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In this study, a method for retrieving ocean surface 
wind speed using C-band cross-polarization SAR  
observations has been outlined. A linear least square 
technique has been used to develop a Geophysical 
Model Function (GMF), C2P. The GMF was derived 
using NRCS observations from RISAT-1 and wind-
speed observations from ASCAT. The correlation be-
tween observed and simulated NRCS values obtained 
from C2P was 0.66, with a negative bias of 0.01 dB 
and the corresponding root mean square difference of 
1.13 dB. Subsequently, the developed GMF was tested 
with 774 RISAT-1 MRS datasets to retrieve wind 
speed along the Indian coast and also of the tropical 
cyclone ‘Megh’. The measured intensity and radius of 
maximum wind speed were 30 m s–1 and 16.65 km  
respectively. Subsequently, the retrieved wind speed 
was validated with ASCAT wind-speed observations. 
The statistical comparison of RISAT-1 and ASCAT 
observed wind speed showed negative biases of 0.90 
and 0.34 m s–1 with the corresponding RMSD of 2.11 
and 1.77 m s–1 respectively, for CMOD5.N and C2P. 
The developed GMF C2P showed 16% more accuracy 
than that of CMOD5.N. 
 
Keywords: Cross-polarization, geophysical model func-
tion, ocean surface, wind speed retrieval. 
 
OCEAN surface winds are highly important for numerical 
weather and ocean state forecasting, study of oceanic 
transportation and processes occurring at the air–sea in-
terface. For the last four decades, ocean surface vector 
winds at synoptic scales are operationally being retrieved 
from spaceborne scatterometers. Such observations of 
ocean surface winds are assimilated in numerical models 
for improving operational forecasts at moderate resolu-
tion. Scatterometer-based observations are available with 
coarser spatial resolution in the range 12–50 km with 
wider data gaps in the coastal regions. However, wind  
intensity of cyclones computed using Ku-band scattero-
meter data tends to underestimate the actual scenario. 
Therefore, in extreme conditions like cyclones, backscat-
tered power received by microwave scatterometers mainly 
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working in the Ku-band saturates under high-wind condi-
tions. Also because of coarser resolution of scatterometer 
data, distribution of cyclonic wind patterns in different 
quadrants cannot be precisely estimated. Such informa-
tion is highly desired for estimation of cyclone tracks. 
 To this end, Synthetic Aperture Radar (SAR) working 
in the microwave spectrum of electromagnetic waves 
provides a unique opportunity of retrieving ocean surface 
winds with very high (~few metres) spatial resolution. 
Because of narrower footprints than a scatterometer, 
SAR-derived winds are also available in the coastal  
regions with good accuracy. A SAR payload working in 
the C-band with co- (VV or HH) or cross- (VH or HV) 
polarization mode accurately measures backscattered 
energy from wind-generated capillary-gravity wave through 
Bragg’s scattering mechanism. Under extreme weather 
conditions, the C-band cross-polarized backscattered 
power shows linear relationship with winds over oceans. 
Such backscattered power does not depend on wind direc-
tion and incidence angle of SAR. This enables us to  
retrieve ocean surface wind speed from cross-polarized 
C-band SAR under moderate to high-wind conditions 
with reasonably good accuracy1,2. Several researchers 
have shown the potential of cross-polarized SAR sensors 
in retrieving ocean winds under high wind conditions3–6. 
In addition, co-pol Geophysical Model Functions (GMFs)  
saturate at high wind speed7,8, while cross-pol GMFs 
show linear response9,10. In this study, we develop an  
empirical C-band Cross-Polarized (C2P) model for back-
scattered power from RISAT-1 launched by the Indian 
Space Research Organization (ISRO). 
 RISAT-1 is a C-band SAR. Data collected by the satel-
lite in coastal regions can be used to fill the information 
gap in scatterometry. Since RISAT-1 operates in the  
microwave spectrum, it is not obscured by extensive  
 
 

 
 

Figure 1. Observed normalized radar cross section (NRCS) from Ra-
dar Imaging Satellite-1 versus measured wind speed from advanced 
scatterometer. 

cloud cover. It can provide data during day and night un-
der all-weather condition. The choice of operation of C-
band RISAT-1 SAR in single, dual and circular polariza-
tions is useful in flood and crop monitoring, generic  
vegetation, forestry, soil moisture, geology, sea ice, 
coastal processes and cyclonic storms11. Also, imaging of 
the Earth’s surface is possible in different modes; HRS, 
FRS-1, FRS-2, MRS and CRS with swath widths ranging 
from 30 to 220 km (ref. 11). Here we focus on VH and 
HV cross-pol measurements in ScanSAR mode, collo-
cated with ASCAT (Advanced Scatterometer of European 
Space Agency) observations from the Physical Oceano-
graphy Distributed Active Archive Center, Jet Propulsion 
Laboratory, Pasadena, California. After radiometric cali-
bration12, all HV and VH cross-pol RISAT-1 SAR image 
pixels were downscaled to 1 km × 1 km using re-gridding 
through spatial averaging. In order to avoid interference 
and land contamination, we have used only those values 
of wind speed and normalized radar cross section (NRCS) 
which are 10 km away in the ocean from the shoreline. 
For collocation purpose, a temporal window of 90 min 
was maintained between the scatterometer and SAR ob-
servations. Totally 308 RISAT-1 SAR images in MRS 
mode with dual polarization (HH + HV) were collected 
along the Indian coastline. Data were processed for collo-
cation, which resulted in 886 match-up points of RISAT-
1 cross-pol observations. Linear least square was used to 
obtain wind-retrieval model. A C-band GMF, C2P at 
cross-polarization was used to retrieve high wind speed 
from RISAT-1 SAR data, which was independent of radar 
incidence angle5. When compared to the single polariza-
tion (HH or VV) observation, cross-pol (VH or HV)  
observation was better in measuring ocean roughness 
with different scattering characteristics, with a scope to 
retrieve cyclone wind speed. There were 187 collocated 
points with wind speeds above 15 m s–1 and the highest 
wind speed was 20.08 m s–1 (Figure 1). Figure 1 shows 
the relation between RISAT-1 and ASCAT-measured 
cross-pol NRCS and wind speed (U10) respectively. 
Cross-pol NRCS does not depend on incidence angle or 
wind direction, but depends on wind speed13. Therefore 
we can derive a model relating NRCS of cross-pol (σ 0) to 
wind speed (U10). 
 GMF is the mathematical equation between wind speed 
and backscattering coefficient (σ 0). Here we use the  
dataset ((U10)p, (σ 0)p), where p is the number of observa-
tions. The equation of the desired GMF may be assumed 
to the linear and is given below as 
 
 0

10* .a U bσ = +  (1) 
 
The vector of n residuals fp is given by the following equ-
ation 
 
 0

10( ) ( ( ) ), 1, 2,..., .*p p pf a U b p nσ= − + =  
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Figure 2. Wind speed of cyclone Megh using (a) CMOD5.N and (b) C-band cross-polarized model. 
 

 
Sum of the squares of fps is given by 
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Since σ 0 and U10 are known, a and b are parameters of 
the function F. The minimization equation for function F 
is given as 
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The above condition, i.e. eq. (2), yields 
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Solution of the above simultaneous equations gives the 
value of a and b. Hence, the required equation of GMF 
using eq (1) is computed as follows 
 
 0

100.504 33.884,*Uσ = −  (3) 
 
where σ 0 and U10 are in dB and m s–1 respectively. The 
correlation coefficient of observed σ 0 and simulated 0

mσ  
with eq. (3) is 0.66, with a negative bias and the corres-
ponding root mean square difference (RMSD) of 0.01  
and 1.13 dB respectively. The GMF does not contain  
any terms related to incidence angle, i.e. it is not depen-
dent on incidence angle. Thus, we have developed a  
C-band GMF (C2P) for retrieving wind speed at C-band 
cross-pol observation. To retrieve ocean surface wind 
speed, we have constructed a cost function as given  
below 

 
0 0 2 2[ ( , ) ( , )] [ ( , ) ( , )]( , ) ,s k l k l u k l spd k lZ k l

u
σ σ

σ
− −= +
∇ ∇

  

  (4) 
 
where 0

sσ  and σ 0 are the simulated and observed cross-
pol NRCS respectively, u is the model wind speed and 
spd is the trial wind speed in the range 0–50 ms–1. k and l 
define the location of the pixel in the SAR image, i.e. k 
and l represent the row and column number of the pixel. 
Model speeds are taken from the atmospheric model 
ECMWF. In order to find the optimum solution of wind 
speed, we have minimized the cost function for every 
pixel of the SAR image using variational inversion  
method14. The wind speeds derived from CMOD5.N and 
C2P are validated against ASCAT11. 
 Figure 2 a and b shows RISAT-1 retrieved wind  
speed of cyclone ‘Megh’ in VV and VH polarization on 8 
November 2015 at 02 : 38 UTC. The cyclone intensity 
was 30.0 and 28.3 m s–1 with C2P and CMOD5.N respec-
tively. Figure 3 a and b shows the optimum solution of 
wind speed obtained through minimization of cost func-
tion. Wind speeds retrieved through CMOD5.N and C2P 
were validated against ASCAT data. Statistical results 
show negative biases of 0.90 and 0.43 m s–1 with the cor-
responding RMSD of 2.11 and 1.77 m s–1 respectively 
(Table 1), for CMOD5.N and C2P, which is well within 
the acceptable limits15. Further, we have analysed wind 
speed profile of the cyclone along an arbitrary transect 
(black line in Figure 2 b). Figure 4 shows the wind speed 
profile along the transect. The intensity and radius of 
maximum wind measured from the centre are 30.0 m s–1 

and 16.65 km. 
 A wind retrieval model for moderate as well high wind 
speeds (pertaining to cyclonic conditions) has been  
developed using C-band cross polarization of RISAT-1 
SAR. The developed GMF relates the ocean surface wind 
speed to the normalized radar cross-section C-band cross-
pol. The co-pol and cross-pol GMFs are employed to 
construct a cost function for obtaining optimum solution 
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Table 1. Statistical comparison of wind speeds between Radar Imaging Satellite-1 and Advanced  
 Scatterometer of European Space Agency with CMOD5.N and C-band cross-polarized (C2P) model 

Geophysical Number of  Root mean square STD (m s–1) 
model functions points Bias (m s–1) difference (m s–1)  
 

CMOD5.N 7421 –0.90 2.11 1.61 
C2P  7294 –0.43 1.77 1.72 

 
 
 

 
 

Figure 3. Density scatter plot showing statistical comparison of RISAT-1 retrieved wind speed with 
ASCAT using (a) CMOD5.N and (b) C2P. 

 
 

 
 

Figure 4. Variation in wind speed along the transect passing through 
the eye of the cyclone. 
 
 
of wind speed. In the present study, it has been observed 
that the existing C-band GMF CMOD5.N is dependent on 
incidence angle and saturates under high wind speed. 
Thus, it is unable to generate high wind speeds during 
tropical cyclones. The developed GMF C2P is indepen-
dent of incidence angle and does not saturate during high 
wind speed. Hence, it is better suited to generate high 

wind speed, as seen in the case of tropical cyclones. The 
developed GMF C2P shows 16% more accuracy than that 
of the CMOD5.N. Further, a case study on cyclone Megh 
was carried out, which demonstrate the greater potential 
of the developed GMF for cyclones compared to the  
existing GMF. The main source of error in the quality of 
retrieved winds from RISAT-1 SAR can be attributed to 
the accuracy of the radiometric calibration of SAR-
derived NRCS. This has been tackled using the standard 
deviation (the so-called noise parameters) of the observed 
NRCS in the cost function used for minimizing the simu-
lated versus observed NRCS values15. In future, we  
expect to further improve and establish the accuracy of 
wind speed retrieval by considering more RISAT-1 SAR 
images for fine-tuning and validation. 
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This study examines the possibility of tidal triggering 
in the aftershock sequence of the MS 8.0 Wenchuan 
earthquake on 12 May 2008. Two methods, the Schus-
ter spectrum and KORRECT (correlation with a rec-
tangular pulse) methods, were used to explore the 
periodicities of the aftershock sequence. Firstly, we 
detected the latent periodicities through the Schuster 
spectrum method; then, we used the KORRECT  
method to verify and confirm these periodicities. 
Moreover, the aftershock catalogue was divided into 
two subsets using 16 km focal depth to discuss the im-
pact of focal depth on tidal triggering. Results show 
that the aftershocks in the first few days following the 
mainshock were mainly triggered by semidiurnal and 
diurnal tides. In the Longmen Shan Thrust Belt, shal-
low earthquakes were triggered by diurnal tides and 
deep earthquakes were triggered by semidiurnal tides. 
 
Keywords: Aftershock, earth tides, KORRECT method, 
schuster spectrum, 2008 MS 8.0 Wenchuan earthquake.  
 
THE oceans and solid earth are periodically deformed  
under the forces of celestial bodies (mainly the Sun and 
the Moon). We usually refer to them as solid tides and 
ocean tides. Related research indicates that although the 
variation of the solid tidal stress is 103 Pa, which is much 
smaller than the average stress drop of the earthquake, the 
rate of accumulation is usually greater than the tectonic 
stress1. Therefore, when the pressure in the focal area is 
close to the critical level at which the earthquake occurs, 
the tides may trigger an earthquake. Studying tidal trig-
gering can provide clues to the physical mechanisms that 
solve fault rupture.  
 Because stress changes due to the earth’s tide can be 
predicted, some studies have studied the relationship  
between the earth’s tide and aftershocks. Early in 1966, 
Berg2 supposed that the unloading of the crust by large 
ocean tides may be considered a triggering mechanism 
for the Alaska earthquake of March 1964, and its major 
aftershocks. Mohler3 considered that when tidal stress is 
favourable for motion on the fault plane, notable events 
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