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ABSTRACT

Existing satellite microwave algorithms for retrieving Sea Surface Temperature (SST) and Wind (SSW)
are applicable primarily for non-raining cloudy conditions. With the launch of the Earth Observing System
(EOS) Aqua satellite in 2002, the Advanced Microwave Scanning Radiometer (AMSR-E) onboard provides
some unique measurements at lower frequencies which are sensitive to ocean surface parameters under ad-
verse weather conditions. In this study, a new algorithm is developed to derive SST and SSW for hurricane
predictions such as hurricane vortex analysis from the AMSR-E measurements at 6.925 and 10.65 GHz. In
the algorithm, the effects of precipitation emission and scattering on the measurements are properly taken
into account. The algorithm performances are evaluated with buoy measurements and aircraft dropsonde
data. It is found that the root mean square (RMS) errors for SST and SSW are about 1.8 K and 1.9 m s−1,
respectively, when the results are compared with the buoy data over open oceans under precipitating clouds
(e.g., its liquid water path is larger than 0.5 mm), while they are 1.1 K for SST and 2.0 m s−1 for SSW,
respectively, when the retrievals are validated against the dropsonde measurements over warm oceans. These
results indicate that our newly developed algorithm can provide some critical surface information for trop-
ical cycle predictions. Currently, this newly developed algorithm has been implemented into the hybrid
variational scheme for the hurricane vortex analysis to provide predictions of SST and SSW fields.
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1. Introduction

Sea Surface Temperature (SST) and Wind (SSW)
are critical parameters affecting the formation and de-
velopment of tropical cyclones (Palmen, 1948; Atkin-
son and Holliday, 1977; Gray, 1979; Evans, 1993; De-
Maria and Kaplan, 1996; Holland, 1997; Cione and
Uhlhorn, 2003). Warm oceans having temperatures
greater than 26.5◦C are essential for the genesis of a
tropical cyclone (Palmen, 1948; Gray, 1979). This is
because only such warm water can provide sufficient
sensible and latent heats. Also, sea surface wind pro-
vides an essential link of heat transfer from the sur-
face into marine boundary layer. The stronger the
surface winds, the more effective the heat transfer
from the ocean (Emanuel, 1986). For tropical sys-

tems, the maximum sea surface wind also indicates
their intensity: a tropical depression has a maximum-
sustained surface wind of less than 17 m s−1, a trop-
ical storm has at least 17 m s−1, and a hurricane has
at least 33 m s−1. In addition, the SST and SSW
also plays a critical role in the accurate assimilation
of cloud-affected satellite radiances over oceans into
operational numerical weather prediction (NWP) sys-
tems, through the radiative transfer modeling asso-
ciated with the ocean emissivity model. Currently,
Global Data Analysis System (GDAS) in USA Na-
tional Centers for Environmental Prediction (NCEP)
uses a 3DVAR approach to assimilate microwave ra-
diances and products, such as Advanced Microwave
Sounding Unit (AMSU) radiances, Special Sensor Mi-
crowave Imager (SSM/I) surface wind speed and tem-
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perature products, in clear-sky only (McNally, 2002).
For weather systems like tropical cyclones, most of the
satellite microwave measurements are not assimilated
because of a lack of reliable cloud and ocean surface
information under this weather. Therefore, accurate
observations of SST and SSW are extremely impor-
tant for the prediction of tropical storm intensity and
for the assimilation of cloud-affected microwave radi-
ances into NWP systems.

Presently, SST and SSW can be observed from in-
situ sensors on ships, buoys, and remotely from satel-
lites and airborne radiometers. With satellite infrared
measurements, SSTs are retrieved with a high accu-
racy (e.g., the root mean square errors better than
0.5 K) under most of clear conditions. However, the
infrared retrievals become unreliable under cloudy and
high aerosol conditions (Brown et al., 1985; McClain,
1989; Emery et al., 1994). By using satellite microwave
measurements, the retrievals are extended over cloudy
conditions because the microwave radiation can pene-
trate through a cloudy atmosphere. With SSM/I mea-
surements, sea surface wind speed is derived under
clear to cloudy conditions (Goodberlet et al., 1989).
Since the SSM/I frequency ranges from 19 to 85 GHz
and the measurements tend to be saturated by high
winds, the retrievals for wind speeds above 15 m s−1

are rather difficult (Goodberlet et al., 1989; Petty,
1993). Although the SSM/I SSW algorithm was re-
cently calibrated and validated using globally compre-
hensive buoy data sets (Wentz, 1997), the retrievals are
only applicable under rain-free atmospheres. Even us-
ing the Tropical Rainfall Measuring Mission (TRMM)
Microwave Imager (TMI) observations, simultaneous
retrievals of SST and SSW are improved primarily
under non-precipitating clouds (Wentz et al., 2000;
Wentz et al., 2001; Chelle et al, 2004). Thus, the
retrievals of SST and SSW in the presence of precip-
itating clouds are still relatively critical. One of the
obstacles is that the existing microwave sensors such
as SSM/I and TMI only include channels at relatively
high frequencies, where the satellite-measured bright-
ness temperatures are significantly dominated by the
emission and scattering of clouds and rains and be-
come less sensitive to variation of SST and SSW under
raining/cloudy conditions.

The Earth Observing System (EOS) Aqua satel-
lite was launched on 4 May 2002. On board Aqua, the
Advanced Microwave Scanning Radiometer (AMSR-
E) is one of the important satellite sensors and pro-
vides microwave observations at frequencies ranging
from 6.925 to 89 GHz. The AMSR-E is a conically
scanning passive microwave radiometer with dual po-
larization at all frequencies and an earth incident angle
of about 55◦ (see Table 1 for its channel characteris-

tics). The mean spatial resolution of the individual
measurements varies from 5 km at 89 GHz to 56 km
at 6.925 GHz. Compared to current space-based mi-
crowave sensors, e.g., SSM/I and AMSU, AMSR-E
provides new measurements at 6.925 and 10.65 GHz
with a higher spatial resolution and allows for re-
trievals of SST and SSW even in the presence of pre-
cipitating clouds for tropical cyclone predictions. In
the following sections, the physical base of the SST
and SSW retrievals is first described by introducing an
emission-based Radiative Transfer Model (RTM) asso-
ciated with the ocean emissivity model (section 2). In
section 3, the new algorithms for SST and SSW re-
trievals are developed for tropical cyclone studies such
as hurricane vortex analysis. In the algorithms, sev-
eral major factors to affect the retrieval accuracy of
SST and SSW are addressed. Finally, both buoy data
and aircraft’s dropsonde data are utilized to validate
the accuracy of SST and SSW retrievals.

2. Physical Base of SST and SSW Retrievals

Satellite-measured brightness temperatures at vari-
ous microwave frequencies can be accurately simulated
by employing a scattering-based RTM for given at-
mospheric profiles such as temperature, water vapor
mixing ratio, clouds, and rain (Weng and Liu, 2003).
At relatively lower frequencies such as at 6.925 and
10.65 GHz, our simulations show that the scatter ef-
fect resulting from rain particles is usually smaller than
3 K even in the presence of heavy rains (section 3 for
details). So, our algorithms for SST and SSW rely
primarily on an emission-based RTM with a proper
correction for the scattering effect from rain particles.
Below, a simple description is provided of the emission-
based RTM associated with the microwave ocean emis-
sivity model used in our study.

2.1 Descriptions of emission-based radiative
transfer modeling over oceans

For a plane-parallel atmosphere, radiative transfer
process can be described in a vector differential and
integral equation as (Weng and Liu, 2003):

µ
dI(τ, µ, ϕ)

dτ
= −I(τ, µ, ϕ) + (1−$)B[T (τ)]+

$

4π

∫ 2π

0

∫ 1

−1

P (τ ;µ, ϕ;µ′, ϕ′)I(τ, µ′, ϕ′)dµ′dϕ′+

$F0

4π
e−

τ
µ0 P (τ, ϕ, µ0, ϕ0) , (1)

where P is the phase matrix, I the radiance vec-
tor, B(T ) the Plank function at a temperature T, µ
the cosine of the radiance incidence angle, F0 the solar
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Table 1. AMSR-E Sensor Characteristics (http://sharaku.eorc.jaxa.jp/AMSR/ov amsre/sensor.htm).

Center frequency Band width (MHz) 3 dB beam Instantaneous Temperature Incidence
width (◦C) field-of-view (km) sensitivity (K) angle (◦)

6.925 350 2.2 43×75 0.34 55.0
10.65 100 1.5 29×51 0.7 55.0
18.7 200 0.8 16×27 0.7 55.0
23.8 400 0.92 18×32 0.6 55.0
36.5 1000 0.42 8×14 0.7 55.0
89 A 3000 0.19 4×7 1.2 54.5
89 B 3000 0.18 4×6 1.2 54.5

spectral constant, µ0 the cosine of sun zenith angle,
ϕ the azimuthal angle, $ the single scattering albedo,
and τ the optical thickness related to absorption and
scattering of atmospheric gases and particles.

The radiation at microwave frequencies is linearly
related to brightness temperatures under Rayleigh-
Jeans’ approximation, and the last term in Eq. (1)
is the solar radiation that is negligible at microwave
frequencies. As a result, the solution of Eq. (1) can be
simplified and expressed in terms of brightness tem-
perature. For a radiative transfer problem without
including scattering ($ = 0), the brightness temper-
ature at the top of the atmosphere, TB,P , is simply
expressed as

TB,P = εP ζTs + Tu + (1− εP )ζTd , (2a)

where εP is the surface emissivity, Ts the surface tem-
perature, the subscript the subscript “P”=V(Vertical
Polarization ) or H (Horizontal Polarization) here-
inafter, Tu and Td are the brightness temperatures
in upwelling and downwelling directions, respectively;
and ζ the atmospheric transmittance. These parame-
ters are related to atmospheric temperature and con-
stituent profiles through

ζ = e−τ/µ , (2b)

Td =
∫ τ

0

T (τ ′)e−(τ−τ ′)/µdτ ′/µ , (2c)

Tu =
∫ τ

0

T (τ ′)e−τ ′/µdτ ′/µ . (2d)

At microwave frequencies, the atmospheric optical
thickness (τ) can be accurately parameterized as a
function of oxygen optical depth (τo), water vapor
mass absorption and liquid water mass absorption co-
efficients (kV and kL) (Weng et al., 2003), i.e.,

τ = τO2 + kVV + kLL , (2e)

where V and L are the vertically integrated water va-
por and liquid water respectively, i.e., the total pre-
cipitable water and cloud liquid water path (Weng et
al., 2003).

Over oceans, (1 − εP )Td needs to be replaced by
(1 + ΩP )(1 − εP )Td to take the scattered radiation
of the downwelling atmospheric radiance incident on
the ocean surface into account of RTM (Wentz and
Meissner, 2000). In Eq. (2a), the downwelling atmo-
spheric radiance scattering by the sea surface is only
considered in a specular reflection, i.e., (1 − εP )Td.
Actually, the downwelling atmospheric radiance inci-
dent on the sea surface will be scattered in all direc-
tions. According to the sea surface reflectivity model,
the scattered radiation is approximately expressed by
a relation (1 + ΩP )(1 − εP )Td. Here ΩP is a fit pa-
rameter in terms of sea surface wind speed, frequency,
and atmospheric transmittance (Wentz and Meissner,
2000), as follows.

ΩV = [2.5 + 1.8× 10−2(3.7× 101 − f)]×

[∆σ2 − 7.0× 101∆σ6]ζ3.4 , (3a)

ΩH = [6.2− 1.0× 10−3(3.7× 101 − f)2]×

[∆σ2 − 7.0× 101∆σ6]ζ2 , (3b)

∆σ2 = 5.22× 10−3[1.0− 7.48× 10−3×

(3.7× 101 − f)1.3]w , (f < 37.0) (3c)

where f is frequency in GHz, w the wind speed (m s−1)
measured 10 m above the surface, ∆σ2 the total slope
variance defined as the sum of the upwind and cross-
wind slope variances (Wentz and Meissner, 2000). Eqs.
(3a)–(3c) can be employed to assess the magnitude of
the scattered radiation by the ocean surface at each
channel (frequency), as discussed as follows.

For a moderate wind of 10 m s−1 and relatively
heavy rain, at 6.925 GHz, the ΩV value is about 0.04
and the ΩH value is about 0.09, which results in an in-
crease of about 0.40 and 1.28 K in V- and H-Pol scat-
tered radiations, respectively, while at 10.65 GHz, the
ΩV value is about 0.05 and the ΩH value 0.11, which
results in an increase of about 0.89 and 3.18 K in V-
and H-Pol scattered radiations, respectively. As the
sea surface wind increases, those ΩV and ΩH-caused
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radiations become larger. Our algorithms for SST and
SSW use both V- and H-Pol brightness temperatures
at 6.925 and 10.65 GHz and will be applied primar-
ily for hurricane weather which is frequently accompa-
nied by heavy rains and strong surface winds. So, the
scattering radiance by sea surface in non-specular di-
rections needs to be considered in the emission-based
RTM. Eq. (2a) is modified as

TB,P = εP ζTs + Tu + (1− εP )ζTd+

(1− εP )ΩP ζTd . (4a)

The parameters in Eq. (4a) can be individually
assessed for their contributions to the brightness tem-
peratures at the top of the atmosphere. Under the as-
sumption of isothermal atmosphere (i.e., one layer of
atmosphere), the upwelling and downwelling bright-
ness temperatures (Tu and Td) are identical. In the
non-scattering atmosphere, they are also nearly iden-
tical at lower microwave frequencies (Liu and Weng,
2003). Thus, it is assumed that where Ta represents
atmospheric emission. Similarly, Eq. (4a) is rewritten
to be

TB,P = εP ζTs + Ta + (1− εP )ζTa+

(1− εP )ΩP ζTa . (4b)

The ocean emissivity in Eq. (4b) is simulated us-
ing the ocean surface emissivity model in terms of SST
and SSW in National Environmental Satellite, Data,
and Information Service (NESDIS), referred to as the
NESDIS ocean emissivity model. The NESDIS ocean
emissivity model is generated based on previous works
(Hollinger, 1971; Stogryn, 1972; Klein and Swift, 1977)
(also Appendix A for details). This model shows a
good performance especially at frequencies lower than
18 GHz, in comparison to the fast microwave ocean
emissivity model developed by the United Kingdom
Met Office (English and Hewison, 1998), known as the
Met Office ocean emissivity model. The performance
of the microwave ocean emissivity model can be as-
sessed by comparing the differences between the sim-
ulated and observed brightness temperatures at mi-
crowave window channels under clear skies. Table 2
displays the mean biases and RMS error of simulated
brightness temperatures at 12 AMSR-E channels us-
ing two ocean emissivity models. At 6.925 GHz, the
absolute bias of the simulated brightness temperature
by using the NESDIS model is 0.2 K and 0.8 K at
H- and V-Pol, respectively, while by using the Met
Office model, it is 1.3 K and 1.8 K, respectively; at
10.65 GHz, the bias is 1.9 K and 1.2 K, respectively,
as the NESDIS model is used, while it is 3.6 K and
1.9 K, respectively, as the Met Office model is used.

So, although the NESDIS model relies on some rel-
atively old research results, it is employed in our re-
trieval algorithm due to its good performance at lower
frequencies. It is worth noting that Table 2 is pro-
duced from one week of matchup data set between
AMSR-E brightness temperatures in clear skies and
NCEP GDAS analysis products including atmospheric
profiles of temperature and water vapor mixing ra-
tio, SST, and SSW. The first quality control of this
matchup data is about its criteria in time and dis-
tance to match both AMSR-E observations and GDAS
analysis products which are one hour in time and one
degree in both latitude and longitude. The second
quality control is to remove any cloud-contaminated
AMSR-E observations. Cloud-contaminated observa-
tions are identified from AMSR-E data at frequencies
between 18.7 and 37 GHz by using the algorithm of
cloud water path previously developed by Yan and
Weng (2004). For example, if the retrieved cloud wa-
ter path is larger than 0.05 mm, the AMSR-E obser-
vations are identified to be cloud-contaminated. With
so-matched GDAS data, the satellite brightness tem-
peratures can be simulated by using the vector RTM
developed by Weng and Liu (2003), associating with
either NESDIS or Met Office ocean emissivity mod-
els. Furthermore, the mean bias and RMS error of
the simulated brightness temperatures at 12 AMSR-E
channels are computed in comparison to corresponding
AMSR-E brightness temperatures.

In addition, the atmospheric transmittance in Eq.
(4b) can be approximately expressed as a function of
the atmospheric emission which is further expressed to
be a linear function of the total precipitable water and
cloud liquid water path (Weng et al., 2003). Thus, Eq.
(4b) provides an approximate simulation of satellite-
measured brightness temperatures in scattering-free
and isothermal atmosphere (one layer atmosphere)
over oceans, and also demonstrates an explicit rela-
tionship between satellite-measured brightness tem-
peratures and the atmospheric emission (cloud liquid
water path), SST, and SSW.

2.2 Sensitivity of AMSR-E measurements to
ocean surface parameters

Due to relatively small effect of scattering pro-
cess of precipitating clouds on satellite observations at
6.925 and 10.65 GHz (section 3.2), Eq. (4b) is directly
utilized to study the sensitivity of AMSR-E bright-
ness temperatures there to ocean surface parameters
(SST and SSW), for given total precipitable water va-
por and cloud liquid water path. Figures 1a–1b display
the brightness temperatures at 6.925 and 10.65 GHz
as a function of sea surface temperature, which are
simulated using Eq. (4b). In general, brightness tem-
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Fig. 1. Simulated brightness temperatures at 6.925 and 10.65 GHz for non-raining (liquid water path of 0.1 mm)
and extremely heavy raining (5.0 mm) cases as function of sea surface temperature (SST) and surface wind speed
(SSW) for vertical polarization (a) and (c), and for horizontal polarization (b) and (d), where the total precip-
itable water vapor equals to 40 mm. In addition, SSW is 10 m s−1 in (a) and (b) whereas SST is 300 K in (c)
and (d).

Table 2. Mean bias and root mean squared error (RMSE) of the simulated brightness temperatures from the observed
ones at AMSR-E channels.

Ocean emissivity 6.925 GHz 10.65 GHz 18.7 GHz 23.8 GHz 36.5 GHz 89 GHz

model H V H V H V H V H V H V

NESDIS BIAS −0.14 −0.76 −1.88 −1.18 −1.89 −1.83 −1.20 −0.86 −1.48 1.01 −0.84 1.92
RMSE 1.45 1.30 1.78 1.27 3.26 1.84 5.94 3.18 3.52 1.76 6.25 3.04

MetOffice BIAS −1.24 −1.80 −3.61 −1.85 −4.53 −2.52 −3.65 −1.52 −5.73 −0.41 −6.38 −0.66
RMSE 1.47 1.25 1.87 1.34 3.29 1.91 5.94 3.16 3.89 1.78 6.56 2.72

Note: (1) NESDIS denotes NESDIS ocean emissivity model, while MetOffice denotes the fast ocean emissivity model; (2) V the
vertical polarization and H the horizontal polarization.

perature increases as surface temperature increases
[see the 2nd term in Eq. (4b)]. For example, the ver-
tically polarized brightness temperature at 6.925 GHz
increases by about 14 K as surface temperature varies
from 280 to 300 K. However, the sensitivity of bright-
ness temperatures to surface temperature decreases
with an increase of frequency, especially under heav-
ily raining clouds (Fig. 1). For example, the verti-
cally polarized brightness temperature at 10.65 GHz
increases by about 11 K for the same variation of
SST. At frequencies higher than 23 GHz, the sensi-
tivity of brightness temperatures to ocean surface pa-

rameters is significantly reduced (not shown here). For
the sea surface wind, it affects the brightness tempera-
tures through the ocean emissivity (see Appendix A for
the relationship between the emissivity and sea wind
speed). As shown in Figs. 1c–1d, brightness temper-
atures are linearly related to surface wind speed, but
the brightness temperatures at a horizontal polariza-
tion are much more sensitive to surface wind than at
a vertical polarization. This is because the sea surface
emissivity at a horizontal polarization shows a stronger
dependence upon surface wind than at a vertical po-
larization.
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Fig. 2. Sensitivity of simulated brightness temperatures at 6.925 and 10.65 GHz for non-rain (cloud liquid water
path of 0.1 mm) and extremely heavy rain (5.0 mm) cases as function of sea surface temperature and surface
wind speed for vertical polarization (a) and (c); and for horizontal polarization (b) and (d), where the total pre-
cipitable water vapor equals to 40 mm and the sensitivity of brightness temperatures at each panel is displayed
with different scales. In addition, SSW is 10 m s−1 in (a) and (b) whereas SST is 300 K in (c) and (d).

In addition, it is noted that a reliable atmospheric
correction, being primarily through contributions of
the last three terms on the right side of Eq. (4b), is
still an important prerequisite in retrieving SST and
SSW from the brightness temperatures even at 6.925
and 10.65 GHz. This is because an increase from the
atmospheric emission also increases brightness temper-
atures, especially at 10.65 GHz. For example, the ver-
tically polarized brightness temperature at 10.65 GHz
increases by more than 40 K from non-raining (cloud
liquid water path of 0.1 mm) to extremely heavily
raining (5.0 mm) atmospheres under most of sea sur-
face conditions. Due to this effect, the sensitivity of
brightness temperatures to ocean surface parameters
decreases with the increase of the liquid water path.
This can also be explicitly derived from Eq. (4b) as
follows:

∂TB,P

∂Ts
= εP ζ + ζ(Ts − Ta − ΩP Ta)

∂εP

∂Ts
, (5a)

∂TB,P

∂w
= ζ(Ts − Ta − ΩP Ta)

∂εP

∂w
+

(1− εP )ζTa
∂ΩP

∂w
, (5b)

Figures 2a to 2d display sensitivity of satellite
brightness temperatures at 6.925 and 10.65 GHz for
non-raining (cloud liquid water path of 0.1 mm) and
extremely heavily raining (5.0 mm) cases as function
of sea surface temperature and surface wind speed,
which are simulated using Eqs. (5a) and (5b). It is ob-
viously seen that atmospheric transmittance (ζ) and
atmospheric emission (Ta) directly affect the sensitiv-
ity, as demonstrated above in terms of raining and
non-raining conditions. Notice that both atmospheric
emission and transmittance are function of cloud liq-
uid water path [see Eqs. (2b)–(2e)]. It is also in-
teresting to see that these sensitivity parameters are
basically more dependent on sea surface temperature.
For example, relatively strong sensitivities of bright-
ness temperatures to SST are reached when the sur-
face temperatures are roughly within a range of about
290–305 K, as shown in Figs. 2a and 2b. According to
Eq. (5a), the sensitivity of brightness temperature to
SST is proportional to both ocean emissivity and its
sensitivity to SST. Note that the effect of ocean foam
associated with strong winds has been taken into ac-
count in the ocean emissivity modeling (Appendix A).
For example, when SSW is smaller than 7 m s−1, the
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Fig. 3. (a) Simulated brightness temperatures at 6.925 and 10.65 GHz vs. cloud liquid water path and (b)
simulated scattering intensity of cloud/rain droplets as a function of cloud liquid water path.

effect of foam is set to be zero; otherwise, it needs be
corrected by using expressions introduced in Appendix
A. Thus, typically, the sensitivity of ocean emissivity
to SST is linked to a wind-induced foam-related term
addition to an ocean roughness-related term. Simula-
tions show that the emissivity increases slightly with
SST, and its sensitivity to SST becomes very notice-
able through the foam- and ocean roughness-related
emissivity as SST is approximately between 290 and
305 K. As a result, a strong sensitivity of brightness
temperature to SST is seen over such warm oceans.
Besides, the sensitivity of brightness temperatures to
surface temperature is linked to polarization of mea-
surements, as shown in Figs. 2a–2d. Vertically polar-
ized brightness temperatures are much more sensitive
to surface temperature. However, the horizontally po-
larized brightness temperatures are more sensitive to
surface wind speed. These results highlight the feasi-
bility of satellite polarization measurements for remote
sensing of ocean surface parameters under hurricane
conditions.

2.3 Effects of clouds and precipitation on
AMSR-E measurements

From Eqs. (2c)–(2e), the emitted radiation from
atmosphere can be approximately expressed by a lin-
ear function of vertically integrated water vapor and
cloud liquid water. As a result, brightness temper-
atures are also a direct function of the cloud liquid
water path. As shown in Fig. 3a, brightness tem-
peratures are simulated at 6.925 and 10.65 GHz us-
ing Eq. (4b) and display nearly linear relationships
with liquid water path. This is because the absorp-
tion from cloud and rain droplets at relatively lower
frequencies remains in the Rayleigh’s regime and is
not obviously sensitive to droplet size. In addition
to cloud emission, large raindrops from precipitat-
ing clouds may also produce scattering signals which
would likely depress brightness temperature. To quan-

tify the raindrops-induced scattering effect, the scat-
tering intensity is introduced to represent the differ-
ence between the brightness temperature computed
from the emission RTM and those from the scattering
RTM. So, the scattering intensity denotes the devia-
tion of the emission-based RTM simulations from the
scattering-based RTM ones.

Here, the vector RTM (scattering RTM) devel-
oped by Weng and Liu (Weng, 1992; Weng and Liu,
2003) is used to simulate the brightness tempera-
ture in the scattering atmosphere. This vector RTM
is for a vertically stratified scattering and emitting
atmosphere, where the optical parameters for cloud
drops, raindrops, and ice particles are calculated us-
ing Mie Theory (Mie, 1908). According to our RTM
simulations, changes in vertical distributions of non-
precipitating/precipitating clouds for the same cloud
liquid water path don’t notably affect satellite bright-
ness temperatures above two lower frequencies (section
3.2.1). So, in our calculations, the cloud liquid water
is assumed to be vertically distributed between ap-
proximately 3 km and 6 km, although this assumption
is not always reasonable for various clouds. The rain-
drop size is distributed according to a Marshall-Palmer
function (Marshall and Palmer, 1948) with an effective
diameter of 0.5 mm. For a consistent comparison, the
brightness temperatures from the emission RTM can
be readily computed from the scattering RTM by set-
ting a zero value of single scattering albedo at each
model layer.

Figure 3b shows the scattering intensities at 6.925
and 10.65 GHz. Noting that the scattering intensity
increases as frequency and liquid water increase: at
6.925 GHz, the scattering intensity of clouds and pre-
cipitation is typically smaller than 0.3 K for majority
of heavy rain whereas the magnitude at 10.65 GHz can
be several degrees Kelvin. Usually, an error of 0.3 K
in brightness temperature at 6.925 GHz might incur
an error of around 0.3 K and 0.3 m s−1 in SST and in
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SSW correspondingly, which are estimated based upon
Fig. 2a and Fig. 2d. So, we conclude that under rain
conditions the scattering effect at 6.925 GHz might be
negligible, whereas the scattering effect at 10.65 GHz
is important and must be taken into account in the
algorithm.

3. AMSR-E SST and SSW algorithms

3.1 Methodology description

According to Eq. (4b), the AMSR-E measure-
ments at 6.925 and 10.65 GHz are a function of sea
surface temperature, sea surface emissivity associated
with the sea surface wind and temperature, and at-
mospheric emission. It should be pointed out that this
atmospheric emission includes the contribution of rain-
produced emissions. The finite difference of brightness
temperature can be explicitly expressed as
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where the atmospheric transmittance is a function of
atmospheric emission, and the sea surface emissivity
is a function of sea surface temperature and wind.

Furthermore, this relation is extended to four chan-
nels, e.g., 6.925 and 10.65 GHz at both vertical and
horizontal polarizations, as follows.
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where the subscripts “6” and “10” denote frequencies
6.925 and 10.65 GHz, respectively, and the expression
of each element (derivative) in the above equations is
displayed in Appendix B.

From this set of equations, with some algebraic ma-
nipulations, the tangent linear surface temperature,
wind speed, and atmospheric emission at 6.925 and
10.65 GHz can be related to those at four AMSR-E
measurements as
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where A is a four by four matrix and its elements are
expressed in Appendix B; AT is the matrix transposed
from A; and E is an error matrix related to instrument
noise and RT model error (see section 3.2.2 for details).

Obviously, the inversion equation defined by Eq.
(7) can be solved using an iterative method based upon
initialized Ts, w, Ta6, Ta10. A unique method is devel-
oped for estimating the initial surface parameters as
discussed in details in Appendix C, which produces an
estimation of SST with a RMS error of about 2.2 K and
of SSW with a RMS error of about 2.5 m s−1. The
initializations of two atmospheric emissions at 6.925
and 10.65 GHz are obtained by applying the above in-
version equation to two vertically polarized AMSR-E
measurements at 6.925 and 10.65 GHz. This is be-
cause vertically polarized AMSR-E measurements at
lower frequencies are less sensitive to sea surface wind
(Fig. 2c). Simulation analysis shows that the RMS
error of so-derived atmospheric emissions at 6.925 and
10.65 GHz are usually smaller than 1 K for major-
ity of heavy rains, in comparison to the simulated
atmospheric emissions. Therefore, for those initial-
ized atmospheric emissions at two frequencies, SST,
and SSW, the signals of SST and SSW can be reli-
ably retrieved by using the above inversion algorithms
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from AMSR-E brightness temperatures at four chan-
nels including vertical and horizontal polarizations at
6.925 and 10.65 GHz, according to the following steps.
First, for a group of initialized atmospheric and sur-
face parameters, the simulated brightness tempera-
tures are calculated through Eq. (4b). Second, the
difference between the simulated and observed bright-
ness temperatures is used to determine the change of
atmospheric and surface parameters through Eq. (7).
Third, new estimates of Ta6, Ta10, Ts, w, are obtained
by their values in the previous inversion with the incre-
ments defined by Eq. (7). Fourth, the iteration stops
when the differences from two consecutive iterations
are less than a certain set of thresholds.

The above methodology for SST and SSW re-
trievals is derived under the assumption of the one-
layer emission-based RTM [Eq. (4b)] associating with
NESDIS ocean emissivity model. However, actual ob-
servations of brightness temperatures at 6.925 and
10.65 GHz should more or less deviate from this ap-
proximation. First, according to our simulations, the
raindrops-caused scattering intensity at 10.65 GHz is
non-negligible (as large as a couple of degrees Kelvin)
in the presence of heavy rain (Fig. 3b above). Sec-
ond, the bias between AMSR-E measurements and
one-layer emission-based RTM simulations in the clear
atmosphere (non-scattering atmosphere) also needs to
be investigated and be corrected if the difference is im-
portant. Actually, the bias in the NESDIS ocean emis-
sivity mode has been observed (section 2.1). Third, it
is noted that the AMSR-E measurements at lower fre-
quencies over oceans are occasionally contaminated by
variable surface radio frequency transmitters. So, it is
important to correct the effects of these three factors
on AMSR-E measurements of brightness temperatures
at 6.925 and 10.65 GHz to obtain reliable retrievals of
SST and SSW under raining-clouds.

3.2 Several critical issues in AMSR-E SST
and SSW algorithms

3.2.1 Corrections of rain-induced scattering intensity

In the non-raining clouds (cloud liquid water path
is usually smaller than 0.5 mm), the scattering effect
from cloud particles (i.e., scattering intensity) is very
small and the resulting scattering intensity is smaller
than 0.5 K (Fig. 3b). In this case, the assumption of
the emission atmosphere is valid. However, as shown
in Fig. 3b, the rain-reduced scattering intensity at
10.65 GHz is as large as a couple of degrees Kelvin in
the presence of heavy rain and needs to be corrected.

Usually, the scattering areas can be detected using
AMSR-E brightness temperatures at 18.7, 23.8 and
89 GHz using a relationship (Grody, 1991; Weng and

Grody, 1994).

DIs =TB,V89−[a0+a1TB,V18+a2TB,V23+a3T
2
B,V23] ,

(8)

where DIs means the difference of brightness tempera-
tures in the presence and in the absence of clouds; the
coefficients used in Eq. (8) (i.e., a0, a1, a2, and a3) are
derived with AMSR-E measurements under clear con-
ditions. It is found that the AMSR-E measurements
at 6.925 and 10.65 GHz are depressed due to scatter-
ing effect of precipitating clouds when DIs is greater
than a certain threshold. In this case, the AMSR-E
measured brightness temperature at 10.65 GHz can
be adjusted to the emission-based brightness temper-
atures (TEmit,P10) using the following relation prior to
being used in the retrieval algorithm.

TEmit, P10 = TB, P10 −∆TCor, P10 ,

with

∆TCor, P10 = bs0 + bs1TB, P6 + bs2TB, P10 . (9)

Here, TB,P and TEmit,P represent the brightness tem-
peratures with and without the scattering effect of
clouds respectively, whereas ∆TCor, P10 denotes their
difference at 10.65 GHz. The coefficients bs0–bs2 (see
Table 3) are derived based upon the training data set
of the TEmit, P10, TB, P6 and TB, P10 for a wider range
of cloud liquid water path between 0 and 7 mm. Com-
putations of TEmit, P10, TB,P6 and TB, P10 are similar to
those in Fig. 3b, except that SST varies between 280
and 305 K, SSW between 1–30 m s−1. For example,
TB,P is computed from the scattering RTM whereas
TEmit,P10 is done by using the same RTM but set-
ting a zero value of single scattering albedo at each
model layer; the distribution of rain drops adopts the
Marshall-Palmer function with an effective diameter
of 0.5 mm. Since ∆TCor, P10 becomes very small in an
emission atmosphere (i.e., the correction of scattering
effect is approximately zero), Eq. (9) can be directly
applied to both non-scattering and scattering condi-
tions to predict the scattering intensity correction at
10.65 GHz. The overall adjustments of ∆Tcor, P10 are
within a couple of degrees Kelvin as the extremely
heavy rain occurs, and the estimated TEmit,P10 using
Eq. (9) produces an RMS error smaller than 0.1 K in
comparison of the simulated TEmit,P10.

It is noted that Eq. (9) is obtained with an ef-
fective diameter of 0.5 mm for rain drops using the
Marshall-Palmer function. When rain drops adopt a
Gamma distribution function, the scattering intensity
will be slightly modified. For example, the scattering
intensity at 6.925 (10.65) GHz is increased by around
0.5 K, as the rain drops are assumed to be a gamma
distribution. When rain drops exist in different atmo-
spheric layers, the scattering intensity is also modified
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Table 3. Lists of fitting coefficients in equations.

Coefficients 6.925 GHz 10.65 GHz

V H V H

bS0 −1.5139×10−1 −4.1060×10−1 −3.5516×10−1 −6.9339×10−1

In Eq. (9)∗ bS1 −1.0166×10−2 −1.0573×10−2 −3.0609×10−2 −3.6925×10−2

bS2 9.9387×10−3 1.2701×10−2 3.0427×10−2 3.9793×10−2

bB0 −2.8829×100 6.6162×100 1.2453×101 1.0384×101

In Eq. (10) bB1 6.8246×10−1 1.8669×10−1 1.9191×10−1 −5.9415×10−2

bB2 4.8143×10−1 −1.1104×10−1 −6.8792×10−2 2.0369×10−1

bB3 5.0871×10−1 −1.1498×10−2 7.5963×10−1 3.0002×10−2

bB4 7.0117×10−2 6.0517×10−1 2.9348×10−2 7.5149×10−1

Note: ∗Coefficients about the correction for scattering effect at 6.9 GHz are given for a comparison

only by around 0.5 K. This is understandable because
the weighting functions of brightness temperatures at
these two frequencies are on the surface. However,
simulations show that the scattering intensity varies
obviously with the effective diameter of rain drops if
the cloud liquid water is greater than a few millimeters.
For example, as the effective diameter of rain drops is
increased up to 1.0 mm (a very extensive case), the
scattering intensity will be doubled as that in Fig. 3b
as the rain water path is about 5 mm. Therefore, accu-
rate information on the effective diameter of raindrops
is helpful to assess the scattering intensity in extremely
heavy rain, which is our main theme in Part II: Simul-
taneous retrievals of cloud parameters from AMSR-E
measurements.

3.2.2 Corrections of bias between AMSR-E measure-
ment and one-layer emission-based RTM sim-
ulations

Furthermore, the bias between AMSR-E measure-
ments in clear sky (emission atmosphere) and one layer
emission-based RTM simulations by using Eq. (4b)
must be taken into account. First, the calibration for
producing the AMSR-E Level 1B data remains as an
open issue especially because the design of the AMSR-
E hot load is flawed. The on-orbit calibration tech-
nique presented by Wentz et al. (2003) has significantly
improved accuracy of AMSR-E retrievals. The AMSR-
E data used in this study is obtained directly from L1B
software of NASA AIRS data distribution system ob-
tained from Remote Sensing System. Second, the one
layer emission-based RT model more or less deviates
from satellite measurements in the clear sky due to
some uncertainties in both the microwave gaseous ab-
sorption model and surface emissivity model (Table 2),
to name a few. In our study, these two outstanding
problems are alleviated through the following proce-
dure.

First, satellite measurements are collocated with

the buoy SST and SSW data in clear conditions, and
the temperature and water vapor profiles from the
Global Data Assimilation System (GDAS) analysis
in the National Center for Environmental Prediction
(NCEP) (http://www.emc.ncep.noaa.gov/modelperf).
It is found that the RMS error of the GDAS tem-
perature profiles against radiosonde measurements is
smaller than 1.5 K below 10 hPa. With this error,
an uncertainty of around 0.2 K would be produced in
the RTM simulations at 6.925 and 10.65 GHz. The
error beyond this uncertainty is linked to the bias of
one layer emission-based RTM simulations from the
AMSR-E measurements in the emission atmosphere.
The brightness temperatures at each collocated site
are then calculated by using Eq. (4b) at required
AMSR-E frequencies and polarizations. It should be
noted that the atmospheric emission and transmit-
tance in Eq. (4b) are obtained by using Eqs. (2b)–
(2e) for the given atmospheric profiles of temperature
and water vapor mixing ratio. Finally, the AMSR-
E simulations and observations are used to derive re-
gression relationships which allow for predicting one-
layer emission-based RT model brightness tempera-
tures from satellite observations in the non-scattering
atmosphere, as expressed as follows.

TBC, P = bB0 + bB1TB,V6 + bB2TB,H6+

bB3TB,V10 + bB4TB,H10 (10)

where TBC,P denotes the observed AMSR-E brightness
temperatures with bias correction, and the coefficients
bB0–bB4 vary with frequency and polarizations (Table
3 for details). It is found that there is a difference
of a couple of degrees Kelvin between AMSR-E mea-
surements in the emission atmosphere and one layer
emission-based RTM simulations using Eq. (4b) at
6.925 and 10.65 GHz.

Eqs. (9) and (10) are utilized to remove/reduce
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the deviation of the brightness temperatures under one
layer emission atmosphere assumption from AMSR-
E observed brightness temperature. The overall cor-
rection can be as large as a few degrees Kelvin and
the residual error is usually smaller than 0.4 K in V-
Pol but around 0.6 K in H-Pol. With this correction,
the above SST and SSW algorithms upon one-layer
emission-based RTM is applicable for precipitating sit-
uations.

3.2.3 Corrections of RFI-contaminated satellite mea-
surement

It has been widely recognized that the AMSR-
E measurements at 6.925 GHz over land are seri-
ously contaminated by variable surface radio frequency
transmitters (Li et al., 2004). Over oceans, occasional
contaminations are also found and probably arise from
some transportable sources onboard commercial ships
and military cargo. At the Radio Frequency Interfer-
ences (RFI)-free ocean conditions, the brightness tem-
perature at 10.65 GHz is normally higher than that at
6.925 GHz at least by a few degrees Kelvin (see Fig.
1) because of unique ocean surface emissivity spectra
where the ocean emissivity increases with frequency.
However, this nominal temperature gradient can be
distorted by variable RFI sources so that the bright-
ness temperature at 6.925 GHz is higher than that at
10.65 GHz by a few degrees Kelvin. This implies that
the RFI over oceans can be detected using an RFI in-
dex, being the difference between brightness temper-
atures at 6.925 and 10.65 GHz. Over RFI-free ocean
conditions, RFI index is negative usually smaller than
−4 K (Fig. 1). Conversely, over RFI-contaminated
oceans, the RFI index becomes positive: the larger
the RFI index is, the stronger the RFI contamination
in brightness temperatures at 6.925 GHz is. In this
study, the AMSR-E measurements with an RFI index
greater than zero is defined as the RFI-contaminated
ones. When an RFI is detected at 6.925 GHz, the RFI-
contaminated AMSR-E measurements at 6.925 GHz
are predicted from measurements at 10.65 GHz using
two empirically-based equations.

TB, V6 = 92.13 + 0.42TB, V10 + 0.06TB, H10 , (11a)

TB, H6 = 108.11− 0.54TB, V10 + 0.78TB, H10 , (11b)

which are derived using AMSR-E measurements under
non-RFI contaminations. Since the measurements at
10.65 GHz are slightly contaminated as RFI contam-
ination is serious, Eq. (11) only provides an approx-
imate prediction of brightness temperatures at 6.925
GHz with a RMS error around 1 K.

4. Validations of AMSR-E SST and SSW al-
gorithms

4.1 Validation against buoy data

The AMSR-E algorithms described in Eq. (7) in
combination of Eq. (4b) are validated with in-
situ measurements from National Data Buoy Cen-
ter (NDBC). The NDBC moored buoy stations are
deployed mostly in the coastal and offshore waters
from the western Atlantic to the Pacific Ocean around
Hawaii, and from the Bering Sea to the South Pacific.
NDBC’s moored buoys measure barometric pressure;
wind direction, speed, and gust; air and sea tempera-
ture; and other sea parameters. The time resolution
of these measurements is one hour. Since the con-
tinuous wind measurements associated with Coastal-
Marine Automated Network (C-MAN) sites also pro-
vide six 10-minute average values of wind speed and
direction reported each hour, the time resolution of
the wind speed used in our validation is ten minutes.

Buoy measurements of SST and SSW from May
to October (a season with a high occurrence of hur-
ricanes) of 2004 and 2005 are matched with AMSR-
E observations of brightness temperatures. In the
matching process, the AMSR-E measurements near
the coasts and contaminated by land are first removed.
The differences in the buoy and AMSR-E time and
location (latitude and longitude) are smaller than or
equal to 10 minutes and 0.5 degree, respectively, where
we assume that the ocean surface temperature is the
same within one hour. There are the total 21754
of matched datasets between AMSR-E and the buoy
measurements including clear and cloudy weather con-
ditions.

Figures 4a–4b display the comparisons of the SST
and SSW retrieved from these AMSR-E matchup
data under both clear and cloudy weather conditions,
respectively. The retrieved SST (SSW) is plotted
through its mean value ±standard deviation to have
a clear understanding of the performance of the algo-
rithms for a certain observed SST (SSW). The sample
interval of the buoy SST measurement is ±0.5 K, while
the sample interval of the buoy SSW measurement is
±0.5 m s−1. The number of the retrieved SST (SSW)
corresponding to a certain buoy SST (SSW) measure-
ment varies from hundreds to thousands and is omitted
in the figures for clarity. It is noted that the algorithms
show a better retrieval accuracy of SST at higher SST
than at lower SST (Fig. 4a). For example, over areas
having SSTs greater than 295 K where tropical cy-
clones are likely present (Palmen, 1948; Gray, 1979),
the corresponding RMS error is around 1 K for SST.
This is primarily due to the relatively higher sensitiv-
ity of brightness temperatures to SST over warm



238 AMSR-E SEA SURFACE TEMPERATURE AND WIND SPEED RETRIEVALS VOL. 25

Fig. 4. Comparisons of the retrieved sea surface temperature and wind with the NDBC Buoy data under
all weather conditions, where for the same Buoy observation of SST or SSW, the mean value of various
retrieved SST or SSW ± its standard deviation are plotted. (a) sea surface temperature and (b) sea surface
wind.

oceans (Fig. 2a). The performance of the algorithms
in retrieving SSW is slightly decreased over oceans
with higher ocean wind speed (Fig. 4b). Overall, the
algorithms produce an RMS error of 1.5 K in SST and
an RMS error of 1.5 m s−1 in SSW in terms of 19225
of matchup observations between AMSR-E and buoy
measurements including clear and cloudy weather con-
ditions, for the buoy SST ranging between 275 and
300 K.

There are about one-fourth of all the matchup ob-
servations under raincloud conditions (i.e., the cloud
liquid water path is larger than 0.5 mm), where the
RMS errors of SST and SSW are increased, and are 1.8
K and 1.9 m s−1 correspondingly. Here, the cloud liq-
uid water is retrieved from the AMSR-E measurements
at 23.8 and 36.5 with an algorithm similar to that de-
veloped by Weng et al. (2003) and is then used to
detect clouds (Yan and Weng, 2004). Thus, our algo-
rithms perform well under rain-cloudy conditions over
moderately strong sea surface speed regions. Due to
the lack in buoy measurements with extremely strong
winds, the performance of the algorithms is further
validated against the dropsonde measurements in the
hurricane season where extremely strong winds might
occur, as discussed below.

4.2 Validation against NOAA AOC drop-
sonde data

The dropwindsondes data during the 2004 hurri-
cane season are used to evaluate the errors of retrieved
SST and SSW during tropical cyclones. The Ex-

pendable Global Position System (GPS) guided drop-
windsonds are routinely launched from the National
Oceanic and Atmospheric Administration (NOAA)
Aircraft Operation Center (AOC) WP-3D Lockheed
Orions and the Gulfstream IV-SP aircraft under
various environments, from benign weather to the
strongest hurricane eye walls. The GPS dropwind-
sondes provide the vertical profiles about the air tem-
perature and wind whose accuracies are ±0.2◦C and
±0.5 m s−1, respectively. These measurements near
the surface offer an excellent data source for evaluat-
ing the algorithm performance under tropical cyclones.

Dropwindsonde data during the 2004 hurricane
season are made available for this study. Specifically,
these cases include the data of the surface tempera-
ture and the wind speed at 10 meter from Hurricane
Frances, Gaston, Ivan and Jeanne. Note that when
the dropwindsonde data of wind at a height of 10 me-
ters is not available, the measurements of wind at the
neighbored height are used for extrapolation through
the relation

u2 = u1(z2/z1)p , (12)

where u2 is the wind speed at a desired reference height
(z2) and u1 is the wind speed measured at a height
(z1). The exponent (p) in Eq. (12) is normally de-
pendent on a wind lapse rate and set to 0.11 which is
applicable for most of oceanic conditions (Hsu et al.,
1994).

AMSR-E and dropwindsonde observations are
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Table 4. Intercomparisons of the sea surface temperature (Ts) and wind speed (w) from the GPS dropwindsonde obser-
vations (with superscript “drop”) and AMSR-E retrievals (with superscript “alg”) during the 2004 hurricane season.

Date |∆Time| |∆Lat| |∆Lon| Ts,drop Ts,alg Ts,alg − Ts,drop wdrop walg walg − wdrop

(2004) (hr) (◦) (◦) (K) (K) (K) (K) (m s−1) (m s−1)

08/30 1.16 0.40 0.48 300.45 300.04 −0.41 21.60 20.35 −1.25
08/30 1.37 0.40 0.48 300.75 299.54 −1.21 5.60 7.57 1.97
08/31 1.93 0.44 0.50 299.85 299.36 −0.49 6.70 8.52 1.82
09/02 1.08 0.22 0.48 301.55 300.66 −0.89 16.00 15.22 −0.78
09/02 1.31 0.38 0.50 298.55 299.44 0.89 25.20 26.24 1.04
09/03 0.40 0.43 0.46 300.05 298.85 −1.2 5.80 7.43 1.63
09/07 0.56 0.30 0.48 299.05 300.35 1.30 17.80 17.76 −0.04
09/07 0.92 0.20 0.49 297.95 298.91 0.96 26.00 23.17 −2.83
09/07 1.12 −0.49 −0.49 300.75 300.24 −0.51 17.30 17.53 0.23
09/07 1.69 0.37 0.50 299.75 298.83 −0.92 17.10 17.53 0.43
09/09 0.21 0.25 0.16 298.45 300.34 1.89 20.80 21.01 0.21
09/09 1.00 0.04 0.07 298.55 300.51 1.96 27.20 27.58 0.38
09/09 1.03 0.24 0.50 299.15 300.36 1.21 21.60 21.68 0.08
09/09 1.44 0.50 0.15 300.65 300.65 −0.29 14.50 15.09 0.59
09/09 1.52 0.42 0.50 300.25 299.79 −0.46 23.10 24.28 1.18
09/09 1.86 0.07 0.24 300.75 298.90 −1.85 7.10 8.55 1.45
09/12 2.40 0.41 0.49 300.55 300.71 0.16 17.10 16.98 −0.12
09/15 0.41 0.24 0.25 300.65 300.20 −0.45 16.30 16.19 −0.11
09/24 0.08 0.07 0.47 298.35 299.76 1.41 11.80 10.08 −1.72
09/24 0.13 0.14 0.50 297.85 299.68 1.83 12.50 7.14 −5.36
09/24 0.50 0.33 0.49 299.15 299.77 0.62 13.20 7.75 −5.45
09/24 0.90 0.02 0.06 300.35 300.43 0.08 19.70 18.03 −1.67

matched when the differences in both latitude and lon-
gitude are less than 0.5 degree. Furthermore, these
matched data are used for intercomparison. As shown
in Table 4, a total of 22 measurements are useful for
this study but the time of these spatially matched data
can differ significantly each day. Overall, an RMS er-
ror is about 1.1 K for SST, while the RMS error is
about 2.0 m s−1 for SSW. Note that there are several
cases from 2 to 9 September in Table 4, where the re-
trieved SST is usually larger than the observed SST
as the ocean surface wind is relatively large. However,
it is not clear if this phenomenon is linked to cold wa-
ter (transferred from the deep oceans by instantaneous
strong winds) which is not observed by satellite. More
validation with dropsonde observations is required to
understand this phenomenon in our future studies.

Although the RMS errors of SST and SSW between
buoy/dropsonde observations and AMSR-E retrievals
are generally reasonable, the difference between re-
trieved and observed of SST and SSW for some of the
22 cases are relatively large (see Table 4), being from
−1.85 to 1.96 K for SST and −5.45 to +1.97 m s−1 for
SSW. According to our error analysis, there are two
major error sources in our AMSR-E algorithms, which
are caused by residual errors associating with the scat-
tering effect of precipitating clouds and the approxi-
mation of an isothermal atmosphere. For the first error
source, as the effective diameter of particles in precip-

itating clouds doesn’t deviate significantly from our
assumption of 0.5 mm (Fig. 3b), the residual error in
correcting the scattering effect of precipitating clouds
is usually smaller than 0.3 K in both 6.925 and 10.65
GHz (section 3.2.1). When this assumption is differ-
ent perceptibly from realistic situation, for example, as
the effective diameter of rain drops is increased up to
1.0 mm (a very extreme case), the scattering intensity
will be doubles as the estimation shown in Fig. 3b for
the cloud liquid water path of 5 mm (section 3.2.1).
However, fortunately, for most heavy rain events, the
cloud liquid water path is usually smaller than 2 mm,
where the residual error in correcting scattering effect
of clouds is only as large as about 0.6 K for various rain
distribution functions. For the second error source,
there remains a residual error typically smaller than
0.6 K in RTM simulations due to approximation of an
isotheral atmosphere. Hence, typically, the maximum
residual errors are about 1.2 K in simulated satellite
brightness temperatures at both 6.925 and 10.65 GHz,
which could causes an error of around 1.5 K in SST
and 1.5 m s−1 in SSW, depending upon frequency, po-
larization and atmospheric conditions (Figs. 2a–2d).
Besides, the validation of the NESDIS ocean emissiv-
ity model used in the RTM simulations is performed
only in clear sky conditions which is mostly limited
to oceans at relative low wind speeds (smaller than
25 m s−1), referring to section 3.3.2. It is less un-
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derstood if a larger bias occurs in the ocean emissiv-
ity model for oceans with a very strong SSW. Due
to this uncertainty, the maximum errors of retrieved
SST and SSW over oceans with strong winds by using
the AMSR-E algorithm could be slightly larger than
the estimated ones (1.5 K in SST and 1.5 m s−1 in
SSW). Therefore, such estimations of errors are basi-
cally consistent to above statistic results of retrieval
uncertainties in SST and SSW. Note that uncertainty
in correction RFI effect is not considered in this error
analysis because the RFI-contaminated observations
are less frequently detected.

For two cases on 24 September (Table 4), however,
the deviation of retrieved SSW from the dropsonde ob-
servation is around −5 m s−1, which is much beyond
the estimated maximum error in SSW. The SSW drop-
sonde observed for those two cases is only 13 m s−1,
i.e., not being oceans with strong winds, where the un-
certainty in the NESDIS ocean emissivity model would
be very small. We thought that this large difference
might be caused primarily by an inhomogeneous dis-
tribution of SSW along the latitude with respect to
the observed location. This is because the error of re-
trieved SSW for the other two cases on the same day
(seeing the first and fourth cases on 24 September in
Table 4) is relatively small, where the distance between
AMSR-E and dropsonde observations is small.

4.3 Distributions of SST and SSW under
jeanne hurricane in 2004

The algorithms for SST and SSW have demon-
strated agreement with the dropwindsonde data dur-
ing hurricane season in 2004. The 2004 season pro-
duced 16 named storms that lashed the United States,
including Hurricane Jeanne. As an example, Figs. 5a
and 5b display the distribution of SSW and SST on 24
September 2004 during Hurricane Jeanne over the re-
gion between latitudes 21.0◦N and 35.0◦N and between
longitudes 54.0◦W and 74.0◦W, which are retrieved
from descending AMSR-E measurements at 6.925 and
10.65 GHz using the above algorithms. It is noted that
the sea surface temperature varies between 296.7 and
302.7 K whereas the sea surface wind speed varies be-
tween 3.5 and 28.7 m s−1. The maximum sea surface
wind with 28.7 m s−1 occurs at 28.2◦N and 70.1◦W
at a local time of about 6 am, where the retrieved
SST is about 301.5 K. According to the NOAA AOC
dropsonde data, at a local time of 7:30 AM, the ob-
served maximum sea surface wind is about 30.9 m s−1

and the SST is about 300.9 K, at 26.1◦N and 71.4◦W.
Thus, the retrieved and observed maximum sea surface
wind speeds are in agreement, and the retrieved and
observed SST is also comparable, in terms of certain
time/location differences. Note that there are about

18 observations of brightness temperatures at 6.925
GHz contaminated by Radio-Frequency Interference
over this region, and the maximum value of the RFI
index is 17.6 K. As a result, Fig. 5 relies on bright-
ness temperatures at 6.925 GHz with a RFI-correction
when the RFI is recognized.

Currently, the above algorithms have been im-
plemented into NOAA Hybrid VARiational scheme
(HVAR) for the hurricane vortex analysis developed
by Weng et al. (2007). With information of SST and
SSW provided by our newly developed algorithms,
this HVAR scheme allows for direct assimilation of
cloud-affected radiances from satellite microwave in-
struments. In the 2005 hurricane season, the HVAR
was applied for eight hurricane cases, resulting in im-
proved and stable analyses of their three dimension
structures of temperature and wind fields than oper-
ational forecast model outputs (Weng et al., 2007).
Therefore, this further demonstrated that our algo-
rithms can provide the critical information of sea sur-
face temperature and wind from the AMSR-E mea-
surements at lower frequencies for tropical cyclone pre-
dictions.

5. Discussion and conclusions

Algorithms for sea surface temperature and wind
speed have been developed applicably for tropical cy-
clone applications. The algorithms are physically de-
rived through approximating the radiative transfer
equation without scattering terms, but an estimate
of the scattering intensity is performed using simu-
lated satellite measurements including precipitation.
So, both emission and scattering contributions of cloud
particles and raindrops have been properly taken into
account in the algorithms. Also, the AMSR-E mea-
surements at lower frequencies over oceans are occa-
sionally contaminated by Radio Frequency Interfer-
ences caused by variable surface radio frequency trans-
mitters. An empirical expression is derived based upon
the training data set of RFI-free AMSR-E brightness
temperatures to predict RFI-contaminated brightness
temperatures at 6.925 GHz from brightness tempera-
tures at 10.65 GHz.

Derived products are validated against GPS drop-
sonde and buoy observations of sea surface tempera-
ture and wind. Compared to dropsonde data during
the 2004 hurricane season, it is found that the RMS
error in retrieved SST is about 1.1 K while the RMS er-
ror in retrieved SSW is about 2.0 m s−1. For the buoy
data under rain-cloudy conditions, the RMS error in
retrieved SST is 1.8 K while the RMS error in retrieved
SSW is about 1.9 m s−1. And such errors are obvi-
ously reduced over warm oceans where the hurricane



NO. 2 YAN AND WENG 241
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(b) AMSRE Sea Surface Temperature (K)
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Fig. 5. Distributions of (a) sea surface wind and (b) sea surface temperature derived from descending
AMSR-E measurements on 24 September 2004, under Jeanne hurricane over region in latitudes between
21.0◦N and 35.0◦N and in longitude between 54.0◦W and 74.0◦W.

might occur. Furthermore, the algorithms are used to
display the distributions of SST and SSW during Hur-
ricane Jeanne in 2004. The maximum wind speed of
28.7 m s−1 retrieved by the algorithms is close to the
maximum wind of 30.9 m s−1 observed one hour later
by NOAA AOC. Currently, the algorithms have been
implemented into the NOAA HVAR for the hurricane
vortex analysis, which results in the improved analy-
ses of three dimension structures of temperature and
wind fields than operational forecast model outputs
(Weng et al., 2007). Therefore, our newly developed
algorithm can provide some critical surface informa-
tion for tropical cycle predictions such as hurricane
vortex analysis.

However, there remain several limitations in the
current algorithms which need to be further improved.
First, the performance of the algorithms could slightly
degrade over oceans with extremely strong winds due
to uncertainty in the NESDIS ocean emissivity there.
This is partially because the validation of NOAA ocean
microwave emissivity model is performed in clear sky
conditions which is mostly limited to oceans at relative
low wind speeds (smaller than 25 m s−1). However,
from successful applications of the SST and SSW prod-
ucts retrieved by using our algorithms into the NOAA
HVAR for eight hurricane cases, we conclude that the
accuracy of the retrieved SST and SSW over oceans
with extremely strong wind may be comparable to that
over oceans with normal winds because a stable qual-
ity of three dimension structures of temperature and
wind fields is produced from NOAA HAVR even if the
SSW is very large (Weng et al., 2007). Nevertheless, a
well-validated theoretical or empirical model for a sea
surface microwave model at very high winds is desir-
able in improving the performance of the algorithms
developed in this study over oceans with strong winds.
Second, the spatial resolution of AMSR-E measure-

ments at 6.925 and 10.65 GHz is different (Table 1).
The inhomogeneous fields-of-view at these two chan-
nels especially under heavy rains could cause an extra
error in SST and SSW retrieved using the algorithms.
A further investigation is needed to reliably model the
effects of rain resulting from this inhomogeneous fields-
of-view on retrievals of SST and SSW. Third, the un-
certainty of the assumption about the effective diame-
ter of raindrops used in the algorithm could affect the
accuracy of the SST and SSW retrievals, as analyzed
in section 3.2.1. This uncertainty could result in differ-
ent accuracy of SST and SSW under different types of
precipitating clouds. This implies that accurate infor-
mation on the effective diameter of raindrops is helpful
in accurately assessing the scattering intensity in ex-
tremely strong rains, which is our main theme in Part
II: Simultaneous retrievals of cloud parameters from
AMSR-E measurements. Therefore, with these im-
provements, the performance of the algorithms could
be further enhanced.

APPENDIX A

An Overview of the NESDIS Ocean
Microwave Emissivity Model

NESDIS ocean emissivity model is generated based
on the previous works done by (Hollinger, 1971;
Stogryn, 1972; Klein and Swift, 1977), as summarized
here. Brief definitions of the major variables used in
the following equations are listed in Table A1, though
their detailed descriptions can be referred to previ-
ous works (Hollinger, 1971; Stogryn, 1972; Klein and
Swift, 1977).

εH = 1.0− (1.0− F )RHC − FRHF

εV = 1.0− (1.0− F )RVC − FRVF
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Table A1. Definitions for the major variables used in the equations shown in Appendix A.

Variable Definition

θ Incident angle
µ The cosine of the incident angle
f Electromagnetic frequency
w Wind speed
F Wind induced foam fraction
rH Surface reflectance in H-Pol
rV Surface reflectance in V-Pol
gH An empirical function for the wind induced change in H-Pol reflectance
gV An empirical function for the wind induced change in V-Pol reflectance
tHr An empirical function for the wind induced change in H-Pol reflectance
tVr An empirical function for the wind induced change in V-Pol reflectance
esw Dielectric constant of saline water
Ts Sea surface temperature
εV Sea surface emissivity at V-Pol
εH Sea surface emissivity at H-Pol

where

RHC = r2
H − tHr/Ts

RVC = r2
V − tVr/Ts

rH =

∣∣∣∣∣
µ cos θ −

√
µesw − sin2 θ

µ cos θ +
√

µesw − sin2 θ

∣∣∣∣∣

rV =

∣∣∣∣∣
esw cos θ −

√
µesw − sin2 θ

esw cos θ +
√

µesw − sin2 θ

∣∣∣∣∣

tHr = (1.115× 10−1 + 3.8× 10−5θ2)f0.5w

tVr = (1.17× 10−1 − 2.09× 10−3e7.32×10−2θθ2)f0.5w

RHF = 1.0− (2.08× 102 + 1.29f)gH

Ts

RVF = 1.0− (2.08× 102 + 1.29f)gV

Ts

gH = 1.0− 1.748× 10−3θ − 7.336× 10−5θ2+

1.044× 10−7θ3

gV = 1.0− 9.946× 10−4θ + 3.218× 10−5θ2−
1.187× 10−6θ3 + 7.0× 10−20θ10

F = 6.0× 10−3(1.0− e−f/7.5)(w − 7.0), w > 7 m s−1

F = 0, w < 7 m s−1

APPENDIX B

Matrix in the AMSR-E Retrieval Algorithms

The elements in matrix A as shown in Eq. (7) in

the main text are explicitly expressed as follows.

a11 =
∂TB,V6

∂Ts
= εv6ζ6 + ζ6(Ts − Ta6 − ΩV6Ta6)

∂εV6

∂Ts

a12 =
∂TB,V6

∂w
= ζ6(Ts − Ta6 − ΩV6Ta6)

∂εV6

∂w

+ (1− εV6)ζ6Ta6
∂ΩV6

∂w

a13 =
∂TB,V6

∂Ta6
= 1 + (1− εV6)ζ6 + (1− εV6)ΩV6ζ6+

(1− εV6)ζ6Ta6
∂ΩV6

∂Ta6
+

[εV6Ts + (1− εV6)Ta6+

(1− εV6)ΩV6Ta6]
∂ζ6

∂Ta6

a14 =
∂TB,V6

∂Ta10
= 0

a21 =
∂TB,H6

∂Ts
= εH6ζ6 + ζ6(Ts − Ta6 − ΩH6Ta6)

∂εH6

∂Ts

a22 =
∂TB,H6

∂w
= ζ6(Ts − Ta6 − ΩH6Ta6)

∂εH6

∂w
+

(1− εH6)ζ6Ta6
∂ΩH6

∂w

a23 =
∂TB,H6

∂Ta6
= 1 + (1− εH6)ζ6 + (1− εH6)ΩH6ζ6+

(1− εH6)ζ6Ta6
∂ΩH6

∂Ta6
+

[εH6Ts + (1− εH6)Ta6+
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(1− εH6)ΩH6Ta6]
∂ζ6

∂Ta6

a24 =
∂TB,H6

∂Ta10
= 0

a31 =
∂TB,V10

∂Ts
= εV10ζ10 + ζ10(Ts − Ta10−

ΩV10Ta10)
∂εV10

∂Ts

a32 =
∂TB,V10

∂w
= ζ10(Ts − Ta10 − ΩV10Ta10)

∂εV10

∂w
+

(1− εV10)ζ10Ta10
∂ΩV10

∂w

a33 =
∂TB,V10

∂Ta6
= 0.0

a34 =
∂TB,V10

∂Ta10
= 1 + (1− εV10)ζ10+

(1− εV10)ΩV10ζ10+

(1− εV10)ζ10Ta10
∂ΩV10

∂Ta10
+

[εV10Ts + (1− εV10)Ta10+

(1− εV10)ΩV10Ta10]
∂ζ10

∂Ta10

a41 =
∂TB,H10

∂Ts
= εH10ζ10+

ζ10(Ts − Ta10 − ΩH10Ta10)
∂εH10

∂Ts

a42 =
∂TB,H10

∂w
= ζ10(Ts − Ta10 − ΩH10Ta10)

∂εH10

∂w
+

(1− εH10)ζ10Ta10
∂ΩH10

∂w

a43 =
∂TB,H10

∂Ta6
= 0.0

a44 =
∂TB,H10

∂Ta10
= 1 + (1− εH10)ζ10+

(1− εH10)ΩH10ζ10+

(1− εH10)ζ10Ta10
∂ΩH10

∂Ta10
+

[εV10Ts + (1− εH10)Ta10+

(1− εH10)ΩH10Ta10]
∂ζ10

∂Ta10

The various variables in the above equations are
the same as these in the main text.

APPENDIX C

Initialization of AMSR-E Algorithms

For an isothermal atmosphere, the brightness tem-
perature at a satellite height can be simplified to

TB = Ts[1− ζ2(1− ε)] .

With dual polarization measurements at AMSR-E 6.9
GHz, the sea surface temperature (Ts) can be derived
as

Ts =
1

1− C
TB,V − C

1− C
TB,H ,

where C is the ratio of the ocean surface reflectivity
at two polarizations, i.e.,

C =
1− εV

1− εH
,

which is calculated using 295 K of SST, 10 m s−1 of
wind speed and 35 per thousand of sea water salinity.
In comparison to the observed SST, the standard devi-
ation of the estimated SST using the above expression
is around 2.2 K.

In Eq. (7), the initial values of both the atmo-
spheric emissions at 6.925 and 10.65 GHz and the sur-
face wind are specified from vertically and horizon-
tally polarized AMSR-E measurements correspond-
ingly. The above analyses have displayed that verti-
cally polarized AMSR-E measurements at lower fre-
quencies are less sensitive to sea surface wind (see
Fig. 2c), while corresponding horizontally polarized
measurements are very sensitive to sea surface wind
(see Fig. 2d). So, the initial values of the atmo-
spheric emissions at 6.925 and 10.65 GHz are specified
from the vertically polarized AMSR-E measurements
at 6.925 and 10.65 GHz correspondingly, with a con-
stant sea surface wind or an empirical algorithm. The
initial value of sea surface wind is then obtained from
the horizontally polarized AMSR-E measurement at
6.925 GHz with the above initial values of sea surface
temperature and atmospheric emission.
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