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Summary 

In this paper, accuracy of Synthetic Aperture Radar (SAR)-derived wind speeds and its error 

factors are discussed by using 61 ENVISAT/ASAR images covering two inshore areas, Hiratsuka 

and Shirahama, in Japan. As a first step, effects of the pixel averaging size on the accuracy of 

retrieved wind speed are examined. The results show that the highest accuracy is obtained when 

300m-averaging is applied for Hiratsuka (RMSE = 2.30 m/s) and 200m-averaging is applied for 

Shirahama (RMSE = 1.93 m/s). These results indicate that SAR-retrieved wind speeds in the 

inshore areas in Japan are less accurate than those reported in open oceans (approx. RMSE = 1 to 

2 m/s). The errors can be caused by some phenomena particular to an inshore area. Thus, in order 

to evaluate the effect of fetch, the errors of SAR wind speeds are examined in terms of wind 

direction, distinguishing winds from land and sea sectors. As a result, the effect of fetch on the error 

of SAR-derived wind speed could not be clearly detected in this study. On the other hand, it is 

shown that SAR wind speeds depends on atmospheric stability and tend to be overestimated under 

the unstable atmospheric condition. 

1. Introduction 

 SAR observing the Earth with high spatial resolution recurrently is expected for making of 

offshore wind resource map. SAR can retrieve sea surface wind speeds using a Geophysical Model 

Function (GMF), which is an empirical model to convert from intensity of backscattered microwaves 

to wind speed. Vachon et al. (1996) reported that the Root-Mean-Squared Error (RMSE) of SAR 

wind speeds is approximately 1.5 m/s using the GMF and other studies also reported that RMSE of 

SAR wind speeds usually is 1 to 2 m/s in open oceans. However it is not well known whether the 

GMF and the method of SAR wind speed retrieval can be applied with the same accuracy for 

inshore areas in Japan, which is characterized by complex terrains. Thus, this paper validates the 

SAR wind speeds retrieved in the inshore area in Japan.  

It is conceivable that most errors of SAR wind speeds are caused by reliability of Normalized 

Radar Cross Section (NRCS), effect of speckle noise, uncertainty of wind direction and effects of 

oceanographic and atmospheric phenomena. Accuracy of NRCS depends on qualities of a sensor 

and calibration coefficients. The speckle noise is caused by scattering of coherent electromagnetic 

waves by rough surface (Goldfinger et al., 1982) and the effect of this noise can be down to below 

0.2 dB for NRCS by degrading grid cell to 2 km × 2 km (Horstmann et al., 2000). However, few 

 
 



kilometers or several tens of kilometers pixel-averaging can be applied in the open ocean, while 

few hundred meters may be a limit for the pixel-averaging in the inshore area because of short 

fetch. Therefore, it is necessary to detect the most suitable pixel-averaging sizes in the inshore area 

in consideration of the effect of the speckle noise. In this paper, we at first clarify relation between 

accuracies of SAR wind speeds and pixel-averaging sizes. And then, by using the most accurate 

SAR wind speed, other error factors caused by oceanographic and atmospheric phenomena 

peculiar to the inshore area are discussed. 

2. Data and Methods 

2.1  In situ Observation Data 

For validating the SAR-retrieved wind speed, this study uses in situ observation of sea surface 

wind speed and direction from two offshore observation towers. One is the Hiratsuka observation 

tower (35°18′20″N, 139°20′45″E) operated by Institute of Industrial Science, the University of Tokyo 

(IIS) (Fig. 1). The other is the Shirahama observation tower (35°42′32″N, 135°19′58″E) operated by 

Disaster Prevention Research Institute (DPRI), Kyoto University (Fig. 1). The size of the two towers 

is roughly the same; the height is 23 m and the maximum diameter is less than 10 m. Hourly 

10min-averaged wind speed and direction are measured at 23 m height above the Mean Sea Level 

(MSL) with a propeller anemometer at the both towers. These measured wind directions are used 

as input values to the GMF and wind speeds are used for accuracy validation of SAR-retrieved 

wind speed. Other oceanographic and atmospheric data, measured in both towers (Tables 1 and 2) 

are used for height correction of wind speed and calculation of atmospheric stability.  
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Fig.1 Geographical locations of the Hiratsuka (A) and Shirahama (B) stations (filled red 

circles). 
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Table 1 Observed elements at Hiratsuka station. 

Observation Term
Observation Hight
(reference MSL)

Remark

Air temperture above 20m Resistance temperature sensor

Sea temperture below 3m Resistance temperature sensor

Wind speed, Wind direction above 23m Propeller anemometer

Current speed, Current direction below 7m Geomagnetic electro kinetograph 

 

Table 2 Observed elements at Shirahama station. 

Observation Term
Observation Hight
( reference MSL )

Remark

Air temperture above 15m Resistance temperature sensor
Sea temperture below 5m Resistance temperature sensor
Wind speed, Wind direction above 23m Propeller anemometer  

2.2  ENVISAT/ASAR image and Geophysical Model Function (GMF) 

ENVISAT was launched on March 1, 2002. Advanced Synthetic Aperture Radar (ASAR) onboard 

ENVISAT has been operating at C-band with the HH and VV polarizations. 61 ASAR Precision 

Mode images (Hiratsuka; 23 images and Shirahama; 38 images) are used in this study. Sea 

surface wind speed is generally calculated from a SAR image using a GMF, which relates the 

Normalized Radar Cross Section (NRCS) with wind speed, relative wind direction, and radar 

incidence angle. The C-band GMF called CMOD4 （eq.(1)）(Stoffelen et al, 1997)  is used for wind 

speed retrieval in this study.  

( ) ( )( ) 6.1
2310

0 2costanhcos0.1 ϕϕσ bbbbvv ++=            ・・・(1) 

where σ0
vv is NRCS observed by VV polarized microwaves, b0,b1 and b2 are coefficients 

depending on wind speed and radar incidence angle, φ is the relative angle defined as the 

radar-looking direction minus the wind direction. For HH polarized ASAR images, the Mouche et al. 

(2005)’s equation (eq. (2)) is used to compensate for the lower radar backscatter coefficient at HH 

polarization. 
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2.3  Height Correction of Wind Speed 

Height correction of wind speed is necessary to compare observed wind speeds at 23 m above 

the MSL with SAR wind speeds at 10 m. In order to estimate 10 m wind speeds from 23 m observed 

wind speeds, we use the following vertical wind profile with the universal function Ψ(ζ) obtained 

from the Monin-Obukhov similarity theory,  
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where Uz wind speed at z(m) height, u* is friction velocity and z0 is aerodynamic roughness length. 

The relation between z0 and u* is obtained from the Charnock’s (1955) roughness length model as 

follows, 

)0185.0(/2
*0 =⋅= chch zguzz                ・・・(4) 

where zch is Charnock coefficient, which is taken from Wu (1980) and g is gravitational acceleration. 

The universal function Ψ(ζ) is defined as follow. 
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where Φ=(1 - 16ζ)1/4  and β=5. The non-dimensional stability parameter ζ= z/L is calculated as a 

function of the bulk Richardson number Rib, using the following formulation, 
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θ
, Θ is potential temperature, Θave is averaged potential temperature. 

z0 and u* can be solved simultaneously from equations (3) and (4). Then the ratio U10 / U23 can be 

estimated.  
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2.4  Method of Validation 

Gash (1986) suggested the theory of footprint for winds over land, and then Semedman et al. 

(1999) adopt the theory to the ocean wind speed. According to this theory, wind speed is defined as 

weighted mean wind speed for the ellipsoidal upwind area. In the theory, the length scale is over 

few kilometers. However the shortest fetches are 1 km and 2 km in the Hiratsuka and Shirahama 

areas, respectively. If the theory is adopted for Hiratsuka or Shirahama, averaged wind speeds can 

include the effects from pixels including land. Thus, this paper examines the accuracy of SAR wind 

speeds when small averaging area sizes are adopted. This paper takes an average of wind speeds 

over the area with a diameter which is changed from 50 m to 1000 m. The Cressman scheme 

(Cressman, 1959) (eq. (8)) is used as the averaging method. 

Wi,j = [ (R2 - di,j) / (R2 + di,j) ]                   ・・・(8) 

 
 



where R is a influence radius, which is a half of the averaging diameter, and dij is distance from 

pixel locations to the each observation tower. Hereafter, “X m-averaging” means that the diameter 

of an influence circle for average is X m. 

3. Relation between diameter of pixel averaging and accuracy 

3.1  In case including the observation tower 

Fig. 2 shows results of SAR wind speed retrieval when averaging area sizes are changed. Four 

statistical values (averaged wind speed, RMSE, bias and correlation coefficient) are found to be 

greatly changed in the range from 50 m to 200 m of averaging diameters for both sites, mainly due 

to the effect of strong backscatter from the observation tower itself. It is shown that the effect of 

strong backscatter caused by the observation tower itself is mostly disappeared in the range of 

more than 200-m averaging. In Fig. 2 (upper), 300m-averaging have the highest accuracy at 

Hiratsuka, and the RMSE, bias and correlation coefficient are 2.30 m/s, -0.59m/s and 0.76, 

respectively. Fig. 3 (left) shows scatterplot of 300m-averaging SAR wind speeds and measured 

wind speeds at Hiratsuka. SAR wind speeds are underestimated at Hiratsuka. Especially, the 

tendency of underestimation is remarkable when observed wind speeds are between 5 and 12 m/s. 

On the other hand, 200m-averaging has the highest accuracy at Shirahama (Fig. 2 (lower)), and 

the RMSE, bias and correlation coefficient are 1.93 m/s, - 0.71m/s and 0.74, respectively. The 

tendency of underestimation between 5 and 12 m/s seen at Hiratsuka is also found at Shirahama 

(Fig. 3 (right)). RMSE of SAR wind speeds are usually 1 to 2 m/s in open oceans as noted in 

Section 1. According to the results of comparison of RMSE values, it is found that the accuracies of 

SAR wind speeds in the inshore areas are lower than those in open oceans. 

3.2  In case excluding the observation tower 

 In order to remove the effect of the observation tower, the center of an averaging area is 

moved toward offshore. The center is moved 500 m southeastward for Hiratsuka and 500m 

westward for Shirahama. Fig. 4 shows the four statistic values (same as Subsection 3.1) of 

SAR wind speeds when averaging areas are changed. 100m-averaging has the highest 

accuracy with RMSE of 2.21 m/s at Hiratsuka (Fig. 4 (upper)). It is shown that a smaller 

averaging area is more suitable for the SAR wind retrieval for Hiratsuka, compared to the case 

including the observation tower, in which the 300m-averaging has the highest accuracy. On the 

other hand, 1000m-averaging has the highest accuracy with RMSE of 2.02 m/s at Shirahama. 

It is shown that a larger averaging area is more suitable in this case than in the case including 

the observation tower. 

In order to clarify the reason why the suitable averaging area is different between Hiratsuka 

and Shirahama, Fig. 5 shows magnified images of wind speed distribution around Hiratsuka 

(left) and Shirahama (right). The rectangle size of both image is roughly 2 km × 2 km. 

Measured wind speeds are 5.1 m/s (August 1, 2008) and 5.3 m/s (December 8, 2007), 

 
 



respectively. The SAR-retrieved wind speed at Shirahama is higher than that at Hiratsuka, but 

both measured wind speeds are almost the same. This overestimation at Shirahama is due to 

the speckle noise, which can be clearly seen in Fig. 5 (right). Within the 61 images used in this 

study, the number of images including remarkable speckle noises is more for Shirahama than 

for Hiratsuka. Consequently, it can be said that in case with small effects of speckle noises, 

pixel averaging for a smaller area leads to more accurate wind retrieval, while a larger-area 

averaging is more effective for images with large effects of speckle noises. 
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Fig. 2 Correlation coefficient, average (m/s), bias (m/s) and RMSE (m/s) of the wind speeds 

retrieved from 61 ASAR images and in-situ wind directions at Hiratsuka (upper) and 

Shirahama (lower). These statistical values are expressed as a function of diameter of 

pixel averaging. 
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Fig. 3 Relation between in situ wind speed and SAR wind speed using 300m-averaging 

and 200m-averaging at Hiratsuka (left) and Shirahama (right), respectively.  
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Fig. 4 Correlation coefficient, average (m/s), bias (m/s) and RMSE (m/s) of the wind 

speeds retrieved from 61 ASAR images and in-situ wind directions at Hiratsuka 

(upper) and Shirahama (lower). The center of an averaging area is moved 500 m 

from tower toward offshore. 

 

                        

Fig. 5   Wind speed distribution around Hiratsuka (left) and Shirahama (right) towers. 

Measured wind speeds are 5.1 m/s (August 1, 2008) and 5.3 m/s (December 8, 

2007), respectively. The both rectangle sizes of images are roughly 2 km ×2 km. 
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4．Effect of fetch 

It is easy to imagine that fetch affects SAR wind speeds because sea surface wave cannot be 

fully developed in case with a short fetch in the inshore area when wind blows from land. However 

the relationship between the error of SAR wind speed and the fetch is not well known. Fig. 6 shows 

relation between wind directions and relative errors (％) of SAR wind speeds at Hiratsuka (Fig. 6 

(upper)) and Shirahama (Fig. 6 (lower)). The relative error means the difference between retrieved 

 
 



and measured wind speeds divided by measured wind speed. At Hiratsuka, north and south winds 

correspond to the winds from land and sea, respectively. In Fig. 6 (upper), it seems that relative 

errors of SAR wind speeds do not depend on the fetch. On the other hand, at Shirahama, westerly 

winds blow from the sea and northerly, easterly and southerly wind come from the land. Fig. 6 

(lower) shows that SAR wind speeds of easterly and southerly winds (wind direction from 45° to 

210°) are underestimated. For the westerly and northerly winds, both underestimation and 

overestimation can be seen. Therefore, it is also unclear from Fig. 6 (lower) that wind speed 

depends on fetch. 
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Fig.6  Relation between wind directions and relative errors (％) of SAR wind speeds for 

Hiratsuka (300m-averaging; upper) and Shirahama (200m-averagingl; lower) , 

respectively. 

5.  Atmospheric stability  

Atmospheric stratification is easy to be unstable in the inshore area around Japan, because of 

cooler wind blowing from land and high sea surface temperature caused by the Kuroshio flowing on 

the Pacific side of the Japanese archipelago. Liu et al. (1996) reported that atmospheric stability 

affects SAR and scatterometer wind speed retrieval at low wind speed, and suggested that 

“Equivalent Neutral Wind”, which is the wind speed expected under the assumption of neutral 

atmospheric stratification, has to be adopted for microwave wind speed sensing. Relation between 

bulk Richardson number and relative error of SAR wind speeds is shown in Fig. 7. It is noted that 

 
 



Fig. 7 shows only the cases with wind speed of less than 6 m/s in order to see the effect of 

atmospheric stability more clearly. As the result, it is found that the SAR wind speed tends to be 

overestimated in unstable conditions (Rib<0) for both Hiratsuka and Shirahama. 
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Fig.7 Relation between Bulk Richardson Number and relative errors (％) of SAR wind speeds 

for 300m-averaging at Hiratsuka (left) and 200m-averaging at Shirahama (right), 

respectively. 

6. Conclusions 

SAR wind speeds retrieved from 61 ENVISAT/ASAR images are validated in the inshore areas, 

Hiratsuka and Shirahama, Japan. Firstly, the relation between pixel-averaging size and accuracy of 

SAR-retrieved wind speed is examined. As a result, in Hiratsuka, the minimum RMSE of 2.30 m/s is 

achieved when 300m-averaging is applied, while that of 1.93 m/s is obtained in Shirahama when 

200m-averaging is applied. These accuracies are lower than those reported for open oceans in 

previous studies. It also is shown that strong backscatters from the observation tower itself greatly 

affect the accuracy when the pixel-averaging size is less than 200m. Then, in order to remove the 

effect of the tower, the center of the averaging area is moved toward 500m offshore. As a result, in 

this case, a smaller averaging area is found to result in more accurate wind retrieval for 

Hiratsuka, compared to the case including effects from the observation tower. On the other 

hand, for Shirahama, a larger averaging area is found to be more suitable than in case 

including the tower. This difference of the suitable averaging area is caused by effects of 

speckle noise. In case with small effects of speckle noises, pixel averaging for a smaller area 

leads to more accurate wind retrieval, while a larger-area averaging is more effective for 

images with large effects of speckle noises. From the comparison between fetch and error of 

SAR wind speed, the effect of the fetch on the relative error of SAR wind speeds is not clearly 

detected in this study. On the other hand, it is shown that SAR wind speeds depends on 

atmospheric stability and tend to be overestimated under the unstable atmospheric condition. To 

reduce this kind of error, it is desirable to use a model function taking “Equivalent Neutral Wind” into 

account.  
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