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Abstract:

The two scatterometers currently in operation, the Ku-band NASA Seawinds on the QuikScat satellite
and the C-band AMI-Wind on the ERS-2 satellite, are designed to infer the ocean wind vectors from
sea surface radar backscatter measurements. They provide excellent coverage of the ocean, and their
wind products are of great value for ocean and meteorological communities. However, the presence of
rain within scatterometer cells can significantly modify the sea surface backscatter coefficient and
hence alter the wind vector retrieval. These perturbations can hamper the analysis of wind fields within
atmospheric low-pressure systems or tropical cyclones. Rain perturbations result from volume
scattering and attenuation by raindrops in the atmosphere as well as changes of sea surface
roughness by impinging drops. For scatterometers operating at Ku-Band, attenuation and volume
scattering are strong and one order of magnitude larger than at C-band. The wind retrieval will thus be
less affected for the C-band AMI-Wind instrument than for the Ku-band Seawinds. A theoretical model,
based on radiative transfer formulation including rain attenuation and scattering, has been developed
to quantify the modification by rain of the measured backscatter and of the retrieved wind vectors.
Changes in surface roughness, a complex phenomenon not yet fully understood and parameterized, is
not considered here although it could be of importance for high rain rates. As a scatterometer cell
covers several hundred square kilometers, inhomogeneities of rain within the cell will further modify
the measured backscatter, particularly in case of small, intense precipitating rain cells. Using analytical
rain cell models and constant wind fields, the effects of partial beam filling by rain is investigated. The
model results show that Ku-band scatterometer data are greatly affected by rain and are extremely
sensitive to the distribution of rain within scatterometer cells, i.e., to the distance between the rain cell
center and the scatterometer resolution cell center. When the scatter from the sea surface is low, the
additional volume scattering from rain will have a marked effect leading to an overestimation of the low
wind speed actually present. Conversely, when the backscatter is already high (at high winds),
attenuation by rain will reduce the signal causing an underestimation of the wind speed. The wind
direction is modified in a complex manner and mainly depends on the rain distribution within the
scatterometer cell. These results show that, especially at low and moderate wind speed, rain data
such as the Special Sensor Microwave/lImager (SSM/I) rain fields are too coarse for correction of
Normalized Radar Cross Section (NRCS) and that high-resolution rain data (such as the Tropical
Rainfall Mapping Mission (TRMM) ones) are necessary. They also show that a good rain flagging is
still an important issue for the operational use of Ku-band scatterometer data. A succeeding paper will
present an example of application of the model for the correction of QuikScat data using TRMM rain
data within a tropical cyclone.
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1- Introduction

The two scatterometers currently in operation, Seawinds on QuikScat and AMI-wind on ERS-2, were
designed to measure speed and direction of the global ocean surface wind. They both employ radar, in Ku-
band (13.4 GHz) for Seawinds and C-band (5.6 GHz) for AMI-WIND, to measure the sea surface backscatter
at multiple azimuths, incidences and polarizations from which wind speed and direction are inferred using
semi-empirical models. These two sensors provide an excellent coverage of the ocean and their wind products
are of great value for ocean and meteorological communities (a short description of AMI-WIND and
Seawinds scatterometers is givenin Appendix A). However, experiences with the Seasat, NSCAT and ERS-1
scatterometers have indicated that the presence of rain can severely ater wind measurements [ Guymer et al,
1981][Moore et al., 1983][ Smith and Wentz, 1998][Quilfen et al., 1998]. During the calibration/validation
phase of Seawinds, this contamination of the wind retrieval by rain quickly became apparent, especialy in
tropical regions. Since there is no sensor on QuikScat to measure rain coincidentally with the scatterometer
measurement, the current approach has been to flag the data that may be contaminated. Two rain detection
algorithms have been defined based on an empirically normalized objective function [Mears et al., 1999] and
multidimensional histograms [ Huddleston and Stiles, 2000]. They are used to define arain flag in the level2B
Seawinds products, and they are still considered of research quality.

Few studies, [Moore et al, 1982][Moore et al., 1983][ Yueh et al., 2001], have investigated the effects of
rain on Ku-band scatterometer measurements. They were limited to simple radiative transfer models and
assumed scatterometer cells filled with homogeneous rain layers. However, past experiences with
TOPEX/Poseidon Ku-band atimeter data showed that partial beam filling and rain inhomogeneities within
the measurement cell can further alter the retrieval of geophysical parameters [Quartly, 1998][ Tournadre,
1998], especialy in case of small intense rain cells which are difficult to detect using passive microwave data.
In this paper, we present a model of interaction between rain cells and scatterometer radar signal. This model
is used to compute the Normalized Radar Cross Section (NRCS) measured by a scatterometer in presence of a
rain cell. From these NRCS modeling results, the errors induced by rain on the quality of the wind retrieval
can also be estimated. In this Part | paper, the model is extensively used to quantify the signature of analytica
rain cells on Seawinds NRCS and retrieved wind vectors. A succeeding paper will present an example of

application of the model to real QuikScat and Tropical Rain Mapping Mission datafor atropical cyclone.



The model of computation of the rain modified surface NRCS is described in section 2 as well as the
analytical rain cell model used in this study. Section 3 presents the modeling results for Seawinds. Section
3.1.1 investigates the NRCS maodification assuming a constant surface NRCS within arain cell and sections
3.1.2 and 3.1.3 generalize the results to alarge range of rain cell characteristics. The influence of rain cells on
the quality of the wind retrieval is studied in section 3.2. Section 4 briefly describes the model results
obtained for the C-band AMI-Wind scatterometer configuration. The conclusions and the perspectives are

presented in section 5.

2 - Radar signatureof rain cells: Model of rain interaction

Rain drops within the atmosphere have three possible effects on microwave signals. Firstly, rain drops
scatter some energy of the incident signal back to the sensor, and thus increase the power backscattered to the
scatterometer. Secondly, rain drops absorb the signal causing an extinction of the signal. Thirdly, the rain
drops striking the ocean surface alter the surface roughness and hence the radar cross section. Experiments
performed in wind-wave tanks have shown that the surface roughness change by rain drops could be a
significant error source in wind retrieval from scatterometer data [Bliven and Giovanangeli, 1993][ Sobieski et
a., 1999] [Craeye and Schllissel, 1998]. However, the existing experimental data set at Ku and C-band which
are the principal scatterometer operating bands, does not easily lend itself to scatterometer performance
modeling due to the limited range of incidence angles, wind azimuth angles and polarizations examined. For
these reasons, our model will only address the atmospheric effects of rain. However, if a parametrization of
the modification of the surface radar cross section by rain becomes available, it could be easily included into
the model.

The attenuation and volume scattering effects of rain drops have been widely studied since the 1940's and
the literature on the subject is plentiful. Several formulations based on the Mie scattering theory are available

in the literature [ Marshall and Palmer, 1948][Ulaby et al., 1981] and will be used in this study.

2.1 - Radiativetransfer model

Following [Ulaby et al., 1981], the radiative transfer equation for microwaves through an homogeneous

layer of rain can be written as follows using the coordinate system presented in figure 1:
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where |, and |.are the down and upwelling power; nis the volume backscatter coefficient, k, is the
attenuation coefficient (dB.km™) and 9 theincidence angle.

These differential equations are of first order and have standard solutions of the form:
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where d is the lower boundary (sea surface) abscissa.
If o,isthe surface backscatter coefficient of the lower boundary, and if H is the height of the rain layer
then the boundary conditions can be expressed as follows
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where |,(0) isthe power of the emitted pulse.

By simple integration the power received by the antenna, | .(0) , can be expressed as
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Thus, the rain modified NRCS, 5; , measured by the sensor is

— 1.(0 _ .
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The first term of the right hand size of equation (5) represents the attenuation term and the second one the
volume scattering. The attenuation coefficient by rain, K., is related to the rain rate, R, by the Marshall-

Palmer relation [Marshall and Palmer, 1948],

k,=aR" (6)

where a and b are frequency dependent coefficients. At Ku-band (13.4 GHz), the a and b coefficients are



respectively 0.0314 and 1.14 [Sack et al, 1994] (at C-band, a=1.06 10° and b=1.393 [Olsen et al, 1978]).
Clouds, water vapor and ice particles can also contribute to attenuation, but in general these additional
contributions are comparatively small and can be considered as negligible [Spencer and Shimada,
1991][Ulaby et al., 1981] in this analysis. The volume scattering coefficient, n (in m?), depends on

reflectivity, Z (in mmfm®), and rain rate, R, by [Ulaby et al., 1981]

5
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and [ Doviak and Zrnic, 1984]
Z=400R"** (8)

where, Ao, denotes the radar wavelength and K is a quantity which describes the scattering efficiency of the

hydrometeors.

Figure 2 illustrates the model o, for a Ku-band radar as a function of rain rate for a surface NRCS
varying from -35dB to 5dB at 46° incidence. This represents the effect of homogeneous rain filling
completely a scatterometer resolution cell. For low NRCS (corresponding to low wind speed) the scattering
by rain is dominant and can largely exceed 10 dB for rain rates greater than 10 mm/hr. This will lead to an
overestimation of wind speed. For higher NRCS and winds, attenuation is dominant until 15mm/hr leading to
an underestimation of wind speed. For rain rates exceeding 20 mm/hr, the contribution from surface
backscatter to o, is much smaller than scattering by rain. o, thus becomes almost independent of the
surface NRCS and converges to an almost constant value of -11dB. For high rain rates, the retrieval of a

surface wind vectors becomes almost impossible without a precise knowledge of therain rate.

2.2 - Effective normalized radar cross section within arain cell

The rain modified NRCS estimated using equation (5) only represents the case where a scatterometer
resolution cell is completely filled by homogeneous rain. That is rarely true in nature. In general, the
horizontal rain structure within a weather system is smaller than the dimension of a scatterometer resolution
cell. This, coupled to the non linearity of the effect of precipitation, implies that the assumption of

homogeneous rain layer may not yield realistic results.



Within a rain cell over the ocean, the radar signature is composed, as shown by equation (5), of
contributions from volume scattering and attenuation by rain drops in the atmosphere as well as from surface
scattering by sea surface roughness. The backscatter from all hydrometeors that have the same range to the
sensor are mapped onto the same radar range bin [Melsheimer et al, 1998]. This contribution from volume
backscatter, which is also affected by attenuation due to the presence of rain in the atmosphere, is added to the
contribution from backscatter at the sea surface. Using equation (5) the effective NRCS for a point M(x,y) is

given by [ Melsheimer et al, 1998]

f(y) 1(y) f,(s)
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where y is the ground range coordinate, |(y) is the length of the rain filled tilted column contributing to the
effective NRCS, f(s) is the boundary of the rain cell as afunction of the coordinate s of the tilted column with
the origin at y, and f(y) is the path length of radar signal at rangeyy.

The main problem to compute o, isthus to estimatef, I, f,, k and 1| for a given rain cell. If the rain rate
were known at every space point (X,y,2), equation (9) could be numericaly integrated. However, this would
be very computer time consuming and this can not be done to estimate the effect of rain for a large range of
rain cells. Under some simplifying hypothesis the influence of rain cells can be more easily studied and

analyzed.

2.3- Computation of the path and tilted column length

Assuming a cylindrical rain cell of diameter d and height h, it can be easily shown by using simple
geometrical consideration (see figure 3-b), that the path length, f and the tilted column length, I, have the

following form

f (y)=min| max O,y._—yl ,h — min| max O,y._y2 ,h
sin@ coso sind coso (10)
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where y; and y, are the near and far range coordinates of the rain cell edges (figure 3). The upper boundary of




the cell f,(s), in the tilted local coordinate system (M,s,u) can be computed using the same geometrical

considerations by

le,(s)=—tan@ s+h—
coso

f (s)=min(max(0 (s= Sl)) Ie(s))
! ’tanG Ty (11)

f,(s)= min(max(o,izn;sz) ),Iey(S))

fy(s)=fi(s)= f,(s)

where lg, fi. and f. represent the equations of the rain cell boundaries in the local coordinate system and
s=(y—Y,)/cosf . It should be noted that f (y)=f(O).

Rain rate is assumed constant along the tilted path lengths (i.e. along lines of constant s). Thisintroduces a
small computational error, but allows a great simplification of o, computation. Indeed, using (10) and (11),

equation (9) becomes
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Knowing the rain rate field, R(x,y), within the rain cell, equation (12) can easily be numerically

integrated using

k,(x,y)=2aR"(x,y)
5
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12 (13)
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2.4 - Rain cell model.

Past studies of the effect of rain on TOPEX/Poseidon waveforms [ Tournadre, 1998][ Quartly, 1998] have
shown that it is easier to test and to quantify the influence of rain cells on satellite measurements using
analytical rain cell models than measured rain fields. Several studies based on the analysis of meteorological
radar data have been published on the size of rain cells and on the distribution of rain rate within the cell.
Among them [Goldhirsh and Musiani, 1986] [Capsoni et al., 1987] have been used in this study. These

studies showed that, the rain rate fall-off within a cell can be represented by exponential or Gaussian fall-off.



For simplicity, we used a cylindrical Gaussian rain cell model of radius r and constant height, h, defined

by

(x= %) +(y—yo)°

R(x.y)=Ree ¢ 19

where Ristherain rate, Rythe maximum rain rate, X, and y, the rain cell center coordinates. The 3 dB width, d,

is defined so that the rain rate over the edge of the cell is only one hundredth of R..

d=r/y2In(100) (15)

The o, model defined by equation (12) can also be used with any analytical or measured rain rate field
R(x,y), such as the ones given by the Tropical Rainfal Mapping Mission (TRMM) rain radar or by a

meteorological radar.

3- Modeling results

The form of equation (12) shows that the modified NRCS, o, , depends on the surface NRCS, o, and
on the attenuation and volume scattering within the rain cell. The surface NRCS itself depends on wind speed
and azimuth, on incidence angle and on polarization. Before studying in section 3.2, the impact of rain on the
quality of the wind retrieval by a scatterometer, which involves multiple surface NRCS measurements at
different azimuths, incidence and polarizations, we first analyzed, in section 3.1, the effects of rain assuming

aconstant surface NRCS.

3.1- Modification of NRCS

3.1.1- o, withinarain cell. The o, fields arefirst computed using equation (12) at a 1 km horizontal
resolution, i.e. a resolution similar to those of meteorological rain radars or the TRMM precipitation radar,
over asquare areatwice the size of therain cell radius. The surface NRCS is assumed constant.

As a scatterometer wind cell is typically of 25x25km? the 1 km resolution o, fields are averaged for each
point M (x,y), over 25x25 kn? areas. These areas are also comparable to the Seawinds antenna footprint
whichisan elipse of 24 km in azimuth and 31 km in the range direction for the inner beam and 26 km and 36
km for the outer beam (for a detailed description of the Seawinds system see for example, [ Soencer et al.,
2000]). The average NRCS is computed at every point of the 1km field because, as the effect of rain is

strongly non-linear, the relative position of the rain cell and scatterometer resolution cell, i.e. the distribution
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of rain within the scatterometer cell, can strongly impact the results.

For each point, the averaged rain rate R,, , averaged effective NRCS E_O , the standard deviation of NRCS

7 - areestimated by

Rav(x’y)=1/N z R(Xi ’yi) (16)

i=1

go(X’y)=1/N Z o,(X.y,) (17)

i=1

0'~( =1/(N—-1 \/z o(Xiuy)) _(x,y))z (18)

wherei represents the indices for the N 1km samples within the 25x25km? area.

Figure 4 (ato c) presents three examples of the 0, modeling for a 5 km height Gaussian rain cell of 15
km radius and maximum rain rate of 15 mm/hr and surface o, of -5dB, -15 dB and -25dB. These values are
representative of the range of possible NRCS measurements by Ku-band scatterometers (Seawinds and
NSCAT). The sampling geometry corresponds to the Seawinds inner antenna configuration, 46° incidence
and 70.3° azimuth. The 25 km averaged fields, U:O , are also presented in figure 4 (d tof).

For high o, (>10 dB), corresponding to high winds, the surface NRCS is always attenuated, whatever the
relative rain and scatterometer cells position. The maximum attenuation of 7dB is reached when the rain and
scatterometer resolution cells centers are collocated. The averaging smoothes the field but the maximum
attenuation still reaches 2.5dB. These values largely exceed the 10-15% radiometric resolution of the
Seawinds sensor.

For medium o, the o, field presents a complex pattern of attenuation at far range and enhancement at
near range where volume effects are predominant. Enhancement can reach 1.5 dB and attenuation -1.5 dB.
The average field, go , presents a smoother pattern of enhancement and attenuation, with an amplitude of
about £0.5 dB. For asamerain cell, the net effect of rain will thus strongly depend on the relative position of

the rain and scatterometer cell centers. For this particular rain cell and surface NRCS, the NRCS is not
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modified if the two centers coincide. For low o, i.e. low winds, the volume scattering is predominant
everywhere and the signal is always enhanced. The contribution of the surface NRCS to the measured signal
is amost negligible within the rain cell. The maximum enhancement exceeds 10dB at 1km resolution and
7dB at 25 km.

To quantify the importance of the partial beam filling , of the non-linearity of rain influence and of the
rain-rate distributions within the rain cell, o, and E_O are also computed using equation (5) and assuming
for each point M(x,y) an homogeneous layer of R, (x,y)rain rate. The resulting fields are presented in
figures 5 a-b-c. This can be seen as an estimate of the rain correction that could be computed using arain rate
estimate from a sensor like the Special Sensor Microwave/lmager which has a resolution of about 30km. The
difference between the 25km average 0:0 fields computed using equations (5) and (12) are also presented in
figures 5 d-e-f.

The comparison of the two modeling results shows that the use of averaged rain rate tends to smooth and
spread the NRCS correction. Both attenuation and volume scattering are underestimated within the cell.
However, attenuation being not as strongly non linear as scattering, it is better represented by this simplified
modeling. This can be seen for high o, for which attenuation is predominant. The difference between the
two models is weak and does not exceed 0.5dB (figure 5-d). This shows that for high winds a correction of
the NRCS could be possible using coarse resolution rain rate fields such as those from SSM/I. Yueh et al.
[2001] and Stiles and Yueh [2002] using collocated SSM/I rain rate measurements, NCEP wind fields and
SeaWinds on QuikScat NRCS data, estimated that an empirical correction of scatterometer winds
contaminated by light to moderate rain may be possible for winds greater than 5 m/s.. For medium o, the
complex pattern of attenuation and enhancement is not represented and only enhancement is present (figure
5b). The difference between the two go estimates varies from -.5dB to 1dB (figure 5e). For low o, for
which scattering is predominant, the difference between the two modeled a:0 becomes important and varies,
depending on the relative position of the rain cell and scatterometer cell, from -1 to +2.5dB (figure 5f).

These examples show the complexity of the problem of correction of rain effects on the NRCS. Indeed,
the NRCS modification depends not only on the average rain rate within the scatterometer cell but also
strongly on the distribution of rain within the cell. This can be a strong handicap to the correction of rain

contamination if only low resolution rain rate fields are available.
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They aso show the importance of a good quantification of the modification of the NRCS by rain cells of
different rain rates and diameters. Such a quantification is of prime importance to test and to improve the rain
flagging procedures that have been developed for Seawinds.

3.1.2- Modeling of o, for fixed surface NRCS and different rain cells. The effect of alarge range of
analytical rain cells, rain rate from 2 to 35 mm/hr and radius from 2.5 to 30 km, has been modeled for surface
NRCS's covering the whole Seawinds range. For smplicity, the height of the rain cells has been fixed to 5

km, i.e. the mean freezing level altitude for the tropics. For each cell, o, ismodeled at a 1 km resolution (as

in figure 5) and the 25km averaged O':O is then computed. The maximum enhancement, Ao, _ and

Omax

attenuation, A E_;min are then determined. These two parameters correspond to the o extremesin figures 4 d-

(solid lines) and AT

Omax

e-f. Figure 6 presents both the A T

Omin

(dashed lines) fields for three rain rates, 4
mm/hr, 10 mm/hr and 25 mm/hr, for rain cell radius from 2.5 to 30 km and for surface o, from -40 dB to
-7.5 dB. Only the non null values of both parameters have been plotted in the figure.

For low o, (<-25 dB), volume scattering is always predominant. The surface NRCS is always enhanced
leading to a an overestimation of the wind speed. For rain rates greater than 4 mm/hr and radius larger than 10
km, the increase of NRCS is always larger than 5 dB. For o, between -25 dB and -12.5 dB, the effect of rain
depends quite strongly on the relative position of the rain and scatterometer cell centers as in the case
presented in figure 4b. Both attenuation and enhancement can occur . However, attenuation is an order of
magnitude smaller than the enhancement and exceeds 1 dB only for high rain rates . For high o, (>-10 dB),
attenuation becomes predominant but, except for high rain rates (>10 mm/hr) and large radius (>10 km) it is
less than 2 dB.

In al cases, for rain rates greater than 10 mm/hr and radii greater than 10 km, the modification of the
NRCS is so important that no pertinent information on the surface o, could be retrieved without a precise
knowledge of the rain rate field within the scatterometer cell.

One of the parameters which can be computed from scatterometer data to help to identify rain
contamination is the variability of NRCS within a resolution cell. For example, a Seawinds cell may contain
between 12 to 45 composite o, measurements, depending on the cell cross-track position. The linear standard
deviation 0 5 computed from the model gives an estimate of the NRCSvariability induced by the presence of

arain cell within a scatterometer cell. For each rain cell and surface NRCS, the maximum 0 5 has been
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determined using equation (18) . The resulting fields are presented in figure 6(d to f). As expected the 0 5
strongly increases with rain rate and decreases with surface NRCS. The NRCS variability tends to decrease
for large rain cell radii for which the rain rate gradients within a scatterometer resolution cell becomes
smaller.

Forlow o, 05 isaways very large even for low rain rates and small radii. This shows that arain flag
based on the surface NRCS variability within a scatterometer cell can perform well for low wind speeds. For
medium and high o, the problem becomes more complex as 0 7 remains relatively small even for high
rain rates. Thisis particularly true for small intenserain cells.

3.1.3-Variation of NRCS as a function of average rain rate. The previous sections show that the NRCS
modification by rain cellsis a complex phenomenon which depends on several parameters. sensor sampling
geometry (incidence, azimuth), rain cell characteristics (rain rates, radius), surface NRCS and relative
position of the rain cell and scatterometer resolution cell centers. The correction of scatterometer
measurements in presence of rain appears difficult, except if coincident high resolution rain data are available.
In regard to the results of the rain influence modeling using 25km average rain rate fields, even a efficient
rain flag validation, except for high rain rates, using data such as the ones from SSM/I appears problematic.

However, it isimportant, at least for a better rain flagging, to have an estimate of the mean NRCS change
as a function of the average rain rate over a scatterometer cell. Such estimates can be used to give a
confidence level to inverted wind vectors if, for example, coincident passive microwave rain rate estimates
are available.

Using the model results of section 3.1.2, for each rain cell of rain rate R, and radius r, the averaged rain
rates, R,,, are computed, as well as the 25 km resolution modified NRCS 5_‘0. For each R,,, the mean
NRCS modification, A E_; , are computed. The results are then averaged over the whole range of rain cell
rates and radius. Figure 7-a presents the mean A a:0 for different mean rain rates as a function of the surface
NRCS. The shape of the curves is similar to the ones presented in figure 2-b for which homogeneous rain
layers and a simplified model of equation (5) were used. However, the difference of NRCS between the two
models can reach several dB's (figure 7-b). For low NRCS, the scattering is underestimated whilst the
attenuation is underestimated for high NRCS. For medium NRCS for which the two effects have similar

importance, the difference between the models depends strongly on rain rate with an inversion of behavior
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near -10 dB.

3.2- Influenceon wind retrieval

3.2.1 - Wind retrieval within a rain cell. When considering wind retrieval, the problem of rain becomes
even more complex. Indeed, as shown in section 3.1, the effect of rain strongly depends both on the surface
backscatter and on the relative position of the scatterometer and rain cell centers. As the wind retrieval from
scatterometer data over a sensor resolution cell is based on a set of NRCS measurements at different azimuths
and incidence angles, different polarizations and in different individual beam measurements located within
theretrieval cell, the modification of NRCS for each of the individual measurement can be very different.

For Seawinds, this effect is tested in following manner. For consideration of the azimuth, incidence angle
and polarization diversity, only four o ,are required to process the wind vectors as in the Seawinds
configuration: two o, at opposite azimuths (see Appendix A) for the inner and outer antennae which have
different incidence angle and polarization.

The surface wind is assumed constant, within the rain cell. Thisis certainly not true for real cases asrain
cells might commonly be associated with inhomogeneous wind fields but this assumption allows to better
understand the effect of rain on the wind retrieval. The four associated surface NRCS are then estimated using
the KMOD model function [Wentz and Smith, 1999]. The effective NRCS o, are then modeled at a 1 km
resolution using equation (12) and averaged over 25 km cells. The resulting o:m are inverted in terms of
wind speed and direction using the KMOD model function and a maximum likelihood estimator [ Quilfen and
Cavanié, 1991].

Figure 8 presents an example of the modification of surface NRCS, A O':Oi , produced by a 5 km height
Gaussian rain cell of 15 km radius and 15 mm/hr for a constant surface wind of 10 m/s and 60° direction. The
rain cell center islocated 300 km from the satellite track. In this particular case, the azimuths ¢/ for the inner
and outer antennae are respectively + 70.3° and + 75.94°. The effective surface NRCS using the KMOD
model function, are about -21 dB and -20 dB for the inner antenna and -18.3 dB and -16.7 dB for the outer
antenna. These differences of surface backscatter and incidence angle produces strong variations of the
modification of NRCS by rain. It exceeds 4.5 dB for the inner antenna and it is less than 1dB for the outer

antenna.
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The differential effect of rain on the 4 o, 's strongly hamper the wind vector retrieval asit can be seenin
figure 9-a which presents the winds retrieved from the 4 rain modified E_O of figure 8. Depending on the
relative position of the rain and scatterometer cell centers, the wind speed error can reach 7 m/s and the wind
direction error 60°. From figure 9-a, it is obvious than the same average rain rate within a scatterometer
resolution cell can result in very different modifications of the retrieved wind vector, depending on the
distribution of rain within the cell.

Figure 9-b and ¢ which present the scatter plots of wind speed and direction, respectively, as afunction of
the averaged rain rate R,,(X,y) defined by equation (16), show that even for average rain rate as low as 2
mm/hr, the wind speed and direction errors can be as large as 5 m/s and £60°. The dispersion of the errors, i.e.
the influence of the relative position of the rain cell and scatterometer cell centers, increases for low rain rates
and is about 5 m/s and 120° for 2 mm/hr.

Asaready presented in section 3.1.1 for a constant surface NRCS, the potential correction of the influence
of rain using low resolution rain rate data (such as the SSM/I ones) has also been tested assuming within each
25x25 km? cell a constant and homogeneous rain layer of R,, rate and the model described by equation (5).
The rain modified NRCS have been computed for the two antennae and azimuths and have then been inverted
in the same way as previously. The resulting wind field and scatter plots are presented in figure 9 (d to f).

Using such modeling, a possible correction for a 2 mm/hr rain rate would be in this particular case (10
m/s, 60° wind, rain cell located 300km off the satellite track), 3 m/s and 30°. However, the comparison with
the full resolution modeling shows that the wind speed error is overestimated (by 1 to 3 m/s) near the rain cell
center and underestimated near the rain cell edges (by 1 m/s). The difference of wind direction error can reach
60° and has a complex pattern, being more important where large gradient of rain rate are present (near the
rain cell edges for example) and small where the rain rate field is smoother (near the rain cell center). The
dispersion of the errors results only in a slight variation of surface NRCS as a function of the position (x,y)
and is largely underestimated compared to the full resolution modeling.

The distance between the modified NRCS and the surface NRCS constitutes an other approach to the
quantification of the effect of rain. This distance, which is also used as a maximum likelihood estimator for

the estimation of the best retrieved wind vector, is computed by
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B O-Oi) (19)

where kyis the radiometric resolution of the sensor [ Quilfen and Cavanié, 1991].

Two MLE fields are computed, first, between the rain modified NRCS, 0:0 , and the true surface one, o,
and secondly between 0:0 , and the KMOD NRCS, o> retrieved during the wind inversion process. The
first MLE give the measure of the distance introduced by rain from the true NRCS and the second one gives
an estimate of what an operational inversion process would recover (distance to the KMOD model). The two
fields, presented in figure 10, shows that even though the distance introduced by rain is in general large and
exceeds the threshold value generally used for quality flagging, the MLE of the inversion is always very low,
because it is the purpose of the inversion to minimize the MLE and thus large errors in NRCS can result in
values relatively close to KMOD, but for wind speed and direction values far from the truth. This shows that a
rain flag based only on simple MLE estimates can hardly properly function.

3.2.2 - Wind retrieval errors as a function of rain cell characteristics. To generalize the results of
figure9 and as the surface NRCS strongly varies with wind vector, the modification of the retrieved wind
vector for different wind speeds as a function of the rain rate and rain cell diameter are computed. Figure 11
presents the retrieved wind vector for 3 surface wind vectors (5, 10 and 25 m/s, 60° direction) as a function of
rain cell characteristics (rate and radius). For each rain cell, the wind has been inverted for the location where

the distance induced by rain from the KMOD model is maximum.

For low and medium winds (5 m/s, 10 m/s), the wind speed will be overestimated and the overestimation
can largely exceeds 10 m/s for high rain rates. Except for very small rain cells, the wind direction is severely
modified. For medium wind, the wind speed is underestimated for low rain rates and small diameter and
overestimated for rain rate higher than 10 mm/hr and 10 km. For higher winds, the wind speed is dightly
overestimated for low rain rates and small diameter and underestimated elsewhere. The error remains small
(<2 m/s). However, as for lighter winds, the wind direction is strongly modified for rain rates higher than 10

mm/hr.

3.2.3 - Wind retrieval errors as a function of average rain rate. The above model results can aso be
presented in another way which emphasized the mean impact of the average rain rate within a scatterometer

cell. Asfor constant surface NRCS, the errors on wind speed and direction have been computed as a function
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of average rain rate for a large range of rain cell. The results of this modeling are presented in figure 12. The
effect of rain on retrieved wind speed is, as expected from the form of the KMOD model function, very
similar to the one on the NRCS. For wind speed lower than 22 m/s, the wind speed is overestimated. The
error increases with rain rate and true surface wind speed and exceeds 5m/s for rain rates higher than 5 mm/hr

and wind speed lower than 15 m/s.

For wind speed around 20-22 m/s, attenuation and volume scattering by rain tend to compensate and the
wind speed error remains small (<1 m/s) even for high rain rates. For high winds, the speed is underestimated
by up to 10 m/s for 30m/s winds and 25 mm/hr rain.

The effect on wind direction strongly depends, as shown in section 3.2.2, on the distribution of rain within

the scatterometer resolution cell and is thus more complex than the one on wind speed. The mean error isthus

weakly dependent on true wind speed and rain rate and remains quite small (around +20°) for wind speed
above 10 m/s. It dightly increases to 30-40° for 5 m/s winds. However, the dispersion around these mean
relations is much larger (~40°) than the mean itself, which considerably reduces their significance. The wind
direction error amost behaves like a random variable and no correction can possibly be applied using only

averaged rain rates.

4 - Comparison with the ERS AMI-Wind C-band scatter ometer

The model described in section 3 has also been used to analyze the influence of rain on the AMI-Wind C-
band scatterometer data. At this band, attenuation and scattering are one order of magnitude smaller than at
Ku-band. The modification of NRCS is noticeable only for rain rates higher than 5 mm/hr. For 10 mm/hr rain,
attenuation is still lower than 0.2 dB and enhancement lower than 1.5 dB. For AMI-Wind, the wind retrieval
will only be affected by medium to high rain rates. Figure 13 presents the results of the same modeling as the
one presented in section 3.2.3 (figure 12) for Seawinds. For wind speeds lower than 15 m/s and rain rates
lower than 15 mm/hr, the wind speed error remains below 1 m/s and the wind direction below 15°. For high
rain rates (above 20 mm/hr), the speed of high winds (>20 m/s) is underestimated by more than 2 m/s whilst
the direction of low windsis off by 20°.

For AMI-Wind, the atmospheric effects of rain, despite for high rain rates, can be considered as negligible

on the quality of the wind retrieval. Such conditions can be encountered for examplein tropical cyclones or in
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squall lines.

5- Conclusions and per spectives

The impact of rain cells on scatterometer backscatter measurements is complex as scattering and
attenuation by rain drops have opposite impacts on the measured NRCS and the quality of wind vector
estimates can be severely atered even for low rain rates. Using a simplified cylindrical Gaussian rain cell
model, and some simplifying approximations, a numerical model of computation of the effective NRCS in
presence of arain cell has been developed .

The modeling results at Ku-band, assuming a constant surface NRCS, show that scattering by rain drops
plays amajor role at low NRCS, resulting in asignal enhancement, and that attenuation predominates for high
NRCS. Even rain rates as low as 1 mm/hr can significantly modify the NRCS (up to 10 dB). The analysis of
modified NRCS within rain cells points out that it depends more strongly on the distribution of rain within the
scatterometer resolution cell than on the average rain rate within the cell. This implies that a correction of
NRCS using for example SSM/I type rain rates estimates can not performed correctly and that high resolution
rain fields, such as the one given by the TRMM precipitation radar, are required. Thisis also confirmed by
the comparison of the NRCS modifications computed by the full resolution model with a simple one
assuming a constant homogeneous rain layer filling the scatterometer cell. These results also suggest that
even the validation of rain flags for low rates, especially the determination of the proportion of false aarm,
using SSM/I data would be difficult.

The analysis of NRCS variance within a scatterometer cell shows that this parameter is highly sensitive to
the presence of rain especially for low NRCS. This suggests that an estimate of the NRCS variability, based
for example in the case of Seawinds on the slice measurements could be a possible candidate for arain flag.

The influence of rain on the wind retrieval on the Seawinds configuration has also been modeled. As the
influence of rain strongly depends on the surface NRCS, the effect on the retrieved wind vectors, which
involves measurements at different incidences, azimuths and polarization is even more complex than in case
of constant surface NRCS. Because of the shape of the KMOD model function, the error induced by rain on

wind speed follows a similar trend as the one on NRCS, i.e. an overestimation of low winds and an
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underestimation of high winds. For winds near 20 m/s, attenuation and volume scattering tend to compensate
and the error to cancel . The wind direction is affected in a more complex manner and depends more strongly
on the rain rate distribution within the scatterometer resolution cell than any other parameter (average rain
rate, wind speed). No general trend can really be discerned and the dispersion around the mean values is so
high that the retrieved wind direction can be considered as arandom variable.

For a given wind vector, the NRCS maodification by rain moves the set of backscatter measurements used
in the inversion process far away from the KMOD model function. The distance induced is always large, even
for low rain rates. However, because this difference between true and modified NRCS's is compensated by
modifying the speed and direction of the wind during the inversion process, the MLE value obtained remains
relatively low and in most of the cases within acceptable limits. This makes the MLE hardly suitable for rain
flagging, even though a more sophisticated MLE based algorithm used in the Seawinds products shows some
skill [Mearset al., 1999].

The model has also been used to test the influence of rain on the C-band AMI-Wind instrument. At this
band, attenuation and scattering are one order of magnitude lower than at Ku-band. As expected the
modification of NRCS by rain becomes only a problem for high rain rates and high winds. For average rain
rates below 20 mm/hr the model does not point out any alteration of retrieved wind vectors larger than 1 m/s
and 15°.

The results of this study shows that Ku-band scatterometer data are greatly affected by rain and extremely
sensitive to the rain distribution within a scatterometer resolution cell. Even low rain rates can seriously
modified the retrieved wind vectors. This confirms that good rain flagging is still an important issue for the
operational use of Ku-band scatterometer data. The theoretical analysis here shows that for rain rates over 5
mm/hr the modification of backscatter is so important and complex that the availability of high resolutionrain
data can significantly improve efficient correction of rain contaminated scatterometer cells, particularly for

low and moderate wind speeds.
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Appendix A: Sampling geometry of the ocean surface by a scatter ometer

Two types of scatterometers have been or are currently flown on satellites. The first type has two or three
fixed antennae looking at different fixed azimuth angles, and covering different incidence angles. Thiskind of
instrument have been used on Seasat, ERS-1 and ERS-2 (AMI-Wind instrument) and on ADEOS-1
(NSCAT). The second kind has two rotating antennae at fixed incidence angles. Such an instrument is
currently flown on board the QuikScat satellite and a similar one will be flown on ADEOS2.

Depending on the type of scatterometer, the influence of arain cell on the wind retrieval will be quite
different. Indeed, as shown in figure2, the effect of rain strongly depends on the surface NRCS, which itself
depends, for a given surface wind vector, on azimuth, incidence and polarization.

Rotating antennas scatterometer (QuikScat): The Seawinds scatterometer operates at Ku-band (13.46
GH2), it uses a 1-meter-diameter rotating disk that produces two spot beams, sweeping in a circular pattern.
Theincidence angles, ¢ , arerespectively 46° and 54° for the inner and outer beams. Within awind retrieva
resolution cell (25x25 km?), apoint M of the sea surface will be sampled by each antenna under two different
azimuths ¢ and — g . This azimuth angle is determined by the position of the satellite and the incidence
angle.

Taking into account the earth curvature, the ground range distance, r,, is given by

__H I
fa= cos(¢ ) +H 2atan (®) A

where H is the satellite altitude, a the earth radius and ¢ the incidence angle. The azimuth angles of a point M
(x,y) are defined by

g = xarccos(y/r,) (A.2)

wherey isthe cross track distance of M.

Fixed antennas scatterometer (ADEOS1, ERS): NSCAT and AMI-WIND scatterometers are three
antennae instruments operating at Ku (14 GHz) and C-band (5.6 GHz) respectively. The antennae azimuth are
respectively 45°, -25° and -45° for NSCAT and 45°, 0°, -45° for AMI-WIND. NSCAT has two 600 km wide
swaths, located on each side of the satellite track, separated by 300 km. AMI-WIND has one 500 km wide
swath located 250 km off the right side of the satellite track.

Each point of the rain cell will be sampled by each of the three antennae at fixed azimuth but at different
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incidence angles. For each antenna, the intersection of the beam and the rain cell are computed as well as the

incidence for each point affected by rain. The range and incidence under which a point M (x,y) will be seen

are given by
5= cos{d))
A (A.3)
¢ =arctan(s/(H +%))+arcsin(s/a)
2a“cos’(y)

where ¢ isthe antenna azimuth angle, y the across track distance, and a the earth radius.
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Figure captions

Figure 1 : Radiation transfer across an infinitesimal cylinder

Figure 2 : (a) Effective normalized radar cross section at Ku-band ((70) (solid lines) at 46° incidence
angle as a function of rain rate for o, from -35 dB to 5 dB assuming the scatterometer resolution cell is
completely filled by homogeneous 5km height rain layer. The dashed lines represents the case where
only attenuation is considered and the heavy dashed line the rain volume scattering. Typical surface
NRCS values for the Seawinds scatterometer are between -35dB and -10dB.(b) Modification of
effective NRCS as afunction of NRCS for different rain rates.

Figure 3 : (top) rain cell geometry in the (y,z) plan. The light gray arearepresents therain cell and the dark
gray areathe volume contributing to the signal at rangey. (bottom) Cylindrical rain cell geometry in the
(y,2) plan.

Figure4 : Variation of NRCS induced by a 7.5 km radius Gaussian cylindrical rain cell of 25 mm/hr
maximum rain rate and 5 km height . The incidence angle is 46° (Seawinds inner antenna), and the
azimuth is 70.3° (indicated by the solid arrow). (i.e. rain cell located at y=300 km). The 1km resolution
fields, 7, are presented on the top panels for surface O o Of (a) -5dB, (b) -15dB, (c) -25dB,
respectively. The corresponding 25x25km? averaged NRCS field UZO are presented on the bottom
panels (d to f). For a better legibility, attenuation is associated to dashed lines and enhancement to solid
lines.

Figure5: Variation of NRCS induced by a 25x25km?averaged rain field corresponding to the rain cell of
figure 4 The 25x25km? resolution fields 5_; are presented on the top panels for surface 7 of (a)
-5dB, (b) -15dB, (c) -25dB. The bottom panels (d to f) present the difference between the average
NRCS fields of the top panels and those of figure 4-d to 4-f.

Figure 6 : Maximum NRCS attenuation, 4 5_;m (dashed lines) and enhancement 4 E_Z)min (solid lines)
as afunction of surface NRCS and rain cell radius for three rain rates: (a) 4 mm/hr, (b) 10 mm/hr and (c)
25 mm/hr. Only the non null values of both parameters have been plotted. The corresponding linear
standard deviation, ¢ 5, are presented in the bottom panels (d to f).

Figure 7 : () Mean variation of NRCS as a function of surface NRCS for average rain rate of 1 to 25

mm/hr. The triangles represent +1 standard deviation around the mean curves. (b) Difference between
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the modified NRCS estimated using equation (5) (see figure 2.b) and the ones presented in ().

Figure 8 : 25x25km? averaged rain modified NRCS for the Seawinds inner antenna , azimuth (a) +70.3°,
(b) -70.3°, and the outer antenna, azimuth, (c) +76°, (d) -76°. The rain cell characteristics are: 5 km
height, 15 km radius, and 15 mm/hr rate. The surface wind is assumed constant at 10 m/s and 60°.

Figure 9 : Top panels: (a) Retrieved wind speed isolines and wind vectors from the surface NRCS of fig. 8.
Only one vector out of 5 in each direction is represented. The lower left corner arrow represents the
underlying wind field (10m/s, 60° direction). Scatter plots of average rain rate over 25x25km? cells,
Rav , and (b) retrieved wind speed, (c) wind direction. Bottom panels. Same as top panels but assuming

aconstant rain layer of R rate over the 25x25km? scatterometer cells.

av

Figure 10 : (@) Distance between the rain modified NRCS, 0:0 and the true surface NRCS, (b) maximum
likelihood estimator values of the inverted 0:0

Figure 11 : Influence of rain rate and rain cell radii on the wind retrieval for different constant wind
vectors, () 5 m/s and 60°, (b) 10 m/s and 60°, (c) 25 m/s and 60°. The isolines of the retrieved wind
speed at the center of rain cell are plotted as solid lines. Wind vectors are plotted as arrows and the
lower left corner one represents the constant wind vector.

Figure 12: Mean influence on (a) wind speed and (b) wind direction of average rain rate within a
scatterometer cell as afunction of true surface wind speed. The triangles represent +1 standard deviation
around the mean curves.

Figure 13: Mean influence on (a) wind speed and (b) wind direction of averages rain rate within a

scatterometer cell as a function of true surface wind speed for the C-band AMI-Wind instrument. The

triangles represent +1 standard deviation around the mean curves.
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