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Abstract— With the confirmed evidence of rain surface per-
turbation in recent studies of surface radar backscatter, the rain
effects on C-band scatterometer measurements are reevaluated.
By using co-located TRMM PR, WSAMI on ERS, and ECMWF
data, we develop a low-order wind/rain backscatter model with
inputs surface rain rate, incidence angle, and wind. We demon-
strate that the wind/rain backscatter model is accurate enough for
describing the total backscatter in raining areas with relatively
low variance. We find that due to surface perturbation C-band
ocean backscatter is more sensitive to rain than previously
thought. Using three distinct regimes, we show under what
conditions wind information, rain information, and both wind
and rain can be retrieved from the measurements. We find
that the effect of rain is more significant on the backscatter
measurements at high incidence angles than at low incidence
angles.

I. INTRODUCTION

Rain is considered transparent to C-band scatterometer sig-
nals due to the fact that atmospheric attenuation and backscat-
ter by rain for C-band scatterometer signals is negligibly small.
However, recent studies reveal that surface effects of rain may
significantly contribute to the total backscatter of C-band wind
scatterometer measurements in rainy conditions [1] [2]. In a
raining area, rain striking the water surface creates splash
products from which the scatterometer signal scatters. The
contribution of the splash products to the backscattering varies
with incidence angle and polarization. At VV-polarization
rain generated ring-waves are the dominant feature for radar
backscattering at all incidence angles. On the other hand, rain-
drops impinging on the sea surface also generate turbulence
in the upper water layer which attenuates the capillary wave
spectrum. The modification of the ocean surface roughness
by raindrops depends strongly on the wavelength of capillary
waves. A study by Melsheimer et al. shows that the net effect
of the impinging raindrops on the sea surface is a decrease of
the amplitude of those water waves which have wavelengths
above 10 cm and an increase of the amplitude of those water
waves which have wavelengths below 5 cm [2]. The critical
transition wavelength is not well defined, but it depends on
the rain rate, the drop size distribution, the wind speed and the
temporal evolution of the rain event [2]. Since the Bragg-wave
scattering measured by scatterometer depends on incidence
angle, the effect of rain on C-band scatterometer measurements
varies with incidence angle and could be significant.

II. WIND/RAIN BACKSCATTER MODEL

To evaluate the effect of rain on data from the C-band
wind scatterometer mode of the active microwave instrument
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(WSAMI) on ERS 1/2, a simple phenomenological wind/rain
backscatter model [3] is used with co-located precipitation
radar (PR) data from the Tropical Rainfall Measuring Mission
(TRMM) satellite and numerical weather prediction (NWP)
winds from European Center for Medium-Range Weather
Forecasts (ECMWF). The model incorporates wind-induced
surface scattering, surface rain perturbation, and atmospheric
rain attenuation and scattering:

om = (Oyind + Usurf)aatm + oatm (D

where o,,, is the WSAMI measured o°, Oywind is the wind-
induced surface backscatter, T surf is the rain-induced surface
perturbation backscatter, oy 1S the two-way rain-induced
atmospheric attenuation, and oy, is rain-induced atmospheric
backscatter. The model is simplified by summing the attenu-
ated surface perturbation and the atmospheric scattering terms,
creating a single effective rain backscatter model,

Om = OyindYatm + Oeff 2

where Toff is the total effective rain backscatter,

Oeff = Osurf®atm + Oatm- 3

Co-located PR measurements enable computation of the
WSAMI-observed surface rain rate, which is estimated by av-
eraging the co-located PR surface rain rates over the WSAMI
footprint, weighting each data point by the WSAMI response
pattern. To estimate the two-way atmospheric rain attenuation
on the WSAMI signal, we first estimate the atmospheric atten-
uation factor at the WSAMI wavelength (5.7 cm) by projecting
the three dimensional rain rates of the TRMM 2A25 product
through an empirical model. The path integrated attenuation
(PIA) seen by the WSAMI at each TRMM PR measurement
is computed by integrating the atmospheric attenuation factor
through the PR antenna beam to the lowest no-surface-clutter
range and adjusting the slant range to WSAMI slant range.
Finally, the attenuation seen by WSAMI is calculated by
averaging over the WSAMI footprint, weighting each data
point by the WSAMI two-way antenna gain pattern.

In order to calculate an estimate of the atmospheric rain
scattering, the effective reflectivity of the atmospheric rain is
estimated from the TRMM 2A25 rain rate. Then, the volume
backscattering coefficient without atmospheric attenuation is
computed. The volume backscatter cross-section is adjusted by
the WSAMI-seen two-way atmospheric attenuation factor. The
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total atmospheric rain backscatter observed by the WSAMI at
each TRMM PR measurement is then calculated by integrating
the volume backscatter cross-section through the PR antenna
beam to the lowest no-surf-clutter range and adjusting to the
WSAMI slant range. At last, the WSAMI-scale atmospheric
rain scattering is computed by weighted-averaging all the
atmospheric rain backscatter at each PR measurement over
the WSAMI footprint.

An estimate of the wind-induced surface backscatter is
computed via ECMWF predicted winds projected through
WSAMI geophysical model function CMODS. ECMWEF pre-
dicted winds are interpolated in time and space to the center
of each WSAMI measurement using cubic spline interpolation
of the zonal and meridional components of the wind. The
wind-induced surface backscatter derived from ECMWF has
a bias introduced by prediction errors. We estimate the bias
€ between ECMWF estimated ¢© and WSAMI measured o°
for a specific antenna look direction, incidence angle, and
ECMWEF predicted wind speed bin using data from Jan 01,
2000 to Dec 31, 2000.

By combining the WSAMI, ECMWF NWP, and PR data,
estimates of the surface rain perturbation and combined sur-
face/atmospheric scattering are estimated by

Tsurf = apm(Tm — 0atm) = (Oyind(ECMWF) + €)- @)
Power-law (linear or quadratic log-log) models are used
to relate the surface rain perturbation and combined sur-
face/atmospheric scattering to WSAMI-observed surface rain
rate Rsurf(ant)' In order to estimate the parameters of the
power-law models, nonparametric estimates of the surface rain
perturbation and combined surface/atmospheric scattering are
made as functions of rain rate at regular, logarithmically-
spaced rain rate bins by using an Epanechnikov kernel [4].
The parameters are then computed by a linear or quadratic
least-squares fit. For incidence angles less than 30°, the surface
rain perturbation is not a monotonic function of surface rain
rate and can not adequately be modeled by a simple linear or
quadratic model. This suggests that the contributions of ring
waves and turbulence are comparable under such conditions.
For incidence angles greater than 30°, the contribution of ring
waves dominates the surface effects of rain and the surface rain
perturbation is monotonically increasing with surface rain rate.
Since the Bragg wavelength of WSAMI at incidence angle
higher than 30° are shorter than 5.8 cm, this result is close
to the wavelength condition mentioned in [2]. For incidence
angles between 30° to 40°, the variance of the estimate of
T surf is relatively large, which makes the model unreliable.
Thus, in this paper we only describe the model for incidence
angles greater than 40°.

In the derivation of O gurf> €ITor is introduced by several
sources. One of them is the prediction error of ECMWF
predicted wind-induced backscatter ,,,;,, d(ECMWF)- The pro-
cedure estimating oz, and o4y from TRMM PR level 2A25
three dimensional rain rate introduces additional errors due
to the error of the empirical model functions, nonuniform
beam filling (NUBF), and temporal and spatial mismatch
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between WSAMI and TRMM PR measurements. We adopt the
combined rain model of equation 2 to reduce the influence of
the error. It is also noted that our interest is in the total effect
of rain in wind retrieval. The corresponding power law model
of Ooff is

N
10l0g10(0fp) &~ fe(Rgp) = Y we(n)Rjjp. 5)
n=0

where R p = 10loglo(Rsmf(am)), Ze(n) are model coef-
ficients. N = 1 for the linear model, and N = 2 for the
quadratic model. The values of ze(n) are calculated using
the same method mentioned before. Figure 1 shows the non-
parametric fits of Toff and linear/quadratic fits of the non-
parametric fits in log-log space for different incidence angle
bins.
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Fig. 1. Linear and quadratic fits to the non-parametric fits of effective rain

backscatter Toff in log-log space for different incidence angle bins. Non-

parametric fits are also plotted.

III. MODEL VALIDATION

To validate the model, we do a non-parametric estimate of
both WSAMI measured backscatter Tm(WSAMI) and model
estimated backscatter Tm(model) ON 2 regular grid with axes
of Oyvind(ECMWF) T+ € and R;p using a two-dimensional
Epanechnikov kernel with a bandwidth of 3 dB for differ-
ent incidence angle bins. Tm(model) is calculated using the
quadratic combined rain model. A log error is computed
by Tm(model) ~ Tm(WSAMI)- Figure 2 shows the nonpara-
metric estimates of Tm(WSAMI)> Um(model ) with respect to
Tvpind(ECMWF) T € and Rjp for different incidence angle
bins. For the two incidence angle bins, the model estimated
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backscatter is very close to the WSAMI measured backscatter,
with a log error within £2 dB. It is noted that the largest error
occurs at high rain rates due to less data at high rain rates,
which increases the uncertainty in the estimate. For 6 ranging
from 40° to 49°, 95% of the model predicted backscatter
is within 3dB of the WSAMI measured backscatter, while
the standard deviation of the log error is about 1.4 dB.
For 6 ranging from 49° to 57°, the percentage is 91% and
the standard deviation is about 1.6 dB. The relatively low
variances show that the model is sufficient for describing the
total backscatter in raining areas.
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Fig. 2. Nonparametric and combined rain effect models for a) 40° — 49°
and b) 49° — 57°. The error between parametric and nonparametric models
are also shown.

To understand the effect of rain on the scatterometer mea-
surements for different incidence angles, following [3] we
define three distinct backscatter regimes. In regime 1, rain-
induced backscatter dominates the total backscatter. Regime
2 is where the rain-induced backscatter and wind-induced
backscatter are on the same order of magnitude. In regime
3, wind-induced backscatter dominates the total backscatter.
It is noted that it may be possible to simultaneously estimate
wind and rain information from regime 2, while in regime 1
or regime 2, only the dominating parameter (wind or rain)
can be retrieved. We identify these regimes by thresholding
the ratio 7 = o, ¢/om. Approximately, we define regime 1 by
T > 0.75, regime 3 as 7 < 0.25, and regime 2 as 0.25 < 71 <
0.75. In Figure 3, we plot the 7 computed using combined
wind/rain model with respect to surface rain rate R;p and
wind-only backscatter o,,;,,, with three regimes shown in
different colors. We also plot contours of the predicted total
backscatter o, in solid line and contours of oy, in dashed
lines on the same figure. It is noted that with the increasing
of R;p, the curve of oy deviate from the curve of o,
As incidence angle increases, the area of regime 1 reduces
while the area of regime 3 increases, suggesting that rain
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has more significant impact on the WSAMI measurements at
higher incidence angle.
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Fig. 3.  Backscatter regimes for WSAMI as a function of rain rate and
effective wind backscatter for several incidence angles. Also plotted is a
contour plot of the combined rain effect model for om.

IV. CONCLUSIONS

With confirmed evidence of rain surface perturbation, the
rain effects on C-band scatterometer measurements are reeval-
uated. By using co-located TRMM PR, WSAMI on ERS,
and ECMWF data, the parameters of a low-order wind/rain
backscatter model are estimated for the surface rain rate,
incidence angle, and wind. The wind/rain backscatter model is
accurate enough for describing the total backscatter in raining
areas with relatively low variance. We find that due to surface
perturbation effects, at high incidence angle C-band ¢° is more
sensitive to rain than generally believed. In low wind speed
and heavy rain conditions, rain has significant impact on o°
at high incidence angle.
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