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ABSTRACT
Wind speed is the main factor responsible for the increase in ocean thermal emission because sea surface
emissivity strongly depends on surface roughness. An alternative approach to estimate the surface wind speed
(SWS) as a function of surface roughness is developed in this study. For the sea surface emissivity, the state-ofthe-art forward Fast Microwave Emissivity Model, version 3 (FASTEM-3), which is applicable for a wide
range of microwave frequencies at incidence angles of less than 608, is used. Special Sensor Microwave Imager
and Advanced Microwave Scanning Radiometer (AMSR-E) observations are simulated using FASTEM-3
and the Global Data Assimilation and Prediction System operated by the Korea Meteorological Administration. The performance of the SWS retrieval algorithm is assessed by comparing its SWS output to that of
the Global Data Assimilation System operated by the National Centers for Environmental Prediction. The
surface roughness is computed using the Hong approximation and characteristics of the polarization ratio.
When compared with the Tropical Atmosphere–Ocean data, the bias and root-mean-square error (RMSE) of
the SWS outputs from the proposed wind speed retrieval algorithm were found to be 0.32 m s21 (bias) and
0.37 m s21 (RMSE) for the AMSR-E 18.7-GHz channel, 0.38 m s21 (bias) and 0.42 m s21 (RMSE) for the
AMSR-E 23.8-GHz channel, and 0.45 m s21 (bias) and 0.49 m s21 (RMSE) for the AMSR-E 36.5-GHz
channel. Consequently, this research provides an alternative method to retrieve the SWS with minimal
a priori information on the sea surface.

1. Introduction
Satellite microwave radiometry can be used to measure
the energy emitted from the ocean surface because the
sea surface emissivity is heavily influenced by the physical
state of the ocean surface. The intensity of polarized
radiation observed by the satellite microwave sensors
depends on the surface emissivity, with high reflectivity
associated with low emissivity. Generally, ocean surfaces
specularly reflect most of the impinging radiation. Surface wind speed (SWS) is the main factor responsible for
the increase in surface emissivity and observed brightness
temperature TB because roughness and foam effects are
driven by SWS.
Many well-calibrated ocean emissivity models have
been investigated (Stogryn 1967; Wilheit 1979; Wentz
and Meissner 2000; Uhlhorn et al. 2007). Theoretical
models for polarimetric passive remote sensing of rough
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surfaces have been developed (Chuang and Kong 1982;
Yueh et al. 1988; Veysoglu 1991; Yueh et al. 1994). Satellite microwave remote sensing is extremely important
for observing the SWS because in situ measurement, such
as that conducted from buoys and ships, can cover only
a fraction of the global ocean surface. Currently, there
are two microwave remote sensing approaches. The first
approach involves active remote sensing using scatterometers on spacecraft, such as Quick Scatterometer
(QuickSCAT; JPL 2006) and Advanced Scatterometer
(ASCAT; Figa-Saldaña et al. 2002), operating at Ku
band to estimate the surface wind vectors because the
backscattered power is related to surface roughness
parameters, such as centimeter-scale capillary (Moore
at al. 2005). Synthetic aperture radars (SAR) such as
RADARSAT-1 (see special issue of Canadian Journal of
Remote Sensing, 1993, Vol. 19, No. 4), RADARSAT-2
(see special issue of Canadian Journal of Remote Sensing,
2004, Vol. 30, No. 3), Environmental Satellite (Envisat;
Desnos et al. 2000), Terra-SAR X (Kahle et al. 2007), and
Constellation of Small Satellites for the Mediterranean
Basin Observation (COSMO-SkyMed; Agenzia Spaziale
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Italiana 2007) have been shown to accurately measure
SWS. The SAR SWS retrieval method originating from
C-band scatterometer models (Quilfen et al. 1998;
Stoffelen and Anderson 2002) are based on correlation
analysis of European Centre for Medium-Range Weather
Forecasts (ECMWF) ocean wind field results, global
ocean buoy data, and C-band scatterometer data. Passive
microwave remote sensing of the ocean surface using
Special Sensor Microwave Imager (SSM/I), Advanced
Microwave Scanning Radiometer (AMSR-E), and Tropical Rainfall Measuring Mission (TRMM) Microwave
Imager (TMI) also provide the SWS through the response of the microwave emissivity to the surface
roughness without extracting wind directions (Wentz
et al. 1986).
This study proposes an alternative approach for retrieving the SWS as a function of surface roughness as
measured from microwave satellite remote sensing.

2. Theoretical background
In satellite ocean remote sensing, the TB measured by
the satellite microwave sensors is the sum of the contributions from both the atmosphere and ocean surface.
According to radiative transfer theory, the TB at the top
of the atmosphere is simply expressed as
TB 5 (1 2 RR )TS G 1 T[ 1 RR TY G,

(1)

where RR is the reflectivity for the rough sea surface,
TS is the sea surface temperature, G is the atmospheric transmittance, and T[ and TY are the upward
and downward atmospheric brightness temperatures,
respectively.
Wentz and Meissner (2000) introduced a fit parameter
V for the scattered radiation of TY on the ocean surface
because the TY on rough sea surfaces is scattered in all
directions. Accordingly, Eq. (1) is rewritten as follows:
TB 5 (1 2 RR )TS G 1 T[ 1 RR TY G(1 1 V) .

(2)

Therefore, RR can be estimated as follows:
RR 5 (TB 2 T[ 2 TS G)f[TY (1 1 V) 2 TS ]Gg21 .

(3)

Under the nonraining condition, the atmospheric contributions are negligible to the brightness temperature at
low microwave frequencies (Yan and Weng 2008). The
atmospheric contribution represents about 5% of the
total apparent TB of the ocean from the aircraft experiment at lower frequencies (,10 GHz) (Uhlhorn and
Black 2003). The atmospheric radiation effects at 6.9 GHz
are much less than 0.2 K for vertical (V) polarization
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and 0.8 K for horizontal (H) polarization, respectively
(Wentz 2002).
As for surface effects, sea surface reflectivity RR has
been modeled as the sum of specular reflectivity and
rough reflectivity driven by wind. Most SWS retrieval
algorithms need a geophysical forward model to relate
sea surface reflectivity to SWS. In the case of specular
reflection, the V- and H-polarized reflectivities RS,V and
RS,H are calculated for the given wavelength the incidence angle using the Fresnel equation, if the surface
refractive index is known a priori. The roughness contribution DR to the surface reflectivity is mathematically
defined as follows:
DR 5 RR 2 RS ,

(4)

where RR and RS are the rough and specular reflectivities, respectively.
In general, small- and large-scale surface roughness
relative to the wavelength has been modeled by physical
optics and geometric optics, respectively (Ulaby and
Elachi 1990). To determine the reflectivity of rough
surfaces, the coherent approach considers both the
amplitude and phases within the medium, whereas the
incoherent approach uses amplitudes only (Ulaby et al.
1981). In the case of ocean surfaces, the roughness
contribution is associated with diffraction of microwaves
by physical optics, geometric optics, and sea foam caused
by the breaking of gravity ocean waves at high SWS. The
foam effect is small at higher frequencies (Etcheto et al.
2004). The large-scale surface roughness is governed by
gravity (gravity waves), while the small-scale surface
roughness (capillary waves) is mainly driven by surface
tension (Liu et al. 2011). According to English and
Hewison (1998), large-scale roughness results in geometric specular reflection. Large-scale roughness may
have no relation with instantaneous SWS, whereas
small-scale roughness on the sea surface is related to the
SWS. Estimation of small-scale rough surface reflectivity requires very detailed information about the surface geometry, and obtaining such information is very
difficult (Wegmüller and Mätzler 1999); therefore, measurement of Bragg scattering has become an important
process in estimation of small-scale rough surface reflectivity, as follows (Wu and Fung 1972; Choudhury
et al. 1979; English and Hewison 1998):
RR 5 RS exp[2(4psl21 cosu)2 ],

(5)

where RR and RS are the rough and specular surface
reflectivities with the same complex refractive index n^,
respectively. The s is the small-scale roughness, l is the
wavelength, and u is the view angle.
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3. Data and methods
a. Small-scale roughness retrieval
In general, calculation of specular reflectivity at a
given frequency and incidence angle using the Fresnel
equation requires a priori information on the surface. In
many cases, the dielectric property of the surface is not
known because of the variety, heterogeneity, and complexity of the surface component and physical state.
To use the observed polarization information, Hong
(2009a) derived the following approximate relationship
between RS,V and RS,H (Hong approximation) by taking
the first term of the Taylor expansion of the ratio between lnRS,V and lnRS,H in the Fresnel equation:
u
RS,H ’ RSsec
,V .
2

(6)

The Hong approximation, which does not require a
priori knowledge of the dielectric property of the surface,
has been applied to various remote sensing studies for
decomposing unpolarized emissivity (Hong 2010a), detecting Asian dust events over the sea (Hong 2009b), and
validating the surface emissivity forward model (Hong
et al. 2010).
In addition, Hong (2010b) proposed an inversion
method for retrieving the surface roughness over land
and sea. This method is based on the characteristics of the
polarization ratio of rough surfaces at incident angles
near the Brewster angles (RR,H ’ RS,V and RR,V , RS,V ).
Many satellite microwave sensors including SSM/I,
TMI, and AMSR-E are observing Earth with viewing
angles close to the Brewster angles. Therefore, the
H-polarized specular reflectivity can be estimated as
2
u
without using the Fresnel equations.
RS,H ’ RRcos
,V
Consequently, the small-scale roughness is estimated by
using the observed rough surface reflectivities near the
Brewster angles, as follows (Hong 2010b,c,d):
u 21 0:5
s ’ l(4p cosu)21 [ln(RRcos
.
,H RR,V )]
2

(7)

It is important to note that if the polarized reflectivities
on the rough surface are observed, then the small-scale
roughness near the Brewster angles can be estimated
using Eq. (7) without knowing the refractive index of
the surface. Equation (7) has been applied to surface
roughness studies (Hong 2010b,c,d), climate change
studies (Hong 2010d; Hong and Shin 2010), and soil
moisture algorithm development (Hong and Shin 2011).

b. FASTEM-3 and Global Data Assimilation and
Prediction System (GDAPS) data
For the surface reflectivity estimation, we use the stateof-the-art Fast Microwave Emissivity Model, version 3

(FASTEM-3), an extended version of FASTEM-2
(Deblonde and English 2000). FASTEM-2 incorporates
the Fresnel equation for the specular reflection, Bragg
scattering for the small-scale roughness, multiple-layering
for foam effect, and geometric optics for the large-scale
roughness with an accuracy of 0.5% for the ocean surface (English and Hewison 1998). FASTEM-3 (Saunders
2006) can estimate the azimuthal dependence of the
surface reflectivity on wind direction (Liu and Weng
2003) because it utilizes the Stokes third and fourth
components for a polarimetric sensor such as WindSat.
FASTEM-4 has a new permittivity model for frequencies between 1.4 and 410 GHz, a modified sea surface
roughness model (Durden and Vesecky 1985). However,
the FASTEM-3 is preferable to FASTEM-4 because the
latter has a known bug, which reports a significant change
in radiance for high wind speeds (Saunders et al. 2012).
Therefore, we use the FASTEM-3 instead of Eq. (3) for
the estimation of rough sea surface reflectivity in this
study because we attempt to find a relationship between
the surface roughness and SWS at the given surface
reflectivity.
To simulate the reflectivity spectrum, we use the outputs of FASTEM-3 and the GDAPS operated by the
Korea Meteorological Administration (KMA) as input
and reference. The GDAPS contains data about the sea
surface temperature and SWS at 10-m height. The date of
the data used in this study is 0600 UTC 24 February 2009.

c. Simulation and procedure
The SSM/I and AMSR-E sensors are well calibrated
and widely used to provide SWS information. The
SSM/I operates at 19.35, 37, and 85.5 GHz with dual
polarization and at 22.235 GHz with a V polarization
at incidence angles of 53.48 6 0.258 (Wentz 1997). The
mean difference and standard deviation between the
SSM/I SWS values and collocated buoy measurement
values that have been corrected for contamination by
rain and ice are less than 0.4 and 1.4 m s21, respectively
(Meissner et al. 2001).
The AMSR-E on the Aqua satellite launched in 2002
measures the brightness temperatures at 6.9, 10.7, 18.7,
23.8, 36.5, and 89 GHz with dual polarization at the 558
incidence angle (Kawanishi et al. 2003). Currently, the
AMSR-E provides global observations of SWS at 10 m
above the sea surface (Wentz et al. 2003; Wentz and
Meissner 2007). Under rain-free conditions, AMSR-E
SWS is retrieved mainly from 37-GHz V- and H-polarized
brightness temperatures (BTs) using a graphical method
(Shibata 2002). A comparison of AMSR-E SWS values
with SWS values obtained from tropical and midlatitude Pacific surface buoys showed a RMSE of about
;(1.6–1.7) m s21. The bias and standard deviation of

Unauthenticated | Downloaded 01/09/23 08:41 AM UTC

510

JOURNAL OF APPLIED METEOROLOGY AND CLIMATOLOGY

VOLUME 52

FIG. 1. Relationship between retrieved roughness and SWS calculated using (a) FASTEM-2
and (b) inversion method for SSM/I at 19, 37, and 85 GHz; (c),(d) the equivalents using
FASTEM-3 for AMSR-E 18.7, 23.8, 36.5, and 89 GHz.

AMSR-E SWS mean error were 20.6 6 1.5 m s21 in
summer and 0.4 6 1.9 m s21 in winter (Konda et al. 2009).
In this study, first, the rough surface reflectivities observed using SSM/I and AMSR-E sensors are simulated
using FASTEM-3 and KMA GDAPS SWS data. Second, the surface roughness is calculated using Eq. (7).
Third, relationships between the small-scale roughness
and SWS are obtained from the separate regression fittings for SSM/I using FASTEM-2 and AMSR-E using
FASTEM-3. A statistical analysis of the regression is
then performed. Third, Global Data Assimilation System (GDAS) SWS data from the National Centers for
Environmental Prediction (NCEP) on 0600 UTC 10 April
2011 is used for validating the proposed algorithm. Finally,
SWS data from Tropical Atmosphere–Ocean (TAO)

buoys obtained at 0000, 0600, 1200, and 1800 UTC
during April 2011 are used for validating the proposed
algorithm.

4. Results
Figure 1 shows the scatterplots of roughness versus
the GDAPS wind speed for SSM/I 19-, 37-, and 85-GHz
measurements using FASTEM-2; and for AMSR-E
18.7, 23.8, 36.5, and 89 GHz using FASTEM-3. Tables 1
and 2 summarize the linear regression coefficients for
the roughness–SWS relationships at SSM/I 19-, 37-, and
85-GHz channels using both forward (FASTEM-2) and
inversion methods; and AMSR-E 18.7-, 23.8-, 36.5-,
and 89-GHz channels using both forward (FASTEM-3)

TABLE 1. Linear regression coefficients of the relationship between roughness and SWS for SSM/I 19-, 37-, and 85-GHz channels obtained
using FASTEM-2 (F) and the Hong algorithm (H).
Channel
19 GHz
37 GHz
85 GHz

SWS
,5
.5
,5
.5
,5
.5

m
m
m
m
m
m

Slope (F)
21

s
s21
s21
s21
s21
s21

0.003
0.002
0.001
0.001
0.000
0.000

239
516
569
290
764
605

4
6
0
8
5
1

Offset (F)

Slope (H)

Offset (H)

0.009
0.012
0.004
0.005
0.002
0.002

0.002
0.002
0.001
0.001
0.000
0.000

0.011
0.013
0.006
0.006
0.003
0.003

229
534
667
886
238
975

9
0
7
8
9
1

975
476
374
257
650
580

4
6
7
9
9
5

532
828
469
951
336
660

7
3
7
5
8
2
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TABLE 2. Linear regression coefficients of the relationship between roughness and SWS for AMSR-E 18.7-, 23.8-, 36.5-, and 89-GHz
channels obtained using FASTEM-3 (F) and the Hong algorithm (H).
Channel
18.7 GHz
23.8 GHz
36.5 GHz
89 GHz

SWS
,5
.5
,5
.5
,5
.5
,5
.5

m
m
m
m
m
m
m
m

s21
s21
s21
s21
s21
s21
s21
s21

Slope (F)
0.003
0.002
0.002
0.002
0.001
0.001
0.000
0.000

669
702
750
092
746
374
816
625

03
99
90
72
07
51
92
02

and inversion methods, respectively. The relationship
between retrieved roughness and SWS calculated for all
the channels using FASTEM-3, which, as compared with
FASTEM-2, has a symmetrical and broad distribution.

Offset (F)
0.010
0.014
0.007
0.011
0.005
0.006
0.002
0.003

124
941
772
021
170
955
505
454

2
8
0
3
5
9
3
3

Slope (H)
0.003
0.002
0.002
0.002
0.001
0.001
0.000
0.000

701
724
746
107
706
377
774
615

92
63
73
47
22
25
23
05

Offset (H)
0.009
0.014
0.007
0.011
0.005
0.007
0.002
0.003

828
788
791
029
552
183
939
746

26
30
54
20
35
86
57
57

This is due to the wind direction effects in FASTEM-3.
It is noteworthy that the azimuthal angular dependence
of wind direction on the surface reflectivity is related not
to bias values, but to RMSE values. It is difficult to

FIG. 2. (a) GDAPS SWS on 24 Feb 2009; GDAPS SWS minus retrieved SWS for the (b) SSM/I 19-GHz and the AMSR-E (c) 18.7- and
(d) 36.5-GHz channels.
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FIG. 3. (a) GDAS SWS on 10 Apr 2011; GDAS SWS minus retrieved SWS for the AMSR-E (b) 18.7-, (c) 23.8-, and (d) 36.5-GHz channels.

determine the differences in linear regression coefficients
for the relationship between roughness and SWS for
AMSR-E 18.7-, 23.8-, and 36.5-GHz channels using
FASTEM-3 and FASTEM-2. The results for the forward and inversion methods show excellent agreement
with each other. The inversion method generates more
uncertainty at the high frequency and low SWSs. It is
important to note that the proposed algorithm does not
require any forward models or a priori information on
the sea surface. For SSM/I and AMSR-E, the SWS are
fitted using least squares regression of the data. Separate
straight lines are fitted for low (,5 m s21), moderate,
and high (.5 m s21) SWSs. Both methods produce similar results, which proves the effectiveness of the Hong
approximation. For each frequency, there is a linear relationship. The linearity strengthens and the roughness
decreases as the frequency increases because of the

limitation of the channel resolution. The lines illustrate
the results of regression between the roughness and SWS.
Figure 2 shows the difference between the GDAPS
SWS and the retrieved SWS using the proposed algorithm
for AMSR-E. The SWS over polar sea ice and snowcovered areas should be excluded because they are different surface types from seawater. For SSM/I simulations
using FASTEM-2 and AMSR-E simulations using

TABLE 3. The bias and RMSE for AMSR-E 18.7-, 23.8-, and
36.5-GHz channels.
Channel (GHz)
21

Bias (m s )
RMSE (m s21)
Correlation

18.7

23.8

36.5

0.090
0.572
0.992

0.138
0.589
0.993

0.234
0.601
0.995
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FIG. 4. Scatterplots for TAO SWS (observation) and retrieved SWS (estimation)
for AMSR-E (a) 18.7-, (b) 23.8-, and (c)
36.5-GHz channels.

FASTEM-3, the retrieved SWS using the coefficients
in Tables 1 and 2 show excellent agreement with the
GDAPS SWS data. In this case, without wind direction
effect, the bias and RMSE of the retrieved SWS for the
SSM/I 19-GHz channel between 608N and 608S are 0.09
and 0.25 m s21, respectively. With azimuthal dependence,
the biases of the retrieved SWS for the AMSR-E 18.7-,
23.8-, and 36.5-GHz channels between 608N and 608S
are 0.05, 0.09, and 0.17 m s21, respectively. The corresponding RMSEs of the retrieved SWSs for the 18.7-,
23.8-, and 36.5-GHz channels are 0.58, 0.59, and 0.61 m s21,
respectively. These results verify the physical accuracy
of the proposed SWS algorithm. It is notable that no
forward modeling is performed to estimate the SWS in
this algorithm.
Figure 3 shows the results after applying the Hong
algorithm to different SWS data, that is, GDAS SWS
on 0600 UTC 10 April 2011. In this case, the regression
coefficients obtained using GDAPS data on 0600 UTC
24 February 2009 for AMSR-E channels are applied.

The bias and RMSE for AMSR-E 18.7-, 23.8-, and
36.5-GHz channels are summarized in Table 3. With
azimuthal dependence, the biases of the retrieved
SWS for the AMSR-E 18.7-, 23.8-, and 36.5-GHz
channels between 608N and 608S are 0.09, 0.14, and
0.23 m s21, respectively. The corresponding RMSEs
of the retrieved SWSs for the AMSR-E 18.7-, 23.8-,
and 36.5-GHz channels are 0.57, 0.59, and 0.60 m s21,
respectively. The bias and RMSE increase with frequency. This is reasonable given that the spatial resolution of the surface roughness is dependent on the
TABLE 4. The bias and RMSE for SWS for TAO buoy and SWS
obtained using the Hong algorithm for AMSR-E 18.7-, 23.8-, and
36.5-GHz channels.
Channel (GHz)
21

Bias (m s )
RMSE (m s21)
Correlation

18.7

23.8

36.5

0.318
0.367
0.996

0.376
0.420
0.996

0.452
0.487
0.996
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incident wavelength. However, the bias and RMSE are
much less than the previous results, which are mentioned above.
Figure 4 shows the results of a comparison of TAO
buoy SWS data and AMSR-E SWS data, which are
based on the Hong algorithm. TAO data for 1 month
(1–30 April 2011) were used. TAO buoy and GDAS data
were spatially and temporally collocated. Both datasets
have 18 3 18 latitude by longitude resolution. The temporal collocation was done daily at 0000, 0600, 1200, and
1800 UTC. TAO and GDAS data coincide in 3120 cases.
The regression coefficients obtained using the Hong
algorithm are applied to generate AMSR-E SWS data.
The bias and RMSE of the SWS outputs (Table 4) were
found to be 0.32 m s21 (bias) and 0.37 m s21 (RMSE) for
the AMSR-E 18.7-GHz channel, 0.38 m s21 (bias) and
0.42 m s21 (RMSE) for the AMSR-E 23.8-GHz channel, and 0.45 m s21 (bias) and 0.49 m s21 (RMSE) for
the AMSR-E 36.5-GHz channel. The bias and RMSE
are much less than those observed in the previous studies
because the TAO SWS ranged from 0 to 12 m s21 in the
tropical Pacific region.

5. Summary and discussion
The SWS information derived from satellite microwave remote sensing data is important for observing the
energy emitted from the ocean and the physical state of
the sea surface given that in situ measurement, such as
that conducted from buoys and ships, can cover only
a fraction of the global ocean surface. Physically, smallscale roughness is driven by the SWS. In this study, an
alternative approach is presented for retrieving the SWS
as a function of the surface roughness estimated by
satellite microwave remote sensors. The proposed algorithm is based on the Hong approximation and the
characteristics of polarization ratios near the Brewster’s
angle of modern microwave sensors mounted on the
satellites.
The SWS algorithm is derived using FASTEM-3 and
GDAPS data, and then validated with GDAS data.
FASTEM-3 incorporates specular, small-scale, largescale surface roughness effects, and wind direction effects. Small-scale roughness is estimated from the V- and
H-polarized reflectivities using the Hong approximation
and characteristics of the polarization ratio near the
Brewster’s angle. Relationships between the small-scale
surface roughness and SWS are then derived using the
linear regressions for SSM/I 19-, 37-, and 85-GHz channels with FASTEM-2 and for AMSR-E channels from
18.7 to 89 GHz with FASTEM-3. Within the latitude
range from 608N to 608S, the retrieved SWSs when
compared with the GDAS SWS have a low bias
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(,0.25 m s21) and RMSE (,0.6 m s21). A study of the
TAO buoy SWSs and the retrieved SWSs for the tropical
Pacific region still provides a low bias (,0.45 m s21) and
RMSE (,0.5 m s21).
Therefore, the proposed algorithm can retrieve the
SWS accurately if the ocean surface emissivity is estimated with reasonable accuracy. The proposed algorithm could also be applied to the European Space
Agency’s Soil Moisture and Ocean Salinity 1.4-GHz
radiometer for measurement of a wide range of SWSs.
In future works, the SWS will be analyzed using direct
measurements of surface reflectivity from microwave
radiometer observations.
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