Remote Sensing of Environment 215 (2018) 228-241

g =

Contents lists available at ScienceDirect

Remote Sensing of Environment

journal homepage: www.elsevier.com/locate/rse

On the determination of global ocean wind and wave climate from satellite = R

Check for

observations heckfo

L.R. Young™", M.A. Donelan”

@ Department of Infrastructure Engineering, The University of Melbourne, Vic 3010, Australia
P Rosenstiel School of Marine and Atmospheric Science, University of Miami, Miami, FL, USA

ABSTRACT

Three extensive global wind speed and wave height datasets (altimeter, radiometer, model reanalysis) are
analysed to investigate the global wind speed and wave height climate. Despite the fact that these datasets have
all been carefully calibrated, they show systematic differences in wind speed. At high latitudes both altimeter
and radiometer winds are biased high compared to buoy measurements. Altimeter winds are more impacted than
radiometer winds. Based on the assumptions that altimeter winds respond primarily to the surface wave spec-
trum mean squared slope and radiometer winds respond primarily to the surface wave spectrum dissipation, it is
shown that the observed differences are a result of changes in atmospheric stability. An analysis which accounts
for differences in air and water temperatures describes the observed differences with surprising accuracy. Based
on this analysis corrections to both altimeter and radiometer winds are proposed which account for the influence
of atmospheric stability. It is also shown that satellites preferentially measure at particular local times of day. As
winds have a diurnal variation in magnitude, this preferential measurement time can also bias statistical values

obtained from such satellite systems.

1. Introduction

Long term global datasets of satellite observations of wind speed
and wave height provide a potentially valuable resource to study global
climatology and changes in climate. To realize this value, however,
such datasets need to be carefully calibrated and validated. Such studies
need to validate satellite observations against “ground truth” under a
variety of meteorological conditions and across a broad range of geo-
graphic locations. In the case of wind speed and wave height mea-
surement from satellites there are a number of issues that challenge our
ability to meet all these desired validation criteria. “Ground truth” for
such instruments are generally measurements from floating buoys. Such
buoys have a limited geographic distribution, limiting our ability to
validate under all possible conditions. In addition, there are questions
about how well such instruments measure these quantities. Do floating
buoys accurately follow the water surface for the measurement of wave
height? Can anemometer measurements made relatively close to the
water surface (e.g. 4 m) be accurately scaled up to a reference height of
10 m.

In addition, oceanographic satellites do not measure either wind
speed or wave height directly. Rather, they measure properties of the
water surface, which can then be related to either wind speed or wave
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height. As a result, questions exist about the veracity of relationships
relating the sensed quantities to wind speed and wave height under all
possible conditions.

This study examines the large and extensively calibrated and vali-
dated satellite altimeter and radiometer dataset of Young et al. (2017)
to investigate global wind and wave climate. The satellite dataset is
complemented with the model reanalysis dataset ERA-Interim. Based
on comparative analysis of this climatology, consistent differences in
wind speed measurements between altimeters and radiometers are
detected. These differences are shown to be the result of changes in the
structure of the atmospheric boundary layer due to differences in at-
mospheric stability (air-water temperature difference). Relationships
which can correct both altimeter and radiometer wind speed mea-
surements are developed to take account of these atmospheric stability
effects.

The arrangement of the paper is as follows. Following this
Introduction, Section 2 describes the three datasets used in the analysis
— altimeter, radiometer, ERA-Interim. Section 3 discusses a range of
issues associated with the measurement of wind speed from satellites.
Section 4 presents results from the various datasets of global wind speed
and wave height climate followed by an analysis of wave age and at-
mospheric stability effects in Section 5, as possible explanations of
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differences between the satellite platforms, in the observed climatology.
A discussion of the results is presented in Section 6 followed by
Conclusions.

2. Datasets

Three long-duration datasets have been used in this analysis; the
altimeter and radiometer datasets reported by Young et al. (2017) and
the reanalysis numerical model dataset ERA-Interim (Dee et al., 2011).

2.1. Radar altimeters

The Radar altimeter missions included in the present database (in
order of launch) are: GEOSAT, ERS1, TOPEX, ERS2, GFO, JASONI,
ENVISAT, JASON2 and CRYOSAT. These missions cover the period
from 1984 to 2014 (see Young et al., 2017). The altimeter (ALT) is an
active instrument, transmitting radar pulses which are averaged to
provide measurements of significant wave height, H; and wind speed
(at 10 m height and averaged over 10 min), U;o. The footprint of the
ALT varies between 8km and 10km and data is provided approxi-
mately every 1s (approx. 10 km) along the satellite track. The ALT
missions were placed in a variety of near-polar orbits. Depending on the
details of the orbit, the satellite will re-trace its ground tracks after a
period between 5 and 20 days. This duration is termed an Exact Repeat
Mission (ERM). The ERM defines the ground track separation, with a
long ERM corresponding to a relatively small ground track separation.
The ground track separation decreases with increasing latitude. At the
Equator, values range between 100 km and 400 km. Thus, the ALT has
relatively high resolution along track (10 km) and low resolution across
track (100 km to 400 km). This low cross-track resolution together with
the long ERM, means that, although the ALT provides global coverage,
it is possible that storms may be under-sampled or completely missed.

As noted above, the ALT missions were all in near-polar orbits. Fig.
(1) shows a histogram of the number of ALT passes through two 2° x 2°
regions as a function of the local time of day [Fig. (1a) centred on 56°N,
180°E and Fig. (1b) centred on 0°, 10°E]. As can be seen in these figures,
the time of day of the satellite overflight is not uniformly distributed.
This is because ERS1, ERS2 and ENVISAT were in “sun-synchronous”
orbits, where every time the satellite crosses the equator, it is at the
same local time. This explains the spikes which occur at approximately
10h and 22h, associated with ascending and descending passes, re-
spectively. Therefore, although the combined ALT missions provide
global spatial coverage, the temporal coverage at given locations are
concentrated at these specific times of day. These preferential local
times of satellite overflight will be approximately the same for all lo-
cations. If the geophysical quantities measured by the ALT vary on a

x1 0°
(@)

Lat= 56 Long= 180

x10%
3

Radiometer count
Altimeter count

5 10 15

Local time (Hr)

20

Radiometer count

Remote Sensing of Environment 215 (2018) 228-241

diurnal basis, this may introduce a bias in the measured quantities (e.g.
diurnal variations in wind speed).

Based on the shape and intensity of the returned radar signal from
the footprint, the ALT can estimate the significant wave height H; and
wind speed Uy (Cheney et al., 1987; Walker, 1995; Chelton et al.,
2001; Queffeulou, 2004; Young, 1994, 1999a, 1999b; Zieger et al.,
2009).

The significant wave height, H can be determined from the slope of
the leading edge of the radar return (Chelton et al., 2001; Holthuijsen,
2007). This is based on the assumption that a calm sea would act like a
mirror and the return pulse would approximate a “square wave” (i.e.
near vertical leading edge to the return signal), whereas a “wavy”
surface will result in a leading edge, the slope of which decreases with
increasing H;.

The wind speed, U; is determined from the ratio of the intensity of
the incident to the reflected radar energy (radar cross-section, 0p)
(Chelton et al., 2001). The relationship between U; o and oy is nonlinear,
with oy decreasing as U, increases. The assumption is that the high
wavenumber components of the surface wave spectrum respond almost
immediately to the local wind, and that these relatively steep, short
wavelength components act as scatters, increasingly scattering radar
energy as Ujg increases. The exact quantity related to the high wave-
number spectrum upon which U depends is not known, although it is
reasonable to assume that the slope of the high wavenumber compo-
nents plays an important role. Hwang et al. (1998) and Plant (2002)
provide a detailed analysis showing that the ALT responds to surface
tilting slopes approximately 3 to 5 times longer than the electro-
magnetic radiation.

In practice, both H and U; are determined by empirical calibration
based on buoy data (e.g. Abdalla, 2007; Cotton and Carter, 1994;
Young, 1993, 1999a, 1999b; Zieger et al., 2009). In the case of Uj this
adds the additional issue of relating buoy measurements at an anem-
ometer height which is usually less than 10 m to this reference height.
This is usually achieved assuming a neutral logarithmic boundary layer
(see Section 3). Therefore, ALT H; is obtained from a direct relationship
— the slope of the leading edge of the return pulse is directly related to
H;. In contrast, ALT U, is determined indirectly — the near surface wind
generates high wavenumber components of the spectrum which scatter
the radar energy, the amount of scattering is then related to the wind
speed at a height of 10 m, scaled from buoy data assuming a specific
boundary layer shape (see Section 3).

2.2. Radiometers

The radiometer (RAD) missions included in the present study were:
SSMI 08, f10, f11, f13, f14, f15, f16, f17, AMSRE, TMI and WINDSAT.
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Fig. 1. Histogram of the number of satellite observations in two 2° X 2° squares for the full durations of the satellite datasets as a function of the local hour of the day.
RAD values solid blue bars (left axis), ALT values open bars (right axis). (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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These missions cover the period 1987 to 2014, similar to the ALT
missions (see Young et al., 2017). The RAD is a passive instrument,
measuring the emissivity of the ocean surface at a number of fre-
quencies, this quantity being characterised by the brightness tempera-
ture, Tg. With the exception, of TMI, which has an orbit limited by
latitudes + 40, the other RAD missions were placed in sun-synchro-
nous, near-polar orbits. In contrast to the ALT, the RAD measures over a
broad swath of approximately 1400 km width. The resolution of the
measurements within the swatch is 25km (both across and along
track). As such, a single RAD mission will image almost the full globe
twice per day. Fig. (1) shows histograms of the local time of RAD passes
for the same two 2° X 2° regions, as for the ALT missions. The local
crossing times of the RAD sun-synchronous orbits vary between mis-
sions and a number drifted over time. As a result, there is a span of local
crossing times shown in Fig. (1). Nevertheless, the histogram does peak
at local crossing times of 6 h and 18 h, approximately 4 h earlier than
the ALT missions. Therefore, as for the ALT, the RAD provides global
coverage but with observations not uniformly distributed diurnally. As
these preferential crossing times are not the same as the ALT, this may
result in differences in quantities measured by the two satellite systems.

Wentz (1983, 1992, 1997) showed that there is a relationship be-
tween the brightness temperature, Ty and the three geophysical quan-
tities: near surface wind speed, U (ms™!), columnar water vapour, V
(mm) and columnar cloud liquid water, L (mm). The relationship be-
tween these quantities is defined by a radiative transfer equation, which
has been expressed by Wentz (1983) in a closed form. As the radiometer
measures at a number of frequencies, there is sufficient data to solve the
radiative transfer equation for each of these quantities. Although the
primary dependence of Tp is on the three parameters above, there is
also a secondary dependence on: sea-surface temperature, T; (°K), ef-
fective atmospheric temperature, Tz (°K), effective atmospheric pres-
sure P (hPa) of the water column and the wind direction, ¢. The first
three of these quantities are determined from climatological values and
¢ is included as a fourth quantity to be obtained in the solution of the
radiative transfer equation. As with ALT data, the model is calibrated
against buoy data (Wentz, 1997). It should be noted that the signal is
degraded during rain events and hence the above analysis is strictly
applicable in non-rain conditions.

In the present study, RAD data is used to measure global values of
Uio. As with the ALT, the RAD does not measure U, directly, rather it is
through the effect that the near-surface wind has on the emissivity of
the water surface. It has been shown that the emissivity is related to the
ocean surface roughness (high wavenumber components of the surface
wave spectrum) (Wentz, 1992). It has also been shown that there are
three primary processes responsible for this dependence. Firstly, surface
wave components longer than the radiating wavelength will mix the
horizontal and vertical polarization states and change the local in-
cidence angle. Secondly, sea foam associated with wave breaking (in-
cluding micro-breaking of high wavenumber components) (Stogryn,
1972) influence the radiation from the surface. Thirdly, there is an
impact from the diffraction of microwaves by surface waves that are
small compared to the radiation wavelength. A host of studies have
considered these quantities and their relative importance (Yueh et al.,
1994; Johnson and Zhang, 1999; Hwang, 2012; Hwang and Fois, 2015;
Meissner et al., 2014, 2017). As for ALT, these mechanisms are not used
directly in the solution process, rather the radiative transfer model is
calibrated against buoy data for wind speed, parameterised at a height
of 10m based on the assumption of a neutral stability logarithmic
boundary layer.

2.3. ERA-Interim Reanalysis data

ERA-Interim (ERA-I) is a global atmospheric reanalysis from 1979
(Dee et al., 2011). In the present study, data has been used for the
period from 1984 to 2014, to correspond to the approximate period of
the satellite datasets. ERA-I uses the ECMWF Cy31r2 atmospheric
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model coupled with the WAM spectral wave model (Komen et al., 1994;
Janssen, 2008). Both the atmospheric model and the wave model used
in ERA-I incorporate satellite data assimilation. The radiances from the
radiometers were used by ERA-I (not Ujo) and the significant wave
heights from the altimeters. As such, some of the satellite data outlined
above will have been assimilated into this reanalysis dataset. The model
data is supplied to uses at a spatial resolution of 0.75° with data ar-
chived at 6 hourly intervals. The atmospheric data, however, have a
native grid resolution of the order of 80 km, whereas for the wave data,
the native grid resolution is 111 km. A variety of ERA-I geophysical
quantities have been used in the present study: wind speed at 10 m, U0,
significant wave height, H;, mean wave period, T;,, air temperature at
an elevation of 2m, T, and sea surface temperature, T,. With the ex-
ception of T, these quantities are all produced by the coupled model
system. The sea surface temperature is a specified boundary condition
for the atmospheric model. ERA-Interim used a succession of different
T, data sources (Dee et al., 2011; Kumar et al., 2013).

3. Wind speed measurements from satellites

As noted in Section 2, both ALT and RAD measure wind speed in-
directly. In the case of both systems, they measure quantities associated
with the high wavenumber components of the surface wave spectrum.
It is assumed that these quantities are related to the near surface wind
speed. Neither the precise definition of the near surface wind speed (i.e.
at what height) nor the surface wave spectral quantity (i.e. mean
squared slope, surface stress, surface wave dissipation) are defined.
Rather, the quantities measured by the satellite system (ALT - radar
cross-section; RAD — brightness temperature) are related to the wind
speed at a height of 10 m, U;o, through model calibration against buoy
measurements. This process overcomes the need to understand just
what process is causing the relationship between the imaged quantity of
the surface wave spectrum and wind speed. However, it requires that
the structure of the atmospheric boundary layer when a measurement is
made is similar to that for the calibration.

The buoy data is seldom measured at an anemometer height of 10 m
and is typically extrapolated to this height assuming a neutral stability
logarithmic boundary layer. The atmospheric boundary layer can be
represented by (e.g. Priestly, 1959; Lumley and Panofsky, 1964; Webb,

1970)
v _1 [m(i) - l,b(Z/Lo)]
U, x 20 1)

where, u(z) is the wind speed as a function of elevation, z, u, \/Fd Uy
is the friction velocity and C; is the drag coefficient, z, is the surface
roughness height and y is called the integrated universal function and is
based on the Monin-Obukhov formalism (Monin and Obukhov, 1954;
Monin and Yaglom, 1971). The quantity, Ly is the Obukhov scale length

(Arya, 1988), given by

z/10.1R,
Z/SRb

forR, <0
forR, > 0

0=
(2
where Ry, is the bulk Richardson number, given by (Kahma and Calkoen,
1992)

_&©L-T)

R
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and T, is the air temperature at height z, T is the sea surface tem-
perature and U, is the wind velocity at height z. The integrated uni-
versal function, y is given by (Webb, 1970; Dyer and Hicks, 1970;
Businger et al., 1971)

2
21n(1;x) + ln(l%) — 2tan~'x + /2 for Ly < 0
z'b =
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” for Ly > 0
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Fig. 2. Atmospheric boundary layer for three cases: stable and unstable
(marked) and neutral (dash-dot line). The boundary layers are calculated from
Eq. (1). The dashed lines show the potential error if values are extrapolated to a
height of 10 m assuming a neutral boundary layer.

12

where x = (1 — 16z/Lo)"/*.

A typical application of Egs. (1) to (4) is shown in Fig. 2. In the case
shown, T, = 20°C and the air temperature Ty is 15°C (unstable condi-
tions) and 25 C (stable conditions). When the water is warmer than the
air there is an upward flux of heat and an atmospheric density gradient
with denser air overlaying less dense air (Ly is negative). Such an un-
stable boundary layer results in a more uniform distribution of wind
speed through the boundary layer than a neutral condition (Li = 0).
The converse occurs when the water is cooler than the air (stable
boundary layer). The resulting boundary layer distributions are shown
in Fig. (2).

The three cases shown in Fig. 2 all have U;p = 10 ms ™!, however,
different wind speeds at a height close to the water surface (in this case
an example height of 1 m has been chosen). If these near surface wind
speeds were extrapolated to a height of 10 m assuming a neutral
boundary layer, it would result in an overestimation for an unstable
boundary layer and an underestimation for a stable boundary layer.
Thus, the satellite system (ALT or RAD), which actually responds to a
near surface wind speed, will over/under estimate in unstable/stable
boundary layer conditions. The sensitivity to boundary layer stability
will vary according to the effective height of the wind sensed by the
satellite. Therefore, a system which responds to the very high wave-
number components of the spectrum and therefore an effective wind at
a low height will be more sensitive to stability than a system which
responds to lower wavenumber surface wave spectrum components.

As noted above, radar altimeters provide, to first order, a measure of
the inverse mean square slope of the surface (mss) (other quantities
may also influence the altimeter return but are assumed secondary in
this analysis). Since mss and wind speed are closely correlated (Cox and
Munk, 1954; Munk, 2009; Donelan, 2018), satellite altimeters function
as anemometers and are calibrated against U;o from buoys. The un-
derlying assumption is that the radar cross-section (mss) is related to
the wind speed at 10 m height regardless of the magnitude of the wind
speed. This is clearly not so, as light winds generate relatively short
wavelengths while strong winds generate longer wavelengths, which
interact with the wind at widely different heights. To assess the effec-
tive height of the wind generating the mss, we note that the energy
input to the waves can be associated with the wind at one half wave-
length, U, /5, height (Yang et al., 2013; Donelan, 2018). The effective
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Fig. 3. Effective sensed height of the wind speed, assuming the quantity im-
pacting the surface wave spectrum is: mean squared slope (*), dissipation, ((7]).

height, 2z, is the weighted mean of the A,/2 weighted by the slope
squared contribution from each wavelength (the i subscript signifying a
range of components of the spectrum).

L5 F (k)k2A (k)/ 2dk
L5 F(kkdk

Zmss =

()

where F(k) is the wave number spectrum, and k., = 10°m™?, is an
arbitrarily chosen high value.

The slope squared contributions are predominantly from the short
waves and, in fact, are significant even out to capillary waves of 6 mm
wavelength. We have applied the wideband wave prediction model of
Donelan (2018) to determine the spectrum in Eq. (5). This model was
run for a range of wind speeds and integrated out to long fetch to
produce representative spectra for open ocean conditions. The resulting
values of z,,,; are shown in Fig. 3 for a range of wind speeds. As can be
seen in the figure, as the wind speed increases, the scale of the waves
generated by the wind increases and the weighted mean height of the
wind generating the mss increases. As a result, the effective height of
the wind speed sensed by the altimeter increases with wind speed.

Radiometers estimate the wind speed from the brightness tem-
perature, which, as noted above, is related to the degree of white-
capping or the integrated dissipation rate of the waves across the
spectrum (Donelan, 2018). Again, as noted above, other quantities also
influence the brightness temperature, however, as shown later in this
paper, dissipation rate seems to account for most of the observed
structure reported here. Donelan et al. (2012) and Donelan (2018)
propose a dissipation source term, Sy of the form

Sas (k) = =Az [1 + Asx (k)*B(k)* w () F (k) (6)

where y(k)? is the mean squared slope of all wave components longer
than A(k), w = \/g—k is the frequency of spectral components and
A, = 46.665 and A; = 240 (Donelan, 2018). The omni-directional sa-
turation spectrum B(k) = F(k)k®. Similar to Eq. (5), the effective dis-
sipation height, z4; is given by the weighted integral

S Sus (A 24k
S Sy )k

Zdiss =

()

The dissipation rate is more evenly distributed across the spectrum
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Fig. 4. (a) Mean monthly wind speed, U;o (ms™?) for January. ERA-I (top), ALT (middle), RAD (bottom).
(b) Mean monthly wind speed, Ujo (ms™ 1) for July. ERA-I (top), ALT (middle), RAD (bottom).

than the mss, and so the weighted effective heights are considerably
greater, as shown in Fig. 3. As a result, for the same wind speed, the
effective wind speed height sensed by the radiometer (‘dissipation’) is
higher than the altimeter (‘mss’). Evaluating the integrals in Egs. (5)
and (7) to C-band wavenumbers (k;, = 110 m™ 1), rather than the as-
sumed k., = 10® m ~! makes imperceptible differences in z,,;; and even
less in Zgss.

4. Global climatology

The raw ALT and RAD datasets were processed using the calibration
relationships proposed by Young et al. (2017). The data was then
binned into 2° X 2° bins and mean monthly values calculated for each
bin. The ERA-I data was available on an 0.75° X 0.75° grid and this grid
was utilized, again with mean monthly values being calculated for each
grid point. Fig. (4a) and (b) show the mean month wind speed (U;,) for
January [Fig. (4a)] and July [Fig. (4b)] for each of ERA-I, ALT and
RAD. Fig. (5a) and (b) show mean monthly significant wave height (Hy)
for January [Fig. (5a)] and July [Fig. (5b)] for each of ERA-I and ALT
(i.e. RAD does not measure wave height).

Global climatologies of wind speed and wave height have been
produced previously (Young, 1994, 1999a, 1999b; Young and Holland,
1996), however, the results in Figs. 4 and 5 are unique in that they are
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obtained from both model and satellite and from different satellite
systems. This provides the opportunity for a comparative analysis of the
results.

The similarity of results across the three data sources is remarkable
(two sources for wave height). Although both ALT and RAD have been
compiled on the same 2° x 2° grid, the lower spatial resolution of the
ALT is clear in the figures (see also Fig. 1). Nevertheless, both quali-
tative and quantitative features are consistent across all data sources.
Both wind speed and wave height show a clear seasonal cycle with high
wind speed and wave height being seen at high latitudes in the re-
spective winters. The summer-winter cycle is much stronger in the
Northern Hemisphere than in the Southern Hemisphere. Although the
maximum values in both hemispheres are comparable during their re-
spective winters, the Southern Hemisphere still exhibits quite high wind
speeds and wave heights in summer. In contrast, Northern Hemisphere
summers are relatively calm with values comparable to Equatorial va-
lues.

The wind speed distributions (Fig. 4) show strong zonal features
such as trade wind belts which are remarkably consistent across all data
sources. In contrast, the spatial distributions of wave height are much
more uniform without the detailed spatial variations seen in wind
speed. This occurs because of the dispersive nature of waves, which
effectively acts as an integrator receiving energy from the wind over
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Fig. 5. (a) Mean monthly significant wave height, H; (m) for January. ERA-I (top), ALT (bottom).
(b) Mean monthly significant wave height, H; (m) for July. ERA-I (top), ALT (bottom).

extended fetch and then propagating across oceanic basins as swell. As
a result, the spatial distributions are far more uniform than for wind
speed.

Another clear feature is the “west coast wave climates” in the
Southern Hemisphere. All the major continents (Africa, Australia, South
America) exhibit higher wave heights year-round on their west coasts
compared to their respective east coasts. A clear wave shadow also
exists east of New Zealand (downwind). In contrast there is little dif-
ference in wind speed east and west of these continents. Clearly, these
features are caused by the predominately west to east propagation of
swell and the reduced fetches which exist east of each of these land
masses.

The global distributions of wind speed for ALT and RAD are similar
— noting that there is typically 20 times more data per grid square for
the RAD than the ALT [see Section 2 and Fig. (1)]. It appears that at
high latitudes the ALT gives slightly higher values than the RAD. This is
more clearly seen in Fig. (6a) and (b) which show
AU;g = Uyo(ALT) — U19(RAD). Fig. (6a) shows the difference for Jan-
uary and Fig. (6b) for July. The values in Fig. (6) are in physical units
(ms 1) and hence it may be assumed that the differences simply reflect
the case that the winds are stronger at high latitudes. However, es-
sentially the same result is achieved if the plots are presented in per-
centage terms. Also, Fig. (6b) shows a large difference in the northern
hemisphere summer (July) when the mean wind speeds are relatively
low and comparable to equatorial values [see Fig. (4b)].

Such a difference is surprising since the two satellite systems have
both been calibrated against the same extensive buoy network (Young
et al., 2017). As such, one would not expect the differences apparent in
these results. It should be noted however, Young et al. (2017) calibrated
the satellite systems against all the data from the NDBC buoy network.
The majority of these buoys are at latitudes less than 45°N. That is, in
regions where the differences in Fig. (6) are relatively small.

To understand buoy-satellite system differences in more detail, the
Young et al. (2017) datasets were used to investigate the difference
AU;¢ = Upp(Sat) — Uyo(buoy), where Ujo(Sat) is the calibrated wind
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speed measured by the satellite (either ALT or RAD) and U;q(buoy) is
the corresponding wind speed from the buoy, adjusted to 10m as-
suming a neutral boundary layer. Each value satisfied the spatial and
temporal matchup criteria of Young et al. (2017) (50 km and 30 min).
The results for each of the satellite systems were determined as a
function of time and monthly averages calculated.

The seasonal variations in AU;, are shown in Fig. (7) for two RAD
and two ALT missions [SSMIf13 - Fig. (7a), SSMIf15 - Fig. (7b), EN-
VISAT - Fig. (7c), JASON1 - Fig. (7d)]. In order to investigate the
variation with latitude, the values of AU;q are partitioned by latitude.
Values were grouped for buoys between 0° and 30°N, 30°N and 50°N,
greater than 50°N. Note that no significant Southern Hemisphere buoy
data is available.

It is clear that as latitude increases AU also increases (satellite U;o
is greater than buoy). This trend is stronger for the ALT than the RAD.
Also, there is a clear seasonal signal, for both ALT and RAD with an
overestimate (compared to buoys) of Ujp in winter and a slight un-
derestimate in summer. To investigate whether the seasonal signal in
AUy is simply due to the larger wind speeds in winter, the same ana-
lysis was conducted for H;. Fig. (8) shows AH; = H (Alt) — Hy(buoy),
partitioned by latitude, as a function of month. As in Fig. (7), the alti-
meters ENVISAT - Fig. (8a) and JASON1 - Fig. (8b) are considered
(radiometers do not measure wave height). In stark contrast to wind
speed, AH; is approximately zero, with no variation with latitude or
season. Hence, the features seen in Figs. (6) and (7) appear to be as-
sociated with wind speed measurements and not wave height.

An alternative way to examine the relative dependence with lati-
tude of both RAD and ALT is to carry out a linear regression analysis
between the satellite derived wind speed/wave height and the buoy.
Again, the matchup data were partitioned by latitude as in Figs. (7) and
(8). The resulting regression relations were then evaluated at the ap-
proximately mean global values (U = 7.5 ms™ ' and H, = 2.0 m).
These values were then normalized by the regression value for the
entire matchup dataset. Therefore, a value of 1.0 indicates that the data
is identical to the total dataset average. A value of, for example 1.05,
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Fig. 6. Wind speed difference (U;o(ALT) — U;o(RAD)) (ms™ 1) for January (top) and July (bottom). Positive values indicate ALT larger than RAD.
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Radiometers SSMIf13 and SSMIf15 [panels (a) and (b)], Altimeters ENVISAT and JASON1 [panels (c) and (d)].

indicates that the satellite overestimates at that latitude, compared to

the overall average by 5%.

Fig. (9) shows this analysis for both U;¢ and H; and for each of the

satellite missions in the full dataset. In addition to the mean regression

values, the 95% confidence limits are shown. The confidence limits
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increase for latitudes above 50°N, as the number of buoy observations is
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relatively small at these latitudes. For Uy it is clear that both RAD and
ALT overestimate the wind speed for latitudes greater than 50°N, with
RAD overestimating by approximately 3% and ALT by approximately
7%. In contrast, and consistent with the cases shown in Fig. (8), there is
no statistically significant effect for H;.

In Fig. 9 it is also apparent that there is an underestimation of U;( at
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the lower latitudes (i.e. < 50°N). This occurs because the results are
normalized against the average across all buoys. Therefore, the average
of all values in Fig. 9 must be one. If there is an overestimation for
latitudes greater than 50°N, there must be a corresponding under-
estimation at latitudes less than this value.

5. Wave age and atmospheric stability dependence

There are two obvious possible causes for the observed differences
between satellite and buoy observations of U, ,. The first is that the high
wavenumber components of the surface wave spectrum are impacted
by a quantity other than the wind speed. One possibility is that there is
a wave age (U;0/Cp,) or wave slope (Hy/L,,) dependence, where C,, is
the mean wave phase speed and L,, is the mean wave length. These two
quantities are largely indistinguishable as H; is related to Uy and L,, is
related to C,,. The second possibility is that there is a seasonal and la-
titudinal variation in atmospheric stability which impacts the apparent
wind speed sensed by the respective satellite systems (see Section 3). In
order to investigate these potential impacts additional geophysical
parameters are required (C, for wave age dependence and air and
water temperatures for atmospheric stability). As these quantities are
not available from the satellite measurements, we rely on the ERA-I
reanalysis data. As the ERA-I data is available only at 6 hourly intervals,
it is not possible to infer values of these quantities at the times of in-
dividual satellite measurements (e.g. cannot resolve the diurnal cycle
for air temperature). As a result, we will utilize climatological (mean
monthly) values in the following analyses. For these two possibilities,
we are seeking evidence of a latitudinal dependence and a seasonal
dependence at high latitudes. In addition, we seek a process which will
impact ALT more than RAD. Finally, it should impact wind speed but
not wave height sensed by the satellite systems.
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Fig. 9. Normalized regression value for altimeters ([J) and radiometers (o). Data is partitioned by latitude: 0° to 30°N, 30°N to 50°N, greater than 50°N. Each data
point represents a single satellite mission and values have been stacked vertically for clarity. Values greater than 1 indicate measured quantity larger than the overall
mean. Uy (left panel), H; (right panel). Horizonal bars represent 95% confidence intervals.
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Fig. 10. The wave age, U,0/C,, obtained from ERA-I reanalysis data. The plots show mean monthly values: January (top), July (bottom).

5.1. Wave age dependence

As the wave spectrum ages, the peak moves to lower frequencies —
higher phase speeds — and longer waves contribute to mss and dis-
sipation. At the same time the shorter waves in the equilibrium range
become less steep [Donelan, 2017]. The net effect is that there is vir-
tually no change in dissipation or mss with wave age (fetch) at a given
wind speed [Donelan, 2018]; nor is there any significant change in the
effective wind speed heights to be expected. Therefore, it is reasonable
to assume that the observed latitudinal and seasonal response of the
instruments is not significantly related to changes in wave age.

In order to investigate any potential impact of wave age, mean
monthly values of wave age U;o/C,, were calculated from the ERA-I
data. Note that we use, C,,, the mean wave phase speed, rather than the
more conventional, Cp,, peak wave phase speed, as C, tends to be a very
“noisy” quantity. Fig. 10 shows global values of U,¢/C,, for the months
of January and July.

High values of U;0/C,, are associated with actively wind generated
seas, whereas low values correspond to swell dominated situations. The
data does show a latitudinal dependence in wave age, with the equa-
torial regions being dominated by swell and the higher latitudes
showing waves more dominated by active generation by the local wind.

There is also a seasonal dependence in the northern hemisphere,
with higher values of U;¢/C,, in winter than in summer. However, the
southern hemisphere is quite different, with high latitudes showing
high values of U,¢/C,, year-round with little seasonal dependence.
Although the available data does not provide buoy comparisons for the
southern hemisphere, the differences between ALT and RAD U, [Fig.
(6)] suggests similar behaviour to the northern hemisphere. Although
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we cannot rule out wave age dependence completely, the southern
hemisphere behaviour, together with the fact that neither dissipation
nor mss are significantly impacted by this quantity make it unlikely that
the observed differences in satellite performance are the result of a
wave age dependence.

5.2. Atmospheric stability

The key parameter in determining the impact of atmospheric sta-
bility is the air-water temperature difference. This quantity determines
the bulk Richardson number, Eq. (3) and hence the boundary layer Eq.
(1). Based on the ERA-I data, mean monthly values of AT = T, — T
were determined, where T, is the air temperature at a height of 2 m and
T, the sea surface temperature (both quantities available in the ERA-I
database at 6 hourly intervals). Fig. (11) shows the global distribution
of AT for the months of January and July. Negative values in Fig. (11)
correspond to unstable atmospheric boundary layer conditions (i.e. sea
surface temperature greater than air temperature). The striking feature
of the figure is that the vast majority of the global oceans are
characterised by unstable atmospheric boundary layer conditions,
throughout the year. In fact, the only locations where there are regions
of significant stable conditions are at high latitudes ( = 45) during
summer. The figure does show both a latitudinal dependence as well as
a seasonal dependence at high latitudes. Both of these features are
consistent with the observed behaviour of the satellite derived wind
speeds.

The ERA-I data provides the basis to determine the approximate
magnitude of the impact of the atmospheric stability on the observed
satellite wind speeds. We have undertaken calculations assuming the
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Fig. 11. The air — water temperature difference, AT = T, — T obtained from ERA-I reanalysis data. Negative values indicate an unstable atmospheric boundary layer.

The plots show mean monthly values: January (top), July (bottom).

average sensing height of the satellite wind speed is governed by (a)
dissipation and (b) mean squared slope. For each of these cases, it is
possible to determine the effective sensing height, z, using a “look up”
table associated with the data shown in Fig. (3). With z,, specified and
the air-water temperature difference, AT known from the ERA-I cli-
matology, the boundary layer can be determined for the cases of both
‘dissipation’ and ‘mean squared slope’ dependence from Eq. (1). These
values can be calculated for all points on the global 0.75° X 0.75° ERA-I
grid. Consistent with our climatological approach, mean monthly va-
lues have been used. Fig. (12) shows the seasonal distribution of a
number of quantities at two locations — 57°N, 180°E and 0°, 180°E. That
is, a high latitude location and an equatorial location. The quantities
shown in the figure are: the air — water temperature difference, AT
(negative values unstable), Ujo(bl)/U;o(neutral) where Ujg(bl) is the
wind speed calculated from Eq. (1) for the given AT and U;¢(neutral) is
the wind speed calculated assuming a neutral boundary layer,
AU = Upp(bl) — Ujp(neutral) and z,,, the effective sensing height of
the satellite wind speed. Values are calculated for both the ‘dissipation’
and ‘mss’ dependence assumptions.

The air — water temperature difference, AT [Fig. (12a) and (e)]
shows a strong seasonal cycle for the high latitude case and no seasonal
cycle at the equator. The ratio of U;o(bl)/U;g(neutral) [Fig. (12b) and
(f)] shows a strong seasonal signal for the ‘mss’ result and a weaker
signal for the ‘dissipation’ for the high latitude case and again no sea-
sonal signal at the equator. This is consistent with the buoy - satellite
comparisons in Figs. (7) and (9). The result in Fig. (12b) indicates an
enhancement of the wind speed of approximately 5% for the ‘mss’ case,
which is in good agreement with the ALT “overprediction” of 7% in Fig.
(9). Fig. (12b) indicates an enhancement of only 1% for the ‘dissipation’

case which again is consistent with the 2% overestimation of RAD in
Fig. (9). Note that in Figs. (7) and (9) we averaged the data into three
latitude bands to obtain sufficient satellite-buoy “matchups” to yield
statistically stable values. This is not necessary for the model output and
hence, Fig. (12) shows typical data at two representative locations.

The reason for the much larger seasonal cycle in the ‘mss’ case is
clearly shown in Fig. (12c), which shows that z,, varies between 8 m
(winter) and 3 m (summer) for the ‘dissipation’ case and 2 m (winter)
and 0.5m (summer) for the ‘mss’ case. The much lower values of 2,
associated with the ‘mss’ case explains why there is a much greater
impact from the changes in atmospheric boundary layer structure
throughout the year compared to the ‘dissipation’ case. Fig. (12d)
shows AUjq as a function of month for both the ‘dissipation’ and ‘mss’
cases. This result is directly comparable with the buoy-satellite differ-
ence plots shown in Fig. (7). Again, the seasonal cycles agree qualita-
tively, with an overestimation of the wind speed in winter. The ERA-I
boundary layer calculations indicate an overestimation of approxi-
mately 0.5ms™! for the ‘mss’ case and 0.1 ms ™' for the ‘dissipation’
case. This compares to the ALT overestimation of approximately 1 ms™*
and RAD overestimation of 0.4 ms~'. Although there are some differ-
ences in the magnitude of the wind speed enhancement, the present
calculations reproduce surprisingly well the observed qualitative re-
sults. This is particularly the case when it is considered that climato-
logical mean values have been used. One would expect such an ap-
proach to underestimate the peaks, as seen in the present analysis (see
Section 6).

The satellite data indicated that the ALT measured higher winds
than the RAD in both summer and winter at high latitudes in both
hemispheres [Fig. (6)]. Fig. (13) shows the differences between the
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Fig. 12. Seasonal distribution of ERA-I quantities at 57°N, 180°E (left panels) and 0°, 180°E (right panels). Quantities shown are: (a), (e) air — water temperature
difference, AT (negative values unstable); (b), (f) U;0(bl)/U;o(neutral) where U, (bl) is the wind speed calculated from Eq. (1) for the given AT and U;g(neutral) is the
wind speed calculated assuming a neutral boundary layer, (c), (8) 2. the effective sensing height of the satellite wind speed and (d), (h)
AUy = Uy(bl) — Upp(neutral). Values are calculated for both the ‘dissipation’ and ‘mss’ dependence assumptions.

‘mss’ and ‘dissipation’ calculations with the ERA-I climatological data.
This figure can be compared to Fig. (6) for the satellite data. Although
the ERA-I calculations indicate that the ‘mss’ (ALT) result is larger than
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the ‘dissipation’ (RAD) in winter, the two calculations are very similar
in summer. This can also be seen in Fig. (12d). Hence, we have not been
able to reproduce the high latitude summer differences.
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Fig. 13. Difference between wind speed calculated assuming ‘mss’ and ‘dissipation’ effective height scaling and a boundary layer as in Eq. (1),
AUy = Uyp(mss) — Ujo(dissipation). Positive values represent higher wind speeds with ‘mss’ height scaling.

6. Discussion

The above analysis, which determines the effective height of the
wind speed sensed by ALT and RAD based on the assumptions that they
respond to ‘mss’ and ‘dissipation’ respectively, explains most of the
observed differences in the global distributions of wind speed between
these instruments. However, there are still some features not fully ex-
plained by the analysis. In particular, the magnitudes of the seasonal
variations in wind speed are approximately 60% of those observed. In
addition, the satellite data indicates that altimeter wind speeds are
higher than radiometer at high latitudes in both summer and winter
[see Fig. (6)]. However, calculations based on ERA-I climatology in-
dicate this occurs only in winter [see Figs. (12d), (13)].

A possible explanation for these differences is that the two satellite
systems do not, on average, measure winds at the same local times.
Therefore, if there is a diurnal variation in wind speed (which is com-
monly the case with weaker winds at night) this may introduce a bias in
the satellite derived winds. Fig. (6), for instance calculates monthly
mean values of all satellite observations in each 2° X 2° grid square,
irrespective of the time of the observation. As shown in Fig. (1), the
distribution of observations throughout the day is quite different be-
tween ALT and RAD.

Time of observation issues can be removed by considering only data
associated with satellite matchups. That is, data recorded when the ALT
and RAD measured at the same time and location. As for the buoy
observations, the matchup criteria were set at a spatial separation of
50 km and temporal separation of 30 min. As shown in Fig. (1) the vast
bulk of the satellite data will not satisfy these criteria as the local times
of observation differ. However, the datasets are large and provided data
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Fig. 14. Wind speed difference AU = Ujo(Alt) — Ujp(Rad) obtained from
matchup observations of satellites. The data is partitioned by latitude: 0° to
30°N - (*), 30°N to 50°N — ([7), greater than 50°N - (0). Northern Hemisphere
data shown in panel (a) and Southern Hemisphere data in panel (b).



LR. Young, M.A. Donelan

is pooled from a number of different missions, a reasonably large global
dataset of coincident RAD-ALT measurements can be assembled. The
database was searched for matchups between the following satellite
combinations: ENVISAT - SSMIf15, GFO - SSMIf15, GFO — SSMIf16,
JASON1 - SSMIf13 and TOPEX - SSMIf14. A total of approximately
1.3 x 10° global observations were obtained from these combinations
of satellite missions. This data was then partitioned by latitude (0° to
30°, 30° to 50°, 50° to 90°) in a similar manner to the buoy - satellite
observations. In this case, however, as we have global data, this process
was carried out for both Northern and Southern hemispheres. Fig. (14)
shows the values of mean monthly AU = U;((Alt) — U;g(Rad) for each
of these latitude bands.

The results show the same general features observed previously.
There is little seasonal variation in the differences between the satellites
at low latitudes. However, at higher latitudes, the ALT measures higher
values of Ujo than the RAD and there is a strong seasonal variation with
the largest differences being seen in winter in both hemispheres. This
behaviour is consistent with the predictions from the present analysis
[see Fig. (12d)]. However, the results in Fig. 14 differ from the satellite
differences averaged over grid squares shown in Fig. (6). Fig. (6) in-
dicates similar differences in AU at high latitudes between summer and
winter. Therefore, it appears that this is a result of the different local
sampling times of ALT and RAD. When this issue is removed by using
matchup data, the satellite differences show the same seasonal varia-
tions as the calculations [compare Figs. (14) and (12)].

The results in Fig. (14) show little difference between ALT and RAD
winds at high Northern latitudes in summer, as predicted in Figs. (12d)
and (13) (for July). This occurs because there is only a small air-water
temperature differences at high latitudes in the Northern Hemisphere
summer [see Fig. (11) (July)]. At high latitudes in the Southern
Hemisphere there is again a seasonal variation in the wind speed dif-
ferences, with the highest differences [U;o(Alt) > Ujp(Rad)] again
occurring in winter. However, in contrast to the Northern hemisphere,
the ALT predicts higher wind speeds year-round. This is again con-
sistent with the present analysis, as seen in Fig. (13) which shows
Uio(Alt) > Ujg(Rad), year-round. Although the differences decrease in
summer, the boundary layer remains unstable throughout the year in
the Southern Ocean [see Fig. (11) (January)] and hence the ALT records
higher wind speeds.

The observed differences in Fig. (14) have maximum values of ap-
proximately 0.5 to 0.6ms~'. This is consistent with Fig. (12d), in-
dicating the present calculations reproduce not only the latitudinal and
seasonal variations but also the approximate magnitudes. Considering
that we use climatological monthly mean air-water temperature dif-
ferences, the comparisons between the observations and predictions are
remarkably good.

Slope - Altimeter
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The approach described in this paper provides the basis for cor-
recting altimeter and radiometer wind speed observations to account
for differences in atmospheric stability. This approach was used to
calculate the correction factor, U;o/U;g(neutral) as in Fig. (12b, f). That
is, a correction factor for U, satellite observations which is a function
of Uy [as this specifies the effective sensing height, as in Fig. (3)] and
the air-water temperature difference, AT (as this changes the boundary
layer shape). Fig. (15) shows values of the correction factors for both
ALT and RAD as a function of U;o and AT.

As expected, the corrections are largest at low wind speeds, as the
effective sensing height is low for these values. Similarly, the correction
factors are larger than one for negative AT (unstable conditions) and
smaller than one for positive AT (stable conditions). In both cases, there
is a horizontal contour of value one. This occurs at approximately
Uyo = 15ms ™! for the RAD and U;o = 27ms ! for ALT. This line cor-
responds to the point where the effective sensing height 2, = 10 m.
Above this line, the correction factor changes from greater than one to
less than one (or vice versa). A MATLAB look up table which uses the
data in this figure is provided in the Supplementary material.

The present analysis assumes that the ALT responds predominately
to mean squared slope and the RAD responds predominately to dis-
sipation. There are sound theoretical bases for these assumptions and
the remarkably good agreement between the present observations and
the calculations further support these assumptions. Nevertheless, it is
possible that the instruments may also be influenced by other quantities
(e.g. Radiometer may be impacted by mss in addition to dissipation).
However, the present results provide strong support for the hypothesis
that these two quantities are the primary quantities sensed by these
satellite systems.

The present results show that atmospheric stability effects can im-
pact satellite wind speed measurements by up to 5%. Fetch limited
wave growth studies have previously indicated that atmospheric sta-
bility can also impact wave growth (Young, 1998), as it changes U, 5.
However, the present analysis detected no apparent impact on altimeter
measurements of H, which are essentially radar range measurements.

7. Conclusions

The present study has undertaken an analysis of a very extensive
satellite database of approximately 30 years of altimeter and radiometer
measurements of wind speed and wave height. This dataset is analysed
to provide detailed descriptions of global wind and wave climate which
are compared with each other and ERA-I model reanalysis data.

Despite the fact that the datasets have been carefully and con-
sistently calibrated, they show systematic variations in wind speeds as a
function of latitude and season. Compared to buoy data, both altimeter
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and radiometer over-estimate wind speed at high latitude during
winter. Altimeter derived wind speeds are more impacted than radio-
meter winds.

The present analysis shows that this is caused by changes in atmo-
spheric stability. As both instruments respond to effective wind speeds
relatively close to the water surface, they are impacted by the shape of
the boundary layer in inferring wind speeds at an elevation of 10m
from the satellite observations. The observed differences in wind speed
are consistent with the mean squared slope being the primary quantity
sensed by the altimeter and dissipation being the primary quantity
sensed by the radiometer. The analysis is able to reproduce both the
variation in wind speeds as a function of latitude and throughout the
year. In addition, slightly different behaviour in the two hemispheres is
consistent with the observed differences in air-water temperature dif-
ference and is quantitatively explained by the present analysis.

The importance of considering the time of day of satellite wind
speed observations is also highlighted by the analysis. As wind speed
generally exhibits a diurnal variation, instruments which preferentially
measure at defined times of day will bias results. As ALT and RAD
systems measure at different local times, long term statistics will exhibit
differences between these instruments for this reason.
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