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Abstract 32 

     We present a method to retrieve wind speeds in hurricanes from spaceborne passive 33 

microwave radiometer data. The AMSR-E and AMSR2 onboard Earth Observing System 34 

(EOS) Aqua and Global Change Observation Mission-Water 1 (GCOM-W1) satellites 35 

brightness temperature (TB) observations acquired at 6.9 GHz horizontal polarization 36 

channel are selected for wind retrieval due to the fact that the signal at this frequency is 37 

sensitive to high wind speeds, but less sensitive to rain scatter than those acquired at other 38 

higher frequency channels. The AMSR-E and AMSR2 observations of 53 hurricanes 39 

between 2002 and 2014 are collected and collocated with Stepped-Frequency Microwave 40 

Radiometer (SFMR) measurements. Based on the small slope approximation (SSA)/small 41 

perturbation method (SPM) model, and an ocean surface roughness spectrum, the wind 42 

speeds are retrieved from the TB data and validated against the SFMR measurements. 43 

Statistical comparison of the entire dataset shows that the bias and root-mean-square error 44 

(RMSE) of the retrieved wind speeds are 1.11 and 4.34 m/s, respectively, which suggests 45 

that the proposed method can obtain high wind speeds under hurricane conditions. Two 46 

case studies show that the wind speed retrieval bias and RMSE are 1.08 and 3.93 m/s for 47 

Hurricane Earl, and 0.09 and 3.23 m/s for Hurricane Edouard, respectively. The retrieved 48 

wind speeds from the AMSR-E and AMSR2 continuous three-day observations clearly 49 

show the process of hurricane intensification and weakening.  50 

 51 

1.  Introduction 52 

     The wind passing over the ocean drives a full range of ocean circulations and waves, 53 

and also modulates the air-sea exchanges of heat, moisture, and gases. Wind speed is a 54 
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fundamental parameter that needs accurate global measurements for the purpose of 55 

running operational weather models and providing warnings for shipping and fishery 56 

vessels when storms approach. Buoys and ships can routinely provide in situ surface 57 

wind speed measurements in specific and sparse geographical locations only. However, 58 

the anemometers onboard buoys and ships lose their functionality under extreme weather 59 

events such as tropical cyclones.    60 

    The active microwave scatterometers such as QuikSCAT and ASCAT onboard the 61 

SeaWinds and Metop-A satellites are able to monitor hurricane wind fields with large 62 

area coverage [1-4]. Synthetic aperture radars (SARs) have the capability to measure 63 

ocean surface winds under moderate sea state with systematic errors of less than 2 m/s [5-64 

8]. Co-polarized (HH or VV) SAR measurements have been applied to retrieving high 65 

wind speeds [9-13], but the retrieval accuracy is affected by the radar backscattering 66 

saturation under hurricane or typhoon conditions. Studies show that cross-polarized (HV 67 

or VH) SAR returns may improve hurricane or typhoon surface wind retrieval, but signal 68 

insensitivity due to surface roughness and foam saturation may remain an issue for cross-69 

polarization sea returns [14-21].  70 

      Spaceborne passive microwave radiometers are also very useful instruments for 71 

measuring ocean surface wind speeds. Statistical and physical-based methods have been 72 

widely used to retrieve wind speeds under moderate sea states via radiometer brightness 73 

temperature (TB) observations. The statistical algorithm uses regression or an artificial 74 

neural network (ANN) technique to derive the relationship between the TB and the ocean 75 

surface wind speed [22-23]. The physical-based algorithm employs a radiative transfer 76 

model (RTM) [24-25], which requires an accurate ocean surface microwave emissivity 77 
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estimation, as well as atmospheric temperature and water vapor profiles. Both types of 78 

algorithms have been applied for high wind retrievals [25-28]. The TB data acquired at 79 

6.9 GHz (C-band), 10.7 GHz (X-band), or 1.4 GHz (L-band) have been used to retrieve 80 

high wind speeds, because the signals observed at these lower frequencies are sensitive to 81 

high wind speeds and less affected by rain and atmospheric effects than those at higher 82 

frequencies. 83 

     Previous studies have shown that raindrops have an important influence on the ocean 84 

surface microwave signal. For example, rain increases the atmospheric attenuation, 85 

particularly at higher radar frequencies [29], but the rain scattering can be ignored if the 86 

microwave wavelength is much larger than the raindrop size. The TB acquired at 1.4 GHz 87 

is suitable for remote sensing of hurricane wind speeds [28], and raindrop-induced 88 

scattering can be neglected for frequencies below 10 GHz when the rain rate is less than 89 

12 mm/h [22, 30]. The AMSR-E and AMSR2 provide measurements at these relatively 90 

lower frequency channels (6.9 GHz and 10.7 GHz). Recently, the AMSR2 TB data 91 

acquired at 10.7 GHz channel have been applied to retrieve the ocean surface wind 92 

speeds of the polar low over the North Sea, which can reduce the masking area under 93 

severe marine conditions. [26]. It is noted that the effects of the atmospheric water vapor 94 

and cloud liquid water on the TB at high latitudes are smaller than on those observed over 95 

the hurricanes in low and middle latitude regions. Moreover, the retrieval results [26] 96 

were only compared with the in situ surface wind speed measurements ranging from 4 to 97 

26 m/s, and not validated using the high wind observations in hurricanes. Although the 98 

AMSR2 6.9 and 10.7 GHz TB data have been further used to estimate the high wind 99 
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speeds in extratropical cyclones, the proposed retrieval method is based on an ANN 100 

model [27]. 101 

 In this study, an approach to retrieve high wind speeds in hurricanes using 102 

spaceborne microwave radiometer observations is proposed. This retrieval algorithm is 103 

based on a SSA/SPM model and a high sea state surface roughness spectrum (referred to 104 

as the H roughness spectrum hereafter). The ocean surface roughness which is driven by 105 

surface wind plays an important role in understanding the air-sea interaction, net 106 

momentum flux from air to ocean, wind wave generation, and changing ocean surface 107 

emissivity. An accurate interpretation of the active microwave radar backscatter, as well 108 

as the passive radiometer emission measurements, relies on a good understanding of the 109 

properties of ocean surface roughness. For example, a dimensionless surface roughness 110 

spectrum (H spectrum) has been empirically parameterized as a power-law function of 111 

the dimensionless wind speed, which is expressed as the ratio of the wind friction 112 

velocity and the phase speed of the surface roughness wave component [31]. This 113 

roughness spectrum can be applied to the computation of the normalized radar cross 114 

sections (NRCS) at low and moderate wind speeds. The H spectrum was further modified 115 

by incorporating wave spectra inverted from Ku-, C- and L-band GMFs over the wind 116 

speed ranging from mild to hurricane conditions to improve the active and passive 117 

microwave computations of the NRCS and brightness temperature in high winds [32].  118 

The wind speed has a greater influence on the ocean surface emissivity at horizontal 119 

polarization than at vertical polarization [25]. In our proposed algorithm, the high wind 120 

speeds inside hurricanes are obtained by using the AMSR-E and AMSR2 TB 121 

measurements at 6.9 GHz horizontal polarization channel. The proposed high wind speed 122 
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retrieval algorithm is validated with the airborne SFMR along-track measurements in 53 123 

hurricanes occurred between 2002 and 2014.  124 

This paper is organized as follows: Section 2 describes the dataset used in this study; 125 

Section 3 illustrates the proposed high wind speed retrieval algorithm development; 126 

Section 4 presents the results and discussions; and Section 5 contains the summary. 127 

 128 

2.  Dataset 129 

      In this research, AMSR-E and AMSR2 TB observations over hurricanes, SFMR 130 

along-track wind speed measurements and sea surface temperature (SST) used in the 131 

SFMR surface wind retrieval, and HYbrid Coordinate Ocean Model (HYCOM) model-132 

simulated SST, are used to develop and validate a proposed high wind speed retrieval 133 

algorithm. These elements are described in the following subsections. 134 

 135 

2.1 Spaceborne passive microwave radiometer observations 136 

The AMSR-E is a six-frequency, twelve-channel conically scanning passive 137 

microwave radiometer onboard the Earth Observing System (EOS) Aqua satellite. It 138 

measures horizontally and vertically polarized TB at 6.9, 10.7, 18.7, 23.8, 36.5, and 89 139 

GHz. The mean spatial resolution and footprint size at 6.9 GHz are 56 km and 43 km by 140 

75 km, respectively. At an altitude of 705 km, it measures the up-welling scene TB over a 141 

swath of 1445 km.  142 

The AMSR2 is onboard the Japan Aerospace Exploration Agency’s (JAXA’s) Global 143 

Change Observation Mission-Water 1 (GCOM-W1), and is also a conically scanning 144 

passive microwave radiometer that measures microwave emissions and scattering from 145 
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the Earth’s surface and atmosphere. The AMSR2 is similar to the AMSR-E. However, it 146 

adds extra horizontal and vertical polarization channels at 7.3 GHz, and its swath is 1450 147 

km. The addition of the two new channels was initially intended for the radio frequency 148 

interference (RFI) pixel identification. The AMSR2 features improved calibration with 149 

respect to AMSR-E and a higher spatial resolution due to larger antenna diameter. For 150 

AMSR2, the footprint size at 6.9 GHz is 35km by 62 km. 151 

  At 6.9 and 10.7 GHz, previous studies have shown that the scattering effects resulting 152 

from rain particles is usually smaller than 3 K, even in the presence of heavy rains [25]. 153 

The sensitivity to the ocean surface wind speed at horizontal polarization is larger than at 154 

vertical polarization [33];  at 6.9 GHz the sensitivity is about 1 K / (m/s) for wind speeds 155 

up to about 20 m/s [22].  156 

 157 

2.2 Airborne stepped-frequency microwave radiometer measurements 158 

    The National Oceanic Atmospheric Administration (NOAA) Hurricane Research 159 

Division’s (HRD) airborne SFMR onboard the NOAA WP-3D aircraft is the prototype 160 

for a new generation of operational airborne remote sensing instruments designed for the 161 

purpose of measuring the surface winds and rainfall in hurricanes. The SFMR observes 162 

the hurricanes at frequencies from 4.6 to 7.2 GHz, and provides along-track wind 163 

measurements up to 60 m/s [34]. Note that the observed SST and sea surface salinity used 164 

in the surface wind retrieval of SFMR are also provided by HRD. Its temporal and spatial 165 

resolutions are 1 s and ~1.5 km, respectively. The first experimental SFMR surface wind 166 

measurements were made during Hurricane Allen in 1980 [35], and the first operational 167 

transmissions of the SFMR winds to the Tropical Prediction Center/National Hurricane 168 
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Center (TPC/NHC) took place during Hurricane Dennis in 1999 [34]. The SFMR surface 169 

wind speed estimates have been validated against global positioning system (GPS) 170 

dropwindsonde measurements [36], and the root-mean-square error (RMSE) is 171 

approximately 4 m/s [37]. The SFMR-derived wind speeds in hurricanes were also 172 

validated against those retrieved using cross-polarized SAR data, with a bias and RMSE 173 

of -0.89 m/s and 3.24 m/s [15]. Recently, the SFMR tropical cyclone surface winds in 174 

heavy precipitation were further improved by using the new relationship between 175 

microwave absorption and rain rate [38], surface wind retrieval bias is significantly 176 

reduced in the presence of rain at wind speeds weaker than hurricane force. 177 

      In this study, the data from 53 hurricanes observed by the AMSR-E and AMSR2 178 

between 2002 and 2014 are collected and collocated with the SFMR-measured wind 179 

speeds. Since the SFMR data could not provide the SST measurements before 2010, the 180 

HYCOM model-simulated SST has been included as an alternative for the matchup for 181 

storms before 2010. The spatial and temporal windows for collocation are 15 km and 15 182 

minutes, respectively. The collocated dataset is used to develop and assess the high wind 183 

speed retrieval algorithm. 184 

 185 

3.  Method 186 

3.1 Brightness temperature simulation with SSA/SPM model 187 

       The SSA/SPM are often used to simulate the ocean surface polarimetric thermal 188 

emissions [39-44]. By combining the emission contribution in the SPM from the standard 189 

incoherent Bragg scattering and the second order correction to the flat surface coherent 190 

reflection coefficient, one can write the surface brightness temperature as a function of 191 
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the SST, Fresnel reflection coefficients, and surface directional wave spectrum [45] as 192 

follows: 193 
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where, the subscript "pp" denotes the polarization (H or V for horizontal or vertical); BpT  195 

is the H- or V-polarized brightness temperatures; sT  is the sea surface temperature (SST); 196 

ppR  is the HH- or VV-polarized Fresnel reflection coefficients; k  denotes the surface 197 

wave wavenumber;   is the wave propagation angle with respect to the wind directions; 198 

),( kW  is the two dimensional (2D) wave elevation spectrum; and ppg  is the weighting 199 

function. The weighting functions at the HH and VV can be given as follows:                                   200 
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where,  /20 k ,   is the electromagnetic wavelength, izi kk cos0 , 203 

222
0 yxz kkkk  , coskkk xix  , sinkkk yiy  , iixi kk  cossin0 and  204 

iiyi kk  sinsin0 , and i  is the zenith angle of the incident direction. Re represents the 205 

real part operator, and * denotes the complex conjugate operation. )1(
f  and )2(

f  are the 206 

first and second order SPM scattering coefficients given in [39]. The first and second 207 

items on the right hand side of Equations (2) and (3) denote the second order coherent 208 

reflection contributions and the incoherent Bragg scattering contributions. The Function 209 

F  in Equations (2) and (3) is defined to be 1 for zk  real, and 0 for zk  complex, and 210 

limits the incoherent contributions to waves propagating in the upper hemisphere [45]. 211 
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The Fresnel reflection coefficients at the horizontal and vertical polarizations can be 212 

estimated using the following formulas:   213 
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where,   is the incidence angle,   is the relative permittivity of the seawater. The 216 

incidence angles of the AMSR-E and AMSR2 are both equal to 55° for all of the channels, 217 

with the exception of two channels at the 89 GHz. In this study, only the low frequency 218 

(6.9 GHz) TB is used to develop the high wind speed retrieval algorithm.  219 

 220 

3.2 High sea state surface roughness spectrum model 221 

    As the wind blows over the sea surfaces, it generates short-scale waves whose 222 

wavelengths are comparable to the incident electromagnetic (EM) waves. The ocean 223 

surface emissions are modified through the resonance interaction of these waves with the 224 

EM wave, and the changes of the local incidence angles from the tilting effects of the 225 

small-scale roughness by longer waves. For the purpose of simulating the normalized 226 

radar cross section under low and moderate sea states, a dimensionless surface roughness 227 

spectrum is empirically parameterized as a power-law function of the dimensionless wind 228 

speed (hereafter referred to as the H11 spectrum) [31] 229 
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where, *u  is the wind friction velocity, c  and k are the phase speed and wave number of 231 

the surface roughness wave component, they are related by the wave dispersion relation 232 



 11

kgkc  1  in deep water; g  is the gravitational acceleration, and   is the ratio of 233 

surface tension and water density; )(kA  and )(ka  are the coefficients varying with the 234 

wavenumber k , which can be described using the analytical functions for the three 235 

branches covering difference wavenumber ranges [46]. The H11 spectrum worked well 236 

for 3/* cu , (approximately 16~1310 U  m/s for Ku- and C-band, and 3010 U  m/s for 237 

L-band). For high wind speeds when the cu /*  is greater than 3, the wind speed exponent 238 

in the similarity property (6) becomes independent of the wavenumber. Accounting for 239 

this variation, the H11 spectrum was modified for high wind speeds (referred to as the 240 

H13 spectrum [32]), which has the following expression for 3/* cu : 241 
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where, subscript h  indicates the quantities for 3/* cu , and the two coefficients )(11 mkA  245 

and )(11 mka  are estimated with the H11 spectrum for the matching wavenumber mk  at 246 

*( / ) 3mu c  . 247 

     The ocean surface roughness spectrum B , and the 2D wave elevation spectrum W  are 248 

related by: 249 
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Therefore, Equation (1) can be rewritten as: 251 
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where, the wind speed and wind friction velocity is connected by a drag coefficient 253 

( 10C ): 1010* CUu  . In this study, 10C  is calculated using the empirical formula proposed 254 

in [31]: )58.8067.916.0(10 10
2

10
5

10   UUC , which results in the computed wind 255 

friction velocity *u  increasing monotonically with 10U  up to 50 m/s, and then decreasing 256 

for 5010 U  m/s. 257 

      Under moderate sea states, the relative permittivity of sea water   is a function of 258 

frequency, SST, and salinity. For high winds, the breaking waves bring air into the water 259 

column, and can lead to a drastic change of the relative permittivity of the resulting 260 

mixture f  . Using the equivalent medium approach, f  is computed with the seawater 261 

relative permittivity   and the parameterized relationship between the whitecap coverage 262 

af  , and the wind friction velocity [44]. Therefore, even for high wind speeds, the Fresnel 263 

reflection coefficients at the horizontal and vertical polarizations can be calculated with 264 

f  and incidence angle via Equations (4) and (5). The  estimated  Fresnel reflection 265 

coefficients are further used to compute the weighting functions according to Equations 266 

(2) and (3).  267 

      According to Equation (11), the TB under moderate and high sea states can be 268 

simulated with SST, the Fresnel reflection coefficients, and the H13 spectrum for all 269 

wind speeds, which generates the H11 roughness spectrum at lower wind speeds. The 270 

wind speeds can be retrieved with this equation, by performing a nonlinear optimization 271 

that minimizes the difference between the SSA/SPM model-simulated TB, and those 272 

measured by the AMSR-E and AMSR2. 273 

 274 
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4.  Results and discussion 275 

 276 
4.1 TB simulations and comparisons 277 

       In this study, the AMSR-E and AMSR2 TB observations have been collected at 6.9 278 

GHz horizontal polarization overpass of 53 hurricanes between 2002 and 2014. They are 279 

then matched up with the SFMR-measured wind speeds, SST used for SFMR wind 280 

retrieval, as well as the HYCOM model-simulated SST. The collocated dataset is used to 281 

simulate the TB with Equation (11), and then compared with those observed by the 282 

AMSR-E and AMSR2. For the purpose of brightness temperature comparisons and wind 283 

speeds validations, we make an average on SFMR along-track winds every 20 sample 284 

points before collocation to match the spatial resolutions of radiometers and SFMR. This 285 

operation enable us to obtain the SFMR winds with spatial resolution of 30 km. 286 

Moreover, for the comparisons, we used only those SFMR data which were acquired 287 

within 15 minutes difference from AMSR-E and AMSR2 acquisition. First, the SFMR 288 

wind speeds are used to estimate the ocean surface roughness spectrum using H11 and 289 

H13 spectrum models. Subsequently, the Fresnel reflection coefficients at horizontal and 290 

vertical polarizations are computed with the relative permittivity of air-water mixture f , 291 

and the incidence angle. Finally, the SST from the SFMR surface wind retrieval or the 292 

HYCOM outputs, along with the estimated ocean surface roughness spectrum and the 293 

Fresnel reflection coefficients, are used to simulate the TB at 6.9 GHz horizontal 294 

polarization channel. 295 

      As a case study, the TB is simulated using the different ocean surface roughness 296 

spectrum (H11 and H13), and compared with the AMSR-E and AMSR2 observations 297 

over two typical hurricanes. Fig.1 shows that the modified ocean surface roughness 298 
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spectrum, H13, achieved smaller bias and RMSE, either for Hurricane Earl (2010) or 299 

Edouard (2014). These statistics are documented in the figure legends, for example, the 300 

bias and RMSE for Hurricane Edouard are -0.21 K and 5.39 K, respectively, using the 301 

H13 spectrum. In addition to the TB comparison for the case study, the statistical analysis 302 

and comparison of the entire collocated dataset is made. Figs. 2(a) and 2(b) show that the 303 

RMSE is 9.51 K for using the H11 spectrum, and 8.03 K for using the H13 spectrum. It is 304 

observed that when the TB is smaller than 110 K, there is no significant difference 305 

between the TB simulations using the H11 and H13 spectrum. However, when the TB is 306 

larger than 110 K, the H11-derived TB  is less accurate than that calculated by using the 307 

H13 spectrum: the H11-derived TB are overestimated in comparison to the AMSR-E and 308 

AMSR2 observations. This result suggests that the modified ocean surface roughness 309 

spectrum, H13, improved upon the TB simulations to a certain extent, particularly for the 310 

high wind conditions. However, there is a tendency of underestimating TB by using the 311 

H13 roughness spectrum. This will be further discussed in section 4.3. 312 

 313 

4.2 Wind speed retrieval and validation 314 

       According to the SSA/SPM model, the TB is related to the SST, Fresnel reflection 315 

coefficient, and ocean surface roughness spectrum (11). Therefore, the wind speed can be 316 

retrieved by performing a nonlinear optimization that minimized the difference between 317 

the measured and simulated TB. 318 

     Figures 3(a), 3(b) and 3(c) illustrate the observed AMSR-E 6.9 GHz horizontal 319 

polarization TB observations in Hurricane Earl (2010) over three continuous days (29-31 320 

August 2010). These figures are used to study the evolution of the hurricane structure. 321 
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White pixels in Fig. 3 correspond to the land contaminated pixels in coastal areas as well 322 

as the RFI-contaminated areas. The exclusion of land contaminated pixels uses the global 323 

digital land topography and ocean bathymetry data ETOPO1 324 

(http://www.ngdc.noaa.gov/mgg/global/global.html). Figs. 4(a), 4(b) and 4(c) show the 325 

AMSR-E Hurricane Earl rain rates from the Remote Sensing Systems 326 

(http://www.remss.com/missions/amsre). The rain bands in Fig. 4 match well with the TB 327 

images in Fig. 3 for areas outside of the eyewall. In the hurricane eyewall regions, 328 

however, the spatial distribution patterns of AMSR-E rain rates and the TB data show 329 

some discrepancies.  330 

Figures 5(a), 5(b), and 5(c) illustrate the retrieved wind speeds using the SSA/SPM 331 

model and the H13 spectrum. The sequence of figures clearly illustrates the 332 

intensification process of Hurricane Earl. The retrieved wind speed pattern is very similar 333 

to the TB observations (Fig. 3) that show clearly the hurricane structure. The maximum 334 

wind speed for the maximum level of the H13 spectrum is 51 m/s, and the spectrum 335 

becomes saturated as the wind speed exceeded this threshold. The black solid lines in 336 

Figs. 5(a) and 5(b) represents the SFMR tracks. The along-track SFMR wind speeds are 337 

used for validating the AMSR-E wind speed retrievals. Figs. 6(a), 6(b), and 6(c) illustrate 338 

the AMSR2 observed 6.9 GHz horizontal polarization TB in Hurricane Edouard (2014) 339 

over three continuous days (15-17 September 2014). The AMSR2 rain rates are 340 

illustrated in Fig. 7. Again, rain rates and TB observations exhibit similar and differential 341 

patterns outside and inside the hurricane eyewall. The AMSR2-retrieved wind speeds are 342 

shown in Fig. 8, in which the weakening process of Hurricane Edouard during these three 343 

days is clearly illustrated.  344 
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      The AMSR2-retrieved wind speeds of the Hurricane Edouard on 16 September 2014 345 

are compared with the collocated SFMR along-track measurements (Fig. 9). As 346 

illustrated, during the SFMR acquisition time (17:13~17:45 UTC), the AMSR2-retrieved 347 

winds along the track are in good agreement with the SFMR reference, except those 348 

occasions associated with heavy rain; the rain rate is also superimposed in Fig. 9. At the 349 

maximum rain rate of 24.9 mm/h, the corresponding wind speed bias is 7.8 m/s between 350 

AMSR2 retrieval (36.5 m/s) and SFMR measurement (44.3 m/s). For the two hurricanes 351 

used in the case study, the quantitative wind speed comparisons between the SFMR 352 

measurements and the AMSR-E and AMSR2 retrievals are shown in Figs. 10(a) and 353 

10(b), respectively. The bias and RMSE are 1.08 and 3.93 m/s for Hurricane Earl, and 354 

0.09 and 3.23 m/s for Hurricane Edouard. Along with the specific case studies, a 355 

statistical comparison is also conducted for the entire dataset consisting of 7080 matchup 356 

pairs. These pairs include the AMSR-E and AMSR2-observed horizontal polarization TB 357 

acquired at 6.9 GHz channel over 51 hurricanes between 2002 and 2014, along with the 358 

SFMR measurements, or the HYCOM model-simulated SSTs when SSTs in the SFMR 359 

wind retrieval are not available. The statistical comparison results are shown in Fig. 11, 360 

with a bias of 1.11 m/s, and a RMSE of 4.34 m/s.  361 

     There are some factors that affected the AMSR-E and AMSR2 high wind speed 362 

retrievals. Examples of these factors included the SST, Fresnel reflection coefficient, 363 

ocean surface roughness spectrum, and rain effects. In this study, the SFMR data provide 364 

part of the SST inputs. However, there are time differences between the SFMR 365 

measurements and the AMSR-E and AMSR2 observations. Moreover, there are inherent 366 

errors that exist in the SSTs used in the SFMR wind retrieval. The Fresnel reflection 367 
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coefficient estimation requires a good knowledge of the relative permittivity of the air-368 

water mixture f , but the whitecap parameter is difficult to calculate accurately under 369 

high wind conditions. Although the ocean surface roughness spectrum with high wind 370 

modification (H13 spectrum) shows distinct improvements in regards to the brightness 371 

temperature simulations, the upper bound of the roughness magnitude occurs at 51 m/s 372 

wind speed due to the relationship between u* and U10 being non-monotonic, with u* 373 

showing a maximum at U10 = 51 m/s.  374 

 375 

4.3 Roughness spectrum 376 

      In this study, it is recognized that the calculated results of the microwave emissions 377 

and radar scattering from the ocean surfaces are critically influenced by the ocean surface 378 

roughness spectral model employed in the computation procedure. There have been many 379 

studies comparing the different spectral models [47-52]. See further discussion in section 380 

2 of [32]. In this study, the H spectrum (H11 and H13) have been used. The H13 modifies 381 

the wind speed dependence in the high wind region ( 3/* cu , corresponding to 382 

1610 U m/s for the C-band). The modification is based on the observation, from 383 

analyzing the Ku-, C-, and L-band geophysical model functions (GMFs), that the wind 384 

speed sensitivity of the radar backscattering decreases in high winds. The sensitivity is 385 

expressed in terms of the wind speed exponent a  in the similarity relationship of the 386 

ocean surface roughness (6): )(
* )/)(()( kacukAkB  . The H13 treats this sensitivity 387 

change as a simple two-branch transition, which seemed to be sufficient for the Ku- or L- 388 

band. However, it is somewhat too simplistic for the C-band. This has been found in the 389 

NRCS computations [53]. The TB computations presented in this study further confirms 390 
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that whereas the H11 overestimates the surface roughness, the H13 has over-corrected 391 

and yields a slight underestimation. We also tried the modification of the roughness 392 

spectrum (H15) presented in [53]. The results are not better than H13. Clearly, there is 393 

still plenty of area for improvement in the ocean surface roughness spectrum, particularly 394 

for the C-band. As a test run, the average of H11 and H13 (denoted as <H11, H13>) are 395 

used as the input roughness spectrum for computing the TB and wind speed retrieval. This 396 

method produced a mixed result. The bias is improved but the RMSE is somewhat worse 397 

for the TB ([-0.41, 8.24] K for <H11, H13> vs. [-1.89, 8.03] K for H13), whereas, the bias 398 

and RMSE statistics are somewhat better for the 10U ([0.22, 3.96] m/s for <H11, H13> vs. 399 

[1.11, 4.34] m/s for H13). The scatter plots for both the TB and 10U  are shown in Figs. 400 

12(a) and 12(b), respectively. Based on this analysis, <H11, H13> is recommended for 401 

the operational application of wind retrieval using C-band microwave frequencies. 402 

     It is of interest to compare the relative magnitude of the two terms representing flat 403 

surface and roughness contributions, respectively, 
2)0(

0 1 ppRe  and 404 

 
 


2

00
),(  ppr gkWdkdke  in Equation (1). Recent study presents the computation of 405 

the first term with consideration of the whitecap modification of the relative permittivity 406 

for Ku- and C-band frequencies [53]. For the =55 and wind speed up to 42 m/s, the 407 

range of e0 is about 0.23~0.31 for C-band horizontal polarization. It should be noted that 408 

the first value is corresponding to flat surface, namely wind speed is 0 m/s, and the 409 

difference between the two numbers is the contribution of whitecap modification of the 410 

relative permittivity excluding the roughness contribution. That is, the whitecap 411 

modification is estimated to be 0~0.08 for C-band horizontal polarization. 412 
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   The combined roughness and whitecap effects can be estimated from the radiometer 413 

data. Previous study reported a global dataset of WindSat microwave radiometer 414 

measurements with wind speed coverage up to about 42 m/s [29]. The WindSat 415 

measurements include five microwave frequencies (6, 10, 18, 23 and 37 GHz) for both 416 

vertical and horizontal polarizations, and the nominal incidence angle is 53. These data 417 

are summarized in Fig. 5 of [53]. Using the nominal sea surface temperature Ts=290 K 418 

given by [29], the range of combined roughness and whitecap effect e=TB/Ts is about 419 

0~0.11 for C-band horizontal polarization, corresponding to a brightness temperature 420 

range of about 32 K. In our study, the results (Fig. 2) show that the range of the C-band 421 

horizontal polarization combined TB is about 80 to 180 K based on the AMSR-E and 422 

AMSR2 data (Figs. 2, 12) with the wind speed range between 5 and 50 m/s (Fig. 11), that 423 

is, the range of brightness temperature spread is about 100 K. It is clarified here that the 424 

data of [29] are collected over many years and obviously averaged with an unknown but 425 

large degree of freedom. The range of AMSR-E and AMSR2 described above is not as 426 

heavily averaged and represent more localized or instantaneous values, therefore the 427 

wider range of the brightness temperature spread. A more extensive discussion of the 428 

various terms of roughness and whitecap contributions to the emissivity and their 429 

dependence on frequency, incidence angle and wind speed are given in [44]. 430 

 431 

4.4 Rain effects on wind retrieval 432 

  For the passive satellite radiometers operated at high frequencies, atmospheric 433 

absorption, emission and scattering associated with high level of cloud liquid water 434 

content and precipitation prevalent in hurricanes can have a large impact on TB. Low 435 
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frequency C-band channel (6.9 GHz) TB are less sensitive to atmosphere and rain but are 436 

more sensitive to high winds than those from X- (10.7 GHz) and Ka-bands (36.5 GHz). 437 

Scattering can be neglected if the microwave wavelength is much larger than the raindrop 438 

size. Study showed that the rain scattering can be neglected for frequencies below 10 439 

GHz up to 12 mm/h of rain rate [30], and the rain-induced scattering at 6.9 GHz might be 440 

negligible even in heavy rain condition [25]. The radiative absorption by rain needs to be 441 

taken into account for retrieving ocean surface winds under rain in severe weather 442 

conditions [38, 59]. 443 

 Our SSA/SPM model described the relation between TB and sea surface temperature, 444 

Fresnel reflection coefficient and ocean surface roughness spectrum under high wind 445 

conditions. This model can be used to simulate the dominant microwave emissions from 446 

the flat ocean surface and from wind-driven surface roughness and breaking-wave 447 

generated foam. According to [28], the excess emission associated with the wind-driven 448 

surface roughness and breaking-wave generated foam is on the order of 10 K, and up to 449 

20 K in gale force winds. While the atmospheric emission is on the order of 5 K 450 

including reflected downwelling and upwelling. The wind and wave-induced excess 451 

emissivity at C-band (6.9 GHz) is about three times more sensitive to changes in sea 452 

surface roughness and foam than at L-band (1.4 GHz) in high wind conditions [28]. Thus, 453 

under hurricane wind conditions, the emission contributions from sea surface temperature, 454 

surface roughness and foam are far greater than those from atmospheric emission and 455 

absorption. Moreover, recent study also demonstrated that the contributions of ocean 456 

emissivity driven by winds are much larger than those from absorption by atmosphere 457 

[54]. 458 
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The impact of precipitation on TB is generally represented by an attenuation coefficient, 459 

which is a function of liquid water content, frequency, atmospheric temperature and 460 

pressure [55-56]. It is very difficult to accurately model brightness temperatures in rain. 461 

Because of the high variability of rainy atmospheres, the brightness temperatures depend 462 

on cloud type and the distribution rain within the footprint [57-58]. In addition, with 463 

increasing drop size, atmospheric scattering starts to become important. This means that 464 

it is impossible to use the simple Rayleigh approximation for cloud-water absorption [29], 465 

and it is necessary to apply the full Mie absorption theory. This requires additional 466 

information such as size and form of the rain drops. However, those parameters are not 467 

readily available. Under certain assumptions, for example, assuming that the hurricane 468 

structures are symmetry, the separation of the ocean radiation from the precipitating 469 

atmosphere can be implemented by using both C- and X-band channel TB [59], but in 470 

general conditions, the hurricane structures are asymmetric. In a recent study [38], for the 471 

purpose of investigating the impact of rain on the measured microwave TB on wind 472 

speeds weaker than hurricane-force, a new C-band relationship between microwave 473 

absorption and rain rate was developed, using aircraft Doppler radar reflectivity and 474 

simultaneous in situ Droplet Measurement Technologies Precipitation Imaging Probe 475 

(PIP) measurements. However, this empirical relationship cannot be directly used for 476 

estimating rain absorption effect on the AMSR2 or AMSR-E TB. 477 

It should be noted that the rain absorption effect on the TB is not taken into account in 478 

our model. This effect can generally increases TB under high rain rates and thus causes 479 

the wind speed overestimation. In this study, the wind speed bias is quantified over a 480 

broad range of radiometers-retrieved wind speeds and SFMR measurements. We find that 481 
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the retrieved wind speeds are larger than SFMR measurements when the wind speeds are 482 

above 30 m/s, which are partly caused by the increasing brightness temperatures 483 

associated with the heavy rain. Fig. 13(a) shows the retrieval errors, whether the bias or 484 

the RMSE, increase with wind speeds. We estimate the effect of different rain rates on 485 

the wind speed retrieval accuracy as shown in Fig. 13(b). The general trend is that the 486 

wind speed retrieval errors increase with increasing rain rates, with a quasi-plateau region 487 

in the rain rate range between about 10 and 20 mm/h. Further studies are certainly needed 488 

to separate rain-induced TB from the radiometer TB observations under hurricane 489 

conditions, which has the potential to improve high wind speed retrieval accuracy 490 

particular in the hurricane eyewall regions. 491 

 492 

5.  Summary 493 

     In this study, a wind speed retrieval algorithm for the AMSR-E and AMSR2 hurricane 494 

observations has been developed. C-band (6.9 GHz) horizontal polarization TB is used to 495 

measure high winds inside hurricanes, due to the fact that the TB acquired at this 496 

frequency is sensitive to high wind speeds, and the rain scattering effects are weaker than 497 

other relatively higher frequency channels. Based on the SSA/SPM model, two different 498 

ocean surface roughness spectra (H11 and H13) are used to simulate the TB, and then 499 

compare the simulations with the AMSR-E and AMSR-2 observations. The results show 500 

that the TB estimated by the modified spectrum (H13) with high wind correction is closer 501 

to satellite measurements. Using the SST and estimated roughness spectrum, as well as 502 

the Fresnel reflection coefficients, the wind speeds are retrieved by performing a 503 

nonlinear optimization that minimized the difference between the measured and 504 
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simulated TB. Then, the retrieved wind speeds are compared with the corresponding 505 

SFMR measurements. The bias and RMSE are found to be 1.08 and 3.93 m/s for 506 

Hurricane Earl, and 0.09 and 3.23 m/s for Hurricane Edouard. The AMSR-E and 507 

AMSR2-derived wind speed patterns over three continuous days clearly show the 508 

intensifying and weakening processes, respectively, for Hurricane Earl and Edouard. The 509 

AMSR-E and AMSR2 6.9 GHz TB are collected over 53 hurricanes between 2002 and 510 

2014, which are collocated with the SFMR-measured wind speeds and resulted in 7839 511 

wind speed matchup pairs. Using the 7080 pairs (excluding Hurricanes Earl and Edouard) 512 

from the collocated dataset, a statistical assessment on the wind speed retrieval is 513 

performed. The results show that the bias and RMSE of the retrieved wind speeds are 514 

1.11 and 4.34 m/s. The wind speed retrieval accuracy is influenced by factors such as the 515 

SST, Fresnel reflection coefficients, ocean surface roughness spectrum and rain. The 516 

wind speed retrieval accuracy has potential to be improved by implementing a coupled 517 

wind-rain geophysical model function that can more accurately accounts for the 518 

microwave contribution from rain. 519 
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    700 

    701 

Fig. 1. Comparison between the AMSR-E and AMSR2 observed 6.9 GHz horizontal 702 

polarization brightness temperatures (TB), and those simulated with the (a) H11 and (b) 703 

H13 spectrum for Hurricane Earl; and with the (c) H11 and (d) H13 spectrum for 704 

Hurricane Edouard. 705 

706 
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  707 

Fig. 2.  Overall comparisons between the AMSR-E and AMSR2 observed 6.9 GHz 708 

horizontal polarization brightness temperatures (TB), and those simulated with the (a) 709 

H11 spectrum (no high wind modification), and (b) H13 spectrum (high wind 710 

modification). 711 

712 
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Fig. 3. AMSR-E observed 6.9 GHz horizontal polarization brightness temperatures (TB) 732 

over Hurricane Earl on: (a) 29 August, 2010, at 1722 to 1726 UTC; (b) 30 August, 2010, 733 

at 0534 to 0537 UTC; and (c) 31 August, 2010, at 0615 to 0620 UTC. 734 
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Fig. 4. The AMSR-E rain rates over Hurricane Earl on: (a) 29 August, 2010, at 1722 to 752 

1726 UTC; (b) 30 August, 2010, at 0534 to 0537 UTC; and (c) 31 August, 2010, at 0615 753 

to 0620 UTC. 754 
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     765 

 766 

Fig. 5. Wind speed retrieval results from the SSA/SPM model and H13 spectrum, using 767 

the AMSR-E observed 6.9 GHz horizontal polarization brightness temperatures (TB) over 768 

Hurricane Earl on: (a) 29 August, 2010, at 1722 to 1726 UTC; (c) 30 August, 2010, at 769 

0534 to 0537 UTC; and (e) 31 August, 2010, at 0615 to 0620 UTC. The black solid lines 770 

in (a) and (b) represent the SFMR tracks, which were acquired on 29 August, 2010 at 771 

1640 to 1750 UTC, and 30 August, 2010 at 0500 to 0600 UTC.  772 
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 781 

Fig. 6. AMSR2 observed 6.9 GHz horizontal polarization brightness temperatures (TB) 782 

over Hurricane Edouard on: (a) 15 September, 2014, at 1645 to 1649 UTC; (b) 16 783 

September, 2014, at 1729 to 1733 UTC; and (c) 17 September, 2014, at 1633 to 1637 784 

UTC. 785 
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Fig. 7. The AMSR2 rain rates over Hurricane Edouard on: (a) 15 September 2014, at 804 

1645 to 1649 UTC; (b) 16 September 2014, at 1729 to 1733 UTC; and (c) 17 September 805 

2014, at 1633 to 1637 UTC.  806 
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Fig. 8. Wind speed retrieval results from the SSA/SPM model and H13 spectrum, using 819 

the AMSR2 observed 6.9 GHz horizontal polarized brightness temperatures (TB) over 820 

Hurricane Edouard on: (a) 15 September, 2014, at 1645 to 1649 UTC; (b) 16 September, 821 

2014, at 1729 to 1733 UTC; and (c) 17 September, 2014, at 1633 to 1637 UTC. The 822 

black solid lines in (a), (b) and (c) represent the SFMR tracks, which were acquired on  823 

15 September, 2014, at 1600 to 1510 UTC,  16 September, 2014 at 1650 to 1800 UTC, 824 

and 17 September, 2014, at 1600 to 1700 UTC.  825 
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 831 

Fig. 9. AMSR2-retrieved SWS (red) and SFMR-measured SWS (black) in m/s and rain 832 

rate (RR) in mm/h for Hurricane Edouard as functions of sample points along the track 833 

on 16 September, 2014. 834 
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      837 

Fig. 10. SFMR wind speed measurements versus the AMSR-E and AMSR2 retrievals: (a) 838 

for Hurricane Earl; and (b) for Hurricane Edouard. 839 

840 
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 841 

Fig. 11. SFMR wind speed measurements versus the AMSR-E and AMSR2 retrievals. 842 

843 
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    844 

Fig. 12. (a) Overall comparisons between the AMSR-E and AMSR2 observed 6.9 GHz 845 

brightness temperatures (TB), and those simulated with the averages of the H11 and H13 846 

spectrum; and (b) SFMR wind speed measurements versus the AMSR-E and AMSR2 847 

retrievals, using the averages of the H11 and H13 spectrum. 848 
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Fig. 13. The bias and RMSE of AMSR-E and AMSR2-retrieved wind speeds versus (a) 869 

wind speed, and (b) rain rate.  870 


