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ABSTRACT

The authors compare wind speed retrieved from the Geosat altimeter, from two Special Sensor Microwave/
Imager (SSM/I) microwave radiometers, the SSM/I FO8 and SSM/I F10, and from the European Space Agency
ERS-1 scatterometer. As ground truth, ship reports were used that provide a continuous time series of consistent
measurements at large scale during the whole period covered by the three satellites, and TOGA TAO data in
the tropical Pacific Ocean that are more accurate though more limited in geographical extent than ship wind
speeds.

It is evidenced that the Geosat wind speed retrieved using the Witter and Chelton algorithm is underesti-
mated at high wind speed. The authors find that the SSM/I wind speeds retrieved by the Wentz algorithm are
underestimated by more than | m s™' with respect to the ship wind speeds in large regions at high latitudes,
this effect being larger with SSM/I F10 than with SSM/I F08. The authors compare the ERS-/ wind speeds
retrieved from the Cersat preliminary algorithm and from the ESA CMOD4 algorithm; while the former gives
wind speeds consistent with the ship measurements, the latter is shown to overestimate low wind speed and
to highly underestimate high wind speed. A comparison of the ERS-/ and SSM/I F10 gridded data shows a
0.5-1 m s™' overestimate of the SSM/I wind speed in the western tropical Pacific and in the intertropical
convergence zone and south tropical convergence zone strengthening that the SSM/1 wind speeds are dis-
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turbed in regions of high atmospheric water content.

1. Introduction

Satellite remotely sensed measurements are of great
interest in oceanographic and atmospheric sciences as
they provide a global survey of environmental param-
eters both in space and time, precious information for
climatological monitoring. Among the parameters re-
trieved from remotely sensed data, the scalar wind
speed near the sea surface is of particular interest as it
is involved in air—sea fluxes determination, such as
heat fluxes (Esbensen et al. 1993; Liu 1988) and CO,
fluxes (Etcheto and Merlivat 1988).

The scatterometer is the most appropriate sensor for
measuring the wind velocity with a global coverage: its
swath is several hundreds kilometers wide; it is less
polluted by land areas than a passive microwave radi-
ometer and unaffected by water vapor, cloud liquid wa-
ter, and rain of light intensity (Cardone et al. 1983).
Unfortunately, no scatterometer providing measure-
ments for periods long enough to allow for a long-term
monitoring flew before 1991: Seasat flew only during
three months in 1978, and ERS-1 has been operational
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since its launch in July 1991. Alternatively, wind mod-
ulus measurements have been provided by other sat-
ellite-borne sensors: altimeters (Carter et al. 1992; Wit-
ter and Chelton 1991) as well as microwave radiome-
ters (Abbott and Chelton 1991; Wentz 1992) make
long time series available,

Before using such datasets for climate monitoring, it
is essential to check that they are consistent both on
small and large scale and to assess the accuracy of the
measurements taking into account the scale at which
they are used. Usually, the validation is made only in
limited areas where buoy measurements exist, thus
avoiding worldwide situations: very low or high wind
speeds and extreme sea states. This can lead to the non-
detection of inversion algorithm or instrument flaws
(Boutin and Etcheto 1990; Francis 1987).

In this paper, we compare satellite wind speeds re-
trieved from the Geosat altimeter, from the FO8 and
F10 Special Sensor Microwave/Imager (SSM/I) and
from the ERS- 1 scatterometer with voluntary ship wind
speeds reports. Although they are of poor quality (Pier-
son 1990), they provide a continuous time series of
consistent wind speed measurements at large scale dur-
ing the whole period covered by the three satellites, as
opposed to wind fields deduced from meteorological
models, like the European Centre for Medium-Range
Weather Forecasts (ECMWF), which have large dis-
continuities due to model changes (Halpern et al.



184

1994). We also compare the satellite wind speeds with
one another when they have simultaneous operating pe-
riods, that is, Geosat with SSM/I FO8 in 1988, SSM/I
FO8 and SSM/I F10 in November 1991, and SSM/I
F10 and ERS-1 in 1992. To look at the measurements
quality, we collocate the full-resolution wind speeds.
To spatially locate the discrepancies, we compare space
and time averages. To clarify the Geosat—SSM/I F0O8
differences in the tropical Pacific Ocean, we also com-
pare the Geosat and SSM/I data with the in situ Trop-
ical Ocean Global Atmosphere (TOGA) Tropical At-
mosphere Ocean (TAO) array wind measurements
(McPhaden 1993) -

2. Data
a. Geosat data

The U.S. Navy’s Geosat satellite was launched on
12 March 1985 into a 800-km altitude, 108° inclination
orbit. We use the measurements made during the Exact
Repeat Mission in 1988 when the satellite was into a
17-day exact repeat orbit.

We use the radar backscatter cross-section measure-
ments (o0,) provided by the National Oceanic and At-
mospheric Administration on the Geophysical Data
Records (GDR) tapes.

The spatial resolution of g, is about 10 km, depend-
ing on the sea state. We sort the measurements as fol-
lows: only the data with 6 dB < 0, < 18 dB, 0, < 10
cm, and 0° < pointing angles < 1.1° are kept, where
o, is the standard deviation of the sea surface height
computed when the 10 per second measurements are
averaged to produce the 1-s ™' data written on the GDR
tape. This sorting is fully described in Etcheto and
Banege (1992). The first two tests eliminate most of
the measurements polluted by ice, land, and rain; the
last one eliminates measurements of doubtful accuracy.

We convert o, into wind speed at 10-m height using
the Witter and Chelton (1991) algorithm that has re-
cently been supported by several validation studies
(Carter et al. 1992; Freilich and Dunbar 1993). A com-
parison between the Geosat wind speeds retrieved us-
ing this algorithm and buoy measurements showed a
root-mean-square (rms) difference of 1.9 m s~ (Wit-
ter and Chelton 1991).

b. SSM/I data

We use data from the first and second SSM/I that
were launched on 19 June 1987 and 1 December 1990
on the U.S. Air Force Defense Meteorological Satellite
Program spacecraft FO8 and F10, respectively. The or-
bital parameters of FO8 and F10 are not exactly the
same: both are near circular and near polar, with an
inclination of 98.8°. FO8 is sun synchronous, while F10,
due to a malfunction during launch, is not exactly sun
synchronous: its local equatorial crossing time is in-
creasing at a rate of 47 min per year. Their mean alti-
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tudes are 860 and 805 km, and their orbital periods are
102 and 101 minutes for FO8 and F10, respectively
(Wentz 1991). Consequently, their ground tracks are
shifted in space and time, and in November 1991 they
were almost out of phase. A complete description of
the SSM/I instrument can be found in Hollinger
(1989). Its swath is 1400 km wide. At latitudes larger
than 40° and at the equator, the coverage is nearly com-
plete after one day; over the global ocean, it is nearly
complete after 4 days (Minster et al. 1992).

We use the wind speed derived by Wentz (1992).
The retrieval algorithm is based on a geophysical
model, and as it is physically based, one can expect that
it gives better results on a worldwide scale than algo-
rithms based on regressions between SSM/I brightness
temperatures and buoy measurements such as the
D-matrix algorithm developed by Goodberlet et al.
(1989). A comparison between the retrieved SSM/I
wind speed and buoy measurements shows an rms dif-
ference of 1.6 m s ' (Wentz 1992), while the D-matrix
algorithm gives rms differences greater than 2 ms ',
In addition, the Wentz algorithm is the only one rou-
tinely applied to all the SSM/I measurements since
July 1987, thus allowing long-term studies. Recently,
Busalacchi et al. (1993) compared SSM/I wind
stresses deduced from the Wentz’s SSM/I wind speeds,
with several meteorological model analyses in the trop-
ical Pacific Ocean from July 1987 to June 1988 that
showed very encouraging results, as the differences be-
tween the SSM/I and the models are on the same order
of magnitude as the differences between the different
models they used. However, systematic overestimates
of the wind in regions of high atmospheric water con-
tent like the equatorial Pacific have been evidenced
(Halpern 1993; Waliser and Gautier 1993 ), as well as
systematic biases due to an effect of the wind direction
in the case of moderate to high wind regimes that are
not taken into account in the algorithm routinely ap-
plied (Esbensen et al. 1993; Wentz 1992). This can
lead to 1 to 2 ms™' regional biases. Halpern et al.
(1994) also found that the SSM/I wind speeds are un-
derestimated with respect to the ECMWF wind speeds
in the high latitudes of the Northern Hemisphere. As
the latter are consistent with the Comprehensive
Ocean—Atmosphere Data Set (COADS) wind speeds
that are deduced from ship reports, they attribute this
difference to the use of ship wind measurements in the
ECMWF assimilation that may be stronger at high
wind speed than the buoy wind measurements used to
calibrate satellite data.

The wind speed, originally retrieved at 19.5-m
height, U,ys, is converted into a 10-m height wind
speed, U, using a neutral atmospheric profile and a drag
coefficient equal to 1.5 X 107*: U = 0.939U,y5. The
resolution of the retrieved wind speed is 25 km. Fol-
lowing the Wentz recommendations (Wentz 1989), we
discard U,y less than —4 m s~' and we consider the
U,y values between 0 and —4 ms™' to be 0 m s
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We also discard U when the liquid water content is
greater than 25 mg cm™2. To avoid any pollution by
land area and as this study is not focused on coastal
measurements, we add a mask around land areas, 111
km away from large landmasses and 56 km away from
islands (diameter less than 150 km) using the method
described in Ozieblo and Etcheto (1991). For SSM/1
FO8, we use only the “‘class 0’ measurements defined
in Wentz (1989) and corresponding to water surface
measurements far from ice or land and rain rate less
than 1.5 mm h™!. For SSM/I F10, we use the class 0
and class 1 measurements newly defined in Wentz
(1993): class O corresponds to measurements far from
land, and class 1 to measurements in a possible ice
zone. We keep the class 1 measurements because we
observe that the ice sorting of newly defined class 0 is
too severe: the southern ice boundary is about 5° north
of the one defined by the class 0 of SSM/I F08. Then,
we keep class 1 measurements and we add a mask 168
km away from class 6 measurements that detect sea ice
as was suggested by F. Wentz (1993, personal com-
munication) and following the method described in
Ozieblo and Etcheto (1991).

c. ERS-1 data

The European Space Agency ERS-1 satellite was
launched in July 1991, into a 785-km altitude, 98.5°
inclination orbit. We use the AMI scatterometer wind
speeds retrieved from the radar cross-sectional mea-
surements (o) by two different algorithms: the prelim-
inary algorithm developed by the Centre ERS d’Ar-
chivage et de Traitement (CERSAT) for the off-line
data processing (Quilfen 1993) and the CMOD4 al-
gorithm (Offiler 1994) used by the European Space
Agency for the real-time data processing. (The wind
speed is referenced to 10-m height above the sea Ievel.)
A comparison of the CERSAT-retrieved wind speeds
with mooring measurements shows a 1.2 ms™' rms
difference (Quilfen 1993; Quilfen and Bentamy 1994 ).
We take the dealiased wind speed above 3 m s™' and
the rank 1 solution for wind speeds below 3 m s ™! that
are not dealiased. A comparison of the CMOD4-re-
trieved wind speeds with in situ data off the coast of
Norway shows a 1.9 m s ! rms difference when all the
measurements are considered and a 1.5 m s ! rms dif-
ference when only the best quality measurements are
kept, the high wind speeds being excluded (Offiler
1994).

The scatterometer swath is 500 km wide. Each o,
has a 50-km resolution and is interpolated on a 25-km
square grid, so that adjacent o, are not independent and
the resolution of the retrieved wind speed is between
40 and 50 km.

d. Ship data

For large-scale validation, we use the wind speeds
measured by the voluntary observing ship (VOS) and
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provided by Météo-France during 1988, 1992, and
1993 over the global ocean. We consider that the mea-
surements are made at 19.5-m height above the sea
level as it is close to the mean height of the ship ane-
mometers for measured winds. For visually estimated
high winds referenced at 10 m, Kent et al. (1993 ) found
an overestimate that is close to the conversion factor
between 10 and 19.5 m, assuming a neutral atmosphere
profile. We convert them into 10-m height wind speeds
using the same conversion factor as for the SSM/1. We
exclude the redundant records and the wind speeds
greater than 30 m s~' because they are likely to cor-
respond to erroneous measurements and because the
satellite is not sensitive in such a high wind speed
range. We also discard ship measurements located less
than 100 km away from land as microwave measure-
ments are likely to be disturbed by fetch effects (Glaz-
man 1991). Before doing the collocations, in order to
reduce the computation time, we average the ship data
closer in space at =0.125° in latitude and longitude and
+0.5 h in time. We check that this does not modify the
statistics of the comparisons, because this applies to
only 30% of the data, and the average involves in most
of the cases only two measurements.

The main advantage of the ship data is that they are
widely spread over the World Ocean and therefore they
provide in situ measurements to validate satellite wind
speed in many different meteorological situations. The
drawback is that they are of poorer quality than moor-
ing measurements (Pierson 1990): a comparison be-
tween VOS and buoys wind speeds shows a 2.7 m s ™'
rms difference (Wilkerson and Earle 1990).

e. TOGA TAO data

To clarify the Geosat—SSM/I FO8 differences in the
tropical Pacific Ocean, we use Autonomous Tempera-
ture Line Acquisition System (ATLAS) mooring and
current meter mooring wind speed measurements made
within the scope of the TOGA TAO program in Oc-
tober and December 1988. They are located in the Pa-
cific Ocean at 110°W (2°S, 0°, 2°N, 5°N), at 124°W
(0°), at 140°W (2°S, 0°, 2°N, 5°N, 7°N, 9°N), at 170°W
(0°), and at 165°E (5°S, 2°S, O°N, 5°N). The wind
speeds are measured at 4-m height above the sea level
with a wind recorder mounted on a surface toroid. The-
calibration accuracy of the TAO wind sensors is 0.2
ms~' (Mangum et al. 1994). We convert the 4-m
height wind speed U, into a 10-m height wind speed U
using a neutral atmospheric profile and a drag coeffi-
cient equal to 1.5 X 10*: U = 1.097U,. Details con-
cerning the instrument characteristics can be found in
Hayes et al. (1991) and a description of the TOGA
TAO array is given in McPhaden (1993).

The TAO wind speeds are hourly, 2- and 6-h aver-
ages of the north—south and east—west wind compo-
nents, depending on the mooring. To keep the same
temporal resolution for all the moorings, we take the
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6-h average of the 1- and the 2-h resolution wind speeds
and we use 6-h averages in our comparisons. Taking
the wind components average instead of the wind mod-
ulus one can lead to a systematic underestimate of the
average of the wind modulus (Etcheto and Merlivat
1988). For instance, Mangum et al. (1992) found that
the rms difference between the daily modulus average
and the daily components average of the ATLAS wind
speed is equal to 0.72 m s ' at 165°E where the effect
is maximum because the wind direction is the most
variable and to 0.24 m s~' at 110° and 140°W.

3. Methods of comparison
a. Collocations

The data periods and the space and time radius used
for the collocations are reported in Table 1. For the
satellite—ship comparisons, as the ship measurements
are mainly located in the Northern Hemisphere, we
choose periods of comparison distributed among the
four seasons to obtain several wind regimes. For the
satellite—satellite comparisons, the measurements are
located over the whole ocean covering several wind
regimes, and therefore, to reduce the computation time,
we use only a 6-day period. For the ship—satellite col-
locations, the space radius is chosen to match approx-
imately the resolution of the satellite data; the 1-h time
radius is equivalent to a space radius of about 25 km
for a 7 ms™' wind speed, assuming an equivalence
between time and space scales. The choice of a space
and time radius for the satellite—ship collocation results
from a compromise between the scattering due to the
natural space and time variability and the one due to
the statistical error: the smallest is the radius, the small-
est is the number of points, and the highest is the sta-
tistical error, while the effect of the natural variability
is minimized. As a test, we double the time radius used
for the satellite—ship collocations (+2 h; results not
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shown). In all the cases, the number of points is dou-
bled but the scattering is not improved, the natural vari-
ability compensating for the improvement of the statis-
tical error. For the satellite—satellite collocations, as
both SSM/I are out of phase, only the latitudes north
of 40°N and south of 40°S are sampled when a 1-h
collocation radius is taken. Therefore, we use a 2-h
collocation radius for all the satellite—satellite collo-
cations to sample all the latitudes. The space radius is
chosen to match approximately the largest resolution
of the satellites.

We define the reference measurement as the mea-
surement that governs the extraction of the satellite
measurements located at plus or minus the time and
space radius; it is either ship data in the ship—satellite
collocations or satellite data having the worst spatial
resolution in the satellite—satellite collocations. We av-
erage all the extracted wind speeds corresponding to
one reference wind speed and obtain a pair of collo-
cated measurements, having approximately the same
resolution in the case of the satellite—satellite colloca-
tions. We discard likely erroneous pairs for which the
wind difference is greater than (AU) = 30, where
(AU) is the average of the wind difference and o is the
standard deviation of the wind difference computed in
2 m s~ classes. In all cases, this concerns less than 2%
of the pairs.

b. Comparisons of grids

To spatially locate the satellite—satellite differences,
we compare 2.5° X 2.5° resolution grids. The compar-
isons are made during 1 year for Geosat—SSM/I FO8
(25 January 1988-3 February 1989) and during 9.5
months for ERS-1-SSM/I F10 (16 March 1992-31
December 1992), which is the longest overlapping pe-
riod available.

The comparisons are made using data gridded at 2.5°
X 2.5° and 2-week resolution for SSM/I and ERS-1

TABLE 1. Space and time radius used in the collocations.

Satellite
resolution Space Time
Collocation type (km) Period of collocation radius radius (h)
Geosat—ship 10 January—December 1987 0.05° lat 1
’ . 0.50° long
SSM/I FO8-ship 25 2 weeks per month in February, June, August, and December 1988  0.15° lat 1
0.15° long
SSM/T £10-ship 25 2 weeks per month in February, June, August, and December 1992 0.15° lat 1
0.15° long
ERS-1-ship ~40 August and December 1992 0.25° lat 1
February and June 1993 0.25° long
Geosat—SSM/I FO8 10-25 25-31 January 1988 0.125° lat 2
0.125° long
SSM/T FO8—-SSM/I F10 25-25 1-5 November 1992 (1 point out of 30) 0.125° lat 2
0.125° long
SSM/I F10-ERS-1 25-~40 1-5 December 1992 (1 point out of 25) 0.25° lat 2

0.25° long
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and 17-day resolution for Geosat. The 2-week resolu-
tion has been chosen to be consistent with the Geosat
cycle duration (17 days) and is defined to be half of
the month. The two SSM/I ‘“‘weeks’’ are chosen to
match the Geosat cycles as well as possible: on average
for each of the 22 studied cycles the length of time
nonsimultaneously covered is 3.4 days. For Geosat, we
keep the raster only if it contains more than 40 mea-
surements per 17 days; for SSM/I and ERS-1 the min-
imum number of measurements per raster and per
“‘week’ is 50 and 15, respectively. These thresholds
are those we routinely apply to the data; they are chosen
to give both a good global coverage of the ocean and
reasonable statistics in one raster.

We determine the differences of the 2.5° X 2.5° grids
for each 2-week period and we average the 2.5° rasters
in 10° rasters: the latter reduces the scatter due to the
bad Geosat sampling. We get 22 and 16 grids for the
(Geosat—SSM/1) and (ERS-1-SSM/I) differences,
respectively, at 10° and 2-week resolution, showing the
difference between the instruments. We then compute
the average and the standard deviation of the grids (22
and 16), obtaining an average grid and a standard de-
viation grid at 10° resolution. We do not keep the 10°
squares for which more than two periods of 2-week
duration have no measurement.

We do not present a similar study for the ship—sat-
ellite wind speeds, because there is little ship measure-
ments in a 2.5° square and consequently large differ-
ences are expected to come from the absence of ship—
satellite collocation, nor for the SSM/I FO8—-SSM/I
F10 wind speeds, because we get only one month of
overlapping data with several data holes that introduce
large scatter due to the different time and space sam-

pling.

4. Results
a. Ship—satellite collocations

Although the ship data are the in situ data covering
the largest ocean area, they are preferentially located
along sea routes in the Northern Hemisphere, as shown
in Fig. 2 of Etcheto and Banege (1992). Consequently,
the following results are mainly applicable to the north-
ern latitudes.

We compute the average and the rms of the differ-
ence between the ship and the satellite wind speed per
1 m s~' ship wind speed intervals (Fig. 1). Part of the
negative differences at low wind speed and positive
differences at high wind speed are due to the different
resolution of the ship and satellite measurements and
to the ship data noise. We estimate these effects by
comparing punctual ship measurements with their av-
erage made over a square that simulates the satellite
integration space, that is, 0.1° X 0.1° and half an hour
for the Geosat simulation, 0.3° X 0.3° and 1 h for the
SSM/I simulation, and 0.4° X 0.4° and 1 h for the ERS-1
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simulation. We use 12 months of ship data (Janvary—
December 1992) and we keep the average only if it
includes at least four measurements. This average both
simulates the satellite space integration and reduces the
ship data noise by at least a factor of 2 as it includes at
least four measurements. Figure 2 shows the difference
and the rms of the difference between punctual and
averaged ship wind speeds for the three simulations.
The statistics of the comparisons are reported in Table
2: (Uaip — (Uspip)) is the mean difference, o,y is the
rms of the difference, { Usyp) is the average of the ship
wind speed, and N is the number of pairs. As expected,
the smaller the integration square, the smaller the rms
difference. Between 3 and 15 ms™', the rms of the
Geosat simulation is half the one of the SSM/I simu-
lation and 0.4 times the one of the ERS-/ simulation.
These rms’s result from both time and space variability
of the wind speed and are consistent with the study of
Monaldo (1988), who finds a 1 m s™' rms difference
between buoy wind speed estimates made one hour
apart (time variability) and a 0.6 (0.7) m s ' rms dif-
ference between two Geosat wind speed estimates
made 30 (40) km apart (space variability ). Between 3
and 15 m s~', the differences are negligible whatever
the simulation. Above 15 ms~', the differences in-
crease: up to 20 m s ', the differences are still less than
1 ms™' for both Geosat and SSM/I simulations,
whereas they reach 1.3 ms™' for ERS-1. Above 20
m s~', the differences are highly increased: the mean
differences are 3.5 and 4.6 m s~' for the SSM/I and
ERS-1 simulations, respectively. Unfortunately, due to
the small integration space, we do not obtain Geosat
simulations for wind speed greater than 20 m s ™',

As the differences between punctual and averaged
ship wind speed are negligible between3 and 15m s ',
we report the statistics of the ship—satellite compari-
sons in Table 3 for three wind speed ranges: 0—30
ms™', 3-15ms™, and 15-30 m s ™'; (Ugp — Usa)
is the mean difference, oAy is the rms of the difference,
(Usip) s the average of the ship wind speed, and N is
the number of pairs.

1) GEOSAT—SHIP

There are on average 1.9 Geosat measurements col-
located with one ship measurement. The rms difference
reported in Table 3 between 3 and 15 ms™' is 17%
higher than the one obtained by Witter and Chelton
(1991) in a comparison with buoy data and shows the
high scatter of the ship reports. The mean differences
in 1 m s~ intervals of ship wind speed (Fig. 1a) are
inside the rms difference up to 15 m s ™' and they be-
come greater than the rms difference above 15 ms™'.
However, above 10 m s ™', they are larger than the ex-
pected differences due to the satellite space integration
(see Fig. 2a) and they exceed 1 m s ™' above 12 ms™'.
This can be due either to an overestimate of the ship
wind speeds or to a saturation of the altimeter wind
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FIG. 2. Average and standard deviation of the differences between
averaged and nonaveraged ship wind speed vs nonaveraged ship wind
speed. The average is made over three time and space diameters
simulating three instruments: (a) 0.5 h and 0.1° (Geosat altimeter);
(b) 1 h and 0.3° (SSM/I microwave radiometer); (c) 1 h and 0.4°
(ERS-1 scatterometer).
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is unlikely. On the other hand, it is well known that the
sensitivity of an altimeter to high wind speeds is re-
duced, although it is not clear whether the altimeter
signal completely saturates or if it is possible to retrieve
high wind speed with a modified algorithm calibrated
with high wind speeds as was proposed by Young
(1993).

2) SSM/I-sHips

There are on average 1.5 SSM/I measurements col-
located with one ship measurement. Above 9 ms™',
the mean differences in 1 m s~' wind intervals (Figs.
1b,c¢) are much larger than the expected differences due
to the satellite space integration (Fig. 2b). They are
also higher for SSM/1 F10 (larger than 1 m s ™' above
10 m s~') than for SSM/I FO8 (larger than 1 ms™'
above 11 ms™'), which leads to a ship-SSM/I F10
wind speed difference of 0.4 m s ™' instead of 0.2 m s '
for the ship—SSM/I FO8 wind difference between 3
and 15 m s ' (Table 3). The rms of the difference for
both SSM/I are similar. The rms of the differences are
larger than the ones expected from the integration ef-
fect and the Geosat ones (Figs. 2a,b), although the rms
difference found by Wentz (1992) was lower than the
Geosat one found by Witter and Chelton (1991): the
rms of the differences in 1 m s ™' classes are 15%—26%
greater than the Geosat ones below 3 m s™'; they are
comparable between 3 and 9 m s ™' and they are 10%—
25% greater between 9 and 18 ms~'. Below 3 ms™'
this result is not surprising, as an altimeter is more sen-
sitive to low wind speed than a microwave radiometer;
the differences can also be a result of atmospheric per-
turbations, as the SSM/I is very sensitive to atmo-
spheric water content (Halpern 1993). Above 9m s ™',
this can be due to directional effects that are dependent
on the geometry of the wind velocity and the satellite
radiometer viewing direction: these effects are larger at
high wind speeds (Wentz 1992), and on average over
the ascending and descending orbits, they can lead to
an underestimate at high northern latitudes (Esbensen
et al. 1993) where most of the ship measurements are
located. The Wentz (1992) comparisons were less in-
fluenced because the National Oceanic and Atmo-
spheric Administration moorings that he used are lo-
cated at lower latitudes than most of the ship measure-
ments; Halpern et al. (1994) also argued that buoy
anemometer wind measurements that have been used
to calibrate the SSM/I algorithm may be lower than
ship wind measurements at high wind speed due to the
poor quality of both types of measurements.

3) ERS-1-sHIps

There are on average 3.6 ERS-1 measurements col-
located with one ship measurement. Below 3 ms~',
the negative differences observed in Fig. le for the
CMOD4 algorithm and in Fig. 1d for the CERSAT one
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TaBLE 2. Comparison of punctual with averaged ship wind speed measurements.
Time and space Usnip Tange (Usnip = (Uawip Cau (Uaip) .
integration diameter (ms™") (ms™") (ms™') (ms™") N
0.5 h; 0.1° 0-30 0.00 0.55 6.52 2348
0.5 h; 0.1° 3-15 0.02 053 6.88 2119
0.5h; 0.1° 15-20 0.86 1.42 16.62 23
1h;0.3° 0-30 0.00 1.12 791 10 344
1h;0.3° 3-15 —0.02 1.00 7.83 9229
1 h; 0.3° 15-20 0.94 1.87 16.84 427
1h;0.3° 15-30 1.22 2.17 17.38 480
1 h; 0.4° 0-30 . 0.00 1.40 8.14 14 072
1h; 0.4° 3-15 —0.06 1.20 7.99 12323
1 h; 0.4° 15-20 1.27 2.18 16.72 697
1 h; 04° 15-30 1.78 2.58 17.54 825

are both due to the satellite integration effect (Fig. 2c)
and to the inaccuracy of both the ship measurements
and the scatterometer measurements at low wind speed.
In particular, the very low CMOD4 differences below
2 m s~} are due to the absence of CMOD4 wind speed
estimates below 1.5 m s ~'. The statistics of the com-
parisons shown in Table 3 and in Figs. 2d and 2e for
moderate to high wind speeds are different: the
CMOD4 wind speeds are systematically biased low
above 7m s~' by 1-3 m s ' more than the difference
expected from the satellite space integration (see Fig.
2c), whereas the CERSAT wind speeds are in good
agreement with the ship wind speeds when the satellite
integration effect is subtracted. This leads to slightly
- negative differences between 3 and 15 m s~' for the
CERSAT algorithm and to positive differences for the
CMOD4 algorithm (Table 3). The smaller rms of the
differences observed with the CMOD4 algorithm be-
tween 3 and 15 m s™' is due to the smaller range of

variation of the CMOD4 wind speeds as the standard
deviation of the wind speeds between 3 and 15 m s ™'
is equal to 2.5 m s ' for CMOD4 and to 3.2 m s~' and
3.0 ms™' for the CERSAT and ship wind speeds, re-
spectively. Above 15 m s, the CMOD4 algorithm ap-
pears to retrieve wind speeds weaker than the results
of the CERSAT algorithm (2 ms™' at 20 m s '), the
difference with the ship measurements being well out-
side the expected integration effect: at 16 ms™', the
CMOD4-ship wind speed difference remains equal to
about 1.5 m s~' once the integration effect has been
removed; this is in close agreement with the conclu-
sions of Offiler (1994), who suggests that the CMOD4
wind speeds may be underestimated by 1.5 ms™'
above 16 m s~'. Above 20 m s ', the CMOD4 com-
parison is not reliable as it was made with very little
high wind speed measurements, only one ERS-1 over-
pass being collocated with wind speeds greater than 20
ms~'. A slight tendency for the CERSAT algorithm

TABLE 3. Satellite and ship wind speed collocations.

Usnip range (Usnip — Usa) Oau (Usnip)

Satellite (ms™") (ms™")y - (ms™) (ms™") N
Geosat 0-30 0.09 2.41 7.29 3525
Geosat 3-15 0.16 2.25 7.73 2900
Geosat 15-30 3.73 2.44 17.74 129
SSM/1 FO8 0-30 0.23 2.53 7.27 10414
SSM/1 FO8 3-15 0.22 2.37 7.62 8488
SSM/I FO8 15—30 4.08 3.01 18.25 453
SSM/I F10 0-30 0.48 2.52 7.45 9997
SSM/1 F10 3-15 0.44 2.31 7.75 8383
SSM/I F10 15-30 5.27 2.67 17.88 393
ERS-1 CERSAT 0-30 —0.14 2.27 7.92 6743
ERS-1 CERSAT 3-15 —0.21 2.12 795 5610
ERS-1 CERSAT 15-30 2.64 2.39 18.19 407
ERS-1 CMOD4 0-30 1.25 2.31 8.45 4313
ERS-1 CMOD4 3-15 1.25 2.03 8.28 3781
ERS-1 CMOD4 15-30 4.49 2.52 17.90 255
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to retrieve wind speeds lower than the ship measure-
ments can be seen between 15 and 20 m s™', the ac-
curacy of the in situ data being insufficient to reach any
conclusion above 20 m s™'.

With respect to the previous comparisons, the CER-
SAT rms of the differences are 6% lower than the Geo-
sat ones and about 10% lower than the SSM/I ones,
and the bias in 1 m s™' ship wind speed interval are
lower than the SSM/I ones, indicating that the CER-
SAT estimates are more consistent with the in situ mea-
surements. This confirms the low rms difference be-
tween the CERSAT-retrieved ERS-1 wind speeds and
mooring measurements found by Quilfen and Bentamy
(1994).

Given the large bias of the CMOD4 algorithm, we
will consider only the CERSAT algorithm in the fol-
lowing comparisons.

b. Satellite—satellite comparisons

We recall that the space radius used for the collo-
cations matches approximately the largest resolution of
the satellites involved in the collocation; therefore,
once the satellite wind speeds having the smallest spa-
tial resolution are collocated with a satellite wind speed
having the largest resolution and are averaged, the spa-
tial resolution of the paired measurements is about the
same and in the following comparisons, no difference
coming from the difference of the satellite footprint size
is expected.

The mean of the differences, U,,; — U,,., and the
corresponding rms are computed in 1 m s™' intervals
of the average of the two satellites wind speed, (U,

+ Us)/2, and are presented in Fig. 3. We make the

comparisons over the global ocean and north of 20°N
to compare the results with the satellite—ship compar-
isons that are mainly located in the middle and high
northern latitudes. The corresponding statistics are re-
ported in Table 4 (global ocean) and in Table 5 (north
of 20°N); (U — Uyp,) is the mean difference, and
(Usa) is the average of satellite wind speeds.

1) GEosaT-SSM/I FO8

There are about four Geosat measurements collo-
cated with one SSM/I measurement. Between 0 and 10
m s ', the comparisons over the global ocean and north
of 20°N show a slight underestimate of the SSM/I wind
speeds. Between 10 and 15 m s ™!, the mean differences
in the northern latitudes are close to 0.5 m s~', while
they are about 0 when averaged over the global ocean.
Moreover, the rms of the differences is higher north of
20°N (Tables 4 and 5). Above 15 m s, the Geosat
wind speeds appear to be underestimated by several
meters per second in both regions. The differences in
the northern latitudes are consistent with the ship—sat-
ellite comparisons and are attributed to a directional
effect of the SSM/I at moderate and high wind speed
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[see section 4a(2)] and to a saturation of the Geosat
altimeter at high wind speed [see section 4a(1)]. The
positive differences at high latitudes are clearly seen on
the yearly and 10° resolution map of the differences
shown in Fig. 4a and computed as described in section
3a. We recall that the measurements were not collo-
cated before doing the grids, and therefore, part of the
differences and of the rms of the differences can come
from the different space and time coverage of both in-
struments, especially because the Geosat altimeter
measurements are very undersampled. The regions
with large positive differences are characterized by
high rms of the differences (Fig. 4b) because the di-
rectional effect depends on the direction and the inten-
sity of the wind speed that are variable during the whole
year. South of 50°S, the negative differences are due to
the ice pack proximity since the SSM/I-data close to
the ice are removed, whereas most of the Geosat mea-
surements are not disturbed by the ice proximity and
are included in the raster average. As the wind speed
is generally lighter near the ice pack, the Geosat rasters
appear to be lower than the SSM/I ones. In the middle
tropical Pacific Ocean (10°S—10°N), the SSM/I wind
speeds are about 0.5 m s ! higher than the Geosat ones.
Waliser and Gauthier (1993 ) and Halpern (1993) have
already made validation studies of the SSM/I wind
speeds in the tropical Pacific Ocean using the TAO
moorings measurements from July 1987 to June 1988
and in 1989, respectively; they found a poor accuracy
of the SSM/I wind speeds in the western tropical Pa-
cific (165°E) that can be attributed to high atmospheric
water content in this region. However, the bias seen in
Fig. 4a is almost zero in the western Pacific. A La Nifia
anomaly occurred in 1988 that was associated with re-
duced SST and convection in the western Pacific ( Ar-
kin 1989); consequently, the overestimate of the SSM/
I wind speeds associated to high atmospheric water
content should be reduced. Therefore, the origin of the
negative anomaly seen in Fig. 4a in the tropical Pacific
Ocean is-not obvious, and in order to clear it, we com-
pare the Geosat and SSM/I wind speeds with the TAO
mooring tmeasurements during October and December
1988 when we observe that the Geosat—SSM/1 differ-
ence was maximum (see section 4c).

2). SSMI F10-SSM/I FO8

" There are on average 1.2 SSM/I F10 measurements
collocated with one SSM/I FO8 measurement. The rms
difference found over the global ocean (Table 4) is
very close to the 1.6 m s~' found by Wentz (1992)
when making comparisons with in situ data. It is
slightly increased north of 20°N and above 9 m s~
(Table 5 and Fig. 3d) due to the directional bias: as
both SSM/I are out of phase, SSM/I F08 ascending
passes are collocated with SSM/I F10- descending
passes, and vice versa, so that the direction of the wind
speed relative to the satellite viewing direction is not
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TABLE 4. Satellite—satellite wind speed collocations over the global ocean.

<Usa(> range <U»a(l - Uxa::) Tav <Usa|>
Satellite 1-satellite 2 (ms™") (ms™) (ms™) (ms™") N
Geosat—SSM/I F08 0-30 0.22 1.67 7.34 17 092
Geosat—SSM/I FO8 3-15 0.25 1.69 7.76 15111
Geosat—-SSM/I FO8 15-30 -1.13 2.16 16.51 318
SSM/I FO8-F10 0-30 0.20 1.58 7.63 18 121
SSM/I FO8-F10 3-15 0.19 1.58 7.65 16 291
SSM/1 FO8-F10 15-30 0.58 2.11 16.49 601
ERS-1 CERSAT-SSM/1 F10 0-30 -0.18 1.45 7.76 20492
ERS-1 CERSAT-SSM/I F10 3-15 —0.18 145 7.97 18 544
ERS-1 CERSAT-SSM/I F10 15-30 0.39 1.99 16.29 560

(U is the average of U, and Uge.

the same for both collocated measurements. Above 9
ms~', the SSM/I F10 wind speeds are 0.5-1 ms™'
lower than the SSM/I FO8 ones, and the bias is in-
creased north of 20°N (Figs. 3b and 3d; Tables 4 and
5). This cannot be simply related to a directional effect,
for both SSM/Is look alternately over the ocean in the
same direction, and therefore, when the collocations are
considered over all the descending and ascending
passes, the mean difference should be equal to 0. This
is consistent with the results of the ship—SSM/I col-
locations showing that the SSM/I FO8 is less under-
estimated than the SSM/I F10 at high wind speed [see
section 4a (2)]. This could be due to the slightly vary-
ing incidence angle of SSM/I F10.

3) ERS-1 CERSAT-SSM/IF10

There are on average 3.7 SSM/I F10 measurements
collocated with one ERS-I measurement. Below 5
m s~', the ERS-1 wind speeds are 0.5 m s ' lower than
the SSM/I ones (Fig. 3c) that can- probably be
explained by a weak sensitivity of the ERS-I scat-
terometer to low wind speeds. The rms of the differ-
ences over the global ocean (Table 4) are weaker than
in the previous comparisons because in the Geosat
comparisons both the SSM/I flaws and the Geosat un-
derestimates at high wind speed were added and in the
SSM/I comparisons the directional effects were max-
ima as both SSM/I are out of phase. As in previous
comparisons, the biases are larger north of 20°N than
over the global ocean (Figs. 3c and 3f). The positive
bias between 10 and 18 m s ' is larger than the one
seen in the Geosat—SSM/I comparison and is slightly
smaller than the SSM/I FO8-SSM/I F10 difference
with the same tendency to increase north of 20°N. This
is probably due to a combination of the SSM/I FO8—
SSM/I F10 bias and of the Geosat underestimate at
high wind speed. We obtain a similar result with the
10-month comparison of gridded wind speeds (Fig.
4c): at high latitude the bias is larger with ERS-1 than
with Geosat. In the Tropics, negative differences are

observed in the western Pacific and along the ITCZ and
the STCZ convergence zones, in regions where the at-
mospheric water content is maximum although the
1992 year is an anomalous one (Chelliah 1994; Mo and
Wang 1994). The rms of the gridded differences (Fig.
4d) are about half the ones obtained in the Geosat—
SSM/I comparison mainly because of the bad sam-
pling of the Geosat measurements.

c. Buoy-satellite comparisons

To clear the Geosat—SSM/I wind speed differences
observed in the tropical Pacific Ocean (Fig. 4a), we
collocate the Geosat and SSM/I wind speeds with the
TAO mooring wind speeds in October and December
1988 when the differences were maxima in the central
Pacific. We extract the satellite wind speeds located at
+2° in longitude and +0.2° in latitude from the TAO
mooring and during the 6 h of the TAO averaging pe-
riod. The statistics of the comparisons computed at five
longitudes for TAO wind speeds greater than 4 m s ™'
are reported in Table 6. Below 4 m s~' the satellite
wind speeds are greater than the TAO ones due to their
decreased accuracy at low wind speeds.

The rms differences obtained in the SSM/I compar-
isons are well lower than the ones found by Waliser
and Gauthier (1993) who compare daily TAO and
SSM/1 wind speeds from July 1987 to June 1988. They
also compare wind speeds with higher temporal reso-
lution (2-h wind speed) and show that the high tem-
poral resolution has little influence on the result. The
high rms differences they found come probably from
problems during the 1987 year that were pointed out
by Halpern (1993) who compares monthly averages of
1/3° SSM/I wind speeds with TAO monthly wind
speeds: he finds rms differences in 1987 to be twice the
ones in 1988 and 1989. The latter are about 20% lower
than the ones we found, probably because he compares
monthly averages. The biases we find at 110° and
140°W are about 0.6 m s ' larger than the ones found
by Waliser and Gauthier (1993). This is attributable to
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TABLE 5. Satellite—satellite wind speed collocations north of 20°N.
(U, range (Uwr = Ur) Oay (U
Satellite 1—satellite 2 (ms™") (ms™") (ms™) (ms™) N
Geosat—SSM/I FO8 0-30 0.32 1.82 8.62 2932
Geosat—SSM/I FO8 3-15 0.37 1.82 8.74 2633
Geosat—SSM/I FO8 15-30 —0.81 223 16.67 118
SSM/1 FO8-F10 0-30 0.54 1.63 7.26 4087
SSM/1 FO8-F10 3-15 0.56 1.66 7.67 3676
SSM/1 FO8-F10 15-30 1.08 2.00 16.09 59
ERS-1 CERSAT-SSM/I F10 0-30 0.19 1.79 9.02 3729
ERS-1 CERSAT-SSM/I F10 3-15 0.15 1.78 8.71 3367
ERS-1 CERSAT-SSM/1 F10 15-30 1.07 1.92 16.45 253

(Usy) is the average of U, and U, ,».

the correction for the height of the measurements that
enhance the TAO wind speed by about 10%—that is
by about 0.6 m s ' —that they do not make. On the
other hand, at 165°E, we find a —0.1 m s ' bias and an
rms difference close to the ones at 110° and 140°W,
whereas Waliser and Gauthier (1993) found a —1.7
m s~' bias that would be reduced to about —1.1 m s ™'
after height correction and an rms difference twice the
one at 110° and 140°W. Halpern (1993) also finds sig-
nificantly lower correlation coefficients at 165°E than
at 110°W in 1989. This seems to indicate that the SSM/I
wind speeds were less polluted by the atmospheric water
content at the end of the 1988 year because of the La
Nifia event, as already suspected in section 4b (1).

The Geosat wind speeds are systematically under-
estimated with respect to the TAO ones, the minimum
of the bias being observed at 165°E. This could be due
to an influence of the significant wave height parame-
ter. Carter et al. (1992) have shown that when this pa-
rameter is taken into account in the wind speed retrieval
model, the accuracy of the wind speed is highly im-
proved. Lefevre et al. (1994), using such a model for
the inversion of the Topex—Poseidon data, found
higher wind speeds in the Tropics than with the Witter
and Chelton (1991) algorithm. We therefore conclude
that most of the negative Geosat—-SSM/I differences in
the Tropics probably come from an underestimate of
the Geosat wind speeds.

5. Discussion and conclusions

Although the ship wind speeds were found not to be
suitable for calibrating satellite wind speed retrieval al-
gorithms (Pierson 1990) and give larger rms differ-
ences than the mooring measurements when making
satellite—in situ wind speeds comparisons, they have
the great advantage of providing a continuous time se-
ries of consistent measurements at large scale over the
last 10 years, and we use them as a qualitative reference
to analyze the biases between several instruments that
did not fly simultaneously. They are punctual and very

scattered, which introduces biases in the satellite—ship
comparisons. This bias also exists in satellite—mooring
comparisons but is smaller since the moorings mea-
surements are less scattered than the ships ones. We
quantify these effects by averaging the ship data close
in space and time over areas corresponding to the foot-
print size of the satellite. Moreover, when comparing
measurements of two satellites having a different foot-
print size, we average the highest resolution satellite
data to compare data of similar resolution. Once the
integration effects are removed from the ship—satellite
differences, we evidence satellite versus ship biases
that we find also in independent satellite—satellite com-
parisons made over separate periods. At high wind
speed, above about 15 m s ', the Geosat wind speeds
are underestimated with respect to the ship wind speeds
and to the SSM/I FO8 wind speeds. This effect could
be due to a saturation of the altimeter. Above 9 m s ™!,
both SSM/I wind speeds are 1-2 m s™' weaker than
the ship ones, the bias being larger for SSM/I F10. The
SSM/I FO8 wind speeds are about 0.5 m s~' weaker
than the Geosat ones between 10 and 15 m s}, north

_of 20°N. The SSM/I F10 wind speeds are lower than

the ERS-1 CERSAT ones between 10 and 18 ms ™!,
the bias ranging from 0.5 ms™' to 1.5 ms™'. The
weaker bias in the Geosat—~SSM/I FO8 comparison can
be explained by both the underestimation of the high
Geosat wind speeds and the larger bias of the SSM/I
F10. The regional underestimates of the SSM/I wind
speeds shown both in the ship—SSM/I comparisons
and in the satellite—SSM/I global gridded data com-
parisons are mostly attributed to directional effects of
the SSM/1. The different quality of buoy anemometer
wind measurements used to calibrate satellite data and
of the ship wind measurements at high wind speed has
been put forward by Halpern et al. (1994) to explain
underestimates of SSM/I wind speeds with respect to
ECMWF wind speeds, but it cannot be the only expla-
nation of the SSM/I underestimates, as the Geosat and
ERS-1 algorithms were also calibrated with buoy ane-
mometer measurements. While the wind speeds re-
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TABLE 6. Atlas—satellite wind speed collocations (U, > 4 m s,

<Uaila\ - U\ﬂl) Oav (Uaua)
Satellite ~ Longitude (ms™") ms™" (ms') N
Geosat 110°W 1.59 1.62 6.77 80
Geosat 124°W 1.51 1.77 6.01 25
Geosat 140°W 0.99 1.56 734 65
Geosat 170°W 1.00 1.14 745 24
Geosat 165°E 0.58 1.43 6.29 68
SSM/T FO8 110°W 1.08 1.09 6.28 218
SSM/T FO8 124°W 0.63 1.19 5.48 65
SSM/I FO8 140°W 0.22 1.29 7.36 300
SSM/1 FO8 170°W —0.06 0.80 7.72 67
SSM/I FO8 165°E —0.12 1.22 6.22 164

.

trieved by the CERSAT preliminary algorithm are in
good agreement with the ship data, the CMOD4 algo-
rithm overestimates the low wind speeds and under-
estimates the moderate and high wind speeds. At low
latitudes, in the tropical Pacific ocean, the Geosat data
are underestimated with respect to both the in situ TAO
data and the SSM/1 FO8 data, indicating negative Geo-
sat wind speed bias in this region that could be due to
the influence of the significant wave height parameter
on the altimetric wind speed retrieval that is not taken
into account in the Witter and Chelton (1991) algo-
rithm. The ERS-1 CERSAT-SSM/I F10 differences in
1992 show large negative bias over the western tropical
Pacific Ocean, where Halpern (1993) found an over-
estimate of the SSM/I wind speeds with respect to the
TAO wind speeds in 1989. This bias is attributed to an
atmospheric water content disturbance of the SSM/I
measurements. It is smaller on the Geosat—SSM/I
maps in 1988, for during a La Nifia year the convective
activity is highly reduced in these regions.

This study points out that very large and regional dis-
crepancies exist between the SSM/1, the Geosat, and the
ERS-1 scatterometer wind speeds. This prevents study-
ing interannual wind speed variability by using the com-
bination of these sensors without previous corrections of
the SSM/I flaws and in regions of very high wind speed
where the Geosat measurements saturate. Unfortunately
this compels us to reprocess all the SSM/I data, as the
corrections depend not only on the wind intensity but
also on the wind direction as well as the atmospheric
water content whose variability is highly correlated to
the wind speed variability itself, during El Nifio or La
Nifia year for instance. Wentz (1992) develops a new
retrieval algorithm correcting for the directional effects.
Unfortunately, it has not been routinely applied to the
SSM/I data. The ERS-1 scatterometer data inverted by
the CERSAT preliminary algorithm have not shown sig-
nificant differences when compared with ship data, pro-
vided the scatter of the in situ measurements is taken
into account. '
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