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A New Wind Vector Algorithm for C-band SAR

Yijun He, Member, IEEE, William Perrie, Qingping Zou, and Paris W. Vachon, Senior Member, IEEE

Abstract—Qcean wind speed and wind direction are estimated
simultaneously using the normalized radar cross sections g cor-
responding to two neighboring (25-km) blocks, within a given syn-
thetic aperture radar (SAR) image, having slightly different inci-
dence angles, This method is motivated by the methodology used
for scatterometer data. The wind direction ambiguity is removed
by using the direction closest to that given by a buoy or some other
source of information. We demonstrate this method with 11 EN-
VISAT Advanced SAR sensor images of the Gulf of Mexico and
coastal waters of the North Atlantic. Estimated wind vectors are
compared with wind measurements from buoys and scatterometer
data. We show that this method can surpass other methods in some
cases, even those with insufficient visible wind-induced streaks in
the SAR images, to extract wind vectors.

Index Terms—Retrieval, synthetic aperture radar (SAR), wind
vector.

[. INTRODUCTION

CEAN surface vector winds are a key parameter in studies

of ocean surface variables such as waves, ocean circula-
tion, marine meteorology. and atmosphere—ocean interactions.
Ocean winds are measured from spaceborne active and passive
microwave instruments; scatterometer, altimeter, synthetic aper-
ture radar, and radiometers [1]-[3]. Altimeter winds can have
nearly 7-km along-track resolution, but lack directional infor-
mation and have virtually no swath extent. Microwave radiome-
ters, for example, the Windsat radiometer launched on January
24,2003, can measure high wind vectors at the same spatial res-
olution as the scatterometer, about 25 km. The scatterometer can
determine marine surface wind vector fields and is the best tool
to retrieve global winds for assimilation into forecast models for
a variety of weather and climate studies [1]. However, the spa-
tial resolution is low, and wind estimates close to the coastline
are not possible.

In recent years, the high-resolution, all-weather capability of
synthetic aperture radar (SAR) images has been used to estimate
marine wind vector fields. There are three main approaches for
extracting winds from SAR images. The first approach estimates
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wind speed from the degree of azimuth cutoff in the SAR spec-
trum according to the relationship among wind speed, cutoff
wavelength, and wave height [4]-[6]. The second approach uses
an optimal inversion method to estimate vector winds, com-
bining the SAR data and background numerical weather predic-
tion model data [7]. The third approach is based on an empir-
ical relationship, also denoted the geophysical model function
(GMF), between wind vectors and the normalized radar cross
section (NRCS) or o image, e.g.. CMOD-4 [23]. Because a0
depends on the incidence angle, radar wavelength, and polariza-
tion as well as both wind speed and direction. it is impossible to
uniquely determine the wind from a single o image. Normally
wind direction is derived from the orientation of wind-induced
streaks, such as boundary layer rolls using Fourier transforms
[2], [8], [9] or a wavelet transform method [10]. The wind di-
rection ambiguity can in many cases also be resolved by the
analysis of shadowing effects at the coast. Ancillary data from
buoys, scatterometers, or weather models are used to remove the
direction ambiguity. This method determines wind vectors from
vertical (VV) SAR polarization images [2], [8], [9], [11]-[13].
The third approach is similar to the second one (above), al-
though the latter uses a priori information on both speed and
direction. However, for horizontal (HH) polarization the geo-
physical model function CMOD is modified by a polarization
ratio conversion factor [14], [15]
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where f is the incidence angle and parameter ¢ is zero for Bragg
scattering theory, whereas x is 2, assuming Kirchhoff scattering
theory [14]. [16]. With this modification, wind vectors are ex-
tracted by the same method as used for VV polarization [13],
[16]-[19].

In this paper. we propose and present a new method to es-
timate wind vectors from SAR images. Wind speed and direc-
tion are estimated using the NRCS #” from two neighboring
subimage blocks, having slightly different incidence angles #.
This method is described in Section II. A demenstration of this
method is given in Section III.

[I. METHODOLOGY OF SAR WIND RETRIEVAL

We apply the CMOD-IFR2 [24] geophysical model function
to VV polarization images from the Advanced Synthetic Aper-
ture Radar (ASAR) sensor aboard the ENVISAT satellite [20].
Originally CMOD-IFR2 was developed to retrieve wind vectors
from the C-band VV polarization wind scatterometer aboard the
European Remote Sensing 1 (ERS-1) satellite, and may be ex-
pressed as

(B, 1) = 10414 BB, u) cos(p) + €6, u) cos(26))
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Fig. 1. Schematic figure showing our analysis, splitting a SAR image into
subimage | corresponding to blocks ABCD and CDEF, and subimage 2
corresponding to blocks CDEF and EFGH.

where u is the wind speed at 10-m reference height, ¢ is the
angle between the radar look direction and the wind direction,
A(@yu), B(@u), C(F,u) are coefficients that depend on u.
radar frequency, polarization, and incidence angle §. A scat-
terometer can measure several NRCS 7 with different look di-
rections, for a given location. Moreover, some instruments like
QuikSCAT take ¢” measurements at different incidence angles
and polanzations. For example, the ERS satellite has three an-
tennas, and each measures an 7" image. Seawinds’ antennas
measure two polarizations 77 [21]. Multiple 77 images allow de-
termination of wind vectors.

Because ASAR can only measure NRCS 7 in the radar
look direction, it is impossible to use a direct scatterometer
methodology to directly retrieve wind vectors from ASAR im-
ages. However, we can divide a given ASAR image into N %
M blocks along the radar look direction and the platform flight
direction, respectively. Because o depends on wind speed.
direction, and incidence angle, wind vectors can be retrieved by
using the o¥s from two neighboring blocks, along the radar look
direction, having shightly different incidence angles. In order to
apply the ERS satellite C-band scatterometer GMF model, the
size of each block is 25 x 25 km®. Therefore an ASAR image
can also be represented n terms of overlapping subimages,
each of which consists of two neighboring blocks along radar
look direction, where each subimage 1s also partially covered
by the next subimage. For example, in Fig. 1, blocks ABCD
and CDEF determine subimage 1. and blocks CDEF and EFGH
determine subimage 2. Moreover, wind vectors at subimages |
and 2 are constructed from the wind vectors of blocks ABCD
and CDEF and blocks CDEF and EFGH, respectively. For
a given ASAR image. (N — 1) > M wind vectors may be
obtained, giving the wind speeds and wind directions for all the
subimages.

Subimages may be labeled as (i, j), where i is the index for
the coordinates of the N — 1 radar look directions and j is the
index for the M platform flight directions, with4 = 1,...,/N —
l.and j =1,...,M. For each subimage (i, j), we define a cost
function
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consisting of blocks that we represent symbolically as “1"
and *2." where &7 and o™ are NRCS observed and calculated
backscatter images using the CMOD_IFR2 model, respectively.
In this methodology, we assume the wind vectors of the two
adjacent blocks along radar look direction are equal, while
o'(t,5) and ¢F'(i, ) are calculated using the CMOD_IFR2
model.

For each subimage, the cost function 1s mimimized by re-
quiring that the partial derivatives with respect to wind speed
u(i, j) and wind direction cos{¢(4, 7)) be zero

d(iyg)
D) 0 (4a)
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which determines the set of wind vectors for the subimages con-
stituting the ASAR image. Equations (4a) and (4b) are fourth-
order and third-order polynomial functions of cos(g), respec-
tively. Thus, we theoretically get four wind vectors or two wind
vectors, respectively. The difference in incidence angles for two
neighboring blocks, making up a given subimage, is normally
bigger than 1%, for ENVISAT ASAR images. Assuming the
same wind vector for the two blocks, the expected deviation in
observed ¢ and o} is variable depending on the wind vector
and incidence angles, according to the CMOD formulation.

In fact. 1t is hard to solve these two-dimensional nonlinear
equations (4a) and (4b). In general, although they can in prin-
ciple be solved by a standard approach such as the Newton it-
erative method, it is not possible to effectively choose an ini-
tial solution in order to converge on a solution. Therefore, for a
particular subimage, we solve (4a) and (4b) numerically by the
following procedure.

1} We assume a trial wind speed w = 2 m/s for a particular
subimage. and substitute it into (4a) and (4b) to obtain
cos( ).

2) Calculate the discrepancy between the solutions of cos(¢)
from equations (4a) and (4b).

3) Select those cos(g) values with a discrepancy smaller than
a specified tolerance, such that the final retrieved wind
results are not sensitive to the tolerance value.

4) Increase the trial wind speed u by an increment of 0.5 m/s
and repeat the procedure until u reaches 30 m/s, which is
the expected upper limit for the CMOD model function.

5) Among all trial wind speed values, tests suggest that
selection of the 12 pairs of cos(¢) and u can give the
smallest cosi ) discrepancy between two equations (4a)
and (4b), constituting the optimum wind vector for a
particular subimage cell, without losing any numerical
solutions of the equations.

Wind direction ambiguity, arising from multidirectional candi-
date solutions [cos(¢), %] in 5) is removed by using ancillary
directional data, e.g., from a buoy. A detailed description of a
related methodology for RADARSAT SAR images 1s given by
[22].

A constraint on this approach is that the ASAR-retrieved wind
speeds from the near-range subimages of the image tend to be
smaller than those determined from other areas of the image.
Moreover, at medium to high winds over the sea surface, an
underestimation of g7 is related to the saturation effect of the












