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ABSTRACT:

Accurate knowledge on the time-delays between ttéands is paramount for the observation of dyodeatures in Sentinel-2
imagery. Sentinel-2 inter-band time delays haventidmaracterised analytically and empirically on éle¥/B images with help of the
rigorous geometric model. Two major contributorsenbeen identified: optical distortion and satelbtitude inducing across- track
and along-track delay variations up to +/-2% witkgect to ESA handbook fixed value. A harmoniduaté perturbation induces a
0.15% peak to peak temporal modulation on delapsorginal method is proposed in order to estinatier-band delays from L1C
orthorectified and tiled products. The method slm the orbital ephemeris embedded in L1C metaatadaa lookup table. The

performance assessment exhibits a maximum errd¥odnd a rms error of 0.28%.

1. INTRODUCTION

In recent years, large scale, systematic, Earthe®aton
programmes like the Sentinel series or alike, Haagome the
new norm to observe and monitor land and oceanepsas,
climate impacts,
Commission, 2015). The systematic nature of thesagém
acquisitions that last for several years to decadesbles
investigation of time-series with unprecedented peral
resolution. While the Sentinel-2 satellite prograenmas initially
designed to monitor time-varying processes instatasly at a
given moment (meaning a static observation thahhufange in
time), it was not foreseen that the Sentinel-2|iate could be
used to observe instantaneous but dynamic physick as
propagating features (Kudryavtsev et al., 2017;0vskaya et
al., 2019; Bergsma et al., 2019).

Exploiting a small, but sufficient, inherent tirteg in push-
broom sensors between image bands, enables theticletef
propagating features, both natural like ocean aisre
(Yurovskaya et al., 2019), waves (Kudryavtsev et 2017),
wave-derived bathymetries (Bergsma et al., 20191 2@2ouds,
volcano plumes (de Michele et al., 2019) and umaainbjects
like inflight airplanes (Liu et al., 2020; Heiselge 2019). The
dynamic property one is after in these cases ilacity or
celerity in some sort. Considering that the timeigelatively
small in comparison to the minimum pixel size ahd target
physics (in the case of ocean currents, wave amddcl
propagation), any error made in space and timefisstaorder
linear error, and requires hence to be measuradatety, (and
precisely). The spatial part is often methodolagyj/or process
depends, hence, in this work we focus on the comfaxtor: the
time-lag between image bands.

The time-lag between image bands is stated (imlates
form) in the ESA manual for Sentinel-2 (MSI instremh manual)
but considering the complex focal plane configumtof the
Sentinel-2 instrument, consisting of multiple déves, these
given time-lags should be considered with cautitfnnot
processed properly, the given, constant, time-&tg/éen image
bands results in different derived velocity compaseper
detector band, that are not necessarily just a difierence. A

time-lag between the image bands per detector esefire
required to overcome this issue. At the same titimage

information at this level of detail is not delivetenor can be
derived directly from the standard available Sestthproducts,
distributed by ESA: L1C, L2 and higher.

and anthropogenic changes (EuropeaConsequently, in most of former cited works, intanth time

lags are taken from ESA table. A very few works kear about
a finer estimation of Sentinel-2 time delays. (Yugkaya et al.,
2019) estimate Sentinel-2 delays thanks to proghetadata such
as satellite altitude and speed ephemeris, asawellrimuth and
zenithal viewing angles for each spectral band.dtthors claim
a 1-2% accuracy, but did not detailed the assedsmen the
methodology. (Liu et al., 2020) proposed an auteshamethod
to detect flying aircraft through the use of theeirband time lags
of Sentinel-2 measurements. This work relies on Esbe for
inter-band time offsets, but they measured thdivelime offset
between adjacent detectors of B2 band thanks todamdaor
which an airplane is sensed on two different detsatf the focal
plane array, without knowledge of the aircraft spaad height.

In this work we propose a methodology, derivedrfrolB
level products, to precisely compute a time-lagetween image
bands and per detector for L1C and higher levetlypets, with
the meta-data available in the distribution of éhpeoducts. The
outline of the paper is as follows; the subsequssttion
describes the Sentinel mission, configuration amddycts,
succeeded by a theoretical analysis of the timezédgulation,
including all constituents and potential error s@st We then
demonstrate the empirical derivation of the timgsing L1B
level Sentinel-2 products, its dynamics over anitogsind the
variability between detectors and the differencesuntl
depending on orbital position, altitude, and latéuUsing this
knowledge, section 5, draws an approach to cakule time-
lag per detector per image band pair for the tisted L1C or
higher level products.
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2. SENTINEL-2MISSION AND PRODUCTS
2.1 Sentinel-2 overview

The Sentinel-2 mission (Drusch, 2012) main- obyectis to
provide high-resolution optical imagery for the oqt@nal
monitoring of land and coastal areas. Two identgatkllites
named hereafter S2A and S2B are maintained in tme san
synchronous 786 km mean orbit with a phase delag86F
providing a revisit time of five days at the equat®entinel-2
satellites acquire images in a classical push-brasiion with
12 linear detectors. The on-board telescope (MSHiment) is
designed with a staggered arrays focal plane.derao acquire
different spectral bands, the linear arrays ardteshiin the
telescope focal plane along the satellite alongktréALT)
direction (see Figure 1). Also, due to limitatidittoe size of the
detectors, the 290 km field of view is obtainediysaicking the
detectors in the across-track (ACT) direction. Tiwoal planes
optically conjugated co-exist: one for VNIR spectrahds, and
one for SWIR spectral bands for a total of 13 baifte VNIR
spectral bands arrays (resp. SWIR arrays) lie osah® detector
(chipset). Therefore, it is likely that the spektrand arrays are
collinear in each detector. The spectral filterst sarder is
inversed between even and odd detectors. Thougtetdttors
share the same telescope, the resulting imagestdshare the
same ground resolution. Depending on the specaadi,b10m,
20m, or 60m images are distributed to users themks-ground
processing chain (Baillarin, 2012).

Due to Time Delay Integration (TDI) technology, aysteering
of the platform must be done so that ALT directian
perpendicular to the detector’s arrays (see Figiurgv/e call this
orthogonality the “yaw steering condition”. Accandi to the
Operational Concept Document (OCD) the main line ights
(LOS) of MSI is pointing towards the Earth’ centAccording
to OCD,

Tablel resumes the nominal orbit parameters that have e
for the analytical study.

Mean Local Solar Time at 10:30 AM
Descending Node (LTDN)
Repeat Cycle

Cycle Length

Semi-Major Axis
Eccentricity

Inclination

Argument of Perigee

10 days

143 orbits
7164.25677316046 km
0.0011584062
98.49 degrees

90.74 degrees

Table 1: Nominal orbit parameters of S2A and S2B.
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Figure 1: Virtual focal plane layout mixing VNIR and SWIR

focal planes. The yaw steering condition insureg Wyround is
orthogonal to the detector arrays.

2.2 Sentinel-2 products

Sentinel-2 images are de-spatialized into sevesakl$ of
products. L1A and L1B products are dedicated to eiggewhile
L1C and L2 products are delivered to end-users.

L1B images are radiometrically corrected and stonedative
raw geometry, per detector. Therefore, 13x12 images
produced per L1B product on a datastrip. The L1Bdpch
metadata embeds the rigorous refined geometric mode
Geometric refinement is performed through grounchtrcd
points (Baillarin, 2012). Even without refinemengnsidering
the very good absolute geolocation accuracy (opixgl), the
absolute date of any image line of any spectraldbean be
retrieved with a very high accuracy (at least betian 2 ms
depending on geometric refinement) and the relataéing
accuracy is better than 0.15 ms (Languille, 2015).

L1C and L2 products provide georeferenced orthdfiedt
multiband images with a sub-pixel interband registn
accuracy for static object (Languille, 2015). L1l 2 products
are tiled in 110 km by 110 km tiles. A tile typigaéncompasses
several detectors. A detector mask (MSK_DETFOQ)vall to
superimpose the detectors’ footprint on the imadkesdetailed
dating information specific to the tile and/or dette is available
in the metadata.

3. THEORETICAL ANALYSIS

The following section deals with the analytical eegsion of the
Sentinel-2 inter-band time-delays. The aim is entify the main
contributors to the time-delay and assess the ¢éxpe@riability
over time or in the field of view.

3.1 Inter-band sensing

Let us consider a ground point M which has beersesérby
spectral bandsiBt time i, i being the Sentinel-2 band number
in intervals {[1-8], 8a, [9-12]}. Due to the focplane layout and
the yaw steering guidance law, this point has lsesmised by the
same detector number for all bands (see Figurévil.chipsets
may be involved: one for the VNIR focal plane ana dor the
SWIR focal plane. For the sake of clarity and withtoss of
genericity, we will consider only one physical dte. We will
also consider that the number of pixels is the samall spectral
bands.
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—
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Ohserv‘ed object
Figure 2: Pushbroom interband sensing.

On this arbitrarily considered detector, the staggespectral
bands are spatially separated in the satellité& tlmection. At the
exit pupil of the telescope there is an angulaasspn between



any spectral bands couple which depends on theB(Bcouple
involved. Consequently, the instantaneous grouwdbfts of
the spectral bands arrays are also spatially seghia the
satellite track direction. Taking into account gagellite ground
track speed, point M has been sensed at diffeaatdi and &
by arrays Band B (Figure 2).

Depending on spectral bands couple, time delaygerdrom
~20ms (B6-B11) to 2,6s (B2-B9). See Table 2 for ESAdhaok
values. These values are mean values with respéeld of view
variations, time variations and satellite differeadetween S2A
and S2B.

INTER-BAND PAIR TEMPORAL

OFFSET BETWEEN

INTER-BAND PAIR TEMPORAL
OFFSET BETWEEN

BANDS (SECONDS) BANDS (SECONDS)

B08/B02 0.264 B06 / B02 1.525
B03/B08 0.264 BO7/ B06 0.265
B03/B02 0.527 B07/B02 1.79
B10/B03 0.324 B8a/ B07 0.265
B10/B02 0.851 B8a/B02 2.055
B04/B10 0.154 B12/B8a 0.03
B04 /B02 1.005 B12/B02 2.085
B0O5/B04 0.264 BO1/B12 0.229
B05/B02 1.269 BO1/B02 2.314
B11/B05 0.199 B09/B01 0.271
B11/B02 1.468 B09/B02 2.586
B06/B11 0.057

Table 2: ESA time delay table as published in The Copemiicu

technical guide website.
3.2 Analytic formulation
Given the maximum time delay of 2,6s, the instagtas spatial

separation between spectral bands can be consideresfant
during this time interval. For the same reason shgellite

velocity at timesaii andtvj can be considered equal. The platform

attitude is geocentric-guided with null pitch amd angles, and
we suppose no attitude perturbation.

The pinhole model is used to define optical proget. Let
be the conjugate plane of the focal plang)(® which M lies
illustrated in Figure3. LetVy,.,,nq be the ground velocity of the

detector’s projection at point M in an earth-fixedme. Letd_”)
be the oriented orthogonal distance between thiegiea linear
arrays Band Bin Pu.

Figure 3: Ground projection of spectral bandsa®d B. on the
conjugate planenPand definition of g

The time delay can be estimated from the folloveqgation:
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At = 1)

Vground- dU

The ground spacingT; depends on the angular separation
between Band B arrays in the focal plane, the telescope optical
distortion, the satellite altitude, and the diffeiial atmospheric
refraction. Since atmospheric refraction is negligiwith respect

to incidence angles (Noerdlinger, 1999), the atrhesp
refraction is not considered in the analysis here.

Vgrouna depends on the satellite apparent celd@, and the
satellite altitude Hsat* with respect to point Mhel angle
betweenaj andVy,.oung Must be taken into account if the yaw
steering condition is not met on point M. It ids®noted that yaw
steering guidance cannot satisfy the yaw steerarglition on
every point of the swath if the telescope expersnoptical
distortion or if the detectors are not properlgaéd.

3.3 Ground track velocity

ground Jf Vground
edge of swath
!
1

Figure 4 Satellite apparent orbit and ground track. Pragacof
satellite velocity depends mainly on satellitetatie Hat

The quasi-circular orbit and the geocentric pomtaonstraint
imposes a rotation of the satellite body such thatMSI main
LOS follows the Earth’ center (Figure 4). Therefdte rotation
velocity w of nadir ground track equals:

Vsat
w =

=) 2
Ry + Hgqe @)

where Mat is the apparent satellite velocityy B the local
ellipsoid radius and &kis the satellite altitude w.r.t ellipsoid. The
nadir ground track velocity at ellipsoid surfacehen:

R,
“Ry + Hgat'

—

Vy =@ACN =V, 3)

where C is the Earth center and N the nadir poirgufe 4).
Considering now the velocity at point M, from Figene can

deduct that neglecting ALT distance M frome Melds a good
approximation o¥g,.gynq:



_— L, =

Vyround = @ ACM = & ACNp 4)
—— Ry — (Hgqr — Hsar)
Vground = Vsat# (5)

Rt + Hsat

Equation 5 shows th&;.o,nq is always smaller or equal to nadir
velocity. Indeed, Figure 4 illustrates that the edg swath
ground track perimeter is smaller than at nadir thet orbital
period remains equal to the orbital period at ndljrestimating
the ground velocityl{oynq ) for the Sentinel-2 mission, we find
that the expected velocity range within the swatk0i02% due
to earth curvature. Note that taking mean earthusagh instead
of Rt yields an error of same order of magnitude. Frareh
onwards we will use the simplified equation to apmate the
ground velocity:

—_—

R
7 t

V R S
SRy + Hyqe

ground =

(6)

This allows us to express the orbital velocity ba ground but
(6) does not take the yaw-steering into accountlevhi yaw
steering guidance imposes a yaw angular
supplementary velocity imposed to M by yaw-steeimgqual
to:

Vysza);;/\NpM, (7)
wherew,s is the yaw speed of the satellite illustratediguFe 4.
Figure 5 shows the yaw angle speed computed byrhit o
simulator based on a Keplerian propagator. Figusedws that
the yaw speed is a quasi-linear function of th&ude in the
range -80°/+80°. Its impact on ground speed isegligible as
will be illustrated on real data. Hence the totadumnd velocity
(Vgrouna) is then a combination of the orbital velocity ayaiv
steering speed following:

—

Vground = Vsat 0+t (‘)—ys) A NPM (8)
R +

t
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Figure5: Yaw speed dependence with satellite latitude.

3.4 Inter-band ground distance

34.1 Ogptical distortion

The main contributor to inter-band ground distadggis the
angular separation betweena®d B sensing arrays in the object
space (telescope exit pupil). This separation dépen the focal
plane arrays assembly as well as on the optictrtisn. It can
be formulated as the line of sight (LOS) angulatatice between

speed. The

Bi and B at the telescope exit pupil and it can be evatiititanks
to the in-orbit geometric calibration whose accyriadbetter than
0.1 pixel (Dechoz, 2014, Languille, 2015). Indettst LOS of
every pixel for every band and every detectortischted to L1B
expertise products. Figure 7 shows the S2B LOS eteitlaon
spectral bands B2 and B4 for every detectors angqiea on
across-track¥x) and along-track¥y) components. Nominally
these quantities are defined in the MSI instrumerférence
frame but thanks to yaw steering guidance MSI axesligned
with along-track (ALT) and across-track (ACT) axeBy
definition, ALT direction is collinear to nadif;,.,,nq. Therefore,
Wy is the component which directly impacts the tidaays.
Note that (tan(i,), tan(i,)) is proportional to the array's
footprints projected on planesRFigure 3).
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Figure 6: Definition of N, Ne, Hsa, Hsat*, andWx angle.

plane Py,

Note in Figure 1 and Figure 7 that the order ofgtaeied spectral
bands depends on the detector number parity. Fioltpuhe
detector order, we expect a periodic sign changhendelays.
This is why all delays will further be given as alse values.
The S2B LOS exhibits an optical distortion patterhick
depends on the ACT position in the image. As optilealign is
identical between S2A and S2B, the same patterxpisoted for
S2A. The other consequence of optical distortionime delays
is thatd_l; andVgy, oung Vector cannot be perfectly aligned in the
field of view. Indeed, LOS of detector #12 reacBe®® of tilt
with respect to a distortion-free telescope.
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Figure 7: S2B lines of sight for B2 and B4 bands. A typical
optical distortion is exhibited.

In order to evaluate the impacts on time delays,AhT LOS
difference is evaluated with the following formditet same pixel
indexes in Band B LOS arrays:

Atamiy[k] = tan(y,,)[k] - tan(l,[)yBj)[k] , 9



where k refers to the detector array index. Refgrrtini;
definition, note thatAtani, is not strictly equal to ALT
component ofdj becausep, g;[k] andi, 5;[k] are not equal

due to distortion in ACT direction, but sindeaniy, is 10 times
less thanAtani,, the approximation is very good. Figure 8
exhibits the absolute ALT LOS differen¢atani, | computed
on spectral bands B2 and B4 for every detector.

We conclude that for this contributor, we expeagéa time
delays at edge of the field than the middle offiblel by a factor

+3.25%.
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Figure 8. Absolute difference of B2 and B4 ALT LOS
component. The swath range ratio due to distoiih25%.

3.4.2 Satellite altitude
Referring to Figure, the inter-band array ground distamffe
projected ALT is deducted from the LOS angles:

d = Atany,,. Hgge (10)

ijjaLr
And sinceVgroung iS ALT oriented, we can rewrite the delay
equation (1):

_ Atamiy,. Hgg,

At = (11)

” Vground ”

Since Hat* andVy,.o,nq depend on satellite altitudeadtemporal
delays have a strong dependency on the satelltiride. The
satellite altitude (k) modulation is due to:

«  Orbit eccentricity,

¢ Ellipsoid flattening,

¢ Surface relief.

Following Table 1, Sentinel-2 orbits have an ecgeity of 1.2E-

3 and 7167 km for semi-major axis, which yieldsiagj-circular
orbit translated by 8km towards south pole withpees to Earth’s
center.

The WGS-84 flattening induces 21.4 km of altitudifedence
between equator and poles. These two contributerha major
ones. The combination of the two yields a 30 kngeawith a
minimum altitude of 788 km for ~15° latitude ananaximum
altitude of 818 km for the maximum latitude of 8The temporal
variation is of very low frequency. Furthermoreadalso varies
across-track, as can be seen on Figure 6 as @ \&attion due
to earth curvature.

3.5 Estimation of static At variations

Among all the identified contributions, the statiaCT
contributors are:
e Optical distortion

¢ ACT altitude variation due to earth curvature

From section 3.4, optical distortion contributes2636 toAt.
Considering Sentinel-2 swath, from equation 11 heeutvature
Hsat* contribution is +0.21%. From equation 6, we canlg that
Vgrouna CONtribution is -0.02%.

As can be seen in the simulation result presemtdeigure 11,

the total expected ACT range is +3.2%.

3.6 Estimation of dynamic At variations

From equation 11, we find that the satellite attéwand ground
track velocity are two dynamic contributions.

We have listed in section 3.3 theattontributors, being mostly
the orbit and earth flattening. This 30km flattenipields an
orbital range of 3.6% peak to peak but most usesskvon
restricted +/- 60° latitude, which reduces thetwdi range to
~2%. Terrain height should be taken into accoupedding on
the application. For bathymetry, there is obviously relief
contribution.

From equation 8V, g Orbital variations are due 14,, and
Hsar modulations.Vy,, depends on earth rotation and satellite
altitude. Indeed, apparent veloci¥y,; inherits earth rotation
being maximum near the equatty,,,,,q Mmodulation due to &
follows Hsat profile, being maximum around +15° latitude.
Simulations ofV;,.,,nq Nadir profile with Keplerian propagator
yields an orbital range of 0.7% being maximum ribarequator.
The total expectedt range on Sentinel-2 orbit is 4.3% (3.5%
between -60°/+60° latitudes).

3.7 Pointingerrors

Sentinel-2 pointing error is specified to be maximakm from
nadir (SMRD, 2012). Such pointing errors yield ngiglie delay
variations.

3.8 Synthesis

The theoretical Sentinel-2 inter-band delays haantevaluated
thanks to the knowledge of MSI LOS and the orlptalameters.
All contributors have been identified and evaludtetividually.
Referring to the ESA time table which gives one yigler band
couple, we have shown that inter-bawdindergoes a static ACT
range of 3.2% as well as low frequency dynamicatemns up to
4.2% (without relief contribution). The two mainrtdbutors are
the instrument distortion and the ground-to-saeebititude Hat
which impacts both the inter-array ground distaacel the
ground track velocityg, ounq-

4. EMPIRICAL DELAYSMEASUREMENTS

The aim of this section is to check empiricallyreal Sentinel-2
images the theoretical statements of section 3@asdtablish the
true delays experienced by Sentinel-2 bands.

4.1 Principle

Keeping in mind that L1B expertise products are ative raw
geometry and embed the rigorous physical geommioidel, it is
straightforward to comput&t on chosen ground targets.



For a given detector, given a pixel of indexlijan image B, we
use the geometric model to compute its ground doates on
ellipsoid thanks to collinearity equation. Then theometric

4.3 Static across-track empirical variations

Figure 11 shows the static ACT delays of band coWg®2-B4

model of image Bis used in order to compute the coordinatesfound for a particular date in a particular S2Bduat located in

(c,lj) (Figure 9). Since MSI is a pushbroom instrumehg

acquisition dates of the two pixels indhd B are linearly related
to their line index. Finally, the delay is simplet difference
between these two dates.

This process is applied 15 times for each of theldtectors: 5
line indexes distributed over the image length, 8ncblumns
distributed over the detector swath: first, midadlad last pixel.
Delays have been computed for all band couples.

B04
BN Cround BN Inverse N col B04
coord. localization lig_B04

Direct
localization
on ellipsoid

col_B02
lig_B02

Figure 9: Principle of delay estimation through image co-Figure 12 is also plotted (orange dots) the: Myrouna ratio

location illustrated on B2 and B4 bands.

4.2 L1B image set

The L1B image set is composed of 13 S2B products2aB2A

products. The ALT length of these products is \@&afrom

300km to 6500km. The acquisition dates range frdrh72to

2021 for S2B. S2A images are acquired in 2016 add .200S

calibration files have been harmonized with the L¥@8sion of
30" october 2014 which is applicable to all products.

The spatial repartition of the products is meanbéospread in
latitude in order to evaluate the dependence aellisataltitude
and latitude. The 840 measured delays are locatEdyure 10.
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Figure 10: Location of the 840 ground points at which delages
computed. S2B in blue, S2A in orange.
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Figure 11: S2B static ACT B2-B4 absolute delays in seconds

function of detector number. Black dots: empiricasults (3
pixels per detector). Blue: simulation. Dashed: B&hdbook
value.

Spain. The same distortion pattern as Figure #asegmt. The
total measured range is 3.2%. Figure 11 also ptresesults of a
simulation of ACT variations, given empiricakdtand Vg, ouna
values computed via the L1B product ephemeris. Thedg
agreement validates our ACT static delay model.u&iting the
true orbit would require an accurate orbit propagathich is out
of the scope of the study.

4.4 Dynamic along-track empirical variations

The delays have been computed for the central pixdetector
#6 over the 13 S2B products for band couple B2-B4.[@titude
range is -20°/+80°, which allows us to measuredhge of delay
due to HaandVy,,nq Vvariations (blue dots in Figure 12). On

which should be strictly proportional to the del&ferring to
equation 11. kk andVyroung have been estimated from the
product ephemeris. Correlation is indeed perfeat. ddlay range
is 1.9%, in line with our estimation on this rargfdatitude. It is
to be noted that majority of the delay range shaoldretically
occur at southern hemisphere due to the orbit,sinte the
minimum latitude is -21° in our experiment, thegaris much
lower than the total expected 4%.
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Figure 12: S2B dynamic ALT B2-B4 nadir delay computed on
13 products having a high latitude range and caticed with Hat

! Vgrouna- Blue dots: B2-B4 delays. Orange dotsaiyrouna
ratio.
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Figure 13: Impact of solar generator vibrations on B6-B9 gela

Experiment of Figure 12 has been done with 60 pdaigtributed
over a high range of latitude. Figure 13 illustsatee same
experiment with a high density of points on a skotatitude



range, and on only one L1B product. A periodic shaelulation
is clearly visible, with a period of 30s and an #itage of ~2ms.

independently of the detector number or time (Yskaya,
2019).

This frequency is the one observed during S2B intorb We are hereafter proposing an interband delaerettialgorithm

commissioning and identified as a solar panel tibranducing

a sine attitude perturbation at 0.032Hz (Langul&17). Indeed,
a sine attitude pitch perturbation induce a sineugd speed
modulation, hence a delay modulation. The low fesmy trend

in Figure 13 is due to altitude variation. The rbtnd delay
being a differential date phenomenon, its susciiptito a sine

perturbation depends on the time delay itself. Eigld shows
the impact of this attitude perturbation for diffat band delays.
Note that due to the linear susceptibility, the kpéa peak

perturbation relative to the delay is 0.15% forcalliples.
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1 * B8a
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for L1C Sentinel-2 products, which is the first Iewé product
distributed to end-users. The section describealtaithm and
then presents the error assessment.

5.1 L1C products

L1B products are tiled orthorectified geolocated dem
(Martimort, 2007). Contrary to L1B products, thes@o rigorous
geometric model available so that methodology prtesksection
4 is not applicable.

L1C tile size is 110x110km. Up to 5 detectors caroh one tile.
Thanks to the detector mask included in the metadesers can
identify each detector’s footprint in the tile. $hihask allows to
perform pixel-specific delay estimation.

5.2 Proposed method

We have seen in section 3 that the delays canvidediin ACT
and ALT components, the first being static and tibher
dynamic. None of these two components prevailshenother
one, therefore we wish to correct both.

The first level of correction is to assess stati€TAdelays. Then
a second level of correction is done taking intecoant the
satellite altitude at the tile’s date. Indeed, ikipossible thanks

Figure 14: Modulation amplitude (peak to peak) of different to the presence of ITRF position ephemeris in mésadfL1C

band couples on S2B. The susceptibility dependshentime
delay.

We have explained in section 3.3 that the yaw stgeyuidance
induces a yaw drift. The consequence is that thet aed east
edges of the swath do not share the same groundityelThe

difference is proportional to the yaw angular speetiich

depends quasi linearly on latitude (Figure 5). Fédlb shows the
empirical ground speeds variations computed fortereof

detectors DO1 and D12. In order to cancel altitoaelulation,

we compare the ground speed to the nadir one. Xpected

opposite linear trends are visible despite theeno@ming from
vibrations.

Latitude °

Figure 15: Variation of Vground/ Vground_nadirwith latitude for

center of extreme detectors DO1 (blue) and D12n@en The

opposite linear trends are due to the yaw driftovtdepends on
latitude.

5. TIME DELAYSESTIMATION FROM
ORTHORECTIFIED L1C PRODUCTS

Now that delays are characterized in detail, we that ESA
interband table (Table 2), which is up to now timéyoway to
retrieve these delays, may not be accurate enoogboine
applications due to the fact that fixed values @igen

products. The whole processing chain is illustrateigure 17.

First, the static ACT rigorous estimation is doneaingle L1B
reference product. This estimation is done follgysection 4
methodology for a single date and the chosen baagles. The
result At is stored in a lookup table that is meant to be
distributed to end-users. The result is identicdtigure 11 dots.

Then, we wish to computesklandV,.,,,q Values associated to
that tile. The ITRF ephemeris of the datastrip erebded the L1C
metadata allow to compute the nadir ground traak efach
sample on ellipsoid (or at any wished altitude)isTdan be done
thanks to ITRF to WGS84 transform. The satellitdtuale
ephemeris k{K] is one of the outputs of a WGS84 transform,
andVyrouna[Kl ephemeris can be estimated by differentiatién o
nadir position ephemeris. The ephemeris sampliteyisalHz.
Finding the best ephemeris without interpolationatcurate
enough for our application because the altitudétian is very
low frequency (see Figure 13).

Nadir samp.Tes

. A
. L1C tile
’\\ .
Q’-& True ¢ ’\
34km | date;"'% 7 Nearest neighbor
’ i’b S, e 110km
Selected T — —
sample | \
. v

Figure 16: Nadir sample selection associated to a L1C tile.



Now the problem resumes in finding the right ephesnehich
corresponds to the tile acquisition date. One earos Figure 16
that the nearest sample to the tile center locafields a fair
estimate of the tile date thanks to the yaw stgedondition.
Retrieved accuracy on skl and Vy,ynq is far from enough.
Indeed, the detectors ALT footprint being 34km levith a mean
ground velocity of 6700m/s, the expected maximurords 6s.
Referring to Figure 13, the delay error is much g the
vibration error. One may choose a nadir sample&oh pixel of
the georeferenced image. Nevertheless, computiagralue of
HsatandVy,.,,nq for the entire tile still yields negligible errors

Computed an inter-band delay for the tile is theaightforward.
Since delays are linearly dependantQ,/Vyrounq ratio, the
Hsat_ret and Vg, ouna rep Values are retrieved from the L1B
reference product and attached to the delays lotdble. The
estimated time delay is then:

Hsat Vground_ref

At = Atyer v (12)
sat_ref ground
L1C product "
-P e ; N \ Pixel of Band
Datastrip GNSS tile'center 3 I
ephemeris DET mask interest C_Oup e of
ITRF - 1Hz , (long, lat) | (col,line) interest
DET #
IR e determination |
Atyer LUT
(bands, DET#)
Hiae (), Vgrouna (t), Nearest Hsar rer
lon(t), lat(t) neighbour Vground_res
Hyau Vground ‘ Atrer, Hsat ref Vground res
| Hsqr  Vground_ref
At = At f ———— ————
| "/ Heatver Vgrouna

Figure 17: L1C interband delay estimation processing chain.

5.3 Performance assessment

The performance assessment has been performececsarthe
L1B image dataset presented in section 4.2 and ersdme
ground points. As for L1C products, the satellitesipon
ephemeris are embeded in the datastrip metadateh whows
us to use the same methodology detailed in seétdrior Hsat
andVy,ounq determination.

The reference product is located 67°W,19°N. Thisiah of
reference will be explained later. Contrary to Feurl the
lookup table is built with only the center pixel thle detectors,
which makes a total of 12 points per band couple.

Control points are used in order to assess the mpeafices for
the whole field of view. These control points afee tone
measured in section 4. They are located at thed®tector’s
edges plus detector’s center.

Following Figure 17, for each ground point we comepitsat and
Vgrouna through the satellite position ephemeris. Theridbkup
table is used with the corresponding detector deoto compute
the estimation oAt. The value is compared to the one found
section 4 with the rigorous model.

Results are presented Figure 18 with B2-B4 coupleceSihe
results are expressed relatively to the mean B2-8ayd it
allows readers to extrapolate the results to oblaed couples.
The relative errors are sorted by detector, colaonmber in the
detector, and latitude which allows to highlighe tfependencies.

Compared to residuals obtained with ESA handboole tate
clearly see that the distortion pattern has vawishWithout

surprise, biases are present at the extremitieetafctors (light
blue in Figure 18), since only the center of theed®rs has been
calibrated in the reference table some residusddien remains.
Our choice to calibrate only the centers of deteistanotivated
by the fact that it is laborious to evaluate the€ldixel position
in the original focal plane detector from the L1Qed#or mask.
The loss of accuracy due to this choice is maxinfu&® for
edge of field detectors and negligible for cenfefiedd.

The linear dependency with respect to satellitéude has also
been very well corrected, as Figure 19 suggests.ndfe in
Figure 18 and Figure 20 that the latitude deperelelne to yaw
steering has not been corrected and is one of #ie limitation.
Indeed, the proposed method do not correct for kims of
dependence. It could be done with a complementakuip table
or an empirical polynomial law. The bias is nult fbe latitude
of the reference product, i.e +19°. That is why e@se a
reference product that is located at mid-latitugieing aware of
the biases induced by latitude, one may choosefaxerze
product nearer to user’'s needs. This latitude diégrece yields a
maximum error of 0.5% at high latitudes.

Finally, the performance of the proposed methodeddp both
on the position in the field of view and on thetlade difference
with the reference product. The maximum error & {br right
edge of D01 detector at 80° latitudes. The ovara8 error is
0.28% considering 3 points per detector and 0.1@fidering
the center of detectors. Using ESA handbook taiglely a max
error of 2,5% and a rms error of 1%.

Figure 18: Time delays error assessment computed on B2-B4,

sorted by detectors, column number, and latitudan@e: ESA
handbook table. Blue: proposed L1C estimation. Ddte:b
detectors’ center.
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Figure 19: Time delay errors vs satellite altitude for D@8eattor
(~nadir). Dark blue: proposed L1C estimation. Orangg€A
handbook table. Satellite altitude dependency i seerected.
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Figure 20: Time delay errors vs latitude for DO1 and D12
detectors. These errors are due to the fact yasnistespeed has
not been taken into account.

6. PERSPECTIVE ON A REAL-WORLD APPLICATION

The question might arise to what extent an incortiete-delay
plays a role in real-world applications. To invgate this let us
consider the case of bathymetry estimation in thestal zone
using wave kinematics that deploys small time déffees
between satellite images (Poupardin et al., 201faAet al,

2019) or image bands (Bergsma et al., 2019, Bergdnzd,e
2021, de Michele et al., 2021). In these cases, lithear

dispersion relation for free surface waves is usethverse a
local depth from ocean wave properties.

(7)
g
In whichh is the water depth, ¢ is the wave celetityepresents
the wavenumber argithe gravitational acceleration. We impose
an arbitrary wave period of 10 seconds, but forahalysis, in a
dimensionless form, this is not important. We cdasithe
minimum and maximum time lags between B2 and B4 fdand
section; respectively 0.986 s and 1.025 s whileusethe ESA
handbook table value for the time delay of 1.00beds as our
base reference. In Equation 13, the time delayspdarole in the
celerity ). Except for the depth error in percentage, weress
our analysis in a dimensionless form, on the y-bkiand on the
x-axisI" which isc%k / g

1
h = —tanh™?

- (13)
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074 — dt=0.986s i
- 0.6 I|
~ 0.5 |
<04
0.3
0.2
0.1
0.0
50 :
404 —— dt=1.025s i
30{ — dt=0986s /_:
£ 201 L
510 e e e
5 0-
5 -10
Q
& -201 /‘_—i
-30
—40 4

0.0 O.vl 0;2 0.3 0;4 0.I5 0.'6 0.(7 O.'8 019 le

il
Figure 21: Error extremes for a depth inversionngsthe linear
dispersion relation for free surface waves in relatito an
inaccurate time-lag.

From Figure 21 one can deduct the maximum erratadlto the
case presented in section 4.3. By only considenmigaccurate
time-lag implementation, the error one makes feeising the

water depth is around 10 % for typical validity gerof the linear

dispersion relation (13), for 0.3 k< 0.9. 10% is a significant
error that can partially be accounted for by theppsed time-lag

correction presented here, that typically redubés error to a

few percent.

7. CONCLUSION

In this study we have proposed analytic solutianshe inter-

band pushbroom time delays with a detailed analg$ishe

contributions. Thanks to accurate estimations witlorous

geometric models, we have demonstrated the conejstd the

analytic analysis, and put in evidence the true fing variations.
The optical distortion and the satellite altitudeiations are the
two main causes of the delay’'s dispersion. Finallg, have

proposed an original way to retrieve inter-band Ld€lays

without rigorous geometric model. The performansseasment
shows that we are able to estimate delays with%0.@8ms error
and 1% max error, which is at least 3 times béiien the use of
ESA table.

Enhancements are still possible: distortion redgli@an be
cancelled if one is able, thanks to the detectodsk, to estimate
L1C pixel's position w.r.t the detector. Latitude pgéedency
because of yaw steering can be mitigated throughutie of a
polynomial correction. We believe that a 0.2% péakpeak

accuracy is reachable. This limit is the one dued8 vibrations
which cannot be easily mitigated.
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