IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. XX, NO. X, XXX 2007 1

Microwave Emissivity over Ocean in All-
Weather Conditions. Validation Using
WINDSAT and Airborne GPS-Dropsondes
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Abstract—Emissivity spectra computed by the FASTEM-3
model using GPS-dropsonde wind as input, are compared
to emissivity retrieved from stringently coincident
WINDSAT measurements, using a variational approach.
This is done in both clear and rainy conditions to assess the
validity of both the emissivity model and the retrieval
technique in all conditions. Results of this comparison are
presented for vertical and horizontal polarizations, in
moderate to high winds conditions. In particular, a slope
difference is found and its potential sources discussed in
this study.

Index Terms— Microwave emissivity, Retrieval algorithm,
Variational assimilation, Dropsonde, Hurricane.

I. INTRODUCTION

he microwave emissivity modeling over sea surfaces has
Texperienced significant advances in the last decades and is

now considered a well handled issue [English, 2006]. Most
operational centers use a microwave emissivity model in the
assimilation process of surface-sensitive channels, for the
purpose of producing sea surface wind intensities and/or
directions [Ruston and Boukabara, 2006]. A large number of
emissivity models have been published in the literature, some
based on empirical expressions but fast and some with explicit
treatment of the surface geometry but with a high computation
cost that prevents them from being used operationally [Stogryn
1967, Wilheit 1979, Wentz 1983, Prigent and Abba 1990,
Guissard et al. 1992, English and Hewison 1998, Boukabara
2002]. There are however remaining issues in the emissivity
modeling related to uncertainties in the dielectric constant
modeling, the foam emissivity and coverage parameterizations
and the nature of the relationship between the wind and the
surface geometry [Camps et al, 2005, Azziz et al. 2005,
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Padmanabhan et al. 2006]. There are also wide open
uncertainties on the accuracy of the emissivity models in rainy
conditions [Bliven et al. 1997, Camps et al. 2001, Craeye et al.
2003]. In these conditions, the sea roughness is altered by the
amount of rain and the size distribution of the precipitation. In
addition, the atmospheric signal is impacted by attenuation and
scattering of the rain which also freshens the surface.

On the other hand, direct retrievals of emissivity spectra from
brightness temperatures have been performed, particularly over
land but also over ocean, using variational approaches or
analytical methods [Moncet et al. 1995, Karbou et al. 2005]. In
this study, we undertook to compare retrievals of emissivity
spectra from WINDSAT data ranging from 6 to 37 GHz, to
emissivity model simulations using airborne GPS-dropsonde
measurements of wind intensity. These latter were provided to
us by the Hurricane Research Division in Miami, FL. They are
taken routinely during Hurricane events, in and around the
active area where airplanes are flown to probe the storm
intensity and other parameters. They provide temperature,
humidity and wind vertical profiles, down to a few meters
from the surface level. The variational algorithm used to
retrieve the emissivity is called the Microwave Integrated
Retrieval System (MIRS) [Boukabara et al. 2006] where the
emissivity spectrum is part of the retrieved state vector. The
use of the Community Radiative Transfer Model (CRTM) as
the forward operator in MIRS makes it possible to perform the
retrieval in all-weather conditions including precipitating ones.
Both radiances and Jacobians are provided by CRTM. The
problem is ill-constrained but this is alleviated by performing
the retrieval in a reduced space, selecting only a limited
number of degrees of freedom (Eigenvalues).

Il. MICROWAVE EMISSIVITY MODEL

The microwave emissivity modeling of the sea surface depends
on a number of parameters: the dielectric constant for saline
water, the surface geometry or roughness and the foam
emissivity and coverage. The dielectric constant is itself
dependent on the water temperature and the salinity. The effect
of this latter for high frequency channels is known to be
negligible [Guillou et al. 1998, Meissner and Wentz 2004].
The surface roughness is usually modeled by parameterizing
the surface large and/or small wave slopes distribution which
is mostly dependent on the surface wind vector. The
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relationship between the wind and the wave distribution
usually assumes neutral stability. The Geometric Optics (GO)
models assume that the emissivity is mainly dependent on the
large length waves (larger than the sensor wavelength) and
ignore the small scale variability. Two-scale models do
account for these small perturbations by using the small
perturbation method (SPM) but are time-prohibitive. The foam
is not very well modeled and usually depends on regression fits
to wind speed. It is neglected in most models for low wind
speeds and large uncertainties exist for high wind regimes
[Camps et al. 2005, Padmanabhan et al. 2006]. The emissivity
model used in this study is the newest version of the FASTEM
model. This latter is a fast GO model that was originally called
FASTEM-1 [English and Hewison, 1998] and was designed to
compute ocean surface emissivity given a sea surface
temperature, wind speed and viewing angle for a microwave
radiometer channel. Deblonde and English (2001) then
developed an improved version called FASTEM-2 which takes
into account the treatment of non-specular reflection. This had
the effect of improving the simulation of ocean surface
emissivity for SSM/I and AMSU for larger viewing angles as
described in Deblonde (2000). FASTEM-2 has been further
updated to allow for the dependence of the ocean surface
emissivity on the azimuth angle between the wind direction
and the line of sight of the instrument. The resulting FASTEM-
3 is also able to predict the behavior of the 3 and 4™ elements
of the Stokes vector as a function of wind speed and wind
direction. The azimuthal variation of emissivity was based on
an empirical model [Liu and Weng, 2003]. The surface wave
distribution in FASTEM-3 is based on a fast regression fit.

I1l. RETRIEVAL/ASSIMILATION SYSTEM

The inversion system used in this study is a generic variational
retrieval algorithm (1DVAR) that applies to all microwave
sensors with no change to the code. The retrieval of the
temperature and moisture profiles is done along with the
precipitating and non-precipitating cloud parameters. The
surface boundary is handled by including the surface
emissivity and temperature within the retrieval state vector. To
alleviate the limited information content available in the
instrument at hand, the inversion is performed in a reduced
Eigenvalue space as mentioned before, which makes the
retrieval process stable and mathematically consistent. The
mathematical basis of MIRS is a proven and widely used
variational approach described in (Rodgers 1976), consisting

of minimizing the following cost function (1):

J(X) :E(x - X,) xB*x(X - xu)}E(Y" —Y(X)) xE*x(Y" —Y(X))}

The first right term J, represents the penalty in departing from

the background value (a-priori information) and the second
right term J_ represents the penalty in departing from the

measurements. X  and B are the mean vector (or background)

and covariance matrix of the state vector X, respectively. E is
the measurement and/or modeling error covariance matrix. The
measurements vector is represented by Y™ and Y is the forward
operator. The following is the solution to the cost function

minimization process, where n is the iteration index (a
maximum number of seven iterations is allowed).

@

K in this case is the Jacobian or derivative of Y with respect to
X. At each iteration n, the new optimal departure from the
background is computed, given the derivatives as well as the
covariance matrices. This is an iterative-based numerical
solution that accommodates moderately non-linear problems
or/and parameters with moderately non-Gaussian distributions.
The whole geophysical vector is retrieved as one entity
including the temperature, moisture and hydrometeors
parameters as well as skin surface temperature and emissivity
vector, ensuring a consistent solution that fits the radiances. In
the case of non-sounder sensors, like WINDSAT, the
temperature and humidity profiles are still part of the retrieved
vector but they are usually not varied and remain close to the
background values. In practical terms, only 1 or 2 Empirically
Orthogonal Functions (EOFs) are used for the vertical profiles
and the net effect is that the water vapor profile is simply
scaled so that only the integrated water vapor gets changed.
The forward operator CRTM used in MIRS was developed at
the Joint Center for Satellite Data Assimilation (JCSDA)
[Weng et al. 2005] and produces radiances as well as
Jacobians, for all geophysical parameters. Derivatives are
computed using K-matrix developed by Tangent Linear (TL)
and Adjoint (AD). This is ideal for retrieval and assimilation
purposes. The different components of CRTM briefly are the
OPTRAN fast atmospheric absorption model (McMillin et al.
1995), and the advanced doubling adding radiative transfer
solution for the multiple-scattering modeling (Liu and Weng
2006). The convergence criterion used in MIRS is:

AX,, ={BK!(K,BK! +E)*f(Y" - Y(X,))+ K.AX,]

@)

Where N is the number of channels used for the retrieval
process. This mathematically means that the convergence is
declared reached if the residuals between the measurements
and the simulations at any given iteration are less or equal than
one standard deviation of the noise that is assumed in the
radiances.

o = |V -y O xEx (v~ (x))|< N

IV. INSTRUMENTAL CONFIGURATION

In this study we will use the wind-dedicated mission
WINDSAT onboard to CORIOLIS platform, which was
launched on January 2003, as it offers the opportunity to assess
the emissivity modeling in frequencies from 6.8 to 37 GHz in
both horizontal and vertical polarizations. The WINDSAT
sensor measures primarily the ocean surface wind field at a
horizontal resolution of 25 km. The secondary measurements
of WINDSAT are the sea surface temperature, the soil
moisture, the rain rate, the integrated cloud, the ice/snow
characteristics and the water vapor. The WINDSAT radiometer
has five channels at 6.8, 10.7, 18.7, 23.8, and 37.0 GHz. Table
1 provides key characteristics of the system. The antenna
beams view the Earth at incidence angles ranging from 50 to
55°. The orbit and antenna geometry result in a forward-
looking swath of approximately 1000 km and an aft-looking
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swath of about 350 km. Data used in this study were processed
at Fleet Numerical Meteorology and Oceanography Center
(FNMOC) and made available through the Jet Propulsion
Laboratory (JPL).

Band Polarization Bandwidth Earth Horizontal
(GHz) (MHz) Incidence Spatial
Angle (deg) Resolution(km)

6.8 V,H 125 53.5 40x60
10.7 V,H,445, LR 300 49.9 25x38
18.7 V,H,445, LR 750 55.3 16x27
238 V,H 500 53.0 12x20
37.0 V,H,445 LR 2000 53.0 8x13

Table 1. WINDSAT Characteristics (source: NRL/Navy)

V. INFORMATION CONTENT ASSESSMENT

Sensitivities of WINDSAT measurements to emissivity in all-
weather condition was assessed and is presented here. It is
important to assess this information content because variational
algorithms could retrieve products only because of correlations
with other derived products and not really because of the
existence of a radiance signal. These correlations are contained
within the covariance matrix B. To determine if we really do
have signal in our measurements, under precipitating
conditions, we computed the Jacobians (using CRTM) of
brightness temperature with respect to emissivity for varying
atmospheric water vapor (TPW) values, for a range of rain
water path and for a number of cloud amount/ice amount
combinations. The total precipitable water (TPW) was varied
between 2 and 80 mm, the vertically integrated rain water path
(RWP) was varied between 0 and 0.6 mm, for cloud amounts
of 0 (clear sky) and 1 mm and for graupel-size ice vertical
amounts of 0 and 0.6 mm. This is presented in Figure 1 for the
37 GHz channel. Typically, lower frequency channels present
higher signal (not shown). The results show that clear sky
situations (no cloud, no rain, no ice) present the highest
sensitivity as one might expect. The ice effect is minimal in
this channel, also as expected. This frequency is indeed not
very sensitive to scattering by ice. The absorption effect due to
cloud and rain is to significantly reduce the sensitivity to
surface. This reduction is modulated by the amount of
humidity in the atmosphere. The lowest sensitivity,
approximately 0.4 Kelvin for a 0.01 emissivity change, is
found for the most humid and most intense precipitation cases.
The strongest sensitivity in clear sky cases reaches 1.5 Kelvin
per 0.01 emissivity change. The main conclusion of this
analysis is that reasonable signal remains in the WINDSAT
channels even when heavy precipitation is present, making it
possible to retrieve emissivity in these conditions.

A similar sensitivity study was performed for all AMSU and
MHS channels (not shown) that indicate that saturation occur
very rapidly in channels with frequencies at 89 GHz and
higher, making the retrieval of higher frequency emissivities in
a variational algorithm, totally dependent on the built-in

correlations between the low-frequency and high-frequency
emissivities. It is therefore difficult to assess emissivity model
validity at high frequencies in rainy / cloudy conditions.

VI.

In order to test with real data and attempt validation, we need a
source of ground truth data which simultaneously provides
atmospheric temperature, water vapor and of course wind
speed. The vertical profiles are used to side-assess other
parameters such as TPW which are by-products of the
variational algorithm but not the focus of this study. This
constitutes an additional piece of information in the validation
of the emissivity. The standard buoy measurements offer the
wind information but lack the atmospheric component. The
standard radiosondes on the other hand offer the measurements
of atmospheric profiles but no information of the wind. High
quality airborne dropsondes, such as those provided by the
Hurricane Center in Florida, offer a unique opportunity by
providing simultaneous measurements of temperature,
moisture and wind profiles. In fast moving conditions such as
in precipitating cells, the time and space collocation errors
could be very significant and may overshadow any validation
assessment we might attempt. Therefore very stringent
collocation criteria must be used. We focused our study on the
2005 Hurricane Dennis which devastated Cuba and Haiti
before making land fall in the US Golf coast on July 10™. The
general view of that hurricane is presented in Figure 2 and
Figure 3 from the WINDSAT measurements and from a single
channel of the MHS sensor (157 GHz). The WINDSAT
signatures are presented for all H polarization from 6.8 GHz to
37 GHz. On top of the brightness temperature fields are
overlaid a number of airborne dropsondes launch spots. The
horizontal color bar represents the brightness temperature
intensity while the vertical bar represents the time difference
between these dropsondes and the satellite measurements. It is
obvious that the atmospheric effect on the WINDSAT
measurements is to increase the signal due to cloud and rain
absorption (no ice scattering). This increase is proportional to
the frequency. The MHS channel at 157 on the other hand
experiences a significant scattering effect due to hydrometeors
(Figure 3). The signal tends to drop in the middle of the rainy
cell for this channel.

CASE STUDY

VIL.

Coriolis/WINDSAT sensor was used to compare retrievals of
emissivity generated using the variational algorithm described
above with airborne-based GPS-dropwindsondes, in both clear
cases as well as under precipitating conditions. It is critical that
one gets a clear sense of how accurate the truth measurements
(in our case, dropsondes) are before interpreting any
differences between them and the retrievals.

A. GPS-DropWindSondes

These measurements are made in cloudy/rainy conditions
(typically during hurricanes and tropical storms) by high
velocity descending GPS-dropsondes. These latter were
quality-controlled using the Hurricane Analysis and Processing
System (HAPS) [Hock and Franklin 1999]. They operate at

VALIDATION USING GPS-DROPSONDES
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altitudes up to 24 kms with a descent time of about twelve
minutes. The measurements are made every half second which
allows a high vertical resolution. Along with the temperature
and moisture, the vertical wind speed profile is also measured
by using GPS-based Doppler signal, down to 4-10 meters
above the surface. The validation of these dropsondes was
assessed by comparison with standard radiosondes, radars,
buoys as well as by human visualization of clouds for the
saturation check. For a full description of these measurements,
see [Hock and Franklin 1999]. For the wind, an accuracy of
0.5-2 m/s was estimated. Figure 4 shows the locations of the
dropsondes when they were dropped from the airplane during
hurricane Dennis. It also highlights the individual sondes
selected for a case-by-case comparison in the next section. It
was reported by [Hock and Franklin 1999] that almost-
coincident measurements of wind profiles by successive
dropsondes were made to assess the precision of the wind from
these sondes. The main conclusion was that the coincident
sondes always reported differences less than 1 m/s but they
mention that in cases of poor GPS geometry accuracy, the
differences may reach 2 m/s.

B. Limitations of the validation in extreme weather events

Traditional approach to validating retrievals or models by
statistical comparison with ground truth data collected around
the measurement’s time/space location is not optimal in the
case of hurricane conditions. The main reason is the fast
moving features involved. Collocation errors are expected to
be dominant in very active areas. Stringent time and space
criteria must therefore be used, which obviously dramatically
reduces the total number of coincident collocations. This in
turn renders the empirical assessment statistically meaningless
at best or practically unfeasible at worst. Note that the tight
time and space collocation must be between coincident satellite
measurements, hurricane events and ground truth such as
dropsondes.

One of the challenges faced during this comparison is the fact
that emissivity models usually require 10-meters height wind
and assume local thermodynamical stability, which is not
necessarily valid under precipitating conditions. The GPS-
based wind profile sometimes goes down to 10 meters but
sometimes does not for various reasons. The approach adopted
in this study was to select the reported wind closest to 10
meters height. The difference in height will contribute to the
uncertainty errors. Another type of limitation one should be
aware of is what other studies called representativeness error
which relates to the fact that dropsonde measurements are
point-measurement and do not necessarily represent what the
sensor is measuring within the whole field of view of the
spaceborne sensor. Unfortunately, the number of dropsondes
collocated with satellite measurements is limited and therefore
the luxury of averaging within the footprint to mitigate
representativeness errors (or around the time of the
measurement) can not be afforded.

C. Case-By-Case Validation

Given the limitations discussed above, and for the purpose of
the model versus retrieval comparison, it was critical to find

the as-perfect-as-possible collocation between the satellite
measurements and the GPS-dropsondes. Figure 5 shows a field
of the convergence metric (,?) using two retrievals, one with

the multiple scattering capability turned ON and one with the
capability turned OFF. The retrieval was done using all
WINDSAT channels simultaneously. This shows how
important it is to account for precipitation effects when
performing retrievals in rainy conditions, even when
frequencies involved are all low (below 37 GHz). Non-
precipitating cloud is not able, alone, to compensate for
precipitation. Notice that very heavy rain (at rain bands) still
exhibits non-convergence which suggests that either (1) the
forward model is not accurate enough in these regions or that
(2) the assumed instrument errors are not representative (too
low) or even that (3) the hydrometeors covariance is not
applicable or close enough to the particular case studied here.
Note also that non-convergence extends to coastal areas. This
is to be expected because the emissivity covariance matrix
does not represent at all these cases. Figure 6 and Figure 7
present the comparison between several emissivity spectra in
clear and precipitating conditions respectively. These
individual dropsonde cases were selected in Figure 4. In both
cases, the retrieval reached convergence, i.e. the resulting
emissivities (along with the rest of the state vector) fit the
measurements within noise levels.

The spectra displayed in these figures are (1) two retrieved
spectra from the MIRS system using non-corrected WINDSAT
brightness temperatures and in which the scattering model was
turned ON or OFF, (2) the computed emissivity spectrum
using the FASTEM-3 model and the dropsonde wind as input
(the wind closest to 10-meters height), (3) the emissivity
spectrum simulated using FASTEM-3 and GDAS analysis
wind as input (included for reference). (4) The background
emissivity spectrum is also plotted for reference to highlight
what type of spectral constraint we had during the retrieval.
The background emissivity constraints over ocean are built
using the same FASTEM-3 model, which is part of the CRTM
package we use in the retrieval algorithm.

VIII.

In Figure 6 (clear sky case), the individual dropsonde
measured the wind at a height of 8 meters. The MIRS retrieved
surface temperature (301.5K) is roughly similar to the one
from the GDAS analysis field (302 K). The distance difference
between the dropsonde (DS) and the satellite measurement
footprint center was 4.4 Km. The time difference was 1.7
hours. The GDAS reported wind was 6.7 m/s while the
dropsonde reported 8.4 m/s. The closeness of surface
temperature and wind reportings between the DS and the
GDAS is to be expected as GDAS does assimilate those
dropsonde measurements. This in turn explains why the
corresponding simulated emissivity spectra are close. The two
MIRS-based retrieved spectra (using absorption only and
accounting  for the  full extinction effects) are
undistinguishable, confirming that no heavy precipitation was
taking place for this individual case. In other words, turning
ON or OFF the precipitation handling does not make a
difference in the retrieved emissivity. It is worth noting that the

RESULTS
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retrieved spectrum is departing from the background spectrum
in both V and H, consistently, responding therefore to signal
from the brightness temperature measurements. The retrieved
spectrum adopted a slightly larger spectral slope than both the
background and the FASTEM-3 based emissivity (with the
GPS-dropsonde wind as input). For V polarization, the low
frequency (between 6 and 19 GHz) emissivity values are
relatively similar between the retrieved spectrum and the
DS&FASTEMS3-based values. The departure between the
spectra reaches a maximum at 37 GHz with the retrieved
emissivity being higher by as much as 0.04 than the
DS&FASTEM value. For the H polarization, the slight slope
difference (same direction) is creating differences in the low
and high ends of the frequency range but they do not exceed
0.02. It is important to recall that the retrieval has reached
convergence in this case and is therefore producing final
brightness temperatures consistent with the measurements. The
individual channels residuals were around 2 K for the V
channels and 0.8 K for the H channels, with an overall »?of 1.

Figure 7 represents another case of comparison, corresponding
to precipitating conditions previously identified in Figure 4. It
is worth noting that in this case, the retrieved spectra with and
without accounting for the full extinction due to precipitation,
are clearly distinct, which confirms that the case is indeed
affected by rain. In this case, the reported skin temperature by
GDAS was 301.8 K and that retrieved by MIRS was 303.4 K,
a difference of 1.6 K. The wind reported by GDAS was 7.9
m/s while the one reported by the dropsonde was much higher
at 12.1 m/s. It is expected that assimilation-based wind is
underestimated in the high end as this is a smoothed value
within a grid, while the dropsonde measurement is a point-
measurement that has much more spatial variability. The
collocation for this case was almost perfect: less than 15
minutes in time and less than 6 km in distance, reducing the
collocation errors to a minimum. However, the DS wind was
reported at 16 m. It is interesting to note that similar features
found in the clear case, are reproduced in this case as well. In
particular, the retrieved spectrum (we focus on the scattering-
ON one) tends to have a higher spectral slope (than the model)
in both V and H channels, but with more dramatic differences
than in the case of clear conditions. It is found that low
frequency emissivity values in the V case tend to be similar
between the FASTEM-3 simulations and the retrieved values,
but tend to depart more quickly and reach a maximum
difference of 0.05 at 37 GHz. In the case of the H-polarization
channels, the same remark found in the clear conditions could
also be drawn, i.e that the slight difference in the spectral slope
introduces differences in the low and high end of the [6-
37GHz] frequency range but with differences less than 0.02. It
is similarly important to note that the retrieval had reached
convergence in this case as well, with residuals (not shown)
being around 3 K for the case of V-pol channels and around
1.5 K in the case of H-pol channels.

IX. DISCUSSIONS

The comparisons between FASTEMS3-based emissivity spectra
and MIRS-retrieved ones, presented here, are consistent with
other individual cases not shown. They reveal a spectral slope

anomaly: the retrieved emissivity spectrum shows a higher
slope than that of the model. By focusing on individual cases,
we have reduced the time and space collocation errors to a
strict minimum. This was done in order to isolate only the
retrieval and emissivity model errors.

The first potential source of discrepancy that comes to mind is
the difference between the wind speed measured by the DS and
the composite wind speed the sensor views within the field of
view. But this difference would have generated a bias across
the spectrum and not such a distinct slope. This could be
confirmed by the emissivity spectra computed using the
different winds, the one from DS and the one from GDAS (see
Figure 7). This wind input difference is similar in nature to the
difference due to the reporting at a height different from
expected 10-meters. By the same token, skin temperature
difference, besides being small, could not generate such a
slope anomaly. An alternative explanation might be that the
foam coverage and emissivity are larger in nature than those
predicted by the emissivity model. Foam is known to have
much higher emissivity (close to a black body) than saline
water. In their study, [Rose et al. 2002] found that while at 10
GHz, model foam emissivity were close to their measurements,
at 36.5 GHz, there was a significant underestimation of the
model. Another source of potential source for this difference in
slope is the uncertainty associated with the sea-water dielectric
constant model. There is indeed a discrepancy in the literature
about the dielectric constant. At high frequencies (85 GHz),
there seems to be consensus that work by [Guillou et al. 1998]
extended later by [Lamkaouchi et al. 2003, Ellison et al. 2003],
based on laboratory measurements, provides better results than
that of [Klein and Swift 1977], but at low frequencies,
discrepancies are reported by [Meissner and Wentz, 2004]
based on SSM/I data. In their study, differences between
measurements and simulations at 19, 22 and 37 GHz channels
showed that differences between [Guillou et al. 1998] model
(similar to that employed in FASTEM) and SSMI radiances
generate differences that increase with frequency (~1.5 K at
19/22 and ~3K around 37 GHz). Little differences were found
at 85 GHz. The differences were modulated by the surface
temperature. The assumption of atmospheric thermodynamic
stability at the air-sea interface is an additional source of
uncertainty that could explain this slope anomaly. [Gianpaolo
and Ruf 2001] showed that air-sea temperature difference had
indeed an impact on the wind emissivity slope and that impact
varied significantly with frequency (they used a [18-37 GHZz]
frequency range). Even if their study was performed at nadir, it
might be that these instabilities, not accounted for in the
model, are creating frequency-dependent differences and
therefore a spectral slope anomaly. There is obviously the
uncertainty in the sea surface geometry and its unique link to
near-surface wind speed that might also be causing the slope
discrepancy. Roughness of the surface is generally due to
gravity and capillary waves, which are sensitive to wind and
their dissipation depends on viscosity. But other parameters
play a role influencing one or both types of waves: fetch,
swell, non-stationary wind, sea development stage. The small
scale waves of the surface are known to impact low
frequencies and therefore their uncertainty might be a cause for
the slope anomaly found between the DS-based and MIRS-



IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. XX, NO. X, XXX 2007

based spectra. FASTEM uses a simplified term to account for
Bragg scattering following [Choudhury et al. 1979].

The spatial resolution could be another source leading
indirectly to that emissivity slope discrepancy: The lower
frequencies having larger footprints, the relative impact of the
same rainy cell could be different from that on a high-
frequency channel with a smaller footprint. This could result in
a rain-effect with frequency dependence feature. This
reasoning applies however only to isolated rain cells or
isolated cloud patches. In case of spatially uniform field
distribution of rain and cloud, the relative effect of the
footprint should be independent of footprint size and therefore
of frequency. This is because the relative cloud/rain fraction
within the footprint will be the same.

Another type of potential sources for this discrepancy lies in
the variational retrieval. Errors in the cloud amount retrieved
could be compensated for by surface emissivity. The optical
properties of the scatterers retrieved, if not modeled properly
could also be a potential source for generating this emissivity
spectra discrepancy. Similarly, if the water vapor continuum is
not correct, or more exactly, inconsistent with the
measurements, its signature, bound to be frequency dependent,
might end up in the retrieved emissivity spectrum. A spectral
discrepancy between the measured brightness temperatures
(cross-channels mis-calibration) could also be causing this
emissivity slope anomaly. It is interesting to notice that both
the clear and rainy cases exhibit similar features, suggesting
that the general emissivity model may potentially be applicable
under those precipitating events provided perhaps a light
tuning. Although it is not possible to conclude based on a
limited number of cases, it seems that the impact of rain-
induced roughness is minimal, judging from the relative
behavior of the emissivity model and the retrieved emissivity
spectrum.

In general, within the uncertainties identified, on both the
emissivity model side and the variational retrieval side, it is
found that the emissivity model agrees with the retrieved
spectra within 0.02 for H-pol channels in the [6-37 GHz]. For
V-pol channels, the differences are also within 0.02 in the
more limited range of [6-19 GHz]. Above 19 GHz, the
difference increases almost linearly to reach a maximum of
0.04 in clear (0.05 in rainy) case. This was obtained in
moderate to relatively high wind conditions.
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Figure 1. Sensitivity of the brightness temperature at 37 GHz (horizontal polarization) to emissivity as a function of both the total
precipitable water (TPW) and the rain water path (RWP) for different combinations of integrated cloud liquid water (CLW) and graupel-size
ice water path (GWP).
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Figure 2. WINDSAT Brightness temperature responses during Hurricane Dennis in July 2005. Lower frequencies are less sensitive to
atmospheric features. The locations of the dropwindsondes are overlaid.Note the narrower swath at 6.8 GHz channel.
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Figure 3. Signature of the NOAA-18/MHS 157 GHz channel of the same features depicted in Figure 2. Note that the measurements presented
here occurred three (3) hours before the WINDSAT measurements. This channel is much more sensitive to precipitation and cloud than
WINDSAT channels. Note that MHS swath is much wider with 90 scan positions within each scanline.
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Figure 4. Horizontal display of the MIRS convergence metric and the overlaid locations of the GPS-dropwindsondes. A select few sondes
were used to do a point-to-point comparison between emissivity spectra as computed from models (dropsonde-based wind used as input) and
MIRS emissivity retrievals. These are highlighted in the plot above.Dropsondes labeled 168 and 171 were used later for the comparison in

clear and rainy conditions respectively.
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Figure 5. Horizontal display of the convergence metric when the multiple scattering is turned ON (right) and when it is turned OFF (left).
Significant improvement is observed when the multiple scattering capability is used during the retrieval. Red color means non-convergence
while blue means convergence. This does not mean that the retrieval vector is necessarily correct but at least the solution is radiometrically
correct (by fitting the measurements).The 6.8 GHz channel is not present (and therefore not used) in the most left band of the swath which

explains the subtle difference with the rest of the field.
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Figure 6. Case of a clear sky / calm sea. Spectra of emissivity (1) computed using FASTEM-3 emissivity model and GDAS winds as inputs
(red, dotted-dashed), (2) using the GPS-dropwindsondes as inputs (black solid lines), and (3) retrieved using MIRS variational algorithm and
WINDSAT brightness temperatures using two options (green solid: retrieval with multiple-scattering in the forward operator turned ON, green
dashed when scattering OFF). In this plot (calm sea, clear sky) the two options give same retrievals. (4) The dotted-dashed green line is the
background spectrum used as first guess in the MIRS. Vertical and Horizontal polarization channels are shown at the top and the bottom
respectively. Along with the polarizations, the title also holds the dropsonde number (DS#) as well as the altitude (MeasAlt), the
dropsonde/satellite time and distance differences (DeltaT and DeltaD), the skin temperatures (from GDAS and MIRS) and the wind closest to
10-meters height.
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Figure 7. Comparison between GPS-based emissivities and MIRS-retrieved spectra for a single case in the middle of the hurricane
(precipitating). V and H polarization channels are shown at the top and bottom panels respectively. In this case, there is a significant impact in
using the multiple scattering ON (the spectrum is much different from when the scattering is turned OFF and absorption only is assumed).



