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Abstract

Rain cells or convective rain, the dominant form of rain in the tropics and subtropics, can be easy detected by
satellite Synthetic Aperture Radar (SAR) images with high horizontal resolution. The footprints of rain cells on
SAR images are caused by the scattering and attenuation of the rain drops, as well as the downward airflow. In this
study, we extract sea surface wind field and its structure caused by rain cells by using a RADARSAT-2 SAR image
with a spatial resolution of 100 m for case study. We extract the sea surface wind speeds from SAR image by using
CMOD4 geophysical model function with outside wind directions of NCEP final operational global analysis data,
Advance Scatterometer (ASCAT) onboard European MetOp-A satellite and microwave scatterometer onboard
Chinese HY-2 satellite, respectively. The root-mean-square errors (RMSE) of these SAR wind speeds, validated
against NCEP, ASCAT and HY-2, are 1.48 m/s, 1.64 m/s and 2.14 m/s, respectively. Circular signature patterns
with brighter on one side and darker on the opposite side on SAR image are interpreted as the sea surface wind
speed (or sea surface roughness) variety caused by downdraft associated with rain cells. The wind speeds taken
from the transect profile which superposes to the wind ambient vectors and goes through the center of the
circular footprint of rain cell can be fitted as a cosine or sine curve in high linear correlation with the values of no
less than 0.80. The background wind speed, the wind speed caused by rain cell and the diameter of footprint of the
rain cell with kilometers or tens of kilometers can be acquired by fitting curve. Eight cases interpreted and

analyzed in this study all show the same conclusion.
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1 Introduction

Rainfall is one of the most important atmospheric phenom-
ena that can strongly impact the local weather. Rain can occur as
stratiform rain or convective rain (rain cells). Stratiform rain is
the dominant from of rain in the high latitudes, while convective
rain is the dominant form of rain in the tropics and subtropics
(Houze Jr, 1997). Rain cells can be easy detected by satellite Syn-
thetic Aperture Radar (SAR) images of the ocean surface with
high horizontal resolution (<100 m) (Alpers and Melsheimer,
2004). The footprints of rain cells are usually observed and stud-
ied by SAR and simultaneous ground-based weather radar data
(e.g., Friedman and Li, 2000; Melsheimer et al., 2001; Lin et al.,
2001; Alpers et al., 2007; Gan et al., 2007; Chan et al., 2010; Xu et
al., 2015). The footprints of rain cells on SAR images are caused
by the scattering and attenuation of the rain drops, as well as the
local downward airflow and the background sea surface wind
(Alpers and Melsheimer, 2004; Contreras and Plant, 2006; Xu et

al., 2015). CMOD4 is a geophysical model function (GMF) of sea
surface wind retrieval for microwave scatterometer remote sens-
ing data (Stofflen and Anderson, 1997). It is also widely used in
high spatial resolution coastal wind retrieval from the SAR image
(e.g., Thompson et al., 2001; Yang et al., 2001; Xu et al., 2008; Lin
et al., 2008; Morena et al., 2004; Zhang et al., 2014). C-band radar
signatures of rain cells with rain rates below 50 mm/h are mainly
caused by a modification of sea surface roughness induced the
raindrops impinging on the sea surface and local wind field asso-
ciated with rain cells (Melsheimer et al., 2001).

In this study, we extract sea surface wind speeds by using
CMOD4 GMF from A RASASAT-2 SAR image firstly, then we val-
idate them against referenced sea surface wind speed to make
sure the wind retrieval method in this study are reliable. A last,
we extract the local wind speeds of the footprint signature pat-
terns caused by rain cells on SAR image for case study and ana-
lyse their feature.
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2 Data and wind retrieval method

2.1 Satellite SAR image data

The satellite SAR images used in this study were taken by Ca-
nadian RADARSAR-2 satellite, an earth observation satellite
launched on December 14, 2007. RADARSAR -2 carries a single
sensor C-band (5.405 GHz) SAR with HH, HV, VV and VH polar-
ization modes and multiple scanning modes (Morena et al.,
2008). The image shown in Fig. 1 was acquired by ScanSAR Wide
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Beam mode and VV polarization with a nominal swath width of
500 km and a spatial resolution of 100 m. The imaging time was
22:20 UTC on May 24, 2012.

As shown in the right sub-image in Fig. 1, a typical SAR signa-
ture of airflow footprint pattern caused by the downdraft of rain
cell is obvious, i.e., the circular or elliptical pattern is usually less
bright in the center and brighter than the surrounding area on
one side and darker on the opposite side (Alpers and
Melsheimer, 2004).
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Fig. 1. RADARSAR-2 SAR image (C-band, VV polarization) acquired on May 24, 2012, 22:20 UTC covers South China Sea. The eight
white square frames with No. A-H on the left are the signature patterns of rain cells. The sub-image on the right is the normalized

radar cross section (NRCS) image of Pattern A.

2.2 Sea surface wind field data

To get the initialization of wind directions for wind retrieval
model and validate the extracted sea surface wind speeds from
SAR image, we use collocated NCEP, ASCAT and HY-2 mi-
crowave scatterometer (HY-2 SCAT) sea surface wind field data
in this study.

The National Centers for Environmental Prediction (NCEP)
final operational global analysis data (FNLs) are on 1-degree by
1-degree grids prepared operationally every six hours. This
product is from the Global Data Assimilation System (GDAS),
which continuously collects observational data from the Global
Telecommunications System (GTS), and other sources, for many
analyses. These NCEP reanalysis data are made with the same
model which NCEP uses in the Global Forecast System (GFS), but
they are prepared about an hour or so after the GFS is initialized.
The data are delayed so that more observational data can be
used. The GFS is run earlier in support of time critical forecast
needs, and uses the FNL from the previous 6 hour cycle as part of
its initialization. Sea surface wind speeds and directions can be
extracted from these NCEP data. More description and the data
can be found from http://rda.ucar.edu/.

Advanced Scatterometer (ASCAT) is a C-band (5.255 GHz)
scatterometer carried on EUMETSAT MetOp-A and MetOp-B
satellite. MetOp-A satellite was launched on October 19, 2006. It
became fully operational in mid-May 2007 and continues to op-
erate today. MetOp-B was launched on September 17, 2012. Both
ASCATs onboard MetOp-A and MetOp-B are identical instru-
ments. The main objective of ASCAT is measurement of wind
speed and direction over global oceans. The operational wind
speed and direction products with a resolution of 25 km and a
swath of 500 km can be downloaded from https://podaac.jpl.

nasa.gov/.

HY-2 microwave scatterometer (HY-2 SCAT) is a main pay-
load carried by Chinese Haiyang-2 (HY-2) satellite, which is the
first Chinese marine dynamic environment satellite, was
launched at 22:57 UTC, on August 15, 2011. The payloads of HY-2
satellite include a dual-frequency radar altimeter operating at
13.58 GHz (Ku band) and 5.25 GHz (C band), DORIS, a mi-
crowave scatterometer, a scanning microwave radiometer and a
calibration microwave radiometer. The objective of HY-2 is mon-
itoring the dynamic ocean environment by using microwave
sensors onboard. It is used to detect global sea surface wind field,
sea surface height, significant wave height and sea surface tem-
perature in all-weather. National Satellite Ocean Application Ser-
vice (NSOAS), States Oceanic Administration (SOA) of China of-
fers the HY-2 satellite data to public for free. The HY-2 SCAT, op-
erating at Ku-band (13.256 GHz), has been working effective to
provide operational sea surface wind speed and direction data
for more than three years (October 1, 2011 to present). The level-
2B HY-2 SCAT sea surface wind field data with a resolution of 25
km and a swath of more than 1 700 km (VV polarization) or 1 350
km (HH polarization) used in this study are offered by NSOAS
(http://www.nsoas.org.cn/NSOAS_En/index.html) (Jiang et al.,
2012; Ye et al., 2015).

2.3 Wind retrieval method

We extract the sea surface wind speed from the normalized
radar cross section (NRCS) of SAR image. The wind retrieval
method for SAR used in this study is CMOD4, a C-band GMF re-
lating incident angle, wind speed and direction to NRCS (Stofflen
and Anderson, 1997). The relationship form of the CMOD4 wind
retrieval model function can be expressed as following:
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o0 =f(V,2,0), 1)

where Vis the sea surface wind speed (unit: m/s), @ is the relat-
ive direction (angle between the radar look direction and the real
wind direction) in degree and 6 is the radar wave incidence angle
in degree. g,"" is the NRCS value in VV polarization, f is a nonlin-
ear function and its expression can be found in Stofflen and An-
derson (1997). Wind speed retrieval from HH polarized SAR can
be achieved by the model function listed in Eq. (1) and the polar-
ization ratio (Lin et al., 2008).

There are many other GMFs can be used for sea surface wind
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retrieval from SAR, such as CMOD-IFR2 and CMOD5 (Quilfen et
al., 1998; Hersbach et al., 2007). Xu et al. (2008) evaluated the
three C-band wind speed retrieval models (i.e., CMOD4, CMOD-
IFR2 and CMOD5) by using ENVISAT ASAR VV-polarized data.
Their results indicated that CMOD4 gave the best performance
for sea surface wind speed retrievals in the coastal waters near
Hong Kong (the same area as our study, as shown in Fig. 1 in this
study and Fig. 1 in Xu et al. (2008)) at wind speed lower than 15
m/s (the same situation as ours, as shown in Fig. 2). For these
reasons, CMOD4 is selected as a GMF in this study.
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Fig. 2. Sea surface wind speed retrieval results from SAR image shown in Fig. 1. The color-coded arrows represent the outside winds
vectors used for the SAR wind speed retrieval. a. NCEP on May 25, 2012 at 00:00 UTC, b. ASCAT on May 25, 2012 at 01:43 UTC and c.

HY-2 SCAT on May 24, 19:21 UTC.

At a given wind speed and direction from radar geometry, the
NRCS can be empirically predicted, but the inverse is not true,
i.e., a given NRCS does not correspond to a unique wind speed
and direction (Alpers and Melsheimer, 2004). With wind direc-
tions from either the wind directions features on SAR image itself
(e.g., wind shadowing or wind streaks) or from outside wind
sources (e.g., in situ data, remote sensing measurements or at-
mospheric model output) and the GMF, the wind speed can be
derived from the NRCS of SAR image (Lin et al., 2008). In this
study, we use the wind directions of NCEP final operational glob-
al analysis data, advance scatterometer (ASCAT) onboard
European MetOp-A satellite and microwave scatterometer on-
board Chinese HY-2 satellite as the outside initial sea surface
wind directions, respectively.

3 Results and analysis

The circular or elliptical signature patterns on SAR image
shown in Fig. 1 are interpreted as the result of downdraft wind as-
sociated with rainfall. In order to make sure that the retrieval sea
surface wind speeds from SAR are reliable and analyze the wind
structure of the footprint signature patterns of rain cells (i.e., the
airflow patterns), we extract sea surface wind speed from SAR im-
age and validate it against NCEP, ASCAT and HY-2 SCAT sea sur-
face wind data, respectively. Then analyze the feature of the wind
field of the rain cell patterns on SAR image.

3.1 Sea surface wind speed retrieval from SAR image

As mentioned in the above section, sea surface wind speed
can be extracted from the NRCS of SAR image by using a suitable
GMF and outside wind directions. We use CMOD4 as the GMF in
this study. The NRCS of SAR image used in this study can be cal-
ibrated by the following formula (Luscombe, 2008):

oo =|DN[*/A, )

where o0 is the NRCS value, DN is the digital value of SAR data
and A is the gain value corresponding to the range sample. The
gain value A, incidence angle and the radar azimuth can be read
in the Radarsat-2 SAR Look-up Tables (LUTSs) files. The azimuth
is used to calculate the relative wind direction.

We extract sea surface wind fields from SAR image (shown in
Fig. 1) using wind directions of NCEP, ASCAT and HY-2 SACT,
respectively. The sea surface wind speed retrieval results are
shown in Fig. 2.

As shown in Fig. 2, the SAR wind speed field and compared
sea wind are shown at the same time. The color coded arrows
represent the outside wind vectors used for SAR wind speed re-
trieval. That most of the color coded arrows are identical in the
SAR wind speed field background means that there are differ-
ences between these two wind speeds. Their agreement in-
creases when the color coded arrows disappear in the SAR wind
field. In order to get the quality of the retrieval wind speeds, we
validate them again NCEP, ASCAT and HY-2 SCAT sea surface
wind speeds, respectively. The statistics of validation results used
in this study are mean bias (Bias) and root mean square error
(RMSE). The mathematic expression of them can be found in Ye
et al. (2014, 2015). Additionally, the SAR wind speeds were aver-
aged over an area of diameter of 25 km (for ASCAT and HY-2
SCAT) or 1 degree (for NCEP) so that two measurements would
be comparable. The validation results and scatter plot comparis-
ons are shown in Fig. 3.

As listed in Fig. 3, the Bias of validations against NCEP, AS-
CAT and HY-2 SCAT are -0.21 m/s, -0.69 m/s, and -1.31 m/s, re-
spectively. The RMSEs are 1.48 m/s, 1.64 m/s and 2.14 m/s, re-
spectively. The differences among these validations may be
caused by the time separations between SAR and the compared
wind speed. The SAR image in this study was acquired on May
24, 2012 at 22:20 UTC. The compared winds were measured at
different time of NCEP at 00:00 UTC (May 25, 2012), ASCAT at
01:43 UTC (May 25, 2012) and HY-2 SCAT at 19:21 UTC (May 24,
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2012). In other words, the temporal difference between SAR and
NCEP is 1 h and 40 min. The values are 3 h and 23 min for AS-
CAT, 2 h and 59 min for HY-2 SCAT. The closest time between
SAR and NCEP may leads to the minimum validation statistics
with Bias of -0.21 m/s and RMSE of 1.48 m/s. The largest error
validated against HY-2 SCAT with the Bias of -1.31 m/s and the

n

RMSE of 2.14 m/s may also be caused by the microwave frequen-
cies which the SAR and scatterometer operate at. The SAR and
ASCAT used in this study are operating at C-band, but HY-2
SCAT is operating at Ku-band. Ku and C-band are not the same
sensitive to the effect of rainfall.

These validation results represent the same error level for

n
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Fig. 3. Scatter plot comparisons of sea surface wind speeds between retrieval from SAR and validated measurements. a. NCEP, b.
ASCAT and c. HY-2 SCAT. N is the validated data number, Bias the mean bias and RMSE the root mean square error.

other research, e.g., the Bias is 0.45 m/s and RMSE is 2.28 m/s for
time separations of less than 1 h, the Bias is -0.63 m/s and RMSE
is 2.01 m/s for time separations of less than 15 min in Thompson
et al. (2001). The Bias is 0.83 m/s and the RMSE is 1.74 m/s in Xu
et al. (2008). Their SAR retrieval wind speeds are both validated
with QuikSCAT (an American microwave satterometer satellite).
In a word, the wind speeds extracted from SAR image in this
study are reliable.

3.2 The feature of wind in footprint signature pattern and analysis

We analyze the feature of the footprint patterns of rain cells
shown in Fig. 1. The eight patterns (with the Numbers of A-H)
are all the same feature as typical signature pattern associated
with rain cell. I.e., the pattern is a circular or elliptical pattern
with brighter than the surrounding on one side and darker on the
opposite side. Figure 4 shows the NRCS of rain cell Pattern A,
taken from the circular curve with a diameter of 0.17 D, 0.25 D
and 0.33 D, respectively. D is the diameter of the outer circular
edge of the rain cell footprint pattern.
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Fig. 4. NRCS of rain cell footprint Pattern A, taken from
the circular curve with a diameter of 0.17 D, 0.25 D and
0.33 D, respectively. D is the diameter of the outer circular
edge of rain cell footprint pattern. Solid lines in the figure
are the polynomial fitting curve.

As shown in Fig. 4, the NRCS taken from the circular curve
with different diameters have the same variational trend and they
can be fitted as polynomial function. The azimuth with maximal
NRCS is the same as the direction of background wind field. By
using these features, we can get the direction of the ambient
wind.

Figure 5 shows the curve of NRCS taken from the transect
profile which goes through both minimal and maximal NRCS
points. The origin of the horizontal axis locates the endpoint in
the side with maximal NRCS. As shown in Fig. 5, we can also find
out that the NCRS values on the left side are larger but smaller on
the opposite side.

These dimensional characters mentioned above are caused
by airflow associated with rain cells. Precipitation from a rain cell
can produces downdraft (downward airflow). When this
downdraft reaches sea surface, it spreads radially outward as loc-
al surface wind. In the case of a strong ambient wind field, the
downwind side of the rain cell is imaged brighter and the up-
wind side darker than the surrounding area. The pattern is usu-
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Fig. 5. Curve of NRCS taken from the transect profile
which goes through both minimal and maximal NRCS
area shown in Fig. 4. The origin of the horizontal axis loc-
ates the endpoint on the side with maximal NRCS.
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ally less bright in the center, where the downdraft reaches sea
surface vertically with the horizontal wind speed is lowest. The
brightness increases downwind as the horizontal wind vectors of
radially-spreading downdraft add positively to the ambient wind
vectors, the brightness decreases upwind as the two vectors add
negatively (Alpers and Melsheimer, 2004). The footprint signa-
ture pattern caused by downdraft associated with rain cell is
shown schematically in Fig. 6.

wf—-f?qf

rain core and doendraft

splash
products .

Fig. 6. Schematic sketch of the downdraft associated with
rain cell (redraw after Alpers and Melsheimer (2004) and
Atlas (1994)).

We extract the sea surface wind speeds of the eight footprint
patterns with No. A-H by using CMOD4 GMF again. We use the
wind direction features on image pattern itself shown in Fig. 4 in-
stead of outside wind sources, i. e., the azimuth with maximal
NRCS is the direction of wind field. Figure 7 shows the wind
speed image derived from the sub-image of pattern A shown in
Fig. 1. We can also see the circular footprint in the figure with a
typical signature pattern associated with rain cell.
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Fig. 7. Wind speed image derived from the sub-image of
pattern A shown in Fig. 1. The black line is the transect
which superposes to the wind ambient vectors and goes
through the center of the circular footprint of rain cell.

We plot the curve of wind speeds taken from the transect pro-
file shown in Fig. 7, the cure is shown in Fig. 8. The transect
shown in Fig. 7 superposes to the wind ambient vectors and goes
through the center of the circular footprint. Thus, the wind
speeds in this transect are linear added by the speeds of
downdraft caused by rain cell and the ambient wind speeds.
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Fig. 8. Curve of wind speed taken from the transect pro-
file shown in Fig. 7. The black solid line is the fitting co-
sine curve. The origin of the horizontal axis is the location
of the leftmost point in the black line shown in Fig. 7.

We try fitting the wind speed curve shown in Fig. 8 as a co-
sinodal function. The form for the cosine expression is

V= Vncos |1/ (2n) Dx + xo| + Vb, 3)

where Vis the wind speed retrieval from SAR image, D is the dia-
meter of the circular signature pattern of rain cell, V, is the wind
speed of background. The absolute value of V_ is the maximal
horizontal wind speed caused by downdraft associated with rain
cell, x, is the initial phase that depends on the location of the ori-
gin, x is the distance. V, D, x, and V; can be obtained by least
squares fitting. These coefficients for Patterns A-H shown in Fig.
1 are listed in Table 1. The parameter R in the table is the linear
correlation coefficient of the cosinoidal function fitting.

As listed in Table 1, the background wind speeds (the values
of V, listed in Table 1) vary from 2.5 m/s to 4.5 m/s, which are not
significant different from the wind speeds shown in Fig. 2. That is

Table 1. Coefficients of fitting as cosinodal function for the wind
speeds taken from the transect profile which superposes to
ambient wind vectors and goes through to the center of circular
footprint signature pattern shown in Fig. 1

Pattern No. Parameter
Vi D X, A R
A -1.22 18.9 1.18 3.5 0.86
B 1.15 12.0 -1.29 2.8 0.83
C 0.82 8.7 -2.06 2.5 0.80
D 1.13 11.5 -1.16 3.1 0.86
E 1.85 10.1 -1.18 3.8 0.82
F 1.54 5.8 -1.69 3.5 0.89
G 2.34 10.3 -1.81 3.9 0.84
H 2.80 16.5 -1.55 4.5 0.83
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to say, the background wind speeds extracted by the fitting meth-
od mentioned in Fig. 8 and Eq. (3) approximate the wind speeds
retrieval from SAR image by outside wind directions. The diamet-
ers of circular signature patterns of rain cells (the values of D lis-
ted in Table 1) have the values of kilometers or tens of kilometers.
The largest signature circle is Pattern A with a diameter of 18.9
km, the smallest is pattern F with a diameter of 5.8 km. The hori-
zontal wind speeds (V,,) caused by rain cells are all much smal-
ler than the background wind speed (V,). For this reason, the typ-
ical signature with brighter on one side and darker on the oppos-
ite side appears. A circular signature pattern which is brighter
than surrounding area would appear when V_ is much larger
than V.

The wind speeds taken from the transect profile which super-
poses to the wind ambient vectors and goes through the center of
the circular footprint of rain cell can be fitted as a cosinodal func-
tion. Take Pattern A shown in Fig. 7 as an example, Fig. 8 shows
the wind speed curve and the fitting curve. The eight linear cor-
relation coefficients of fitting are no less than 0.80 (Table 1).
These wind speeds feature is caused by the downdraft associated
with rainfall.

4 Conclusions

In this study, we extract the sea surface wind speeds from
RADARSAT-2 SAR image in high resolution by using GMF of
CMOD4 with the outside wind directions of NCEP, ASCAT and
HY-2 SCAT, respectively. We also validate the retrieval wind
speeds and the validation results show they have the same error
level with other studies.

The circular footprint signature patterns with brighter on one
side and darker on the opposite side on SAR image can be inter-
preted as the sea surface wind speed (or sea surface roughness)
variety caused by downdraft associated with rain cell. The data
analysis results show that NRCS taken from the circle curve with
different diameters have the same variational trend and the azi-
muth with maximal NRCS is the direction of background wind.

The wind speeds taken from the transect profile which super-
poses to the wind ambient vectors and goes through the center of
the circular footprint of rain cell can be fitted as a cosine or sine
curve in high linear correlation. By using this fitting and analysis
method, the wind speeds and the size of circular footprint signa-
ture pattern caused by rain cell can be acquired.
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