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An L-Band Geophysical Model Function for SAR
Wind Retrieval Using JERS-1 SAR

Teruhisa Shimada, Hiroshi Kawamufdember, IEEEand Masanobu Shimadslember, IEEE

Abstract—An L-band geophysical model function is developed available for researchers and applications due to long persisting
using Japanese Earth Resources Satellite-1 (JERS-1) syntheticoperation of SARs onboard European Remote Sensing 1 and
aperture radar (SAR) data. First, we estimate the SAR system 2 (ERS-1/2), Japanese Earth Resources Satellite-1 (JERS-1)
noise, which has been a serious problem peculiar to the JERS-1 p . . '
SAR. Itis found that the system noise has a feature common in all and RAPARSAT' In the ”?ar fu.ture, more SAR Imagery will
the SAR images and that the azimuth-averaged profile of noise can b€ provided by new satellites, i.e., ENVISAT (Environmental
be expressed as a parabolic function of range. By subtracting the Satellite), ALOS (Advanced Land Observing Satellite) and
estimated noise from the SAR images, we can extract the relatively RADARSAT2.
calibrated ocean signals. Second, using the noise-removed SAR present, C-band SARs of ERS-1/2 and RADARSAT have
data and wind vector data from the NASA Scatterometer and . . S .
buoys operated by the Japan Meteorological Agency, we generate been used for SAR wmd retrieval, which is QUe to the existence
a match-up dataset, which consists of the SAR sigma-0, the inci- Of C-band model function for the surface wind retrieval. Many
dence angle, the surface wind speed, and wind direction. Third, studies have revealed the efficiency of SAR-derived wind fields
we investigate the sigma-0 dependence on incidence angle, windor interpreting various atmospheric and oceanic phenomena

speed, and wind direction. While the incidence angle dependence(e g., see [2]-[6]). However, JERS-1 SAR data have not been
is negligible in the present results, we can derive distinct sigma-0 * """’ ’ ’ .
dependence on wind speed and direction. For wind speeds below guS€d due to a lack of L-band model function.

m/s, the wind direction dependence is not significant. However, for  In order to retrieve surface wind fields from SAR imagery,
higher wind speeds, the upwind—downwind asymmetry becomes three conditions have to be satisfied. First, each pixel value of
very large. Finally, taking into account these characteristics, anew the SAR imagery, which is equivalent to the NRCS, must be

L-band-HH geophysical model function is produced for the SAR : . . ;
wind retrieval using a third-order harmonics formula. Resultant calibrated absolutely or relatively for wind retrieval. Second, a

estimates of SAR-derived wind speed have an rms error of 2.09 9€0physical model function (GMF) has to be established for the
m/s with a negligible bias against the truth wind speed. This SAR microwave band. A GMF relates the radar backscattering
result enables us to convert JERS-1 SAR images into the reliable intensity to the sea surface winds with parameters of microwave
wind-speed maps. frequency, polarization, and sensor/sea-surface geometry. For
Index Terms—Japanese Earth Resources Satellite-1 synthetic the SAR wind retrieval, we need to specify the wind direction
aperture radar (JERS-1 SAR), L-band model function, synthetic  through the other data sources because SAR has only one-look
aperture radar (SAR) wind retrieval. direction. In other words, the SAR provides only the wind speed
with very high spatial resolution (10 100 m). Previous studies
I. INTRODUCTION on the SAR wind retrieval have used the wind directions from
OASTAL surface winds are one of the most importan%ate."'te scatteromet_ens,snushlp/buoy measurements, and op-
erational/nonoperational meteorological model outputs. On the
factors that control the sea state and the upper lay h . . . .

) C . S} er hand, the azimuth cut-off method is examined for wind
circulation in coastal seas. Coastal surface winds are strongly . . o . .
. ; rievals using the combination of interlaced wind scatterom-
influenced by the coastal features, i.e., land topography, lan ; . . .

. ) o efer and high-resolution SAR wave mode imagettes provided by
constituents, coastlines and land/sea thermal conditions. "E'IiS-l/Z [7]
quite difficult to map coastal surface winds with sufficiently i . .
high temporal and spatial resolution to meet the increasin%‘\JNEeI?S';ZL_;S '\AA'/Q :(?riir?aelenin?srt)ee;?jte(ﬂ mteh r:(e)?rl#;?cjtrgg;iri?t'ggd
needs for such data. P ( )

Synthetic aperture radar (SAR) has an imaging capabili?oggrél?’%? tvr:/en(;)(;nIrr;\ﬂ;t'scljrrzcifStﬁgtzmr?werthlintlsr?nzalnac;trg?nr
of the normalized radar cross section (NRCS) with quite pe wi g : zimu P '

high spatial resolution. It has been proven that the SAR ima ginc;]ehthedserr]sgwg);r:s ?1 diB smalil\(/arlthna;n ithri O_réglt'gasl ggggn,
can be converted into the high-resolution surface wind spe Ct tﬁsl €9 aS?\IR .(t;’\. oise ?Iuﬂ? (teths gma ffi ¢ .t'
map by using the same wind retieval model as used for t € tothe lower 1S possible that the range of fluctuation

. speckle noise exceeds the lower signal level. In terms of the
scatterometer (e.g., see [1]). Recently, SAR imager becafe . ) e .
(e.g (1D Y gery sensor calibration, it is difficult to subtract the system noise

Magﬁ,migt rec‘zived June 12, 2002; re‘_’irsle?] S%Ptembifﬂ 2002. . f[jom SAR data to prevent the received power from seeming
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sea surface are not well understood for wide ranges of the pa 120 128 136 144 132
rameters. Several studies suggested that the NRCS of L-ban : ‘
depends on both the wind speed and the wind direction [8]-[10].
Researchers using the SEASAT SAR pointed out that an L-banc
SAR image could be transferred into a high-resolution wind
map using the relationship between the NRCS and the wind
vector [11], [12].

In the present study, an L-band GMF is developed for SAR
wind retrieval using the L-band SAR of JERS-1. First, we
investigate the system noise of JERS-1 SAR images to conduc
relative calibration of each pixel value to the NRCS. Next,
using the noise-removed data, we make a match-up dataseg
composed of the NRCS, incidence angle, wind speed, ancZ
wind direction. The coincident and collocated wind vector
data are obtained from the NASA Scatterometer (NSCAT) and
moored buoys operated by the Japan Meteorological Agency
(JMA). These are described in Section II. In Section IIl, we
investigate the dependence of L-band NRCS on incidence . :
angle, wind speed, and wind direction. Then on the basis of 128 136 144 152
those results, the L-band GMF is developed. Finally, we apply East longituda{dagree)
this L_bar.]d G.MF to JERS-1 SAR images to retrieve wind ﬁ.eldlgg 1. Map of coverage of JERS-1 SAR observations utilized in this study
fO_I’ examination (_)f the _GMF and the_ reSUIt_ant SAR-derive d the location of JMA buoys (WMO buoy nos. 21002, 21 004, and 22 001).
wind speed. Section IV is devoted to discussion. Summary and
conclusions are given in Section V.
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are generated for offshore regions because of the corresponding
NSCAT wind vectors, which cannot be retrieved in the near-
shore seas. Therefore, influence of the coastal seas on the radar
A. JERS-1 SAR, NSCAT, and JMA Buoy Data backscattering, such as effects of depth fluctuations, currents,

In order to investigate L-band backscattering characteristidCks. and fetch on the surface waves, may not be serious. Raw
we used the JERS-1 SAR, NSCAT onboard ADEOS-I. and SAR data are processed by the Sigma SAR Processor [14] to

situ observations from the moored buoys of the JMA. Surfadgnerate slant-range images for the analysis of the present study.

wind vectors of the NSCAT and the JMA buoys are used as sea;rhe Advanced Earth observing Sate!lite (ADEO,S) was
nched on August 17,1996 and carried eight sensors including

truth data. A unique point of the present study is usage of t i is a dual h band
NSCAT vector winds for characterization of the JERS-1 SARSCAT until June 30, 1997. NSCAT is a dual-swath Ku-ban

signals. Both ADEOS and JERS-1 had sun-synchronous OrbEgatterometerthat can measure vector winds over a swath of 600
whose orbital factors are close to each other. Moreover, the lo€al with 3 spaﬂal(;gso#ﬂon ?jf 5.0/225 I|<( m.STTe N‘;’CA.T dOcean
times at descending node of the two satellites are around 10; a product used in this study is S-km Selected Wind Vector
AM. Therefore, if the observation swath of NSCAT completel WV). It contains the surface wind vectors selected along the

or partially contains that of JERS-1 SAR and the observati t?\l:i;e trackwithsspagal resoéutionBonS;m ?‘ndﬂ?/?/‘;’/'lo b
times are close, we can obtain many series of coincident and] operates three Ocean Data Buoy Stations ( uoy

collocated observations along the swath path. In such a cdis- 21002, 21 904’ a|_1d 22001) in the seas around Japan.
temporal difference between observations by two sensors is Ig& 1 shovys thglr Ioca.tlons. .They measure 11 _meteorologmal
than 30 min. In analogy to the synergetic (NSCAT and JERSE oceanic variables mclud_mg the W|nd. d|rec_t|on and speed.
SAR) approach taken in this paper, ERS-1 and 2 scatteroméﬂaprder to make thg buoy winds compatible with the NSCAT
and SAR during the tandem phase are used for avalidationVY:JPdS' the buoy wind speeds measgred at 7.5 m gbove sea
wind retrieval from SAR, by which high-latitude ocean area%urface are converted tq the 10-m equivalent neutral wind speed
were covered with a 30-min separation time [13]. y a method proposed in [15].

JERS-1 was launched on February 11, 1992. An L-band and
HH polarization SAR onboard JERS-1 featured a high resolu- .
tion of 18 m, a fixed off-nadir angle of 35and an imaging B: System Noise of JERS-1 SAR
width of 75 km. We collected 2288 scenes of its observations,Because it is quite difficult to derive absolutely calibrated
which cover the seas around Japan, i.e., the Japan Sea, the HRES of the ocean from the original JERS-1 SAR data due
China Sea, and the northwestern North Pacific Ocean. Theythe system noise, we carried out a relative calibration of the
are made up of 2101 scenes with corresponding NSCAT al=ERS-1 SAR signals for wind retrieval.
servations and 187 with corresponding JMA buoy observations.The slant-range image of JERS-1 SAR originally has 5888
Fig. 1 shows coverage of JERS-1 SAR observations utilizpikels in the range direction and 5120 pixels in the azimuth di-
in this study. Most of the JERS-1 images used in the preseattion. We cut off the left and bottom edges of the no-signal
study captured the area of the open ocean, and all the match+ppdions of the image and used 5388200 pixel sized image.

Il. DATA AND METHOD
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Fig. 2. (a) Comparison of range profiles of JERS-1 SAR image, which are averaged ove the azimuth direction. (b) A profile averaged over the atiomuth dire
of the slant range image (dotted line) anda regression curve of the parabolic function (solid line).
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Fig. 3. (a) Comparison of range profiles. A vertex of every profile is moved to (2500,0). (b) Mean range profile averaged over each line. Error thers show
standard deviation.

It is known that JERS-1 SAR system noise exists in the ranfieients areu, b, andc. Fig. 3(a) shows all profiles, whose ver-
direction and is higher in the either side of center and lower texes are shifted to the same point of (2500,0). Fig. 3(b) shows
the center of the scene [16]. It suggests that the range-depie- profile produced by averaging all the profiles in Fig. 3(a).
dent noise remains after SAR calibration. Fig. 2(a) shows tBars on the averaged profile indicate the standard deviations.
azimuth-averaged profiles made from 20 SAR images. They areAs can be seen in Fig. 3(a), most of the profiles are similar in
different from each other because the pixel value of the imagkape. Actually, the standard deviation of coefficiens very

is the sum of the signal from the ocean and the system noisesmall (0.08x 10~*, i.e., 6% of the mean value of 1.3210%).
order to examine the noise properties, we sampled 200 scehesn be concluded that the parabolic shape of profiles showing
of JERS-1 SAR and regress the azimuth-averaged profiles witle JERS-1 SAR system noise is common to all the JERS-1
a parabolic function based on the assumption that the syst8AR images and that the system noise is a function of range.
noise is linearly added to the ocean signals. Fig. 2(b) shows dhés true that some profiles deviate from the regression curve,
example of the profile and the regression curve. We used thebbet this results from the natural phenomena captured by each

gression equation as scene. In Fig. 3(b), the variance is large on either side of center
range because a small difference in coefficie®nhances the
DN = a(z — b)* + ¢ (2.1) difference at both sides of the profiles.

The axis position of the parabolic function specified by the
where DN is a digital value of a 16-bit image, amds range coefficientb distributes around the 3270th line. The coefficient
with z = 0 corresponding to the far range. The regression coéfhas a standard deviation of about 290. We conclude that the
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location of the axis is different scene by scene. Therefore,
order to express the system noise as a function of range,
axis position for each scene needs to be computed through
regression. The reasons of the axis variations may be uncerta
of the JERS-1 orbital parameters and wind gradients in a sce

We consider that the value of coefficientdepends on the
wind speed, the wind direction, and the other ocean paramet:

On the basis of the above results, we express the system n
as a function of range. The value of coefficienis set as the  ;nd Vector
mean value 1.3% 10~ %, which is defined as,. The axis po-
sition (b) of the parabolic function is estimated for each scen
We set a provisional value @f) at this moment. They value
will be determined in Section II-C. Using these coefficients, th
system noise (DNnoise) is expressed as

v

swath (75km)

) Fig. 4. Scheme of match-up data generation using wind vectors from NSCAT
DNnoise= ag (z — b;)” + ¢ (2.2) and JMA Buoys.

whereb; is the axis location of each scene. By subtracting the 50
estimated system noise from all range lines of the SAR images,

we reproduce the relatively calibrated images. Hereafter we use
these modified digital values instead of the absolutely calibrated
NRCS and refer to the square of the digital value as sigma-0
(o0 ). The speckle noise is reduced enough for digital pixel

values to always be positive after removing the system noise. 2‘4
o

)

-]

C. Match-Up Data E
In this subsection, we describe the procedure to make <

W
(=]

a match-up dataset, which is composed of coincident and
collocated observation variables. They are the JERS-1 SAR
sigma-0 and incidence angle and the wind spdédgnd the
wind direction @) from NSCAT and the JMA buoys. The
wind direction is defined as the azimuth angle between the

radar-looking direction and the surface wind direcion. In this 2055 T o
study, in order to reduce the speckle noise, we define the SAR LE)NGITUDE(E\
sigma-0 as a mean value of a 10-km ground square whose D Swath of NSCAT
center is located at a geodetic position of wind vector cell ’

of NSCAT or a buoy. In fact, sigma-0 averaged over an area

larger than 10-km square varies little from a 10-km average. ' Swath of JERS-1SAR

Thel0-km distance corresponds to 500—700 pixels in both the

range and azimuth directions in the slant range image. Figgigigsés Example of overlapping swaths of NSCAT and JERS-1 SAR (October
shows a scheme of match-up data generation. First, we consider )

the case of NSCAT. As described above, many match-ups are

obtained when swaths of NSCAT and JERS-1 SAR overlap.Using the match-up dataset, we determine the consistent level
An example of the overlapping swaths is shown in Fig. ®f JERS-1 SAR system noise, i.eg, in (2.2). In order to pro-
One vector case among the wind vectors displayed in Figddce a reasonable L-band GMF, its continuity at 0 m/s has to be
corresponds to the use of JMA buoy data. The meteorologicalaranteed. First, we make a match-up dataset using the provi-
data observed by the JMA buoys at 3:00 UTC are used for thienal valuecy = 0. Second, the match-ups are classified into
match-up generation because this acquisition time is closesbtns of 1 m/s wind speed and 1@ind direction, and the out-

the local time of JERS-1 SAR passage. In order to reduce tiers, which are defined as points that are more than twice the
influence of temporal variation of the buoy-observed wind, wetandard deviation from the mean value of each bin, are dis-
exclude the data in case that the difference between 0:00 Ut&ded. Thus, the minimum value among wind speed bins of
and 3:00 UTC observation data is large. The difference thre€h-1 m/s is 2250 000 in sigma-0, which corresponds to 1500 of
olds are set at 1.5 m/s and2fr the wind speed and direction,16-bit digital values. We redefing, as that value, i.egy =
respectively. As a result, we have made 7577 match-ups, whicio0. By using this value, sigma-0 is also redefined in order
are the sum of 7532 match-ups with NSCAT winds and 45 withat sigma-0 is zero when the wind speed is 0 m/s. Use of this
JMA buoy winds. Fig. 6(a) and (b) shows the histograms @hlue produces positive sigma-0 from the oceans and does not
match-ups for the wind speed and direction, respectively.  cause any problems in the following analyses and results.
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Fig. 7. Dependence of sigma-0 onincidence angle. (a), (c), and (e) show the incidence angle dependence for the wind-speed bins 3—4 m/s, 7-83mgsand 12—
respectively. The plots and regression line are shown for the wind-direction bins containing the match-ups more than ten. The level of eactiovirmrdire
is offset for display of all the calculated regression lines in the figure. (b), (d), and (f) indicate the mean profiles normalized by sigma>Méth3&andard

deviation for the wind-speed bins 3—4 m/s, 7-8 m/s, and 12-13 m/s, respectively.

In order to estimate the coefficients of the L-band GMF, ares. The bins containing less than ten match-ups are excluded.
simple regression (no regression weights) is used in the analyBie level of each wind-direction bin is offset for display of all
described in Section Ill. This is based on the assumption ttthe calculated regression lines in the figures. They have no sig-
NSCAT and buoy data are error-free sea truth. nificant inclination for the range of incidence angle. Further-
more, all the regression lines shown in Fig. 7(a), (c), and (e) are
normalized by the sigma-0 at 39,5and then they are averaged
over the incidence angle for each wind-speed bin. The resul-
tant profiles with bars indicating standard deviation are shown
. in Fig. 7(b), (d), and (f), respectively. There is a slight inclina-
A. Incidence Angle Dependence tion of the mean profile for the wind-speed bin of 12-13 m/s

The dependence of sigma-0 on incidence angle is examirjeédy. 7(f)], but it should be noted that only six bins are available
for all the bins of wind speed and wind direction. The rangeecause of the small number of data for high wind speeds. They
of incidence angle varies from 37.60 42.0¢° within the SAR lie around one, which also indicates no incidence angle depen-
swath. Fig. 7(a), (c), and (e) shows the examples of the indence for the range of incidence angle (34®42.0). This is
dence angle dependence for all the bins of wind direction andnfirmed for the other bins, which are not shown here. Thus the
the bins of wind speed 3-4 m/s, 7-8 m/s, and 12-13 m/s, tependence of incidence angle in the GMF is not considered in

spectively. Regression lines are also superimposed in the fige follwing analyses.

I1l. CHARACTERISTICS OFL-BAND BACKSCATTERING AT THE
SEA SURFACE AND L-BAND GMF
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Fig. 7. (Continued)Dependence of sigma-0 on incidence angle. (a), (c), and (e) show the incidence angle dependence for the wind-speed bins 3—-4 m/s, 7-8 m/s,
and 12-13 m/s, respectively. The plots and regression line are shown for the wind-direction bins containing the match-ups more than ten. TheHevel of e
wind-direction bin is offset for display of all the calculated regression lines in the figure. (b), (d), and (f) indicate the mean profiles nobmaigred-0 at 39.5

with standard deviation for the wind-speed bins 3-4 m/s, 7-8 m/s, and 12-13 m/s, respectively.

B. Wind Speed Dependence The coefficientsy and are determined through regression of

. - o - 1) against the match-up points.
The dependence of sigma-0 on wind speed is invest a@
P 9 W b S InvVesig Cin each wind direction bin, sigma-0 increases with the wind

using the match-ups in the wind direction bins. Fig. 8 shows

plots of sigma-0 versus the wind speed for wind directions Bpeed. The coefficiert is a variable of the wind direction. For

0°, 50°, 9C°, 140, and 180, which are center angles of thethe wind direction of © (upwind), sigma-0 has the largest in-

relative wind directions. Since the wind-speed dependencesﬁ‘;fﬁas'ng rate against the wm_d.speed'. The Increasing rate de-
the 180 to 360 bins are symmetric to those of @ 187, we creases markedly, and the minimum increasing rate is seen at

show the plots only for half of the wind-direction bins. Regreé@5 - 900h(C?SiWir_'dé' wherde sig_ma—o ge_ls a tendencyhof T_atura}—
sion curves are also indicated in the figures. They are defint(!,-(ein at the high wind speeds. Sigma-0 increases rather linearly

as a power law formula, which relates sigma-0 with the surfa%\_%th th_e (\j/vind s%eed forthe Windgi;%mg)g;f 1E2V\1%Wind)' ind
wind speed (e.g., see [17]) e wind speed exponents are 2.25, 0.50, and 1.18 at upwind,

crosswind, and downwind, respectively.
o) =10°U". (3.1) C. Wind Direction Dependence

The dependence of sigma-0 on the wind speed is investigated
The coefficients is called “wind speed exponent,” which in-for all the wind direction bins. Fig. 9 shows plots of sigma-0
dicates the sensitivity of sigma-0 to the wind-speed increasersus the wind direction for the wind speeds from 0-1 m/s to

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 08,2010 at 01:45:51 EST from IEEE Xplore. Restrictions apply.



IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 41, NO. 3, MARCH 2003

524
x10° Relative Wind Direction(355-5degree) x10° Relative Wind Direction(45-55degree)
7 f 1 L 1 L 7 £ 1 L 1 L
(a) (b)
6 F 6
5 51
5 £
= S4
g g
o34 o3
(7] n
2
1 4
0 . . 0 : :
0 5 10 15 20 25 0 5 10 15 20 25
Wind Speed(m/s) Wind Speed(m/s)
6 Relative Wind Direction(85-95degree) 6 Relative Wind Direction(135-145degree)
7X 10 . . X . 72x10 ! . ;
(c) (d)
6 6
5 5
< £
3 a
@ ©
E
n wn
2| 2|
"t
1 {
0 : ' % 5 10 15 20
0 5 10 15 20 25 . 25
Wind Speed(m/s) Wind Speed(m/s)
<10° Relative Wind Direction(175-185degree)
7 . 1 1 L L !
(e)
6, L
5
<
4
g
23
(7]

20 25

0 5

10 15
Wind Speed(m/s)
Fig. 8. Dependence of sigma-0 on wind speed for the relative wind direction of (€045, (c) 9, (d) 132, and (e) 180. The regression lines are also
shown.

19-20 m/s every other bin. In order to express the dependencefd direction have been used by several researchers (e.g., see
wind direction, second-order cosine harmonics formulas of thE7]-[19]). In the present case, the difference between the wind-
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Fig. 9. Dependence of sigma-0 on wind direction for wind-speed bins (a) 1-2 m/s to (j) 19-20 m/s. Regression curves are also shown. For wind-Epeed bins o
15-20 m/s, the regression lines are computed by extrapolating wind speed dependence (see text).

speed dependences for upwind and downwind is large whiemne, conventional second-order harmonics formulas cannot ex-
the wind speed exceeds 10 m/s as seen in Section I1I-B. Thegpeess this deformed wind-direction dependence. In other words,
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Fig. 9. (ContinuedDependence of sigma-0 on wind direction for wind-speed bins (a) 1-2 m/s to (j) 19-20 m/s. Regression curves are also shown. For wind-speed
bins of 15-20 m/s, the regression lines are computed by extrapolating wind speed dependence (see text).

it cannot express the positions of the minimums &t&@d 270  the downwind peak and the crosswind troughs become clearer,
and the large upwind—downwind asymmetry at the same tinvehich continue toward higher wind speed.
For regression analyses, we adopt a third-order harmonic for+or the wind-speed range of 15-20 m/s, because of a small
mula number of the match-ups and their nonuniform distribution
in the wind direction of each wind-speed bin, the regression
0 o analyses are less reliable. Therefore, in order to estimate better
%in(U;#) = ao(U) + ar(U) cos ¢ regression formula, we decide to extrapolate, toward the higher
+aa(U) cos 2¢ + a3(U) cos 36 (3.3) wind-speed range, the relation of wind speed dependence at
) ) ) o ¢ = 0°, 5, 9, 140, and 180 shown in Fig. 8. Then,
a; (1 =0,1,2,3) is the regression coefficient. _using the extrapolated values at these wind directions, the
‘The signal level for the whole wind direction increases WitQgefficients of harmonic formula are computed [the solid lines
wind speed. For a wind speed below 7 m/s [Fig. 9(a)—(C)], i{ Fig. 9(h)—(j)]. The determined curves for the high wind
can be concluded that the significant dependence on the W!'!Hleeds do not conflict with the match-up plots in the figures.
direction does not exist, though the crosswind peak is system-
atically higher than the upwind and downwind peak. Howev L-Band GMF
for the wind speed of 7-8 m/s, the upwind peak starts to donii-
nate. For the wind speed of 9-10 m/s, the downwind peak alsoNe have developed an L-band GMF on the basis of the regres-
dominates following the upwind peak. When the wind speed b&en coefficients determined in Sections llI-Ato 1lI-C (Figs. 8
comes 11-14 m/s, the differences among the upwind peak amdl 9). Considering no dependence on incidence angle in its
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Fig. 10. Relationships between the regression coefficients and the wind speeda(a) (b)a, in a logarithmic diagram, (&}, (d)a., and (e)as. The curves
representing behavior of the coefficients are also shown (see text).

range of present study (37.@ 42.0°), the model derivation is the harmonic formulas (3.3) versus the wind speed. Fig. 10(a)
then reduced to determining the wind speed dependence of shews that the relationship between the coefficienaind the
regression coefficients in (3.3). Fig. 10 shows the coefficients wind speed changes drastically at aroéhe- 8 m/s. Fig. 10(b)
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shows the relationship in a logarithmic diagram. We represent
the relationship by two lines dsg,, ap = a+blog;, U, which

are connected df = 8.5 m/s. On the basis of the above, the
coefficient is expressed by

-
F S

-
N

b b
ao:{101U2(U<8.5) (3.4)

10%2U% + b5(U > 8.5)

where the coefficieni; works to connect these at 8.5 m/s.

Fig. 10(c), (d), and (e) indicates behaviors of the coefficients
a1, az, andag, respectively. We consider that the continuity of
GMF atU = 0 m/s is fulfilled and that the wind-direction de-
pendence for low wind speeds is not significant, and we repre- o A=

sent their behaviors by the following formulas: 0 N 10 13 20
Yy g : Wind Speed Derived from NSCAT and JMA Buoy(m/s)

SAR-Derived Wind Speed(m/s)
°

N A O ©

_ bz U __
a1 = bs (e 1) (3'5) Fig. 12. (a) Comparison between SAR-derived wind speed and NSCAT and
as = bg U? + byU (3.6) JMA buoy wind speeds. The rms error is 2.09 m/s, and the bias is -0.0006 m/s.
b U (b) Comparison between SAR-derived wind speed and NSCAT wind speed.
asz = bio (e ne - 1) . (3-7) Crosswind data (75to 105 and 253 to 285), which correspond to 16% of

the whole match-ups, are removed. The rms error is 1.77 m/s, and the bias is
An L-band GMF is formulated by using the model parame=0.12 m/s.
ters determined above. Its three-dimensional view is shown in
Fig. 11. From the figure, we can see the sigma-0 dependencetlgt specific direction, the sigma-0 dependence on wind speed
the wind speed and the wind direction. Model formulation ang small (wind speed exponent is 0.50) compared with the other
its coefficients are summarized in the Appendix. directions, small noise in the SAR sigma-0 estimate can resultin
) ) ) large variance in the retrieved wind speed. In order to examine
E. SAR Wind Retrieval Using JERS-1 SAR this consideration, we exclude the data in the range of cross-
Fig. 12(a) shows a comparison of the wind speed derived fromind +15° and compare the retrievals with the comparison data
JERS-1 SAR using the L-band GMF with NSCAT and JMAagain. Fig. 12(b) shows that the SAR-derived wind speeds have
buoy wind direction and NSCAT and JMA buoy wind speedsess scatter and rms error of 1.77 m/s.
The rms error is 2.09 m/s, and the bias is negligible (-0.0006 Now we apply the L-band GMF to the JERS-1 SAR image to
m/s). The SAR-derived wind speeds generally agree well wigfenerate a high spatial resolution wind-speed map. Fig. 13(a)
the NSCAT and JMA buoy wind speeds. Though the poinshows one image obtained on May 18, 1997 in the Pacific. First,
scatter in a wide range for the wind speeds of 5-10 m/s, theie subtract the estimated SAR system noise form the SAR
distribution ranges become smaller for the wind speeds higltata. Second, to reduce the speckle noise and image volume, the
and lower than these. For wind speeds below 2 m/s, this GNHAR image is averaged by>88 pixels, resulting in 73& 640
slightly underestimates them compared with those of NSCAized pixels. Finally, we apply the L-band GMF to sigma-0 of
and the JMA buoys. It should be noted that NSCAT winds athe SAR image to convert it into the wind speed [Fig. 13(b)].
noisy below 3 m/s. Some plots exhibit large scatter around tfbe wind directions in the image are given by the corresponding
20 m/s of SAR-derived wind speed. It is found that most of tldSCAT wind vectors, which are superimposed by arrows and
large errors are the data around crosswind directions. Since,iond-speed values. The SAR-derived wind speed is displayed
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absolutely calibrated NRCS can be derived for bright targets,
the NRCS derived from dark targets like ocean goes with the
errors due to the system noise. We consider that the relative cal-
ibration of JERS-1 SAR sigma-0 conducted in the present study
is a practical way for the SAR wind retrieval using JERS-1
SAR. While the incidence angle dependence of sigma-0 is
possibly affected by the method of the noise removal, the
derived sigma-0 has a distinct dependence of wind speed
and direction, which can be considered as the representative
relationship among sigma-0, wind speed, and wind direction
only for an incidence angle of about40rhere are few studies
comparable with the whole results of the present study. Unal
et al. [20] contains the L-band backscattering characteristics at
the sea surface. However, since the number of used data was
small, they showed only a few features of relationships among
the L-band backscatter, incidence angle and ocean surface
vector. The revealed features by Uwralal. [20] are consistent
with the results of the present study in the following points; the
wind exponent for the upwind, the upwind—downwind ratio,
and the upwind/crosswind ratio for wind speed of 10 m/s.
Phased Array type L-band Synthetic Aperture Radar onboard
ALOS is planed to be launched in 2004. Since it has incidence
angles ranging 8to 60°, new research is necessary to clarify
the incidence-angle characteristics and derive its GMF for
wind-speed retrievals on the basis of the present study. It could
also add value to other L-band microwave sensors such as
the Soil Moisture and Ocean Salinity Mission and the NASA
Aquarius mission, which are to be flown around 2006 for sea
surface salinity retrievals.

It is known that the satellite scattrometers using the
C-band (ERS-1/2 Active Microwave Instrument) and Ku-band
(ADEOS-1/NSCAT, QuikSCAT/SeaWwinds) have functioned

W LY v et well and provided global surface winds. The GMFs for the C-
100 200 300 400 500 600 and Ku- bands are well validated globally. In contrast, the new

ixel)

g
0O o
o o

Azimuth
w
[=]
(=]

Range(piel) L-band GMF presented here is validated only in the seas around
(b) Japan. The large number of JERS-1 SAR ocean scenes is only

Fig. 13 (a) JERS-L SARI fthe Pacific on May 18, 1067, (b) Wind available within the coverage of its home receiving station.

1g. . a, - Image ot the Pacific on May , . nam . .

derived from the JERS-1 SAR image of (a). The arrows show the NSCAT wiﬁ%owever’ since the _NSCAT surface winds used as the sea-truth

vectors, and the value is its wind speed. data have been validated for the global oceans (e.g., see [21])
and we collected many match-ups in wide parameter ranges

ohthe surface wind, the new L-band GMF may be reasonably

by gray tones with the scales of wind speed. They agree ngplicable for the global oceans.

with the NSCAT wind speed at the coincident points within ) ) ) . .
P P dl' he wind retrieval error is considered to be mainly related

the rms error range. Small-scale patterns in the wind-spee b bl One is the wind directi bl Thouah
field are visible in the SAR image of 75-km square, which ar&? 0 problems. Lne 15 the wind direction problem. fnougn,
rder to retrieve wind speed with high spatial resolution, we

not captured by NSCAT and probably related to mesoscalg® . . X . e -
wind features. The range-dependent pattern associated with need high spatial resolution wind direction [22], itis very
cult to obtain reliable high-resolutiom situ surface wind

SAR system noise is not seen, which suggests that the oc . ) )
wind signals are successfully extracted through the pres a. H0\_/vever, forthe L—pand_wmdretneval atlt_wamd speeds,
methodology. aF:k of hl'gh-resolutlon wind direction has Ie;s mfluenpe _on_the
wind retrieval because the dependence of wind direction is little.
For cases of high wind speeds, it can be expected that the mean
wind direction does not change rapidly at such a small scale that
The calibration factor to convert the JERS-1 SAR 16-bBAR can detect. The next problem is the small-scale features,
digital output from the Sigma SAR Processor to the calibratehich the SAR high-resolution enables us to observe, such as
NRCS has been proposed. The calibration factor was calculatkgbth fluctuations, currents, slicks, and fetch influence on the
as a comparative study of the National Space Developmentface waves and radar backscattering. These appearances are
Agency of Japan and the Alaska SAR Facility and done ®nhanced in the coastal sea. In the present study, however, the
B. Chapman of the NASA Jet Propulsion Laboratory. Whilafluences of these features on the GMF examination may not

IV. DISCUSSION
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be significant, since all the match-ups are generated using theidence angle is negligible for its range of 37t6 42.0°. De-

observations in the open oceans. pendence of sigma-0 on the wind speed can be well expressed
Since comparison of the three GMFs is an interestirlly the conventional power law formula. The values of wind

subject, we derived wind-speed exponents of the Ku-, C-, aspeed exponent are 2.25 at upwind, 0.50 at crosswind, and 1.18

L-band model functions at the same incidence angle of the downwind. For higher wind speeds, the upwind—downwind

present study. We compute the wind speed exponent from Kasymmetry becomes very larger. But, for wind speeds below 8

and C-band model functions for HH polarization, Seasat-#/s, these features are not significant.

scatterometer [17], and HH-polarization CMOD4 algorithm Taking these characteristics into account, we produced a new

[6]. The upwind—downwind asymmetry is a common feature-band-HH GMF for SAR wind retrieval. It enables us to con-

of them. While the difference in wind-speed exponent amomngrt a JERS-1 SAR image into a wind-speed map. The SAR-de-

the wind directions is relatively small for the Ku-band (1.74ived wind speed has an rms error of 2.09 m/s with a negligible

—1.92), it is modest for the C-band (1.36 —1.70) and large fbras against the NSCAT wind speed comparison field.

the L-band (0.50-2.25). Previous studies [23]-[25] have shownThis is the first satellite-based L-band geophysical model

that the upwind—downwind contrasts are significantly enhancéghction proposed. Application of it to JERS-1 SAR images

for HH polarization compared to vertical-vertical polarizatiorhas proven that they can be a new source of ocean surface wind

It is believed that the HH cross section is much more sensitidata.

to whitecapping and wave steepness. The difference among the

three wind speed exponents suggests not only the difference APPENDIX

of interactions between surface wave and electromagnetic MODEL FORMULATION AND COEFFICIENTS

wave for different wavelengths, but also the difference of the

sensitivity to whitecapping and wave steepness for different

wave wavelengths. As shown in Section I1I-D, the relationship 0o

between the coefficient, of the L-band GMF and the wind Tlin = 00 + 61008 § + a5 €05 2¢) + a3 c05 3¢

speed drastically changes at around the wind speed of 8 'Wﬁereqs is the relative wind direction. Coefficients), a1, a2,

This also suggests the effect of wave breaking and the resultaﬁaas are functions of wind speed. They are expressed as fol-
whitecapping on microwave backscattering. Improvement .

understanding the physical mechanisms of the radar backscat-
tering features is required to explain the GMF differences for ap = 10U (U < 8.5)
the different microwave bands.

The form of the L-band geophysical model function is

ap = 10 (U — Up)"™ + b5(U > 8.5)
ay = bg (exp (b7U) — 1)
V. SUMMARY AND CONCLUSION ay = bgU? + bU
as = byg (exp (b11U) — 1).
We have developed a new L-band geophysical model ° 10 (exp (bnU) = 1)
of JERS-1 SAR data (2288 scenes) was systematically ad; — 1 2 3. ... 11) are summarized below.
guantitatively processed to examine the characteristics of /
L-band radar backscattering at the sea surface. The following by = 5.2194296
results are obtained. by — 0.734396 4
We estimated the SAR system noise, which has been a se- 2 r'
rious problem peculiar to the JERS-1 SAR. It is found that the by = 5.0711371

system noise has a feature common in all the SAR images, and by = 1.228 200 2
the azimuth-averaged profile of noise can be expressed as a par- bs = 797859.7
abolic function of range. By subtracting the estimated system b = 41 869.28
noise from the SAR images, we extracted the ocean signals. This

is a relative calibration of the SAR sigma-0, which enables us to b7 = 0.1988929
examine its relationship with the surface winds quantitatively. bg = 6862.769

Using the noise-removed SAR images and the NSCAT and bg = — 49958.58

JMA-buoy wind vectors, we generated a match-up dataset, bio = 8107.274

which contains the SAR sigma-0, the incidence angle, the wind
speed, and the wind direction. Most of them are obtained in the
overlapping locations of the NSCAT and JERS-1 SAR swaths.
The number of generated match-ups is 7577, which enables us
to perform reliable examinations of the L-band backscattering
feature. JERS-1 SAR data were provided from National Space
We investigated the sigma-0 dependence on the radar ir@evelopment Agency of Japan through the JERS-1 science
dence angle, the wind speed, and the wind direction. Resultgpobject. NSCAT wind data were obtained from the NASA
the present study indicated that dependence of sigma-0 on Elig/sical Oceanography Distributed Active Archive Center

b1 = 0.1677051

ACKNOWLEDGMENT

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 08,2010 at 01:45:51 EST from IEEE Xplore. Restrictions apply.



SHIMADA et al: L-BAND GEOPHYSICAL MODEL FUNCTION FOR SAR WIND RETRIEVAL USING JERS-1 SAR 531

(PO-DAAC). The buoy data were provided by the Japarn23] J. Schréter, F. Feindt, W. Alpers, and W. C. Keller, “Measurement of the
Meteorologlcal Agency We appreC|ate useful discussions from ocean wave-radar modulation transfer function at 4.3 GBlGeophys.

(1]

Res, vol. 91, pp. 923-932, 1986.

N. Ebuchi (Hokkaido University). [24] M. A. Donelan and W. J. Pierson Jr., “Radar scattering and equilibrium
ranges in wind-generated waves with application to scatteromekry,”
REFERENCES Geophys. Resvol. 92, pp. 4971-5029, 1987.
[25] D. G. Long, R. S. Collyer, R. Reed, and D. V. Arnold, “Dependence
A. Scoon, |. S. Robinson, and P. J. Meadow, “Demonstration of an im- of the normalized radar cross section of water waves on Bragg wave-
proved calibration scheme for ERS-1 SAR imagery using scatterometer length-wind speed sensitivity[EEE Trans. Geosci. Remote Sensing
wind model,”Int. J. Remote Sensol. 17, pp. 413-418, 1996. vol. 34, pp. 656-666, May 1996.

[2

(3]

[4]

(3]

(6]

(71

(8]

[9]

[10]

(11]

(12]

(23]

(14]

(15]

[16]

[17]

(18]

[19]

(20]

[21]

(22]

W. Alpers and B. Briimer, “Atmospheric boundary layer rolls observed
by the synthetic aperture radar aboard the ERS-1 satelit&eophys.
Res, vol. 99, pp. 12613-13 621, 1994.

T. W. Vacon, O. M. Johannessen, and J. A. Johannessen, “An ERS-1
synthetic aperture radar image of atmospheric lee wave$3eophys.
Res, vol. 99, pp. 22 483-22 490, 1994.

P. W. Vachon and F. W. Dobson, “Validation of wind vector retrieva
from ERS-1 SAR images over the ocea@lobal Atmos. Ocean Syst.
vol. 5, pp. 177-187, 1996.

W. Alpers, U. Pahl, and G. Gross, “Katabatic wind fields in coastal are:
studied by ERS-1 synthetic aperture radar imagery and numerical mc
eling,” J. Geophys. Resvol. 103, pp. 7875-7886, 1998.

F. M. Monaldo, D. R. Thompson, R. C. Beal, W. G. Pichel, an
P. C.-Colon, “Comparison of SAR-derived wind speed with mod
predictions and ocean buoy measurementEEE Trans. Geosci.
Remote Sensingol. 39, pp. 2587-2600, Dec. 2001.

V. Kerbaol, B. Chapron, and P. W. Vachon, “Analysis of ERS-1/2 syn-
thetic aperture radar wave mode imagettdsGeophys. Resvol. 103,

no. C4, pp. 7833-7846, 1998.

N.W. Guinard, J. T. Ransone Jr., and J. C. Daley, “Variation of the NRCS
of the sea with increasing roughness,”Geophys. Resvol. 76, pp.
1525-1538, 1971. [
D. E. Weissman, D. B. King, and T. W. Thompson, “Relationship be |
tween hurricane surface wind and L-band radar backscatter from the :|
surface,”J. Appl. Meteorol.vol. 18, pp. 1023-1034, 1979. J
W. C. Keller and W. J. Plant, “Cross sections and modulation transf
functions at L and ku bands mesured during the tower ocean wa
and radar dependence experiment,” Geophys. Resvol. 95, pp.
16277-16 289, 1990. -
T. W. Thompson, D. E. Weissman, and F. |. Gonzalez, “SEASAT SA
cross-section modulation by surface winds: GOASEX observation
Geophys. Res. Letiol. 8, pp. 159-162, 1981.

T. W. Gerling, “Structure of the surface wind field from the seasat SAR,”
J. Geophys. Resvol. 91, pp. 2308-2320, 1986.

Teruhisa Shimadareceived the B.S. and M.S. de-
grees in geophysics from Tohoku University, Sendai,
Japan, in 1999 and 2001, respectively. He is currently
pursuing the Ph.D. degree in geophysics at Tohoku
University.

Hiroshi Kawamura (M'91) received the B.S. degree
in science from Tohoku University, Sendai, Japan, in
1978 and the M.S. and Ph.D. degrees in geophysics
from the Graduate School of Tohoku University.
) - He is currently a Professor of the Center for
M Atmospheric and Oceanic Studies, Faculty of
Science, Tohoku University. His research interests
are oceanographic application of remote sensing
methods, i.e., satellite oceanography and air-sea
interaction including small-scale physics at the
air—sea interface.

B. Furevik and E. Korsbakken, “Comparison of derived wind speed from

SAR and scatterometer during the ERS tandem phd&&EE Trans.

Geosci. Remote Sensjngl. 38, pp. 1113-1121, Feb. 2000. Masanobu Shimada(M’'98) received the B.S. and

M. Shimada, “Verification processor for SAR calibration and interfer M.S. degrees in aeronautical engineering from Kyoto
ometry,” Adv. Space Resvol. 23, no. 8, pp. 1477-1486, 1999. University, Kyoto, Japan, in 1977 and 1979, and the
W. T. Liu, K. B. Katsaros, and J. A. Businger, “Bulk parameterizatior Ph.D. degree in electrical engineering from the Uni-
of air-sea exchanges in heat and water vapor including the molecu versity of Tokyo, Tokyo, Japan, in 1999.

constraints at the interface]” Atmos. Scivol. 36, pp. 1722—-1735, 1979. He joined the National Space Development
“Evaluation of JERS-1 SAR Data (no. 4),” Space Engineering Develoj Agency of Japan (NASDA), Tokyo, Japan, in 1979,
ment Co., Ltd, Company Rep., 1995. where he designed the NASDA scatterometer. From
F. J. Wentz, S. Peteherych, and L. A. Thomas, “A model function fc i 1985 to 1995, he developed data processing subsys-
ocean radar cross sections at 14.6 GHz,Geophys. Resvol. 89, pp. - tems for optical and SAR data (MOS-1, SPOT, and
3689-3704, 1984. JERS-1) at the NASDA Earth Observation Research
A. Stoffelen and D. Anderson, “Scatterometer data interpretation: E€enter (EORC), Tokyo, Japan. He was a Visiting Scientist of the Jet Propulsion

timation and validation of the transfer function CMOD4,”Geophys. Laboratory, Pasadena, CA, in 1990, where he investigated the antenna elevation

Res, vol. 102, pp. 5767-5780, 1997. pattern measurement using in-flight SAR data (SIR-B). After launch of JERS-1
Ad Stoffelen. (1998) Scatterometry. [Online]. Available: http://www.li-in 1992, he conducted JERS-1 SAR calibration. From 1995, he has been
brary.uu.nl/digiarchief/dip/diss/01 840 669/inhoud.htm assigned duties at EORC, where he is in charge of the JERS-1 science project.

C. M. H. Unal, P. Snoeij, and P. J. F. Swart, “The polarization-dependelde has also managed the development of a polarimetric airborne SAR system.
relation between radar backscatter from the ocean surface and surfagsece 1999, he has been a Senior Scientist and a leader of the land group.
wind vector at frequencies between 1 and 18 GHZEE Trans. Geosci. His current research interests are SAR calibration and SAR interferometric
Remote Sensingol. 29, pp. 621-626, Apr. 1991. applications including polarimetric SAR interferometry.

N. Ebuchi, “Statistical distribution of wind speed and direction con- Dr. Shimada was awarded the IEEE Interactive Session Prize at IGARSS
tained the preliminary nscat science data productsAdv. Mar. Sci. 2000 for “Correction of the Satellite’s State Vector and the Atmospheric Excess
Technol. So¢wvol. 3, no. 2, pp. 141-156, 1997. Path Delay in the SAR Interferometry: An Application to Surface Deformation
M. Portabella, A. Stoffelen, and J. A. Johannessen, “Toward an optinaétection.” He is a Chairman of the CEOS SAR CAL/VAL subgroup. He is also
inversion method for synthetic aperture radar wind retrievhl,Geo- leading an ISPRS Commission |, WG4. He is a member of the Japan Geologic
phys. Res.vol. 107, 2002. Society and the American Geophysical Union.

Authorized licensed use limited to: TOHOKU UNIVERSITY. Downloaded on March 08,2010 at 01:45:51 EST from IEEE Xplore. Restrictions apply.



	Index: 
	CCC: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	ccc: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	cce: 0-7803-5957-7/00/$10.00 © 2000 IEEE
	index: 
	INDEX: 
	ind: 


