapour spectroscopy is the same. For completely independent validation, radiosoundings are
ideal and four were performed during 5 - 6 February 2019. The sondes were launched from
Garmisch-Partenkirchen, about 10 km from the Zugspitze summit, though with a height
difference of about 2200 m. The balloon sondes were equipped with a standard radiosonde
and a cryogenic frostpoint hygrometer (CFH) for measuring water vapour profiles.
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Figure 7.33 Comparison of Lidar and FIRMOS measurements for cloud optical depth and cloud bottom
height. (G. Di Natale, CNR, Italy)
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Figure 7.34 top panel: emissivity retrieved from FIRMOS measurement (squares) of a fresh snow sample
(taken on 18 Feb 2019 19:38). bottom panel: emissivity retrieved from FIRMOS measurement (diamonds) of
an ice sample (taken on 18 Feb 2019 17:51). The two curves on both panels are model data for ice (magenta)
and coarse snow (blue). (C. Belotti, CNR, Italy)

The Level-2 retrieval products for clear sky cases are the profiles of water vapour. The quality
of the retrievals was evaluated by comparison with the closest radio soundings. The
radiosonde profiles have a fine vertical resolution. Therefore, they were convolved with the
FIRMOS averaging kernels. Fig. 7.32 shows the average difference between all coincident
FIRMOS and radiosonde water vapour profiles. The results show that the average difference
falls well within the retrieval error range.

The FIRMOS retrieved cloud parameters were compared with the standard product of a
backscattering Lidar operated from the nearby research station of the Schneefernerhaus at
about 600 m away from the Summit. Fig. 7.33 shows the good agreement between the
retrieved values and the Lidar measurements for the optical depths and cloud bottom height.
These comparisons show that passive measurements in the FIR are as good as active
measurements for cloud properties.

In the last part of the campaign, the instrument was modified for nadir observations.
Emissivity was retrieved from FIRMOS measurements of upwelling and downwelling
radiances taking into account the contribution of the atmosphere between the sample and
the instrument. Fig. 7.34 shows the retrieved spectral emissivity values for two different
snow sample, one for fresh snow (snow density of 200 kg/ms3, total surface of air/ice
interface 40 m2/kg) and another one for an ice sample (snow density 850 kg/ms3, the total
surface of air/ice interface cannot be measured for ice). As a reference both panels also show
emissivity model values (Chen et al. 2014) for ice and coarse snow from 100 to 1000 cm-1.
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The measurements confirm that the emissivity is different from 1. More measurements are
needed to investigate the accuracy of the emissivity model.

7.4.2 Airborne Measurements

Here airborne measurements of upwelling nadir radiance covering the 100-1400 cm-
spectral range are exploited in order to show how FORUM will be able to (a) test and improve
the ability to accurately model the radiative signature of ice cloud consistently across the
infrared and (b) infer surface emissivity in suitable atmospheric conditions. In both cases
measurements from the TAFTS (Canas et al.,, 1997) and the Airborne Research
Interferometer Evaluation System (ARIES, Wilson et al., 1999) were used, both mounted on
the UK Facility for Atmospheric Airborne Measurements (FAAM) BAe-146 aircraft which
was also equipped with a Leosphere ALS450 backscatter lidar (Marenco 2010) and an array
of cloud microphysical instrumentation (O’Shea et al., 2016). TAFTS nominally covers the
FIR in two bands from 80-300 and 330-600 cm- with a spectral resolution Of 0.12 cm-,
while ARIES has a resolution of 1 cm! and spans the range 550-3000 cm-L. In comparison,
the goal spectral resolution for FORUM is 0.5 cm-L.

7.4.2.1 Testing Current Cirrus Bulk-Scattering Models

The goal is to determine whether radiance spectra in the presence of cirrus cloud can be
consistently modelled across the infrared within measurement uncertainties using state-of-
the-art line-by-line radiative transfer codes and cirrus optical property databases. The
observations are from a single flight on the 13t March 2015 off the north-east coast of
Scotland, UK focusing on a straight and level run (SLR) made above an optically thin cirrus
cloud. During the SLR, in addition to the radiance measurements, a 355 nm lidar provided
continuous profiling of the cloud while profiles of temperature and humidity were obtained
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Figure 7.35 (a) Example lidar extinction coefficient profiles obtained during the SLR, indicating the
variability in the cirrus structure along the run; (b) Dropsonde temperature profiles from the two dropsondes
deployed approximately 3 minutes apart during the SLR; (c) As centre panel, but for the water vapour mixing
ratio profiles. The altitude of the aircraft and the upper and lower boundaries of the cirrus cloud layer are
indicated by the dashed lines. (R. Bantges, Imperial College, London)
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Figure 7.36 Schematic of the ARIES and TAFTS radiance simulation methodology. T, P, WV and z refer to
temperature, pressure, water vapour and altitude, respectively. CO; and trace gas profiles assumed standard
Mid-Latitude Winter profiles (Anderson et al., 1986) scaled to present day concentrations. Oz was taken from
ERA interim reanalyses data. (R. Bantges, Imperial College, London)

from dropsonde launches from the aircraft (Fig. 7.35). Subsequent to the SLR the aircraft
descended to within the cloud deck, where dedicated cloud probes characterised the cirrus
particle size distribution (O’Shea et al., 2016).

The simulation methodology followed the procedure shown in Fig. 7.36, utilising version
12.8 of the Line by Line Radiative Transfer Model (LBLRTM, Clough et al., 2005) and version
3.0 of the Line by Line Discrete Ordinates Radiative Transfer Model (LBLDIS, Turner,
2005). Cirrus optical properties were either taken directly from Baum et al. (2014),
representing one fixed size distribution and a variety of crystal habits or habit mixtures, or
were derived from the measured size distribution combined with the single scattering
properties of specific crystal habits from Yang et al. (2013). Assuming the temperature and
water vapour profiles and the cloud height to be well constrained by the dropsondes and
lidar, for each crystal habit or habit mix the cirrus optical depth and effective radius were
varied until optimal agreement between the ARIES observations and simulations in the main
atmospheric window (800-1200 cm-1, excluding the 1041 cm-! ozone band) was achieved.
Using the same combination of optical depth and effective radius the simulations were then
extended to the FIR and the agreement with TAFTS assessed.
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Figure 7.37 Infrared brightness temperature differences between aircraft observed radiances and simulations
for Case A in Fig. 7.36, with cirrus optical depth and effective radius constrained to provide the best match in
the MIR for the Single Column (SC), Aggregate Single Column (ASC) and General Habit Mix (GHM) habits of
Baum et al (2014) or for the in-situ particle size distribution assuming droxtals (DXTL) (panel (a)). In panels
(b) and (c) the transmittance of the layer between the top of the cirrus cloud and aircraft is also shown by the
solid black line. Micro-windows where the transmittance is close to 1.0 show the largest sensitivity to
habit/size distribution. The dotted lines indicate the level of instrumental uncertainty. (R. Bantges, Imperial
College, London)
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Fig. 7.37 shows the differences between the observed and simulated radiances, for Case A,
across the MIR (a) and FIR (b and c). As noted above, by design, the agreement in the MIR
window is very good and well within the ARIES uncertainty. In the FIR, the effects of changes
in cirrus microphysics can be masked by the overlying water vapour in the atmospheric layer
between the cloud top and aircraft. However, in highly transparent micro-windows (e.g.
between 362-368, 402-416, 473-482 cm-! etc.) the simulations tend to diverge from each
other, showing an enhanced sensitivity to cirrus microphysics compared to that seen in the
MIR window. Moreover, none of the optical property models tested, including those using
the observed size distribution, agree with the TAFTS measurements within uncertainties
across all the micro-windows sampled. Conclusions consistent with these are drawn from
analysis of the results from the other four cases (B to E). These results reinforce the need for
FORUM measurements in order to (a) build up the global radiance dataset needed to
thoroughly test and improve ice-cloud scattering models and parameterisations across the
FIR and (b) exploit these improvements to better constrain global estimates of crystal habit
and size This approach will directly benefit climate modelling by developing a consistent
representation of ice cloud and its radiative impact across the infrared and thus give greater
confidence in change predictions.

7.4.2.2 Retrieving FIR Surface Emissivity over the Greenland Plateau

Bellisario et al. (2017) were able to provide the first airborne estimates of FIR surface
emissivity of snow, exploiting TAFTS and ARIES measurements from a near surface (300 m
above ground level) FAAM flight over the Greenland Plateau. Here measurements are
analysed, taken during the same flight but from the UTLS at ~9.2 km above ground level, a
configuration which is more representative of the atmospheric path FORUM will encounter.
Fig. 7.38 (A) shows the FAAM flight path over the Plateau, proceeding in a north-west
direction from the coast with the periodic TAFTS nadir scan cycles highlighted in black.
Dropsondes were regularly launched from the plane to characterise the atmospheric state
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7.38 Inset: FAAM flight track and surface elevation. Black box indicates the region highlighted in the main
image. Main Image: Dropsonde release points (grey triangles) and location of TAFTS nadir scan cycles (black

diamonds). (B) Selected dropsonde temperature and water vapour profiles. Precipitable water vapour (PWV)
for each profile is also shown in the legend. (J. Murray, Imperial College, London)
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7.39 Surface emissivity retrieved by Bellisario et al. (2017) for low altitude flight (red crosses) and from the
UTLS flight analysed here (blue triangles). The shading represents the uncertainty on the high level
retrievals. The green curve is a theoretic a theoretical model of snow emissivity assuming surface ice crusting.
(J. Murray, Imperial College, London)

and show a systematic decrease in precipitable water vapour as the aircraft progressed
towards the interior of the Plateau (Fig. 7.38 (B)).

Emission from the surface is governed by a combination of the surface emissivity and the
surface temperature, Ts. These can either be retrieved jointly or one can be obtained
assuming the other is known. The approach taken here was to estimate Ts from ARIES
measurements in the MIR following Knuteson et al. (2004), before applying the technique
of Bellisario et al. (2017) to infer the surface emissivity. Fig. 7.39 shows the resulting surface
emissivity inferred for scan cycle 10, closest in time and location to the near surface retrievals
of Bellisario et al. (2017). These latter retrievals are over-plotted for comparison. No
retrievals are attempted in either case between 550-750 cm-! due to both the reduced
sensitivity to surface emission in this region as a consequence of strong CO2 absorption and
increasing instrument noise towards the edges of the TAFTS and ARIES detectors. Given the
marked difference in path length, and the small offsets in location and timing, the overall
agreement between the low and high altitude flights, within the associated uncertainty, is
highly encouraging.

7.4.2.3 Testing Cirrus Classification Using Aircraft Data

The machine-learning algorithm for cloud detection (Section 6.1) of the FORUM end-to-end
simulator (Section 7.1.4) has been adapted for TAFTS and ARIES data. For this, a new
training data set has to be created. Because of limited data availability from this aircraft
campaign, the training data set was augmented with synthetic data. The same climatologies
and radiative transfer codes as for the end-to-end simulator were used for this. Here, the
cloud detection algorithm was limited to only two options, clear sky or cirrus cloud. The
parameters for this specific training data set are listed in Table 7.11.

For different wavenumber intervals were used to investigate the performance of the
algorithm. Results highlight the advantage of using the optimised range that accounts for
both the FIR and the MIR part of the spectrum (see Table 7.12). The methodology applied to
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the full test set and using the 300-1300 cm-! spectral range allows identifying thin cirrus
clouds corresponding to optical depth as low as 0.03. The detection performances using only
the MIR or the FIR (respectively ARIES and TAFTS spectral ranges) are significantly
lowered. Key information for the clear/cirrus identification is derived mainly from the 300—
1300 cm- spectral range rather than the full spectrum covered by both sensors available.
This is mostly due to the large noise in the data at wavenumbers below 300 cm-! and above
1300 cm-1, and low sensitivity to cirrus clouds parameters.

FORUM Range

Day 1— 31 March 2015
Cloud top height 5.1—9.3km
Geometric thickness 0.2—-3.0km
Cloud optical depth 0.03-2.0
Particle effective radius 2—40pm

Table 7.11. Range for cloud parameters used for the synthetic data set

Wavenumber range (cm-)

Hit rate clear/ cloudy/ total (%)

80 — 2180 (TAFTS + ARIES) 100/ 19/ 47
300 — 1300 (optimised TAFTS + ARIES) 91/ 100/ 98
80 — 540 (TAFTS) 100/ 47/ 61
600 — 2180 (ARIES) 100/ 50/ 63

Table 7.12. Classification results summary

7.4.2.4 Retrieving Atmospheric Humidity during the PiknMix Campaign

During March 2019 TAFTS and ARIES were again flown together on the FAAM aircraft
under the auspices of the Met Office PiknMix campaign based out of Stornoway, Scotland.
Two flights dedicated to the characterisation and retrieval of upper tropospheric humidity
were performed. More than 2 hours of observations of upwelling nadir radiance were
obtained from flight altitudes at or above 30000 ft. These measurements are currently being
analysed by the Met Office to assess whether they can be exploited to improve knowledge of
the humidity profile relative to forecasts from their Unified Model using the approach
described by Thelen et al. (2009). Particular emphasis will be placed on assessing the
additional benefit of the TAFTS FIR measurements compared to the quality of the ARIES
only retrievals. This new data will also be incorporated into the training and test data set for
the cloud identification algorithm for improving the detection abilities.
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8 MISSION CONTEXT

This chapter describes the impact FORUM'’s observations and products will have on various
applications and highlights potential interactions with planned operational satellites and
research missions. It also identifies the scientific user community for FORUM and outlines
some possible spin off applications for FORUM data.

8.1 Science and Societal Impact

The importance of understanding the climate, and the ability to predict how this will change
in the future for safeguarding the well-being of humanity, has been highlighted in Chapter
2. With observations already showing that some of the most fragile regions of the globe are
changing at an alarming rate, there comes an even greater urgency to ensure improvement
in the ability to predict climate and its variability over longer timescales. To achieve these
aims, it is essential that key processes in the Earth system models that are used to predict
future climate are accurately represented.

FORUM will resolve part of the electromagnetic spectrum that satellite measurements have
not previously explored, despite the fact that it contains around half of the Earth’s outgoing
energy. The accurate, stable FIR top of the atmosphere spectra FORUM will obtain will
provide unique information on the Earth’s atmosphere and surface, addressing key gaps in
the understanding of direct relevance to climate research and weather prediction. Its
observations will

e enable uncertainties in the spectroscopy of water vapour and its radiative effect in the
atmosphere to be resolved,

e enable retrieval of FIR surface emissivity in dry regions such as the poles where it is
radiatively important,

e provide a unique ability to remotely sense ice cloud properties, address uncertainties
in the radiative impact of thin ice cloud and allow ice cloud optical models to be tested
and improved,

e provide unique information for NWP with the potential to enhance forecasting and
enable temperature and water vapour profile retrievals with greater sensitivity to
upper tropospheric and lower stratospheric conditions which are currently poorly
sampled,

e provide currently missing information for climate monitoring and attribution,
complementing existing MIR hyperspectral measurements and enabling forcing and
feedback signals to be diagnosed.

Thus FORUM data tackle some of the biggest issues identified by the IPCC (Stocker et al.,
2013) in the ability to predict the future of the changing climate by providing “accurate
descriptions of the properties of clouds and the distribution of water and ice in the
atmosphere” and “a better understanding of the role of clouds in the climate system,
including cloud—radiation feedback”.

The spectrally resolved FIR measurements FORUM will obtain will complement existing
hyperspectral measurements in the MIR. At a fundamental level the OLR spectrum contains
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the fingerprints of where energy is being emitted and absorbed by the surface and
atmosphere. Comparing model simulations against these spectra will thus provide both a
stringent test of multiple model parameters and a means of diagnosing the cause of any
differences (Section 8.3.1). Furthermore, the improved spectroscopy, surface emissivity and
cloud models that will result from FORUM products, (Sect 8.3.2, 8.3.3), will advance the
ability to capture key climate processes and their radiative effect. Besides being scientifically
important in its own right, this information will feed through to improvements to NWP and
global climate models enabling them to better capture the distribution of energy within the
atmosphere and thus better represent the local and global circulation (Khan et al. 2016) and
provide a more realistic response to change. In this way FORUM will contribute to climate
and NWP model improvement as both a unique tool for model evaluation and by providing
missing information that will directly impact the fidelity with which key climate components
are represented. It will be a valuable resource for climate change attribution and monitoring
and enable NWP models to better capture water and temperature profile information with
the potential for future operational applications that will improve weather forecasting skill
(Section 8.3.4).

GCOS ECV
Application

Model Development and

Improved Spectroscopy
NWP Data Assimilation
Validation

Climate Monitoring/
Attribution

Prescribed Boundary

Conditions

Atmospheric

TOA radiation budget
Temperature profile X
Water vapour profile
Cloud properties
Carbon dioxide
Methane

Ozone

Other GHG
Terrestrial

LST (emissivity) X X

Snow cover X X

Table 8.1 Scientific applications of FORUM data listed according to the GCOS
Essential Climate Variables. All the shaded boxes (green and grey) indicate possible
areas of contribution, with the green boxes indicating where there is also a stated
requirement by scientists in the user survey for the data and products FORUM will
provide.

X
X
X | X

X X [x > x| |[x |x

X | X | X | X
X | X | X | X

That the missing information FORUM will provide is needed by the community is confirmed
by a user survey carried out to identify which scientific areas users expect the new data from
FORUM to contribute to (Section 8.2). The results are summarised in Table 8.1 which shows
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how FORUM data could contribute to benefit ten essential climate variables (ECVs). The
shaded boxes indicate applications where FORUM can contribute, those shaded green are
where this expectation is backed up by responses from the user survey and interviews with
key scientists in the field, indicating the readiness of the user community to exploit the data.
Of the ten GCOS ECVs identified, there is only one where the user community is not yet ready
to exploit FORUM data. In addition for most of the ECVs it is expected that the FORUM data
will contribute in multiple ways.

As well as filling key knowledge gaps and addressing the needs of the science community,
FORUM'’s observations will result in measurable societal impacts. Improved climate models
and improved climate monitoring and attribution will reduce uncertainty in climate
predictions producing a direct societal impact. Hope (2015) has shown that approximately
halving the uncertainty range for transient climate response has a net value of about $10.3
trillion (year 2005 US$) if accomplished in time for emissions to be adjusted in 2020, falling
to $9.7 trillion if accomplished by 2030. This shows there is potential for large savings
through improved climate model projections by quantifying the mitigation strategies early
enough for policy makers to implement them.

8.2 Global Mission Context

Obvious synergies exist between FORUM observations and a number of missions that are
expected to be operating in the FORUM timeframe. These missions will provide
complementary information from which FORUM can benefit and FORUM measurements
will, in turn, offer the opportunity to enhance their science value. This section puts the
FORUM mission in the global context of other missions expected to be operating at the same
time, and outlines some of the mutual benefits that will be gained by their joint exploitation.

FORUM will fly in a polar orbit, in the 2022-2043 timeframe, with the next generation
European Meteorological satellites, EPS-SG, which will have a new suite of innovative
instruments. The EPS-SG mission is composed of two series of spacecraft, Metop-SG A and
B, flying on the same mid-morning orbit, similar to the current Metop satellites. The orbit
height is in the range 823-848 km (dependent on latitude). There will be three satellites each
of Metop-SG A and Metop-SG B. The objective is to fly FORUM in close formation with the
first Metop-SG A satellite which has IASI-NG, a Microwave Sounder (MWS), METimage,
GNSS radio occultation (RO), 3MI and Sentinel-5 on board.

FORUM observations provide excellent complementarity to those anticipated from the
MetOp-SG A payload. FORUM ice cloud and water vapour and temperature profile products
will be analysed in the context of IASI-NG, MWS and GNSS RO products which will all
provide complementary information about cloud and the atmospheric state. METimage will
contribute to the cloud detection capabilities for FORUM which will provide confidence in
the FORUM “clear sky” measurements as well as in the retrieval of cloud top layer altitude.
Thanks to its multi-viewing and polarisation capability, 3MI will help cloud phase detection
in complex scenes like the presence of a super-cooled water layer above an ice layer,
frequently observed in polar regions, or in detecting multi-layer clouds. Characterisation of
cloud altitude and extent should also benefit from the synergy between 3MI and FORUM.
Finally, Sentinel-5 will provide a standard against which ozone or HNOs3 retrievals from
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FORUM can be compared, with a view to their possible ingestion into air quality forecast
models.

The MetOp-SG-B satellite will be at least 30 minutes apart from the ‘A’ satellite but it has the
Ice Cloud Imager (ICl) on board measuring from 183 to 664 GHz. This will enable an
interesting comparison with the FORUM ice cloud measurements at least for monthly
averages. Ice clouds will appear more transparent to ICI than FORUM, the former will be
able to ‘see’ through optically thin cirrus cloud whereas FORUM will be more sensitive to the
cloud top. Thus they provide unique perspectives of the cloud. Insights and model
improvements to ice cloud derived from the ICI products can be tested from a radiative
perspective against the FORUM and IASI-NG spectra and conversely improvements derived
from the FORUM radiances evaluated against ICI results.

The Meteosat Third Generation (MTG) satellites, in geostationary orbit over Europe, will
include an IR hyperspectral sounder (MTG-IRS) and collocations between FORUM and this
instrument will be of interest especially for cloud studies where the time evolution of the
clouds can be monitored by the geostationary satellite with both the imager and the sounder.
Other geostationary satellites around the globe include the Chinese FY-4 series which has a
hyperspectral sounder (GIIRS) and the U.S. GOES and Japanese Himawari series which
have high quality imagery for cloud studies. Such observations will provide a diurnal context
for the FORUM observations.

PREFIRE (Polar Radiant Energy in the Far-InfraRed Experiment) is a NASA sponsored
mission focused on the Arctic designed to address the impact uncertainties in far infrared
emission have on the ability to predict Arctic climate. It consists of two 3U CubeSats with IR
miniaturised spectrometers to observe the 0—45 um spectral range at 0.84 um resolution.
Expected to fly for a year, the exact launch date is uncertain but instrument delivery is
scheduled for 2021. More speculatively the Thin Ice Clouds in the Far Infrared Experiment
(TICFIRE) sponsored by the Canadian Space Agency (ASC) covering the spectral range 8-50
um using eight narrow bands designed to study thin ice clouds, is not yet scheduled but
discussions are ongoing between NASA and ASC. If these missions launch before FORUM
they can act as pathfinders furthering the FORUM prelaunch activities. If either are flying at
the time of FORUM there will be obvious benefits to compare the radiances where collocated
measurements can be obtained. The more stable and accurate FORUM observations can
provide a calibration reference for the CubeSat observations, improving their quality. The
broader spectral range and higher spectral detail of the FORUM observations will also enable
the data from the CubeSats to be put in a broader context with potential to enhance their
interpretation and products. The interest in both of these missions in the US and Canada
will lead to enhanced opportunities for future collaboration on FIR science, benefiting
FORUM preparation.

There are also other relevant research missions which may be flying at the time of FORUM
which offer the potential for joint data exploitation. The ESA EarthCARE mission is one
example where detailed 3D measurements of clouds, aerosols and radiation will be made
with several instruments. Currently expected to launch in the early 2020s EarthCARE will
fly in a low earth orbit with 14:00 local crossing time and so collocations will be possible at
high latitudes. FORUM data are ideally placed to enhance the EarthCARE mission objective

Page 211/263
Earth Explorer 9 Candidate Mission FORUM — Report for Mission Selection

European Space Agency
Issue Date 21/06/2019 Ref ESA-EOPSM-FORM-RP-3549 Agence spatiale européenne



ESA UNCLASSIFIED - For Official Use

¢-esa

to improve the understanding of clouds. In turn, EarthCARE data will provide cloud
microphysical information (ice water content, cloud particle effective radius, cloud optical
depth) and cloud position and extent invaluable for the interpretation of the FORUM and
IASI-NG spectral measurements across the IR. Collocations would also offer valuable case
studies for the cloud and surface communities exploiting the EarthCARE data. For example,
the FORUM and IASI-NG spectral detail across the IR can provide a sensitive, detailed
evaluation of simulations that have been tightly constrained by the EarthCARE cloud
property and broadband flux measurements. Sensors specifically designed to measure
broadband OLR radiances and fluxes will also be flying: potential examples include GERB,
CERES and the NASA Earth Venture Continuity-1 mission, designed to ensure continuous
ERB measurements. The collocations of the combined FORUM and IASI-NG observations
with these instruments offers the potential for cross-calibration and, given its high absolute
accuracy, the possibility that FORUM could act as a transfer standard between instruments.

8.3 User Community Readiness

A comprehensive user survey has been conducted amongst the prospective users of FORUM
data and itis summarised in Fig. 8.1 which shows that Climate, NWP and spectroscopy users
are the main categories with equal weight and atmospheric chemistry is a minor application
area. An assessment of how the user community will exploit FORUM for these different
applications is given here.

The first candidates to consider as early adopters of FORUM data are the leading global NWP
Centres so that a routine monitoring of the FORUM Level-1 radiances can be setup during
the commissioning phase to identify any instrument calibration or geolocation issues.
Sudden changes, if they occur, will be observed by comparing the measured radiances with
those simulated from the model 6 hour forecast in near real time. This feedback to the data
providers can be extremely valuable. Once there is sufficient confidence in the quality of the
measurements, the NWP Centres will be in a good position to carry out data assimilation
experiments to assess the impact of FORUM on the model analyses and forecasts. A number
of different options (e.g. with and without IASI-NG) can be explored. Results of the impact
of FORUM in at least two different NWP models should be obtained. The European Centre
for Medium-Range Weather Forecasts (ECMWF), the Met Office, the German Weather
Service and MeteoFrance are all well positioned to do the real time monitoring and make
impact assessments. ECMWEF is also responsible for implementation of the Copernicus
Atmosphere Monitoring Service (CAMS) and of the Copernicus Climate Change Service
(C3S), which are both key application areas for FORUM. The CAMS will provide the focus
for any atmospheric chemistry applications which FORUM can contribute to.

The user survey recognises that FORUM will make important contributions to climate
modelling through the improved representation of ice cloud, more robust radiation schemes
and better surface characteristics in very dry regions, as well as providing unique
measurements for model evaluation and the identification of climate feedback mechanisms.
There are at least seven global climate modelling centres in Europe who will be able to make
use of the improvements to their models provided by FORUM.

The third application area sees the benefit of FORUM for improving the molecular
spectroscopic databases for terrestrial and planetary atmospheres, such as HITRAN, GEISA,
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Figure 8.1 Summary of on-line survey of 84 potential FORUM data users completed during six weeks in
June—July 2018. (R. Saunders, UK Met Office)

etc. Updates will not be immediate as it will take time for the impact of the new
measurements to feed through into more accurate parameters in the FIR. This is because it
requires the analysis of the differences between measurements and radiative transfer models
to be completed before the updated parameters can confidently be added to the databases.
However, once added the entire radiation community will benefit from the improved
accuracy the updates provide.

8.4 Applications

As shown in Section 8.2, FORUM will provide data and products that are particularly
desirable to a number of different groups. These include climate scientists and those working
in climate/Earth system modelling; the NWP community; those interested in evaluating and
improving spectroscopy and its associated applications; and the atmospheric chemistry
community. In the following sections it is outlined how these groups will benefit from
FORUM.

8.4.1 Evaluating and Improving Earth-System Models using FORUM
Level-1 Radiances

One emerging method to assess Earth-system model performance is through the comparison
of spectrally resolved radiances (X. Huang et al., 2008, 2010). Variability in the Earth’s
spectrally resolved OLR contains signatures of how the surface and atmospheric
temperatures, greenhouse gases, some aerosol species, and clouds are varying with time (e.g.
Y. Huang et al., 2010). Global observations of the spectrally resolved FIR OLR from FORUM
will provide the first opportunity to evaluate the performance of NWP and climate models in
this energetically critical region, through the direct comparison with model output using
existing satellite simulator tools (Bodas-Salcedo et al., 2011) coupled with recently developed
fast radiative transfer codes (Saunders, pers. comm. 2019). Furthermore, when combined
with spectrally resolved radiances from IASI-NG, there will be the opportunity to compare
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modelled and observed spectral radiances over almost the entire infrared frequency range.
These spectrally resolved measurements will provide a much stronger constraint on model
performance than can be obtained from conventional broadband observations of OLR
because of their ability to identify compensating differences which can be masked in the
spectrally integrated signal. Moreover, by examining differences between the observed and
modelled spectra, insight will be gained into those components / processes within an
individual model that require further development — and these developments can then be
re-evaluated against the observations.

For example, FIR spectrally resolved radiances are strongly influenced by mid-upper
tropospheric water vapour concentrations, contain unique information about ice cloud
crystal shape and size, can be used to sense surface emission in the highly sensitive polar
environments and are fundamentally linked to the vertical heating profile of the atmosphere.
Model comparisons with the FORUM L1 radiances thus have the potential to lead to
improved representations of water vapour — particularly in the poorly constrained UTLS
region; ice cloud - whose climate feedback is currently poorly understood; and FIR surface
properties — which are currently based on theoretical estimates. This in turn will lead to
improvements in key model processes, such as the radiative heating within atmospheric
layers; atmospheric dynamics, including convection and anvil outflow; and precipitation.

The variability of the spectrally resolved radiances over time will contain valuable signals of
climate forcings and resultant feedbacks. These signals are typically small but, as discussed
in Chapters 2 and 3, the highly accurate measurements made by FORUM, coupled with the
spectral range and resolution is sufficient to diagnose and differentiate between proposed
feedback signals and will also help to constrain current forcing estimates. Comparison of
the modelled and observed variability over the mission lifetime will further enhance model
development, ensuring improved capability to correctly capture future climate variability
and change.

8.4.2 The role of FORUM Level-2 Products for Climate

8.4.2.1 Water Vapour Vertical Distribution

Water vapour is the most important greenhouse gas. Although water vapour amounts in the
UTLS are small, because of the temperature contrast between this part of the atmosphere
and the surface, changes to concentrations here have a disproportionately large impact on
the Earth’s OLR, playing the dominant role in water vapour feedback and hence the surface
temperature response. Much of the radiative impact is realised in the FIR. For this reason,
spectrally resolved radiance measurements across the FIR implicitly contain information
about UTLS water vapour.

FORUM will thus provide new information which can be exploited to improve the current
estimates of water vapour concentrations in the UTLS. When exploited in conjunction with
the spectroscopic improvements that the mission is expected to deliver (Section 8.3.3) the
measurements may show an improvement over existing observations in the region. Work
reported in Section 7.3 using the existing modelling tools and in-built spectroscopic
assumptions already indicates that the synergistic use of FORUM and IASI-NG has promise
for reducing retrieval uncertainties not only in the UTLS but throughout the troposphere. In

Page 214/263
Earth Explorer 9 Candidate Mission FORUM — Report for Mission Selection

European Space Agency
Issue Date 21/06/2019 Ref ESA-EOPSM-FORM-RP-3549 Agence spatiale européenne



ESA UNCLASSIFIED - For Official Use

¢-esa

this way it is envisaged FORUM measurements making a unique contribution to initiatives
such as the GEWEX Water Vapor assessment G-VAP (Schroder et al., 2016), the ESA Water
Vapour Climate Change Initiative and the WCRP/SPARC Water Vapour Assessment 2
(WAVAS-2).

FORUM will not only enable a more accurate representation of the vertical profile of water
vapour, but will critically tie this to its radiative impact across the IR spectrum. Work in
Section 7.3 already shows how these data can be used to probe the variability associated with
important large scale climate oscillations such as ENSO. Similar studies can easily be
envisaged for other important modes of variability.

8.4.2.2 Ice Cloud Occurrence and Properties

The development of ice cloud microphysical models, capable of representing the radiative
properties consistent across the mid- and far- infrared, will ultimately lead to a better
parameterisation of ice cloud radiative properties in Earth system models. This will have a
major impact on local heating / cooling rates, thus modifying dynamics, cloud formation and
dispersion and the Earth’s radiation balance (e.g. Baran et al., 2014) and will improve
confidence in the quantification of ice-cloud feedback, currently a major source of
uncertainty in climate predictions (IPCC report, Stocker et al., 2013). In this way the
observations speak directly to the WCRP Grand Challenge on Clouds and Climate Sensitivity.

The enhanced sensitivity of the FIR to ice cloud occurrence (especially thin ice cloud), as
demonstrated in Chapter 7 also implies that the observations will be of benefit for the
construction of ice cloud climatologies (e.g. ISCCP, Young et al., 2018) which currently suffer
from the limited capability of MIR/visible passive sensors to detect these thin ice cloud and
the limited sampling of active sensors.

8.4.2.3 FIR Surface Emissivity

FIR surface emissivity measurements can be used by Earth system and NWP models to
enable a better representation of the energy balance in dry areas such as polar regions, high
altitude locations and deserts. Surface emissivity has a major impact on the surface energy
budget, affecting the surface temperature and exchanges of sensible and latent heat. The
impact is not localised, affecting vertical and horizontal transport. As noted in Chapter 2, a
more realistic representation of surface emissivity in Earth system models has been shown
to have marked implications for both surface temperature seasonality and change. This has
obvious knock-on implications for other components of the Earth-system: for example, the
accurate representation of surface temperature in Arctic regions is key for ensuring realistic
predictions of sea-ice melt and re-growth which are themselves coupled to oceanic
temperature, salinity and hence circulation.

8.4.2.4 Spectroscopy

Improved water vapour spectroscopy in the FIR will enable its better representation in the
spectroscopic databases used by the international community, feeding through into state-of-
the-art radiative transfer codes. As outlined in Chapter 2 these radiative transfer tools play
a fundamental role in both weather and climate prediction by modelling the flow of radiation
through the Earth’s atmosphere and its interaction with the surface. Accurate radiative
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transfer is also key for the retrieval of atmospheric constituents — hence improved water
vapour spectroscopy will directly enhance the quality of retrievals of both its vertical
distribution and total column amount. This will enable a superior picture of the vertical and
global distribution of water vapour to be developed.

8.4.2.5 Numerical Weather Prediction

The impact of infrared sounder measurements on numerical weather prediction models
(Chap 2) will directly benefit society by providing more accurate and timely warnings of
severe weather and other hazards. Studies carried out for the EPS-SG business case have
shown that there is a benefit to cost ratio of at least 5 and maybe as high as 20, for the EPS-
SG investment, and FORUM can potentially increase this benefit in the longer term if it
demonstrates FIR measurements should be added to future operational platforms. Given the
sensitivity of the FIR to UTLS water vapour it is anticipated that FORUM measurements
should help to constrain NWP water vapour forecasts in this region. It is also feasible that
FORUM all-sky radiances may be beneficial for improving the representation of LS water
vapour in the presence of optically thick cloud as anticipated by Jing and Huang (2017).

8.4.2.6 Spin-off Applications

There are a number of potential spin off applications that FORUM data might be useful for
but are not key aims of the mission. Firstly if trials of assimilating a subset of the FORUM
radiances (or equivalent representations of them) in operational NWP models shows
positive benefits to the analyses and forecasts then if the data can be made available to the
Centres in less than 3 hours it could be used operationally for numerical weather prediction
having an immediate impact. Simulations have shown an improved representation of the
UTLS water vapour will be possible when assimilated with the 1ASI-NG radiances. There
may also be indirect benefit through the FORUM data providing a better cloud detection
capability for the IASI-NG observations due to the increased scattering from ice cloud at FIR
wavelengths.

Another potential application will be in the production of atmospheric chemistry and air
quality forecasts such as those provided by the Copernicus Atmospheric Monitoring Service
(CAMS). Studies undertaken for this report indicate that FORUM will have benefit for ozone
retrievals. Since the FIR also contains the signature of HNOs3 (nitric acid), FORUM will
permit investigations into whether the spectral range can be exploited to improve the
knowledge of its atmospheric concentration. FORUM will be in formation with Sentinel-5
and total column measurements of ozone and nitric acid from FORUM can be made and
compared with the Sentinel-5 data and potentially exploited by CAMS either for assimilation
in addition to Sentinel-5 data or for an independent validation of the CAMS output fields.

Although not a specified science goal, FORUM'’s spectral coverage will also allow the
spectroscopy of the complete 15 um CO2 band to be analysed observationally for the first
time, with potential benefit for both temperature and CO:2 retrievals. The latter may be
particularly useful at night when the passive near infrared measurements exploited by
instruments such as GOSAT, OCO-2 and 3 and MicroCarb are not available.
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If there is a major volcanic eruption during the FORUM mission similar to Pinatubo where
the aerosols remain in the stratosphere for more than a week there are two potential areas
of interest to investigate with FORUM measurements. The firstis to see if FORUM with 1ASI -
NG can mitigate some of the impact the aerosol has on the IR spectrum that will strongly
affect IASI-NG’s ability to sound the atmosphere. If the impact of the aerosol at FORUM
wavelengths is less it may help to reduce the impact of the aerosols on the soundings. If on
the other hand the impact of the aerosols is significant on FORUM measurements then more
information on the ash optical depth and size distribution may be retrieved. Both of these
measures are important for aviation applications.
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9 PROGRAMMATICS

This chapter presents the maturity (including similarity/heritage), critical areas and risks
associated with the mission-level scientific concepts (Section 9.1) and the programmatic and
system level technical concepts (Section 9.2) as developed in the frame of the scientific and
industrial Phase A studies. The development approach and the schedule are presented and
discussed in Section 9.3 with respect to the compatibility of a target launch for the ninth
Earth Explorer mission by the end of 2025.

9.1 Scientific Maturity, Critical Areas and Risks

9.1.1 Scientific Maturity: key questions for SRL

At the end of the Phase A, scientific readiness level 5 is required. The key questions pertinent
to the assessment of the scientific maturity are addressed in the following (ESA, 2015c):

1. Is an end-to-end simulator in place and are the most important processes and input
parameters (including uncertainty estimates) properly represented?

An End-to-End performance simulator has been put in place (see section 7.1, 7.2 and 7.3).
The simulator models the end-to-end performance chain, starting with the observed Earth -
atmosphere scene and its geophysical phenomena, at a resolution suitable to simulate real-
world atmospheres and Earth’s surface variations, and ending with an automated
comparison of the simulated level 2 products with the input quantities. Realistic uncertainty
estimates for the instrument implementation have been tested in the simulator. The end-to-
end simulator has been developed to distinguish between clear sky and cloudy conditions,
and apply the corresponding retrieval; determining clear sky atmospheric parameters, i.e.
water vapour and temperature profiles, precipitable water vapour, and surface temperature
or for the cloudy sky case, cloud optical depth, cloud particle effective radius, cloud top
height, and ice water path. In the Phase Bl the simulator will be expanded to also include
flux calculations (draft algorithm outline in Section 6.1.3) and in the case of low atmospheric
humidity, retrievals of surface emissivity.

2. Is an error propagation model in place allowing the rigorous computation of
uncertainties for measurements and observations?

In each of the steps of the end-to-end simulator, relevant errors and uncertainties are either
generated (e.g. off-axis effects, calibration errors, effects of scene heterogeneity) or ingested
(e.g. attitude errors, climatological covariance matrices), depending on what is the most
relevant and rigorous method to achieve an end-to-end performance simulator
representative of the observation method and the technical concept derived from Phase A
industrial and scientific activities. For some cases, as for example the NESR, two methods
for the computation of this uncertainty have been implemented: one in which the NESR is
computed internally by simulating the effect of the beamsplitter and a generic but
representative detection chain and another in which a high fidelity externally computed
NESR can be directly introduced into the chain. The internally generated NESR allows the
end-to-end performance simulator to perform parametric analysis to assess the impact of
varying NESR errors in the Level-1 and 2, while the externally provided NESR allows to run
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the simulator in a mode highly representative of the industrial concepts. The latter allowing
for instance introducing an NESR derived from measurements of pre-development activities
on the beamsplitter and the detection chain.

The optimal estimation technique by Rodgers (2000) is the tool of choice for atmospheric
retrievals owing to its rigorous treatment of uncertainties especially for multi-target
retrievals since it naturally takes the co-variant effects into account and also provides a
comprehensive framework for assessing information content Sections 6.1.2 and 7.1.4.

3. Has a set of realistic test scenarios been established and are they scientifically justified?

The test scenarios are described in Sections 7.1.2 and 7.1.6. Twelve scenes have been selected
which broadly capture the wide range of the environments that will be encountered by
FORUM. The surface types range from snow cover to desert and half of the scenes include
cloud. The simulations of the selected scenarios are based on information derived from ERA-
Interim reanalysis and monthly averaged surface properties derived from satellite
measurements and thus represent realistic observational conditions. The selected scenarios
are:

e a desert case for evaluating the effects on the profile retrievals (temperature and
humidity) of a large temperature gradient between surface temperature and
atmospheric/cloud layers

e an ocean case is a very common case and is a typical observational condition. When
in presence of a very thin cirrus cloud (optical depth is set to 0.3) it represents a
scientifically relevant case for cloud identification and properties retrieval.

e an ocean case with stratus is common, but challenging. It is suitable to evaluate the
errors in the retrieval of atmospheric properties when the stratus is not identified due
to its low altitude and its properties similar to the ocean layer.

e a continental case in clear sky or in presence of an altocumulus cloud, allowing a
verification of the clear/cloudy retrieval algorithm over land.

e a snow surface representative of Arctic conditions that are observed every orbit by
FORUM. When accounting for an ice cloud with moderately thick opacity (optical
depth of 3) it is a very challenging case owing to the similarity of the cloud properties
to the atmospheric background.

e a Po Valley case with a cumulonimbus is relevant for the study of extremely thick
clouds and also archetypal of hurricane conditions.

Six of the scenes account for cloud cover and six are in clear sky condition but with the same
surface and atmospheric properties of a corresponding cloudy case. This was done in order
to:

e provide a challenging dataset for cloud identification/classification
e allow the evaluation of the errors associated with the retrieved geophysical
parameters when misclassification are assumed.

Furthermore, the simulator’s scene generator provides a high level of flexibility for creating
user-input scenes owing to a simple, but effective configuration where scenes can be selected
based on climatologies and then augmented with levels of heterogeneity of different shapes
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(e.g. a sector) and nature (e.g. a coastline). The simulator is also capable of ingesting input
scenes based on MODIS measurements with 1 km horizontal resolution, thus accounting for
a high level of heterogeneity in terms of atmospheric profile, cloud and surface properties.

4. Is the simulator tested and validated and applied for the predefined set of scenarios?

The full end-to-end chain of the simulator, as well as each individual module, has been tested
and verified (see 7.1 for more details). The end-to-end performance simulator has also been
validated with the predefined set of scenarios. The tests demonstrate that retrieval results
and error estimates are consistent across the input scenes. See sections 7.2 and 7.3.1.

5. Are all assumptions of the performance simulator documented and critically discussed?

The underlying assumptions of the performance simulator are documented and critically
discussed in Section 7.1 and in the draft ATBDs of the end-to-end simulator study.

6. Has the robustness of the simulator been demonstrated against independent
observations (e.g. campaign data)?

The simulator is designed for analysing top-of-atmosphere radiances and cannot be easily
adapted for ground-based zenith-looking geometry. However, the machine learning code of
the cloud identification and classification module of the simulator has been adjusted with a
different training data set from airborne data and has been successfully tested as shown in
Section 7.4.2.3. Ingestion of airborne data to test the simulator performance is planned in
phase B.

7. lsadraft instrument calibration strategy available and properly described?

The comprehensive validation strategy for Level-1 and Level-2 science products is described
in Section 6.2. A complete on-ground characterization and in-flight calibration strategy of
both instruments has been described in Sections 5.3.3.5.7. and 5.3.3.5.8 for both technical
concepts, based on results of the Phase A. The instruments will be characterized on ground
radiometrically, spectrally and geometrically. In-flight the FSI will be characterised
radiometrically, spectrally and geometrically while the FEI will only be calibrated
radiometrically and geometrically. During the Phase A, special attention has been paid to
come up, and describe (Chapter 5), a radiometric calibration strategy accurate enough to
achieve the required FSI performance in terms of Absolute Radiometric Accuracy (Chapter
5and 7).

8. Isthere a demonstrated interest of users?

Numerous studies demonstrating the theoretical impact of FIR radiances and fluxes for
weather and climate are outlined in Chapter 2. A diverse range of researchers (climate
scientists, NWP and climate modellers, atmospheric chemists, spectroscopists) are eagerly
anticipating real measurements to test and improve the current understanding, which was
demonstrated by the participation of about 90 international researchers for the first FORUM
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user workshop held for two days in October last year. A user survey that was open for 6 weeks
during summer 2018 saw over 80 participants indicating interest in FORUM.

9. Isthere a first evaluation of (simulated or measured data) in applications?

FIR radiation plays a fundamental role in modulating the current climate and holds critical
information about key climate components and processes. Theory suggests that systematic,
global observations of Earth’s outgoing FIR spectrum will provide new insight into the
radiative cooling of the planet and its controls, testing and refining the understanding of how
these operate from the local to global scale, and how they respond in a changing climate.
There is ample evidence for the significant impact of actual FIR radiance measurements as
outlined in Section 2.1 and 7.3.2.4.

In summary, with respect to the scientific readiness, the mission and research objectives
have remained stable in comparison to the original proposal. However they have been
significantly refined within dedicated science activities and can be considered consolidated.
During the Phase A, two measurement campaigns were performed, one ground-based at
Zugspitze summit in Germany, and one airborne over the UK. The results will undergo
further investigation. Additionally, the first ever measurements of far-infrared emissivity of
snow samples with simultaneous in-field characterisation, already delivered impressive
results confirming in parts theoretical calculations. A complex and representative end-to-
end performance simulator, able to model the full observation chain, including autonomous
scene classification based on machine learning algorithms, has been developed. Simulations
indicate that the main mission objectives can be met. Further refinements and expansions
to also include flux calculations and, in the case of low atmospheric humidity, retrievals of
surface emissivity will be implemented in Phase B.

On the basis of the above, it is considered that FORUM has reached the expected scientific
readiness level of 5 at the end of Phase A.

9.1.2 Critical Scientific Areas and Risks

FORUM'’s primary research objectives (Chapter 3):

e building a highly accurate global dataset of FIR radiances to validate the present-day
climate state as captured by Earth system models

e using these measurements to understand and constrain the processes that control
FIR radiative transfer and hence Earth’s greenhouse effect

e updating the parametrisations of these processes for implementation in radiative
transfer codes, and ultimately in Earth system models

e characterising critical feedback mechanisms.

require only highly accurate Level-1 radiances. In fact, in the ESAC recommendation for
implementing FORUM as one of the EE9 candidate missions, the clear explorer nature of
FORUM was recognized, simply by providing the first-ever systematic observation of the
outgoing spectrum of far-infrared radiation from space. Spectral coverage beyond 1600 cm-!
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will be provided by IASI-NG. Since MetOp-SG is an operational programme there is no risk
associated with the availability of IASI-NG radiances.

For the retrieval of geophysical parameters (Level 2 products), as outlined in the
introduction to Chapter 6, the methods and tools for data processing are based on experience
with mid-infrared (MIR) sensors. The methods, such as the use of inversion techniques to
obtain atmospheric profiles from radiances, are well-understood and transferrable.
However, underlying assumptions used within these inversions, such as the spectroscopic
data bases for water vapour, models of FIR surface emissivity, or parameterisations of the
optical properties of ice cloud have only been tested in a very limited number of field and
laboratory experiments. As detailed in the following section, more dedicated work focused
on testing, and where possible updating, the retrieval codes and the underlying models prior
to launch.

An airborne demonstrator which is fully representative of the FORUM mission will have to
be developed during Phase B1.

9.1.3 Scientific Roadmap

The Phase A studies documented in this report have shown that FORUM has the capability
to deliver Level-2 products, such as H20 profiles and cirrus cloud properties, with the
required accuracy, over the range of conditions that the mission will encounter. This was
demonstrated using synthetic measurements and scientific analysis tools, and the first
prototype of the end-to-end simulator. FIR measurements from air-borne and ground
campaigns have also been exploited to provide a first demonstration of the ability to retrieve
H20 profiles, ice cloud properties and surface emissivity from real observations.

Starting from this maturity level, the prototype processor of the end-to-end simulator will
be improved to study the performance of the retrieval of additional Level-2 products such as
surface emissivity, the calculation of outgoing longwave radiation flux and the synergistic
retrieval of H20 using IASI-NG products. A further early modification will be the addition of
a module capable of ingesting airborne campaign data such as those that have already been
collected during Phase A. Similarly the simulator will be modified to allow the generation of
high-order products, such as zonal monthly means, to be used for the comparison with
analogous products provided by other satellites. In such a way, the prototype processor will
be upgraded to a first operational processor for the detailed system review to be addressed
during Phase C.

An airborne demonstrator will be developed. Dedicated field campaigns with FIR
spectrometers from high altitude airborne platforms, such as TAFTS and ARIES on the UK-
FAAM aircraft (or an alternative platform) and FIRMOS on stratospheric balloons, will be
planned for the next study phases to provide the scientific community with exemplar pre-
cursor measurements. These campaigns should be focused on sampling conditions relevant
for the FORUM scientific goals that have, to date, either not been explored with FIR
instrumentation or only in an extremely limited way. Potential examples include, but are
not limited to: (a) flights over high latitude snow/ice, including marginal ice zones, ideally
including overflying well-instrumented in-situ ground sites; (b) flights over tropical cirrus:
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to date there are no published FIR measurements sampling these types of ice cloud with
coincident measurements of the cloud vertical extent and microphysical properties. A
further campaign should consider the use of the same (or alternative) FIR spectrometers on
the ground to characterize snow/ice surface emissivity over an extended period to
characterise both short term responses to precipitation/melt and seasonal behavior of the
surface. Ideally this could complement the more time-limited campaign (a). In addition to
these new field campaigns, work should continue to assess and optimize the information
available from the campaign measurements undertaken during Phase A, particularly the
PiknMix flights (Section 7.4.2.4).

Finally, laboratory measurements of refractive indices of ice, including its temperature
dependence, should be undertaken in order to improve cloud optical property models. These
currently assume no temperature dependence in the ice refractive index yet compilations of
available measurements suggest it may be marked (Iwabuchi and Yang, 2011), with
significant impact on the optical properties of upper tropospheric ice clouds, particularly in
the FIR (Anthony Baran, pers. comm., 2019).

These pre-launch activities will ensure that the scientific community is able to exploit the
potential of FORUM at the earliest possible opportunity.

9.1.4 Scientific Concluding Remarks

This report has highlighted how radiation within the far infrared part of the electromagnetic
spectrum plays a fundamental role in modulating Earth’s climate, containing critical
information about key climate components and processes. Theory suggests that the region
contributes more than 50 % to Earth’s total outgoing longwave radiation in the global mean,
containing unique information about water vapour, ice cloud and surface properties.
Systematic, global observations of Earth’s outgoing FIR spectrum will thus provide new
insight into the radiative cooling of our planet and its controls, testing and refining our
understanding of how these operate from the local to global scale, and, importantly, how
they respond in a changing climate. Despite this, there are still no dedicated satellite based
measurements of outgoing FIR radiation beyond a few isolated spectra from the 1970s, and
even these only extend a limited way into the region. By providing highly accurate
measurements of the OLR spectrum across the FIR, FORUM will address this long-term
observational shortcoming, making a truly unique contribution to our knowledge of the
climate and how it is responding to change.

The FORUM objective to exploit the FIR to understand the radiation processes involving
water vapour, clouds, and surface properties and to attribute the observed variability and
change in the spectral radiances to the relevant climatic variables, is one of the main themes
of the ESA Earth Observation Science Strategy (EOSS). The proposed spectral observation
was underlined in the ESA document “The Changing Earth” (ESA, 2006, p. 42), and is
strongly in line with the key elements of the EOSS for ESA (ESA, 2015a). In particular,
FORUM meets the request for developing “observations to understand and attribute trends
beyond the expected variability”, and for an “optimised Earth observing system that can fill
gaps in observational needs and build new capabilities in a cost-effective way ESA, 2015a).”
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A further goal of this mission, relevant for the ESA EOSS, is the implementation in space of
a measurement scenario which is “carefully designed” to exploit the possible
“complementarity and to maximise measurement synergies with other satellites and
satellite-borne instruments (ESA, 2015a, p. 12)”. In particular, the FORUM mission will be
able to demonstrate the improvements expected by means of the exploitation of the FIR
spectral region of the OLR with respect to operative missions measuring only the total
broadband longwave radiance (not the spectrum), such as CERES or GERB, or the mid-
infrared spectrum, such as IASI-NG. This goal will be realized by flying in loose formation
with MetOp-SG(1A), where IASI-NG will be accommodated.

Finally, the FORUM mission directly addresses several of ESA’s Living Planet Challenges.
These include:

Challenge Al: Water vapour, cloud, aerosol and radiation processes and the
consequences of their effects on the radiation budget and the hydrological
cycle. The mission will supply multi-annual “accurate and stable measurements of the long-
wave radiation at the top of the atmosphere to assess the contributions of clouds and
aerosols, greenhouse gases, in particular water vapour, and surface optical properties to the
radiation budget”, which are required to reduce the “largest uncertainty (still present) to
estimates and interpretations of Earth’s changing energy budget” (IPCC, 2013). The
“accurate descriptions of the properties of clouds and the distribution of water and ice in the
atmosphere”, supplied by FORUM, will give “a better understanding of the role of clouds in
the climate system, including cloud—radiation feedback” (ESA, 2015b, pp. 12).

Challenge A4: Interactions between changes in large-scale atmospheric circulation and
regional weather and climate. This challenge identifies that “much better observational
capabilities are required in regions of strong temperature and moisture gradients” such as
those found in the upper troposphere/ lower stratosphere. FORUM has high sensitivity to
the upper troposphere/ lower stratosphere with studies in chapter 7 highlighting how the
measurements may be used to probe water vapour signatures associated with large-scale
modes of circulation variability such as El Nifio southern oscillation and the quasi-biennial
oscillation.

Challenge C4: Effects of changes in the cryosphere on the global oceanic and atmospheric
circulation. Although there have been major advances in the representation of the
cryosphere in GCMs there are “still major deficits in the parameterisation and integration of
cryospheric processes in these models”. Studies have already shown how the incorporation
of more realistic FIR surface emissivity estimates in Earth System models has a marked
impact on the surface (and top of atmosphere) energy budget in polar regimes, with
particular implications for Arctic surface temperatures and sea ice response (Feldman et al.,
2014, Kuo et al., 2018). FORUM will provide observationally based estimates of FIR
emissivity and its inter-annual variability.

Other indirect benefits such as improved trace gas (CO2, HNOs, O3) spectroscopy also have
the potential to contribute to Challenges A2 (Interactions between the atmosphere and
Earth’s surface) and A3 (Changes in atmospheric composition and air quality, including
interactions with climate), although not part of the primary or secondary mission goals.
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Measurements of the outgoing FIR spectrum are long overdue and, as noted in Sections 8.3
and 9.1.1, the wider community is ready to exploit the data. Via responses to the user survey
and attendance at the FORUM Workshop, representatives from the climate modelling and
Numerical weather Prediction community see a clear utility for FORUM in evaluating their
model output in several ways. Direct comparison with the FORUM radiances, assessment of
ice cloud parameterisations, implementation of improved surface emissivity estimates and
assessment of their impact, and the potential benefit of Level-1 and Level-2 products for
understanding upper troposphere/ lower stratosphere processes are seen as particular
applications of FORUM. Tools which will permit early uptake of the measurements for these
purposes are already in place (e.g. RTTOV, Saunders 2019). This buy-in from the wider
community will help to ensure that the overarching research goal of the mission, to evaluate
the role of the FIR in shaping the current climate and thus reduce uncertainty in predictions
of future climate change, can be realised.

FORUM will contribute to several planned operational space programs, operative during the
mission. Its unprecedented radiometric accuracy and spectral coverage, extending into the
MIR means that it can be used both synergistically and for cross-validation with MIR
sounders (including, but not limited to IASI-NG, e.g. IRSon MTG). Coverage across the full
OLR spectrum with IASI-NG means that the measurements could also be used
synergistically with broadband observations from instruments such as CERES and GERB,
potentially informing their calibration (especially during daytime) and scene identification.
Since there will be no dedicated broadband sensor on MTG, FORUM may also provide a
valuable means of assessing the quality of any attempted narrow-to-broadband conversion.

Dependent on launch dates, FORUM could efficiently complement the EarthCARE mission,
which will make global observations of clouds, aerosols, and the ERB. It will also leverage
any insights provided by PREFIRE, whose main goal is to address the impact uncertainties
in FIR surface emission have on the ability to predict Arctic climate. The insights gained on
ice cloud presence and microphysics also have the potential to benefit the interpretation of
observations from ICI and MWS. Similarly, since the surface emissivity of snow is
dependent on grain size and density (e.g. Chen et al., 2014), FORUM is ideally placed to
leverage new findings from active and passive instruments on Sentinels 1-3.

By improving our understanding of the current and future state of our climate we enhance
and strengthen society’s basis for decision making, benefiting people and communities
worldwide. The economic implications alone associated with reducing uncertainty in our
predictions of future climate are huge, with studies estimating that a factor of two
improvement in our knowledge of climate sensitivity would have an economic benefit
ranging from $US 5-20 trillion (Hope et al., 2015, Cooke et al., 2014, 2017). Research has
also shown how a warming climate may exacerbate natural disasters such as drought,
heatwaves, storm and hurricane intensity, and wildfire occurrence (Van Aalst, 2006, Fischer
and Knutti, 2015, Walsh et al., 2016, Schoennagel et al., 2017). Better constraining future
climate predictions would thus directly benefit policy makers working towards meeting the
Sustainable Development Goal on Climate Action of the Sendai Framework for Disaster Risk
Reduction (https://www.unisdr.org/we/monitor/indicators/sendai-framework-sdqg).
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Because of the interdependencies of the different components of the Earth system, a
reduction in the uncertainty of future climate prediction will also positively impact decision
makers working in all of the Global Earth Observation System of Systems (GEOSS) Societal
Benefit Areas including: Disaster Resilience; Public Health Surveillance; Energy and Mineral
Resource Management; Water Resources Management; Infrastructure and Transportation
Management; Food Security and Sustainable Agriculture and Biodiversity and Ecosystem
Sustainability (https://www.earthobservations.org/sbas.php).

In this way, FORUM will make a valuable and unique contribution to tackling arguably the
greatest challenge facing this generation.

9.2 Technical maturity, Critical Areas and Risks

9.2.1 Summary

FORUM is considered a technically feasible mission but challenging within the
programmatic constraints applicable to the EE9.

The FORUM Mission has two competitive industrial consortia for the platform and for the
two instruments. Both consortia have a balanced make or buy approach. The proposed re-
use of standard platform products is considered beneficial for the development of the
mission within the programmatic constraints applicable to the EE9 mission.

For the satellite platform both concepts are based on extensive re-use of heritage and
technologically mature designs. Instruments are decoupled from platform design, which will
help to allow the parallel design, development, assembly, integration and test (AIT) of
Platform and Instruments. For concept A the re-use of the platform developed for the
Copernicus Sentinel-5P and the Astrobus-M family — including the same structure design -
is proposed with minor modifications, offering a solution that provides comfortable margins
for the payload accommodation and for the platform resources and performances required
by the mission. This will allow flexibility with regard to potential evolution of the instruments
design. The platform for concept B is also based on heritage designs, either flight proven
(Proteus 150/300 standard platforms and Copernicus Sentinel-3) or under an advanced
development status (FLEX Earth Explorer mission), though a custom platform structure will
need to be developed for FORUM. In both cases the platform design and the envisaged
modifications are based on the use of mature technologies and will not require the
implementation of any early pre-developments.

The FORUM payload complement, consisting of the FORUM Sounding Instrument (FSI)
and the FORUM Embedded Imager (FEI), will re-use — in both concepts, which became very
similar at end of Phase A — mature technologies with heritage from flight-proven instrument
designs. For the FEI no criticalities have been identified. The FSI interferometer re-uses the
design of the TANSO-FTS instrument flying on GOSAT-2, with mission specific adaptations.
On one hand, the FSI can benefit from relevant heritage designs for the main instruments
subsystems based on mature technologies. On the other hand, due to the unprecedented
spectral range of the instrument and the demanding performance requirements, it requires
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specific technology pre-developments for the beam splitters and the calibration blackbody,
which have been implemented in the course of the Phase A in parallel of the two contracts,
including an assessment of several coating materials. Early breadboard of the detection
chain and of the interferometer mechanism have also been developed during the phase A to
assess and characterize critical performance aspects and provide early feedback for the
optimization of the design aim to reach at least TRL 5 (and 6 whenever possible) by the end
of phase B1. The instrument(s) design and technology heritage together with on-going and
planned pre-development activities provide good confidence about the technical feasibility
of the instruments and the robustness of the risk mitigation strategy.

No criticalities have been identified for the ground segment. The loose formation flying with
MetOp-SG will require interaction between ESA and EUMETSAT in future Phases of the
mission.

Both consortia are compliant with Vega C in dual launch configuration, on upper or lower
position, with suitable margins.

9.2.2 Satellite and Platform

The platform design in Concept A is based on the full re-use of the platform developed for a
Copernicus mission (Sentinel-5P). This low-risk solution offers comfortable margins for
what concern the mission specific needs in terms of the payload accommodation, the
resources available and the required performance, while is still compatible — with margins —
with a dual launch on VEGA-C. Most platform subsystems and equipment will be re-used
without modification and can therefore be considered already at TRL 9, pending
confirmation of similar thermal-mechanical loads. The few elements requiring mission
specific adaptation (e.g the structure, thermal control, harness, the central software) are all
based on modification of existing equipment/products and are therefore assessed to have a
TRL >6.

Also for concept B the platform design is based on extensive heritage designs from the
Proteus 150/300 LEO platforms, on-going developments in the frame of the other Earth
Explorer (FLEX) platform development and re-use of equipment flight proven in the context
of other programmes (e.g. Copernicus Sentinel-3). The new structure to be developed
specifically for the FORUM mission is based on mature technology and does not present any
criticality, it is currently assessed at TRL 6. Most subsystems/equipment are assessed
currently at TRL 9. The few elements requiring mission specific adaptation (e.g. the
structure, Thermal control, harness, the central software, the PDHU) are all based on
modification of existing equipment/products and are therefore assumed to have a TRL >6.

For both concepts, compliance with the Space Debris mitigation requirements has been
analysed and an uncontrolled re-entry is baselined. A detailed analysis will continue to
confirm the Phase A analysis, with only pending issue the instrument materials final
selection.
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9.2.3 FORUM Sounding Instrument and FORUM Embedded Imager

As outlined in the summary no critical items/technologies have been identified for the FEI
(for both concepts) thanks to the re-use of COTS microbolometer detectors and bandpass
filter with similar requirement as for the EarthCARE Multi-Spectral Imager or Sentinel-3
SLSTR instruments. All FEI subsystems/equipment, including the detectors, are assessed at
TRL>5 or above and no specific pre-developments are required. The following sections
describe the FSI subsystems/equipment for which the TRL assessment is lower than 5,
including a description of the on-going/planned pre-developments and the assessment of
the TRL achieved at the end of the relevant pre-developments in relation to the Phase A and
Phase Bl schedule, recalling that the objective is to reach at least TRL 5 (and 6 whenever
possible) for the critical technologies at the end of Phase B1.

9.2.3.1 FSI Beam splitter

The beam splitter was identified as a critical technology due to the lack of demonstrated
European technologies that would guarantee the required spectral transmission and
reflection properties in the FSI wide spectral range (100 - 1600 cm-1). Different technologies
have been identified, all assessed at TRL 3 (based on European technology) at the start of
the phase A, namely:

e Germanium coated wedged diamond plate
e Germanium coated Polypropylene membrane
e Germanium coated Mylar membrane

The wedged diamond plate technology has been selected as a baseline for concept B after
manufacturing of a full scale plate and testing for transmission, reflection and Wave Front
Errors, before and after environmental test, reaching a TRL of 4/5 (due to partial completion
of the environmental tests). Manufacturing and testing of diamond samples with anti-
reflection micro-structure has also been performed, showing improvements in the
transmittance. The application of the process on the full scale plate remains to be assessed
as part of the on-going Phase A activities in order to reach TRL 4 and during early Phase Bl
to reach TRL 5.

For concept A, a diamond plate beam splitter with Germanium coating and anti-reflection
micro-structure based on US technology has been selected as a baseline. Such beam splitter
has been used in the OTES instrument flying in the NASA mission OSIRIS-REX.
Characterisation of diamond samples to confirm the feasibility for FORUM has been
undertaken in the course of the phase A with the aim of raising the TRL to 4. Further
activities for characterizing and testing a full scale sample and reaching TRL 5 are planned
for Phase BL.

The membrane (Polypropylene and Mylar) beam splitters have been manufactured and
tested in the context of dedicated pre-developments. The results of the tests show that the
process of Germanium deposition on the membrane introduce defects that led to lower
transmission/reflection performance and higher WFE than predicted, especially in the case
of Polypropylene, which at this moment is not considered a suitable solution. Mylar also
exhibit absorption features, as expected, in the FSI spectral range that would lead to non-
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compliance to the instrument NESR performance, although pending additional activities it
is retained as a backup.

9.2.3.2 FSI Calibration blackbody

The performance of the calibration blackbody (emissivity, stability, homogeneity) is
fundamental to achieve the on-board high calibration accuracy required to meet the
demanding radiometric performance requirements of the instrument. The design and
assessment of the blackbody cavities in relation to the candidate coatings identified has been
performed in the course of the Phase A studies for both consortia. The candidate black
coating materials have been selected based on tested performance and heritage. Candidate
materials such as Nextel, Vantablack, ... have been subject to pre-developments in the course
of the phase A to characterize their performance in the FSI spectral range. The selected
baseline coating has flight heritage from the calibration blackbody of the HIRLDS
instrument embarked on the NASA EOS Chem satellite. For the baseline coating, coated
samples have been manufactured and submitted to environmental tests. It is planned at
completion of the Phase A activities that the analysis of the cavity design in combination with
the characterized properties of the coating material the blackbody will allow to reach TRL
4/5 (due to partial completion of the environmental tests). For concept B it is foreseen to
breadboard a full scale sample of the emissivity plate and a simplified baffle to test the
manufacturability and homogeneity of the coating. It is also planned to test the assembly in
vacuum.

For Concept A, a pre-development of a phase change cell for the absolute calibration in orbit
of the blackbody thermal sensors has been pursued. The planned activity aims to reach TRL
4 at the end of Phase A and TRL 5 by the end of Phase B1.

9.2.3.3 Pointing and Scan mechanism

Pointing and scan mechanism for Concept B is at TRL 4 at this moment with a plan to reach
TRL 5 in Phase Bl via a dedicated pre-development. For concept A a re-use of the pointing
mechanisms from the Metlmage instrument on board MetOp-SG is planned with minor
modification. No specific pre-developments have been envisaged. Accordingly, the pointing
and scan mechanism is not considered critical.

9.2.3.4 FSI Detection Chain

The baseline pyroelectric detectors selected for FORUM have flight heritage (TRL 9, concept
B) or are an evolution of the flight proven series, already assessed at high TRL (TRL 6,
concept A). Though the detectors themselves are not considered critical and have a very high
TRL, an early prototyping of the complete detection chain (detectors and prototype Front
End Electronics) has been undertaken by both consortia with the aim of improving the
characterization of the detectors in terms of noise and responsivity properties, perform an
assessment of the different operation modes and investigate the optimal operating
conditions concerning the detector temperature. The results of the pre-development
confirm the achievement of TRL 4/5 (due to partial completion of the environmental tests)
for the FSI detection chain. The manufactured and tested prototypes of the detection chain
will also evolve during Phase Bl into a breadboard to be tested for achieving TRL 5 and for

Page 229/263
Earth Explorer 9 Candidate Mission FORUM — Report for Mission Selection

European Space Agency
Issue Date 21/06/2019 Ref ESA-EOPSM-FORM-RP-3549 Agence spatiale européenne



ESA UNCLASSIFIED - For Official Use

¢-esa

developing an Instrument Elegant Breadboard, consisting of the detector chain breadboard
combined with the FSI interferometer breadboard (see next Section and Section 9.4).

9.2.3.5 FSI Interferometer mechanism

The double pendulum interferometer mechanisms selected as a baseline for both concepts,
after some trade-offs, use a double pivot point mechanisms (Concept A), with heritage from
commercial (non-space qualified) interferometers. A prototype of the double pivot point
mechanism is undergoing space qualification for the Large Aperture Dual Pivot (LADP), an
internal development program, partially funded by the Canadian Space Agency, expected to
reach TRL>6 before the end of 2019. Concept B baselines a single pivot point mechanisms,
with flight heritage from the TANSO-FTS interferometer on board GOSAT and the ACE-FTS
on board SciSat (Canadian Space Agency). The current TRL of the interferometer
mechanisms is assessed at 4 for both concepts. For concept B an interferometer mechanism
breadboard has been manufactured and will be tested for speed stability and susceptibility
to micro-vibrations, aiming to reach TRL 4 by the end of Phase A. The mechanism
breadboard has been conceived with a modular approach aiming at being developed
incrementally into a complete interferometer breadboard (including beam splitter, laser
metrology and detection chain) to be completed and tested during Phase B1 with the aim of
achieving TRL 5 of the full assembly/subsystem. For concept A the interferometer
mechanisms breadboard is under manufacturing and will be assembled and tested during
Phase A, to be integrated later (in Phase B1) into a complete interferometer breadboard that
will later become part of the Sounding Instrument Elegant Breadboard (SIEBB).

Pre-development activity Technology Readiness Level (TRL)

Start of Phase A End of Phase A | End of Phase B1

Beam splitter

Germanium coated Diamond Plate 3 4 5
with micro-structured anti-
reflection layer (Concept A)

Germanium coated Wedged 3 4/5 5
Diamond Plate (Concept B)
Germanium coated Mylar 3 4 Further activities
membrane (both concepts) depending on
performance
results
Germanium coated Polypropylene 3 4 -
membrane (both concepts)
Germanium coated Diamond Plate 3 4 5

with micro-structured anti-
reflection layer (Concept B)
Calibration blackbody

Coating material (both concepts) 3 4/5 5
Blackbody cavity (both concepts) 3 4 5
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Phase Change Cell (Concept A) 3 4 5
Pointing and Scan mechanism 4 4 5
(concept B)

Detection Chain (both 3 4/5 5
concepts)

Interferometer mechanism 3/4 4 5
(both concepts)

Table 9-1: FORUM FSI pre-developments

9.3 Development Approach and Schedule

9.3.1 Overall Development Approach and Model Philosophy

FORUM will follow a phased development process (Phases B2/C/D/E1) with system reviews
(System Requirements Review (SRR at end of Phase B1), Preliminary Design Review (PDR
at end of Phase B2), Critical Design Review (CDR at the end of Phase C), etc.) to verify the
status of the system design, development, procurement and integration of development and
flight models. For concept A, a “fast track” approach is proposed for some instrument and
lower level reviews as optimization of the traditional review approach and organization. In
order to establish a robust development schedule, the instrument and platform
developments can be decoupled. As reference planning to minimise project cost and
schedule, both industrial consortia have proposed parallel development activities on the
instrument, platform and satellite levels, with integration performed at the two different
levels, full Instrument AIT, full Platform AIT and finally the satellite combined AIT. The
instrument development has been assessed as driving the overall schedule. Different
approaches have been proposed to minimize the instrument development duration, such as
reducing the number of intermediate development models at unit level for low development
risk units or at instrument level, developing in parallel intermediate development models,
performing testing or achieving qualification at satellite level.

The proposed platform/satellite model philosophy is derived from the risk analysis and the
level of maturity of technologies envisaged for the programme.

Both concepts rely on extensive (though to a different extent) re-use of heritage design for
the platform, leading to the following development approaches:

For concept A, it is proposed for the platform to follow a direct PFM approach. Thanks to the
re-use of flight proven design and modelling approaches no structural/thermal model have
been assessed as necessary to reduce risks. The full mechanical and thermal qualification
will take place at Satellite PFM level. No Electrical Functional Model of the avionics has been
considered due to the re-use of equipment that were fully integrated and tested in previous
programmes, but a functional bench and Software Validation Facility (SVF) will be used.
Electrical integration and test of new/modified equipment for which EMs or EFMs will be
developed will take place via integration and test with the equipment they directly interface
with. Instrument to platform interfaces will be verified on functional bench. A Simulated
Electrical Functional Model where new/modified HW EM/EFM could be integrated and
tested in the loop is considered when deemed necessary. This is planned in particular with
an instrument electrical and functional EGSE simulating the Instrument Control Unit.
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Modification of the AOCS control algorithms will be validated in the existing Functional
Validation Bench and SVF. Validation of the FORUM Central Software will take place in the
existing SVF as well — customised for FORUM — prior to loading on the on board computer.
The full functional qualification of the payload/platform interfaces will take place at Satellite
PFM level.

For the instrument, the development and model philosophy considered for concept A
consists in early breadboarding of the instrument to address operation, data processing and
performance under ambient and thermal vacuum conditions. The detailed need for further
breadboards in extension to the proposed pre-development will have to be confirmed during
Phase B1. An Instrument Electrical Functional Model, consisting of the ICU, harness and
detection chain EMs, will be developed for the electrical and functional tests at instrument
level and shall be later used for the payload/platform interface validation against a
representative platform interface. The instrument and its subsystems will follow a PFM
approach. The instrument EMC, Mechanical and Thermal qualification as well as
performance characterisation in representative environment are proposed to be achieved
during the satellite PFM testing.

For concept B a robust and low risk approach has been baselined, both at platform/satellite
and instrument level. Due to the development of a FORUM specific platform structure, a
Structure and Thermal Model at satellite level consisting of the platform STM and the
instrument STM, both structurally and thermally representative of the flight hardware will
be developed and used for the mechanical and thermal qualification of the structure and
performance evaluation. The platform STM will be refurbished as platform flight structure.
An Avionic Test Bench (ATB) will be developed/adapted to allow early verification of the
avionics design and the software and hardware/software integration using EM equipment.
It will also allow to verify the AOCS subsystem design/performance, the data handling design
and the flight software enabling avionics interface testing. The ATB will then be extended
into a functional test bed to complete the electrical and functional verification at satellite
level (including the software) and to verify the payload/platform interfaces using an
instrument E(Q)M. At instrument level all instrument subsystems/assemblies will follow an
EQM/FM approach, with full qualification achieved at subsystem level. At instrument level,
an Engineering Model is foreseen with the main objective to rehearse the integration and
alignment procedures. The instrument PFM will have achieved full qualification and
characterisation prior to the delivery for integration in the satellite PFM.

9.3.2 Schedule

The schedule for the FORUM development assumes the Phase B1 to start in October 2019
for a 1 year duration and that the Phase B2/C/D/E1 could start in March 2021 following the
bidding and negotiation phase.

The instrument kick-off is assumed to take place at the same time as the System Phase B2
KO. 6 months of contingency at prime level have been included. The schedule is driven by
the instrument development after instrument PDR (instrument phases C/D), in particular
the development of the instrument detection chain and interferometer PFM. A launch for
FORUM by the end of 2025 is not considered feasible with adequate margin. A launch by
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mid-2026 is considered feasible but challenging and will require an optimisation of the
development approach and schedule taking into due account the associated risks.

2021 2022 2023 2024 2025 2026
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 Platform equipment procurement and AIT + margins

S/C PFM AIT + margins

Figure 9.1 FORUM Development Schedule

9.4 Conclusion

The critical scientific areas of maturity and risk have been assessed and there are no major
issues of concern to the scientific development of FORUM. The mission and research
objectives have remained stable with respect to the original proposal. Based on the results of
the End-to-End performance simulations, the scientific campaigns and studies conducted
during the Phase A, it is considered that the FORUM mission concept has reached Scientific
Readiness Level 5 at the end of Phase A.

Assuming the expected successful outcome of on-going and planned technology pre-
developments, the maturity of critical technologies will reach the required level prior to the
start of the implementation phase. The development schedule is driven by the instrument
development, calibration & characterization and test phases. The Design Development and
Validation Plan and the associated schedule is not yet fully consolidated and further
improvements would be necessary to recover - with margins - the launch date by the end of
2025.

FORUM will be the first satellite mission to provide spectrally-resolved measurements in the
far-infrared range, enabling climate research and acquiring knowledge with which to reduce
uncertainty in predictions of future climate change.
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It is judged that the FORUM mission concept has reached the expected scientific and
technical readiness level at the end of Phase A, and is sufficiently mature for implementation
as Earth Explorer 9. The development schedule is compatible with a launch in the 2026
timeframe.
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