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Wind Retrieval over the Ocean using Synthetic
Aperture Radar with C-band HH Polarization

Jochen Horstmann, Wolfgang Koch, Susanne Lehner, and Rasmus Tonboe

Abstract—The high spatial resolution and large coverage of  The high resolution and large spatial coverage, together
satellite-based synthetic aperture radars (SAR) offers a unique with the all-weather capability of synthetic aperture radars
opportunity to derive mesoscale wind fields over the ocean (SAR) offer a unique opportunity to extract ocean surface

surface, providing high resolution wind fields near the shore. For . ' ; . e
this purpose, algorithms were developed and tested using the wind fields. At the Danish Meteorological institute (DMI),

ScanSAR aboard the Canadian satellite RADARSAT-1, operating Copenhagen, Denmark, the images acquired by the scanning
at C-band with horizontal polarization in transmit and receive. ~SAR (ScanSAR) aboard the Canadian satellite RADARSAT-1
Wind directions are extracted from wind-induced streaks visible gre the major source for the operational mapping of sea ice.
on most SAR images. Wind speeds are derived from normalized aqgjtional information on the mesoscale wind field is needed
radar cross sections (NRCS) using empirical models. The models . . . . S

were developed for scatterometers (SCAT) operating at C-band for mFerpretann of the images in o.pen Water.s (.j|scr|m|nat.ed
with vertical polarization and must be modified for horizontal ~ from ice infested areas and to predict the variation of the ice
polarization. Several available C-band polarization ratios were drift velocity [1], [2]. The ScanSAR acquires images of an area
considered, including theoretical and empirical forms. To verify of approximately 500 kmx 500 km with a spatial resolution
and improve the algorithm, wind speeds were computed from of ~100 m. It operates at 5.3 GHz (C-band) with horizontal
several RADARSAT-1 ScanSAR images and compared to colo- T . .

cated measurements from the SCAT aboard the European remote polgnzaﬂon in transmitting and receiving ,(HH) at moderate
sensing satellite ERS-2 and to the results of the Danish high incidence angles between 20°5@or these incidence angles,
resolution limited area model (HIRLAM). Using the colocated the radar backscatter of the ocean surface is dominated by
measurements, the polarization ratio was estimated and applied Bragg scattering from cm-scale surface roughness, which is

to improve the wind retrieval algorithm. In addition, the main i, resonance with the incidence radiation of the radar [3], [4].
error sources in SAR wind field extraction are discussed with

respect to the RADARSAT-1 ScanSAR data. Sensitivity studies The resonant wavenumbgy is related to the electromagnetic

were performed under different atmospheric situations using Wavenumberk,; according to
the modified C-band model to compute the errors due to wind
direction and inaccuracies in NRCS. k. = 2k.; sin 8 Q)

Index Terms—Backscattering, ocean surface, polarization ratio, . o )
synthetic aperture radar (SAR), wind field retrieval. whered is the incidence angle of radar beam. This small-scale
roughness is strongly influenced by the local wind field and
therefore allows the radar backscatter to be a measure of wind
parameters.
CEAN surface wind fields are computed by meteoro- In the past few years, much effort has been undertaken in
logical models and observed from satellite-based wirtie derivation of wind vectors from SAR images. The wind
scatterometers (SCAT) with a resolution of the order of 50 krdirection can be estimated by measuring the orientation of the
Neither the models nor the SCAT give accurate wind estimategnd-induced streaks visible in most SAR images [5]-[7]. For
close to land because of the coarse resolution. However,wimnd speed retrieval, two main approaches are pursued. In the
study processes in the lower atmospheric boundary lay&st, wind speed is estimated by measuring the normalized
and to get a better understanding of coastal processes, eagar cross section (NRCS), incidence angle, and wind direc-
currents, waves, wind, their interaction, and related transptitin [8]-[11]. For this purpose, the NRCS must be accurately
processes, a much finer spatial resolution is needed. The hagiibrated and a wind retrieval model function is required
costs of conventional ground truth measurements limits théfvat relates the ocean surface wind speed to the NRCS, the
application to small areas and short time periods. local incidence angle of radar beam and wind direction. In
the second method, wind speed is estimated from the spectral

_ _ _ . width of the image spectrum in flight direction (azimuth)
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using RADARSAT-1 ScanSAR images for wind speed retrievéthe ScanSAR data are in the order of approximately 100 m.
have been performed by Thompson and Beal [15], [16] affithe RADARSAT-1 ScanSAR data were transformed to NRCS
Horstmanret al. [17], showing an overestimation of the windwith a calibration scheme proposed by Shepherd [21], which
speeds, mainly due to the lack of calibration of the ScanSAd®®mpensates for the scaling performed during processing and
data available at that time. incidence angle dependencies.

There are several empirical wind retrieval models available, The ERS-2 SCAT also operates from a circular sun syn-
which were specially developed for the ERS-1 SCAT operatirdironous orbit at C-band, although with VV polarization.
at C-band with vertical polarization in transmit and receiv€éhe ERS-2 SCAT transmits and receives the signal at three
(VV). For this work, we focus on the CMOD4 model [18]. Theantennae orientated at 4%orward, perpendicular, and 25
CMOD4 is very similar to the CMOD_IFR2 model [19], andbackward with respect to the satellite flight track. The ERS-2
most algorithms for C-band SAR wind retrieval are based @CAT covers incidence angles between 18-#8minating a
them. However, such well developed and verified models davath of 500 km. The spatial resolution~gt5 km, and each
not exist for the HH polarization of RADARSAT-1. Thereforedata area is viewed from the three directions with different
a hybrid model is used which is based on the empirical C-bamtidence angles. The ERS-2 SCAT data are processed by the
models and on theories and measurements of polarizatiBuropean Space Agency (ESA), Noordwijk, The Netherlands,
ratios. to wind fields using the C-band model CMODA4. The resulting

The main objective of this work is to improve and verify thevind field is available on a grid of 25 knx 25 km covering a
wind retrieval from RADARSAT-1 ScanSAR data. Therefore500 km wide swath along the orbit.
comparisons of RADARSAT-1 ScanSAR to colocated ERS-2 HIRLAM is a mesoscale atmospheric model that is opera-
SCAT measurements and modeling results of the Danish hitihnal at the DMI. It is a semi-implicit model, with Eulerian
resolution limited area model (HIRLAM) were performed. Iradvection and leap frog time stepping (details are provided by
addition, the ScanSAR data allows one to study the C-ba@distafsson [22] and Wolteet al.[23]). For the Greenland area,
polarization ratio dependencies on incidence angles and wihavas set up with a time step of 240 s and a horizontal reso-
speeds and to verify the HIRLAM model. A further topic is théution of 0.4%. The analysis of the model is performed every
investigation of error sources in wind retrieval from SAR. Fo8 h using the optimum interpolation method, which is a statis-
this purpose, sensitivity studies were carried out to estimate tieal procedure to minimize the difference between observations
errors in wind speed due to inaccuracies of the NRCS andédnd first guess from the model. The lateral boundary values for
uncertainties in wind direction with respect to RADARSAT-the model are obtained from the global European Center for
ScanSAR measurements. Medium Range Weather Forecast (ECMWF) model.

For this study, ten RADARSAT-1 ScanSAR images of the
ocean surface were collected around Cape Farewell, located at
the southern tip of Greenland (596, 38—48 E between Jan-

The SAR images were all acquired by the Canadian Eattary and August 1999 at2030 UTC. For five of the ScanSAR
observation satellite RADARSAT-1 in the waters around thgages, colocated ERS-2 SCAT wind fields were available, all
south part of Greenland. RADARSAT-1 operates in a neégquired at-0100 UTC approximately 4.5 h after the ScanSAR
circular sun synchronous orbit at an approximate altitude@age. Results of the HIRLAM model were available for all the
of 800 km. For this study, the HH polarized C-band SARMages. The HIRLAM data were available at 2100 UTC as 3-h
aboard RADARSAT-1 was operated in the ScanSAR wide@recast retrieved from the 1800 UTC analysis and fit the time
swath mode having the largest possible range of inciden@eScanSAR acquisition quite well.
angles between 20-5Qerpendicular to flight direction. All
ScanSAR data were processed by the Gatineau Processing
Facility, Canada, into calibrated SAR images. A ScanSAR wide
swath comprises four beams (W1, W2, W3, and S7), whichThe wind direction can be derived from the orientation of
cover four areas in range with sequential scans. Each processedi-induced streaks, such as boundary layer rolls in the atmos-
image covers an area of approximately 500 krB00 km with phere, visible in most SAR images [7]. Therefore SAR subim-
a pixel size of 50 m. The resolution of the four beams diffe@ges are transformed into the wavenumber domain, where the
from 86.5-146.8 m in range and 93.1-117.5 m in azimuttvind direction corresponds to the direction perpendicular to the
Since February 1999, the RADARSAT-1 ScanSAR beanfise connecting the maxima of spectral energy. A spectral filter
processed at Gatineau have been calibrated with a nomiisahpplied for wave lengths between 500-1500 m to distinguish
radiometric accuracy of:1.35 dB [20], although in specific wind-induced stripes from ocean waves and from larger scale
areas with the occurrence of scalloping, an effect caused bgtenospheric structures such as atmospheric gravity waves. Due
too high variation in the satellite yaw angle, calibration mato the symmetry of the spectrum, the wind direction can only
degrade further. Additional calibration errors can occur dume computed with a 180ambiguity. The algorithm shows good
to saturation of the analog to digital convertor (ADC), whichesults applied to ERS-1 and ERS-2 SAR images [7], [24]. How-
leads to a loss in signal power and in consequence to ewer, application of the method to RADARSAT-1 ScanSAR im-
underestimation of the NRCS. So far, radiometric calibraticages failed in many cases. This is mainly due to the inadequate
of ScanSAR images is extremely difficult to perform andpatial resolution of the images. Therefore, the additional use of
requires considerable attention. The geometric accuracy ather information such as atmospheric models, weather charts,

Il. INVESTIGATED DATA SETS
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or measurements are recommended when using RADARSAT- 12077~ Br
- L -t ragg
ScanSAR images. - %% Thompson et al.
For derivation of wind speeds from SAR images, the loca ¢ 1 g‘z gl‘f':l‘l‘:;f etal 7
NRCS, incidence angle of radar beam, and wind direction witl i yera 1

=
g !
respect to the antenna look direction are needed as inputinto @ § 8¢
algorithm. The algorithm is based on the inversion of a C-bani § |
model function relating the NRCS of the ocean surfageo _§ o
wind speedu and wind direction versus look directiah ac- =
cording to g i
&) L
ot = au (14 b cos ¢ + ¢ cos 26) 2) 2
wherea, b, ¢, and~y are coefficients that in general depend ~ ° 20 35 30 35 20 45 %0
on radar frequency, polarization, and incidence angle. Thes incidence angle []

coefficients were determined empirically in the cases of the

model functions CMOD4 and CMOD_IFR2 by evaluatiofkig 1. c-band polarization ratios are plotted versus incidence angles using the
of ERS-1 SCAT data and wind fields from the ECMWF. Fomodel functions from (3) and (4).

the CMOD_IFR2 model, buoy measurements of the National

Oceanic and Atmospheric Administration (NOAA), Wash-

ocean surface around the south part of Greenland was used.

ington, DC, were considered in addition. Both models ha\fﬂong the east coast of Greenland, a 20-30 km wide ice belt

bleoen (Sappéiedlslucgesfsful:]y 0 ERS-1 _an_cli EIRS—2” iARlima gsclearly visible (Fig. 2), which is known to flow southward
[ c} [ ]I"cg ] [d C]: bo grt e(;elar(fa noHs||_|m| a:y.we.— eve O‘Feb round Cape Farewell into the Julianehaab Bay situated at the
and vafidated C-band models for polarization availabig, ,est coast of Greenland. Most of the area in the Juliane-

so that the models previously discussed had to be mOdiﬁﬁg\ab Bay is also covered by sea ice, which opens up to the west

using the C-band polarization ratio. In the range of modera&gthe bay. According to the analyzed weather charts, there are
incidence angles (207 the backscatter for VV polarization Y- g y '

. o — . easterly winds with low wind speeds that increase toward the
is larger than for HH polarization [25]. The C-band polarizatio y P

Qouth. Furthermore, there is a wind front just south of Cape
ratio has been measured with an airborne SCAT by @hal. oo ' U ’ IS a Wi just sou p

o . Farewell which can be seen in the image. Southwest of Cape
[26] for incidence angles of 203(°, and 43 for wind speeds Farewell there are streaks visible in the ScanSAR image which

1 7 . !
from 2-14 ms . Thelr yvork shows that t_he_ratlo, defined 33re due to wind and indicate the mean wind direction in the area
VV/HH hereafter, is mainly dependent on incidence angles, a§~65°)

for wind speeds below 6 ms, a wind speed dependency wa Wind speeds over the ocean surface were computed from the

o OO 01 SganSAT daa usig th ybrd model nioncomposed
the data of [26]. The model has the following form: OD4 model and polarization ratio accordlng to Thompson
et al. [27]. To reduce the effect of speckle, discussed in Sec-
an (14 atan? 6)2 tion VI, the NRCS and incidence angles of the ScanSAR image
90 = (1+2 tan? 6)2 o (u, ¢, 6). 3 were averaged over 2 km 2 km. For this comparison, the
wind direction was set to 75 which is the mean wind direc-
Here,of™ is the HH polarized NRCSzy'V is the VV polar- tion retrieved from the colocated ERS-2 SCAT measurements
ized NRCS{ is the incidence angle, andis a constant which acquired 4.5 h later varying between 5928Bhe mean wind di-
was set to 0.6, fitting the data of Unat al. [26] quite well. rection agrees well with the mean orientation of the large scale
Changinga in (3) to O gives the theoretical polarization raticstreaks visible in the ScanSAR image and to the wind direc-
for Bragg scattering, and settimgto 1 results in Kirchhoff scat- tion from the weather chart. Fig. 2 shows a wind speed map
tering. The basic assumption of Kirchhoff scattering is that thvehere the color scale of the image represents wind speeds be-
plane-boundary reflection occurs at every point on the surfaeeen 0-20 mist as computed from the ScanSAR data. Cor-
[28], [29]. A further model was suggested by Elfouhaily [30] responding wind speeds measured from the ERS-2 SCAT are
a0 represented by superimposed squares in the same color scale.
JHH _ (1+2sin” 0) oYV (u, ¢, 0). 4) Over the entire image, the ScanSAR derived wind speeds are
0 (1+2tan2 )2 "° 77 significantly higher than the measurements from ERS-2 SCAT.
The decrease of wind speed in the near range of the image (0-70
hm) is an artifact observed in most investigated ScanSAR im-
ages and is most likely due to ADC saturation which occurs es-
pecially in near range at high wind speeds. Also at a distance of
392 km in range, a nadir range ambiguity line (a SAR artifact)
IV. COMPARISON OFWIND SPEEDSFROM SCANSAR is observed over the entire flight direction. However, it is ob-
TO ERS-2 SCAT vious that the relative wind variation over the whole region has
For a first comparison, the RADARSAT-1 ScanSAR scenthe same trend for both sensors which shows that ScanSAR is
acquired on April 21, 1999 at 2037 UTC showing the area amdpable of mapping small scale variations.

The polarization ratios of (3) with of 0 (Bragg scattering), 0.6,
and 1 (Kirchhoff scattering) are plotted in Fig. 1 together wit
the ratio of (4).
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Fig. 2. Wind speed map extracted from the scanning synthetic aperture radar (ScanSAR) wide swath data of the Canadian satellite RADARSAT-1. The image
was acquired on April 21, 1999 at 2035 UTC, showing the area around the south part of Greenland. The color scale of the image gives the wind speed which
was computed from the ScanSAR data with a fixed wind direction 6f @Sing the hybrid model function composed of the CMOD4 and the polarization ratio
according to Thompsoet al. The color scale of the superimposed squares represent the wind speeds measured by the scatterometer (SCAT) aboard the European
Remote Sensing satellite ERS-2 approximately 4.5 h later. © Danish Meteorological Institute and RADARSAT International.

In a next step, wind speeds from ScanSAR and ERS-2 SCapeeds computed from ScanSAR are significantly higherthanthe
are compared point by point on the same grid. For this purposegasurements from ERS-2 SCAT. The comparison indicates an
the NRCS and incidence angles of the RADARSAT-1 ScanSAdRror in the applied transfer function which is most likely due to
images are averaged over 25 kn25 km on the grid used by the the choice of C-band polarizationratio. Accordingtotheseresults,
ERS-2 SCAT. The ScanSARNRCS andincidence angles are uigglpolarizationratiois overestimated, making the estimated wind
together with the wind direction from the corresponding ERSspeed too high. To get an estimate of the polarization ratio and its
SCAT grid cell as input to the hybrid model function to derivelependencies, the NRCS for VV polarization has to be computed
the wind speed. In Fig. 3, the resulting ScanSAR wind speeds ateach pointofthe RADARSAT-1 ScanSARimage. Ateachpoint
plotted versus the corresponding ERS-2 SCAT wind speeds. Tdf¢he grid, the ERS-2 SCAT wind speed and wind direction mea-
starsrepresent the results of grid cells which are open water dsarement are put together with the ScanSAR incidence angles as
inated by the wind while the squares are associated to grid céfiput to the CMOD4 model, which then gives an estimate of the
which are affected by other ocean surface features, i.e., sea €€ polarized NRCS. Taking the corresponding NRCS from the
The main statistical parameters of this plot are listed in Table IBcanSAR HH polarized datathe VV/HH polarizationratio ofeach
The correlationis 0.65 and the bias of 3.69Thshows thatwind grid cell is derived.
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Fig.3. Scatter plot of wind speeds retrieved from the RADARSAT-1 ScanSAR incidence angle [']
image from April 25, 1999, and the colocated ERS-2 SCAT data acquired 4.0

h later. Wind speeds from ScanSAR were computed with the hybrid model o . o
function consisting of the CMOD4 and the polarization ratio according to tHed- 4. Dependency of the C-band VV/HH polarization ratio on incidence
model of Thompsoet al. As input to the hybrid model, the NRCS and incidenceingles. The HH polarized NRCS is derived from the RADARSAT-1 ScanSAR
angles were taken from the ScanSAR data and the wind direction from tfage. Taking the wind speed and direction from ERS-2 SCAT together with
ERS-2 SCAT measurements. The stars represent measurements of the ##§48cidence angle from the RADARSAT-1 ScanSAR data, the VV polarized
where the backscatter was dominated by the wind, while the squares indiddf&CS is derived using the CMOD4 model.

data that were neglected mainly due to the presence of sea ice. The dotted line

gives the regression of all considered points denoted by the stars.

7
*  considered

O neglected f“ -
TABLE | £ 4
STATISTICAL PARAMETERS OF THE COMPARISON OF THESCATTER : P ]
PLOT SHOWN IN FIG. 3 .g
g
B .=
comparison ;.; 2+ E
=%
bias [ms™] 3.69
correlation 0.65 0 . - .
0 5 10 15 20
RMS error [ms™!] 4.61 wind speed from SCAT [ms"]
scatter [%)] 37.8
¢ . 394 Fig. 5. Dependency of the C-band VV/HH polarization ratio on wind speed
nr. ol samples derived as in Fig. 4.
ScanSAR ERS-2 SCAT
-1 11.66 7.98 , : - - ;
mean [ms™!] wind. For comparison the theoretical polarization ratio depen-
-1 lrd . . . . .
std. dev. [ms™] 3.64 2.47 dencies and the best fit are plotted. There is a significant change
maximum [ms™] 19.5 14.2 of polarization ratio over the entire range of incidence angles. In

the near range of the image (20230 decrease of polarization
ratio with incidence angles is observed that does not agree with
For the ten ScanSAR scenes, five colocated ERS-2 SCHie theoretical ratios. For incidence angles between 3046
measurements were available, and for each of the five scerat®o is nearly constant, and for larger incidence angles, a dis-
the corresponding weather charts were analyzed with respediinat increase of polarization ratio is seen. The decrease of po-
the development of the weather situation between acquisititamization ratio in near range cannot be explained by the the-
of the ScanSAR and ERS-2 SCAT data. The analysis of tbeetical approaches and is most likely due to ADC saturation,
weather charts for January 30, 1999 shows very high widready observed earlier in this paper. For higher incidence an-
speeds up to 30 m3$ (beyond the limits of calibration of gles, the polarization ratio shows the same trend as from Kirch-
CMODA4) and strong changes in wind speed and direction witloff scattering and as the approach of Elfouhaily [30]. Similar
time so that these data were omitted in the investigations. Dagsults were observed by Vachenal. [31], who fittedc in (3)
of four ScanSAR scenes and their colocated ERS-2 SCAT d#ta~1.2 for incidence angles between 20248sing well cali-
where considered, which cover a wide range of wind speetisated RADARSAT-1 SAR images. From the plot of Fig. 5, no
wind directions, and incidence angles. dependency on wind speed can be resolved. However, the large
In Fig. 4, the resulting VV/HH polarization ratio is plottedscatter indicates that another parameter dominates the depen-
versus incidence angle between 20=%Md in Fig. 5 versus dency on polarization ratio. According to the previous observa-
wind speed. Again, stars represent results of areas where tiba, the model proposed by Thompsetral.[27] overestimates
backscatter is dominated by the wind, and the squares indictite polarization ratio resulting in too high wind speeds from
data that were strongly affected by features not caused by BeanSAR. For that reason, the comparison of the four ScanSAR
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Fig. 6. Wind speeds derived from four ScanSAR images versus t (!?g 7. Wind speeds retrieved from nine RADARSAT-1 ScanSAR images
co%.res : ondin ERpS-Z SCAT data. Wind speeds from ScanSAgll? were compuie plotted versus the corresponding wind speeds resulting from the HIRLAM
with thz h bri%i model function cohsistin %f the CMOD4 and the olarizatFi)o gdel. Wind speeds were computed with the hybrid model function considering

. Yo ) > 9 ol P e polarization ratio according to Kirchhoff scattering. As input to the model,
ratio according to Kirchhoff scattering. As input to the model, the .NRC.S @Me NRCS and incidence angles were taken from the ScanSAR data and the
incidence angles were taken from the ScanSAR data and the wind direction ,* . =~ . ) . .

ind direction from the HIRLAM model. The dotted line gives the regression

from the ERS-2 SCAT measurements. Stars represent results from areas\é\bg | considered points denoted by the stars
were mainly influenced by the wind. Squares represent results that were P y ’
strongly affected by sea ice or other phenomena. The dotted line gives the

regression of all considered points denoted by the stars. 35
-E 30
TABLE 1l =
STATISTICAL PARAMETERS FROM COMPARISON BETWEEN WIND SPEEDFROM & 25t
FOUR SCANSAR SCENES AND THECOLOCATED ERS-2 SCAT MEASUREMENTS £
X I
comparison £ 15;
i -1 -0.08 I
bias [ms™!] g‘ 10°
correlation 0.62 2
o= 5;
RMS error [ms™!] 2.72 008
0
scatter (%] 28.0 ¢ ET0 15 20 35303
wind speed from HIRLAM [ms]
nr. of samples 883
ScanSAR ERS-2 SCAT Fig. 8. Same as in Fig. 7, except that the polarization ratio according to the
1 best fit from Fig. 7 was used in the hybrid model.
mean [ms™!] 9.6 9.7
std. dev. [ms™!] 3.36 2.78 .
scenes were acquired between January and August 1999 that
maximum [ms™] 18.6 16.5

were processed at Gatineau, PQ, Canada, having an accept-
able accuracy of the NRCS for the purpose of wind speed re-

. . . ieval. All images were acquired at approximately 2030 UTC
Images tp ERS. 2 .SCAT measurements IS performed using g}?d compared to the HIRLAM forecast of 2100 UTC. Again,
polarization ratio given by the Kirchhoff scattering model. Th )
; ” ScanSAR scene from January 30, 1999 was omitted due

wind speeds from ScanSAR were computed using the NR : . . .

T ; . 0 the high wind speeds that are beyond the limits of applica-
and incidence angle from ScanSAR together with the wind gi,. : : :

. : ility of the CMODA4. For this comparison, the ScanSAR im-
rection of each corresponding ERS-2 SCAT measurement aseS were averaged to the arid of HIRLAM. resulting in an av.
input to the hybrid model. In Fig. 6, the scatter plot is shown & 9 9 ' g

1023 colocated samples, of which 240 were neglected due to SeRe grid cell size of approximately 28 ki55 km. Again,

ice or significant calibration errors visible in the image (at kilo\-l\"noI speeds were retrieved from ScanSAR using the hybrid

meter 392 in range). The corresponding main statistical param(-)OIeI function. The comparison was performed considering

eters are listed in Table II. Although the ScanSAR and ERS. e polarization ratio according to Kirchhoff scattering and the

SCAT data are acquired 4.5 h apart the results are in fair agrgg—s Lfit retrieved in Section IV from ScanSAR and the corre-

i . . . sgonding ERS-2 SCAT measurements (Fig. 4). For each grid
ment, having a correlation of 0.62 with nearly no bias. Thes . : . 2
S céll, the wind speeds were derived using the NRCS and inci-
results show the applicability of RADARSAT-1 ScanSAR for X . L
. . o dence angle from the ScanSAR, together with the wind direction
wind speed retrieval, though efforts for better calibration ha\fe . : .
rom the HIRLAM model. In Fig. 7, wind speeds retrieved from
to be undertaken. . o ! . )
ScanSAR, assuming the polarization ratio according to Kirch-
hoff scattering, is plotted versus wind speed from HIRLAM.
The same scatter plot is shown in Fig. 8, where the polariza-
To test the applicability of the hybrid model function for dion ratio resulting from the best fit was used for wind speed re-
large range of wind situations, a comparison was performéikval. Both plots look very alike, though the scatter of Fig. 8 is

using a larger data set. In the Cape Farewell area, ten ScanSaker. In Table Ill, the main statistical parameters are listed for

V. COMPARISON OFSCANSAR TO HIRLAM
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TABLE I
STATISTICAL PARAMETERS FROM COMPARISON BETWEEN WIND SPEEDS T
FROM NINE RADARSAT-1 SCANSAR IMAGES AND RESULTS OF THE ]
HIRLAM M ODEL. WIND SPEEDSFROM SCANSAR WERE RETRIEVED i
CONSIDERING THREE DIFFERENT POLARIZATION RATIOS, ACCORDING TO ]
KIRCHHOFF SCATTERING, MODEL OF ELFOUHAILY et al,, AND BEST FIT 1
FrROM FIG. 4 UPPERPLOT ]
Kirchoff scattering Elfouhaily et al.  best fit E
bias [ms~!] 0.01 -0.84 0.07 f
correlation 0.75 0.74 0.80 E
RMS error [ms™!] 341 3.46 2.94 &
scatter [%) 34.9 35.4 30.0 =
nr. of samples 1073 1073 1073 £
ScanSAR ScanSAR ScanSAR  HIRLAM é
mean [ms~!] 9.79 8.94 9.84 9.77
std. dev. [ms™!] 5.11 4.84 4.82 4.38
maximum [ms~!] 29.4 29.1 28.8 27.4
the comparison of wind speed assuming the polarization rati o’__--2 poes - o
. . . . 0 100 00
according to Kirchhoff scattering, model of Elfouhaily, and the distance in range [km]

best fit. The correlations of the comparison between ScanSAR
and HIRLAM is for all of the three ratio$>0.74 and signifi- Fig. 9. RADARSAT-1 ScanSAR image acquired on April 21, 1999. The

cantly better than the correlation of 0.62 resulting from the corfiiage represents the NRCS of the ScanSAR data, and the grey scale of
superimposed squares represents the difference in wind speed between

; . . t
pa”S(_)n tO_ERS'Z SCAT' This '_S mO.St likely due to changes ghfanSAR and HIRLAM. The white arrows point at a front imaged by the
the wind situation in the 4.5 h time difference. However, the rescanSAR. ©Danish Meteorological Institute and RADARSAT International.

sults using the two polarization models are quite similar, and we

cannot conclude which model is better. Comparison of the amk L N L
. o ) S L ect of speckle, uncertainty in wind direction, and calibration
plied polarization ratios show significantly better coincidencée

. . ‘accuracy of NRCS. The granular appearance of SAR images is
lrjeettr\'lieeeg ﬁg?nntsh/::\;:;ci_rlRLAM winds when using the rat'l?ljﬂle effect of speckle. It is a small-scale fluctuating component
Irl1 \t/he next ste thel .difference in wind speed betwe of the backscatter [32] and is attributed to interference effects
P, . . P WeRhat occur from scattering of coherent electromagnetic waves
ScanSAR and HIRLAM is derived for each ScanSAR maggg rough surfaces. In the case of RADARSAT-1 ScanSAR
at every grid cell. The results are coded in grey levels ari1mages, the backscatter variation caused by speckle can be up

plotted at its location in the ScanSAR image. In Fig. 9, tht% 43 dB on a single pixel. For ScanSAR images, the variance

ScanSAR image .acquwed on April 21, 1999 is shown. Th%RNRCS for grid cell sizes below 2 km is primarily caused
grey scale of the image represents t_he NRCS of the ScanS speckle and therefore should not be interpreted as wind
data, and the grey scale of the superimposed squares repres%’nr;t tion. To reduce the effect of speckle, the NRCS of the
the difference in wind speed between ScanSAR and HIRLAMhmages rﬁust be averaged over at least 2*&] Kkm

The main differences in wind speed occur in near range of t EMore important is the necessity to have information on wind

image (between 0-70 km), in the lee of the coast, and near_ . - ; .
to the front (indicated by the white arrows). The first is mosfrecuon for retrieval of the wind speed. The NRCS is strongly

likelv due to calibration inaccuracies in near ranae. Howeve ependent on wind direction and therefore, uncertainties in wind
the E)/ther w0 phenomena cannot be caused b cagllib-ration errc)irrection can lead to significant errors in wind speed. The rela-
or a wron chpoice of the transfer function Inyei ht of the tetrl1vg error in wind speed is plotted in Fig. 10 assuming an un-
. 9 . . - N €9 certainty in wind direction of+10°. The computations were
studied ScanSAR images, the wind speed in near range was oo .
sianificantly underestimated. In all imaqes. distinct differenc erformed for incidence angles of 2B5°, and 50, using the
signiti yu : ' Images, dist mere MOD4 with the Kirchhoff model polarization ratio. The error
in wind speed were observed near the coast, especially.in

. , . plotted for wind speeds between 2—30Thsand wind di-
the presence of V.de shadow[ng, Wh'cfh shows that. SC"’?nSArﬁchtions from O (upwind) to 180 (downwind) clockwise from
can significantly improve the information on the wind field

especially in such unattainable areas ‘ra_ldar _Iook direction. The largest relativ_e errors result from wind
' directions near to 45and 135, respectively, and near to 225

and 315, due to the symmetry of the hybrid model function.
With increasing incidence angles and for low wind speeds, the

When computing wind speeds from ScanSAR with therror increases, although for higher wind speeds, there is a dis-
C-band hybrid model function, the accuracy is strongly depetinct decrease of error with increasing incidence angles.
dent on the inputs to the algorithms, NRCS, wind direction, The error in wind speed due to the accuracy of the NRCS is
and incidence angle. The error in wind speed due to errorstrongly dependent on the sensor performance and its calibra-
incidence angle is negligible because it can be computed véion. In Fig. 11, the error in wind speed is plotted assuming an
precisely from the ScanSAR data. Main errors are caused by Hweuracy of+0.5 dB. The computations were performed with

VI. ERRORESTIMATION
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Fig. 10. Computed relative error in percentage of wind speed due to E
uncertainty in wind direction of:-10° for incidence angles of 20 35°, and
50°. The error was computed for wind speeds between 2-30'rasd wind
directions from 0 to 180.

E;. 11. Computed relative error in percentage of wind speed due to an
uncertainty in NRCS of:0.5 dB for incidence angles of 2035°, and 50.

The error was computed for wind speeds between 2-30'mend wind
directions from 0 to 180.

om ScanSAR and compared to ERS-2 SCAT measurements.

for the results of Fig. 10. The relative error decreases signi 1 overall correlation of 0.62 was found and ScanSAR re-

cantly with increasing wind speed and is slightly lower for CTOPieved wind speeds were especially overestimated at high wind

wind than for up- and downwind. This behavior also occurs f%rﬁ(_eeds} 13 ms-1). A further comparison was performed with

increasing incidence angles, though the error decreases Sig'f'he colocated HIRLAM data using the hybrid model function

cantly with increasing incidence angle. However note, that With the polarization ratios according to Kirchhoff scattering,

case of RAPARSAT'l SganSAR the error of NRCS can 'r}'hg model suggested by Elfouhaily [30], and to the best fit,
crease significantly, e.g., in near range due to power loss an ) ’ .
at the range ambiguity lines. respec.t|vely. _The resulting correlations were 0.75,_ 0.?4, and
0.80 with a bias of 0.01-0.84, and 0.07 mig. Investigation
of the location of the largest deviations between ScanSAR and
VII. CONCLUSIONS HIRLAM results showed a significant underestimation of the
In this paper, a hybrid model function was presented asttadowing effect of Greenland by the HIRLAM model and
tested to derive wind speeds from calibrated C-band H#stinct calibration inaccuracies in the ScanSAR data especially
polarized RADARSAT-1 ScanSAR images. The hybrid modéit near range (0—70 km), which are most likely caused by ADC
function is based on the C-band model CMOD4, which waaturation. Overall calibration of RADARSAT-1 ScanSAR
developed for VV polarized ERS-1 SCAT, and an additionalata still requires particular attention to compute accurate wind
term that includes the polarization ratio. To improve anfields over the ocean surface.
validate the algorithm, a data set was collected around theErrors in wind speed due to uncertainty of wind direction and
south part of Greenland consisting of ten RADARSAT-Inaccuraciesin NRCS were estimated for different incidence an-
ScanSAR images, colocated results of the 2100 UTC forecaglss, wind speeds, and wind directions. The main errors in wind
of HIRLAM and five colocated ERS-2 SCAT measurementspeed due to uncertainties in wind direction occur near to wind
Using the ScanSAR and ERS-2 SCAT measurements, whitdinections of 45 and 1353, respectively, and near to 22and
were acquired 4.5 h later, the polarization ratios were deriv8d5°. This is simply due to the azimuthal behavior of CMODA4,
and their dependency on incidence angle and wind spegith changes in wind speed with wind directions around the
were investigated. The best fitting theoretical polarizatiogiven directions relative to the antenna look direction. The rela-
ratios were according to Kirchhoff scattering and an extendé&de error caused by inaccuracies of the NRCS decreases signifi-
model proposed by Elfouhailgt al. [30]. However, there were cantly with increasing wind speed and is slightly lower for cross
significant differences between the empirical estimated and tend than for up- and downwind. So far, radiometric calibra-
theoretical polarization ratios, so a ratio was fitted to these datian is the main error source when retrieving wind speeds from
Using the CMOD4 in combination with the polarization ratiRADARSAT-1 ScanSAR data, especially at high wind speeds
according to Kirchhoff scattering, wind speeds were derivadthe near range of the image, where ADC saturation can occur.

the same model and the same ranges of input parameters fed
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The error of wind speed caused by speckle reduces significantly7] S. Lehner, J. Horstmann, W. Koch, and W. Rosenthal, “Mesoscale wind
with increasing area of averaging and therefore the wind speed

resolution should be in the order of 2 kk2 km. In combination

with wind directions from the HIRLAM model, wind speed er-

rors due to errors in estimated wind direction can be kept small.
Overall,

the investigation shows the applicability of

RADARSAT-1 ScanSAR images for mesoscale wind speed
retrieval over the ocean surface. Their large coverage, togeth&f!
with their high resolution of 2 kmx 2 km, gives valuable
additional information on wind fields and their variation, espe-
cially near coasts. Although calibration is so far insufficient, [11]
the method in its present form can help analyze and improve
results of atmospheric models especially near to the coast.
For the case of the images under investigation, it was showt2]
that HIRLAM underestimates (probably due to insufficient
resolution of the topography) the shadowing effect behind13]
Greenland. The operational use of RADARSAT-1 ScanSAR
wind maps retrieved from the hybrid model function, together 4
with the wind directions from HIRLAM, is planned at the
Danish Meteorological Institute to help improve weather and

especially ice drift forecast in the area around Greenland.

[15]

The advanced SAR (ASAR) aboard the Environmental Satel-
lite (ENVISAT), scheduled for launch in June 2001, will be ca- 16]
pable of operating at wide swath mode as well but with choicé
of polarization. This will enable to investigate the polarization
ratio in more detail and help improve wind retrieval from SAR. [17]
Therefore, the algorithm and methods developed in this study

are an ideal preparation for the ENVISAT era.

(18]
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