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A model-based approach for rainfall rate retrieval
over the sea surface through rain radar

F. Capolino®, L. Facheris’, D. Giuli’, F. Sottili®

*Dipartimento di Ingegneria Elettronica, Universita di Siena - Italy
"Dipartimento di Ingegneria Elettronica, Universita di Firenze - Italy
‘Magnetek S.p.A. - Terranuova Bracciolini (Arezzo) - Italy

ABSTRACT

Vertical rainfall profile retrieval based on reflectivity data collected by spaceborne rain radars can be improved through
the techniques that exploit an estimation of the sea surface Normalised Radar Cross Section (NRCS) as an additional
information. However, errors that can currently be made in predicting the sea surface NRCS may significantly affect their
performance. Therefore, in this paper we first address the problem to evaluate the NCRS of the sea surface perturbed by
rain, when observed at nadir. For this purpose, the dominant effect of ring waves generated by rainfall is considered. The
joint effect of wind is also considered. The proposed model is based on the Full Wave Model (FWM) theory. Some
comparisons are made with an alternative, less flexible model based on the Integral Equation Model (IEM) theory, and
partial comparisons are also made with experimental data, which authorize to consider the proposed model well grounded
and exploitable for application. Then, we show that the model can be usefully exploited to improve rainfall rate vertical
profile retrieval over the sea surface, in the case of nadir looking, single frequency radars.

Keywords: Spaceborne rain radar, nadir observations, sea surface, electromagnetic models, Normalized Radar Cross
Section, rainfall profiles.

1. INTRODUCTION

Spaceborne radars and suitable data processing techniques to provide rainfall rate estimates over the sea/ocean surface
on a regular basis, as can be made available by a satellite platform, are gaining increasing interest. Algorithms that have
been proposed in the literature for retrieval of the rainfall rate vertical profile exploit backscatter or attenuation estimates
derived from radar measurements'. Several important sources of error can impair the vertical rainfall profile thus
reconstructed. The main drawback of attenuation-based techniques is the heavy (and mostly unpredictable) additional
attenuation due to the occurrence of the melting layer of precipitation. On the other hand, surface-referenced techniques
perform better when they can exploit a reliable estimate of the power backscattered by the sea surface, but actually only a
very rough estimate of it is often available. Furthermore, both kinds of techniques need to make use of relationships between
specific attenuation and reflectivity (the so called k-Z relationships), that most times are not fully representative of the real
connection between the physical parameters involved.

In this framework, it is reasonably expected that a well-grounded prediction of the backscattering behaviour of the sea
surface, accounting for the joint perturbations due to wind and rainfall, can be usefully exploited to improve performance of
existing techniques for estimating rainfall intensity over the sea surface by means of a spaceborne rain radar. Fur such a
prediction, electromagnetic (e.m.) models are needed that can suitably represent also effects of rainfall on the Normalized
Radar Cross Section (NRCS) of the sea/ocean surface. Signals backscattered from the sea are random processes depending
on several physical phenomena, but mainly on wind- and rainfall-induced corrugation: it is worth mentioning that while the
influence of wind on sea NRCS has been investigated in depth, the effects on it of rainfall are not yet well known. However,
it has been assessed that the influence of rainfall on the sea NRCS is not negligible®”.

Attenuation based rainfall rate retrieval algorithms cope with at least four different basic errors: the radar calibration
errors, the errors related to the uncertainty in the standard reflectivity-attenuation and reflectivity-rainfall rate relationships,
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the errors in the measurements of the total PIA (Path-Integrated Attenuation) related to the attenuation at the current range
cell, and finally the error in the estimation of the surface reflectivity (when exploited). A number of single frequency
algorithms have been proposed in the literature®, aiming at minimizing the effects of some of the aforementioned errors. In
this paper we refer to the kZS algorithm’, which is to be considered as one of the most effective. This algorithm is
practically insensitive to radar calibration errors and to errors related to PIA above the rainfall top; anyway, when PIA is
high, the influence of such errors decreases. On the other hand, when PIA takes low values, the kZS algorithm becomes
more sensitive to the accuracy of the surface reflectivity estimate.

In order to point out the influence of rain on the sea surface NRCS, in Section 2 we first outline a method recently
devised to predict such NRCS when the surface is corrugated by the joint action of wind and rainfall®. Such prediction is
based on the Full Wave Model (FWM)'"!. Through the FWM results, the relevance of rainfall induced corrugation in Ku
band (the most commonly utilized by spaceborne rain radars) is highlighted. In Section 3 we briefly recall the principle of
the kZS algorithm; referring to the same numerical simulation setup and comparison method developed by Marzoug and
Amayenc5. Then we show that expected variations of NRCS, that the aforementioned ¢.m. model ascribes to rainfall, may
cause significant errors in rainfall profile retrieval. In Section 4 we introduce a possible upgrade of the kZS algorithm - that
is the “two cells” method - that exploits the prediction provided by the e.m. model to improve performance of the rainfall
profile retrieval. Results of numerical simulations are finally presented in Section 5.

2. PHYSICAL CHARACTERIZATION OF THE SEA SURFACE CORRUGATED BY WIND AND RAINFALL

Let us consider a sea surface corrugated by wind and by the effects of raindrop splashes. Bliven et al. have shown that
the crown and stalks phases, following raindrop splashes, are important features to be considered for analysing
backscattering near grazing incidence angle, while ring waves are important for backscattering at incidence angles near
nadir’. Here we consider only ring waves, and model them as a random process with characteristics similar to those of
waves generated by wind.

2.1 Surface roughness induced by rain

The roughness of the water surface is modelled through a Gaussian height distribution, with variance /7 (rms) . Suppose
then that a fraction of the kinetic energy of the falling drops is transferred to the water surface to generate ringwaves. An
approximate relationship between the variance /g (7ms) and the rainfall rate, can thus be obtained referring to experimental

results carried out with artificial rain reported by Bliven et al.? In that experiment, a fixed raindrops size (2.8 mm diameter)
was used with drops falling from 1 meter above the water
surface, thus hitting the water surface with a lower velocity
then the terminal velocity of real rain. Trying to extrapolate
in some manner such results to the real case of raindrops
falling with their true terminal velocity, we assumed that the
kinetic energy of rainfall and the mean square height of the
surface are linearly related, independently of the type of
rainfall. In order to obtain a relationship between the rms
height of the water surface and rainfall intensity accounting
for terminal velocity of raindrops, we considered two models
of Drop Size Distribution (DSD):

a) a Dirac delta-shaped DSD centred on a fixed diameter of

20— 1T T T T T T T T

1,5

1,0 -

h(rms)(mm)

0,5}

— Marshall-Palmer . .
— ~ fixed raindrop size 2.1mm, which is close to the average real DSD

0.0 T N R RS S SR BN maximum3

0 10 20 30 40 50 60 70 80 90 100 b) a Marshall-Palmer DSD.
Rain Rate (mm hr) It is reasonably believed that the simplifying assumption
Fig. 1 holds for 'mormal' rainfall rates (R<100 mm/h): Fig. 1
reports the rms height s (¥ms) versus rainfall rate obtained

according to the aforementioned hypotheses. Notice that both DSDs considered lead to quite similar results, and that the
rainfall intensity-rms height relationship obtained as above is not very sensitive to the adopted DSD model.

In order to provide a complete characterization of the water surface, intrinsically able to relate surface physical
parameters to the NRCS, we adopted the ring wave frequency spectrum reported by Bliven et al.'*, converting it to the ring
wave wavenumber spectrum - more suitable for e.m. models.
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2.2 Surface roughness induced by wind

The contribution of blowing wind to total roughness is modelled as a zero mean Gaussian height distribution process.
Two different wavenumber spectra were then considered: an approximated Pierson-Moscowitz spectrum as reported by
Brown'” and those reported in the more recent paper by Apel'*. The distribution of the local surface slope has also been
assumed as zero mean Gaussian, with variance calculated as in the papers by Bahar’ and Bahar and Kubik'’, integrating the

wavenumber spectrum.

2.3 E.m. modelling and validation of results

The model by Bahar® was utilized to obtain an accurate and complete polarimetric description of the sea surface echo
power, under the influence of two statistically independent phenomena (wind and rainfall). The basic assumption is that total
roughness is the superposition of two statistically independent random processes induced by rainfall and wind: spatially, the
former is a large scale process, while the latter is a small scale process. In fact, the height standard deviation /g(rms) for the
small scale process is of the order of a few millimetres, and its correlation length of the order of a few centimetres. Based on
the values of wind roughness reported by Bahar® and Apel'”, it is easily verified that the average radius of curvature of the
rain roughness is much larger than that of the wind roughness. If Lz and Ly are the correlation lengths of the roughness due
to rain and to the wind, respectively, we have Ly >> Lg . Under these hypotheses, the small scale process 'rides' the large
scale process.

As shown by Bahar and Kubik'’, when the mean slope is low, height distribution and slope distribution can be considered
independent, which leads to a simplified formula for the NRCS. This is then calculated by means of a statistical average over
the slopes and over the heights. The total NRCS o is then written as':

o = [ (a7 7 n)o(a! 7' n)p(i )i )
with
o’ 7'\i) = |1A v Oy (nF )+ (-, ) (7 i ) @

where we adopted the same definitions and symbols by Bahar’: in particular, pq represents the arbitrary polarization of
incident and radiated waves (H,V) and the symbols. The term A?(n /. n',7) includes the Fresnel reflection coefficients,

while ’ Rv-n )' and Oy p account for the statistics of the phase of the e.m. wave determined by the height distribution of

the rough surface induced by wind and rain corrugations, respectively: for their expressions, the reader is referred to the
work by Bahar’. The integration with respect to 7 means that the result is averaged along the slopes of the large scale

surface due to the wind (# is the local normal to the 8 —————F1—"—F—1—1—7
large scale surface, and p(7)is the Gaussian pdf of 7Rl T ?M(}:Pﬁ;ﬂ-%Pi?f§°"-"!°§kqwitzl
— e

slopes). Notice that O (77 7,7 is weighted by the BENe o reranseaT(]

slope of the large scale surface while O is not since, as - 14| ~\_ “~w_ -~ ® AAFERADSCAT (2) |

mentioned above, it is assumed that the small scale % 131 ".

corrugation rides the large scale corrugation. This  w :f - Qb ® ~~—

corresponds to computing the ring waves contribution as 2 ol 8 e e . ———

a statistical average over the slopes of the wind S T T ® s 8 -

roughened surface. Shadowing effects were not g [ F139GHz L C ]

considered, since they are not relevant for observation 7 [ NadirIncidence ., ..

angles close to nadir. Py S I S DU VPAR SR VN RN DUVUI N S
In order to verify in first place the applicability of the 2 4 6 8 10 12 14 16 18 20 22

FWM to the case of interest and, secondarily, the validity Vima(m/s) at19.5m

of the physical characterization of the sea surface, we

compared the NRCS obtained by the FWM with that Fio. 2

obtained by the Integral Equation Model (IEM)'® in the

case of corrugation induced by rainfall only, and with experimental results in the case of corrugation induced by wind only.
In the first case, considering only ring waves, we found that the sea surface NRCS predicted by FWM is in a very good

agreement with that predicted by IEM for several rms heights /z(#ms) and incidence angles considered®. In the second case
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(wind corrugation only) we compared the predicted NRCS with the experimental results by Schroeder et al.'” obtained at
13.9 GHz . In Fig. 2 we compare such experimental data, taken from the regression line reported by Schroeder et al.'’,
together with the curves (relative to nadir incidence) for two wavenumber spectra considered, namely the approximated
Pierson-Moskowitz and the Apel spectra. The measurements have been carried out in two distinct experiments.

As expected, the Apel spectrum fits better the actual NRCS behaviour. Notice that the calculated NRCS is slightly higher
than the measured one. Also Schroeder et al.'” noticed this effect by comparing their measurements with the SASS T model,
and couldn't explain it. However, this difference is of the order of the uncertainity of the measurements, and could also be
imputed to the Apel spectrum. The approximated Pierson-Moskowitz spectrum is not so accurate for nadir incidence;
though, we found that its prediction off from nadir is in rather good agreement with the experimental results®.

The results we report, accounting for both wind and rainfall corrugation, refer to 13.75 GHz operating frequency and to
4.3 m/s wind speed (as in Bahar and Fitzwater’). The surface corrugation contributed by rainfall is expressed in terms of
standard deviation hgr(¥ms), since this is related to rainfall rate through the approximated law of Fig. 1. Nevertheless, an
accurate description of such relationship is not available in the literature: for this reason, we have simply chosen /5 as the
parameter describing sea roughness and rainfall intensity; one can obtain the NRCS as a function of 7z using Eqgs. (1) and
(2). In Fig. 3, the VV NRCS response is plotted versus the incidence angle in the absence of rainfall, and in the case that
additional perturbation due to rainfall is present, for different values of the surface roughness. When increasing rainfall
intensity (i.e. increasing /g(rms)), a decrease of the NRCS is correspondingly obtained for incidence angles close to nadir;
this phenomenon can be observed for all incidence angles ranging from 0° to 10°. On the other hand, at incidence angles
ranging from around 10° to 35° an opposite behaviour is evident, i.e. for increasing intensity a corresponding increase of the
sea surface NRCS shows up, as also observed in the laboratory experiment by Bliven et al.>. At this frequency, NRCS is
rather sensitive to rainfall intensity.

20 L e B e 15 T ! ! v 41.3ml
r 1 [ B B —— =4, S
15 = — - o . L L W
J;,,:,,\V £=13.75 GHz - 14 eV -Gems |
10 Vi-'-*vﬁ\\vfz VW:43 ITI/S N 13 - - Vw=10.6 mis -
- v | A —
a o t " vy 1 — 12‘?77‘* . _‘ ,‘,.’.W-.1,6'0 mls
CARY N e o ~~
: _5 [ T ] S 1 . T~ - ..
v —15 | ® No rain a [ L T, T ~v-
E _20 »_ v hR(rms)=0.1 cm h Z Qr - - \\‘\‘\\“\L\- [P
=] _ - £-13.9GHz f T
—25 [ v hp(rms)=0.2 cm ] 8k . . e T e T
- | madir incidence ~
-30 S —— L 7 . I . ! P B I :
Q 5 10 15 20 25 30 35 0 20 40 60 80 100
Incidence Angle (from Nadir) R (mm/h)
Fig. 3 Fig. 4

In Fig. 4 we report the sea surface NRCS versus rainfall rate R for some wind speeds and nadir incidence obtained using
the more accurate Apel spectrum. Notice that the variations ascribable to rainfall rate are of the same order of magnitude as
those due to wind speed: this justifies the inclusion of rainfall induced corrugation in the e.m. model.

As a last remark concerning model adequacy, we must point out that heavy rainfall may have the effect of damping sea
waves, causing an increase of the NRCS at nadir incidence'®, which is not accounted for by the adopted e.m. model. Indeed,
the combined effects of damping and of impact-induced corrugation due to rainfall deserve further investigations, although
sensitivity of the kZS algorithm to sea NRCS errors decreases with increasing rainfall rate. We notice also that, in the
presence of damping effects, ring waves as accounted for by the adopted e.m. model, should probably play a dominant role
at Ku band, being their size comparable with the e.m. wavelength.

3. PRINCIPLE OF THE KZS ALGORITHM
We recall here for convenience the basic principle of the kZS algorithm, proposed by Marzoug and Amayenc to estimate
rainfall rate vertical profiles with a nadir-looking radar’. The algorithm exploits the ratio between the power backscattered

from a generic resolution cell ranging » from a nadir looking spaceborne radar that operates at attenuating frequency, and
the power backscattered by the resolution cell that includes the sea surface. The limiting assumption of the nadir incidence
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angle is needed to ensure that the sea surface radar return is dominant in the total return of the latter volumetric radar
resolution cell only, thus avoiding that surface return contaminates significantly the former cell, even through antenna
sidelobes.

The algorithm exploits power estimates and standard reflectivity-attenuation relationships to provide the vertical profile
of specific attenuation, through which the rainfall rate profile is in turn estimated. As shown below, the power ratio instead
of the absolute power is exploited, utilizing the sea surface as the starting point in the integration of radar measurements,
leading to the vertical attenuation profile estimate. This approach avoids bias errors such as those made by integrating
power estimates from the melting layer, or absolute system calibration errors.

Analytically, the ratio is made between the mean power, P(r), of the rain echo from the volume centred at range r (in
km) from the radar, proportional to the rain reflectivity factor Z(») and to the attenuation factor along the path:

P(r) =%Z(r)exp{— 0.46} k(s)ds} 3)
r 0

and the mean power, P,(r,), backscattered by the sea surface located at distance r from radar, which is proportional to the
sea surface NRCS (referred to as o):

P.(r,)= %s— o, exp[— 0.46rjf k(s)ds} @
rs 0

The overbar indicates mean value, k(s) is the specific attenuation coefficient (dB/km) at range s, for e.m. propagation
through rainfall, while C and Cg are the radar constants accounting for system parameters in the volume and surface

backscatter cases, respectively. Assuming that attenuation is due exclusively to rainfall, Z and k are tied by a standard
empirical relationship of the kind:

Z(r)=a(r)-kP(r) ®)

where o and S depend on frequency and Drop Size Distribution (DSD). S is supposed to be constant and known along the
path, while « is considered as varying with range. Introducing this relationship in Eq. (3), the ratio P(r)/ P,(r,) gives,
after simple manipulations:

k(r) exp[%ﬁjk(s)ds] =w,(r) ©)

where

A{ Pir)r26.C, }”ﬁ o

Wy(r)= | =—=
T B rar)-C
. 4 10467 . . . . o
With respect to g(r) =exp —ﬂ— j k(s)ds|,Eq. (6) is a first order differential equation whose solution implicitly gives k(r):
k(r)=w0(r)/[1+g;—6fwo(s)ds} ®)

The rainfall rate profile R(r) can then be obtained from k(r) by means of a frequency-dependent relationship of the kind
R(r) = Ak()® . Eq. (8) shows that the estimate of k() provided by the kZS is not sensitive to the characteristics of

precipitation at ranges less than r. In particular, if » refers to a radar cell below the melting layer, no assumption about its
structure is needed a priori when using the kZS algorithm.
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The function w,(r) increases with increasing attenuation along the path between the surface and the range cell at
distance r from the radar. This causes a lower sensitivity to o,. On the other hand, when attenuation is low, sensitivity to o;
becomes relevant.

In this regard, an important problem comes along: the actual NRCS of the sea surface o, is a priori largely unknown,
while it needs to be best approximated in the algorithm. To cope with this problem, an improved guess value of o; could be
inferred, for instance, from measurements made over near regions where the sea surface is similarly perturbed by wind, and
rainfall is absent, while local perturbation due to rainfall is accounted for by a sea surface model.

The guess value of g, to be used in the kZS algorithm, will be hereafter referred to as o,. A systematic (mean) error o
(which may also take negative values) is introduced, depending on the way o, is determined:

c,=0,+0, ®

When o, does not account for changes of sea surface NRCS due to surface wind and to rainfall perturbations,
remarkable values of o can occur in actual cases, which directly affect the efficiency of the rainfall profile reconstruction.

With the purpose to demonstrate the effectiveness of the kZS
algorithm, Marzoug and Amayenc simulated spaceborne radar
measurements based on the acquisition of 60 independent echo
samples’. Referring to a 'true' rainfall profile, 100 profiles were

— "True" profile

7L —— mean value i reconstructed by means of the kZS algorithm, accounting for all
"""" standard dev. possible errors cited in Section 1, in order to evaluate their influence.
or f=13.75 GHz 1 Resorting to a fixed mean value for the sea surface NRCS is

R,=20 /h . . . .
T 4 indeed the only solution when no other data are available but rain

radar measurements. In their simulations, Marzoug and Amayenc
assumed a “climatological” guess value o,=12 dB at 13.75 GHz,
] which can be approximately considered the mean value of sea NRCS
with respect to wind speed variations'®. In this situation, as
. evidenced by Fig. 4, o0z=3dB can reasonably be considered a
T potential (not maximum) value of the bias error, suitable to evaluate
. s performance degradation of the kZS algorithm. In this regard, Fig. 5
0 5 10 15 20 25 30 35 40 shows the error made utilising the kZS algorithm as a function of

R(mm/h) altitude for 0,=9 dB and o,=12 dB, and a rainfall rate of 20 mm/h at
the sea surface level. Notice that the relative error (i.e. the ratio
between the standard deviation and the mean value of the estimated
rainfall rate at a given altitude) falls around 50% in the lower region. A still increased error is expected when NRCS
variations due to rainfall are not accounted for by o,: according to Fig. 4, for a maximum expected R=100 mm/h, the
maximum NRCS bias due to rainfall is about 3 dB, almost independently of wind speed.

h(Km)
-
T

Fig. §

4. ESTIMATING RAINFALL RATE AT SEA LEVEL: THE “TWO CELLS” METHOD

The simple method introduced in this Section predicts both sea NRCS and rainfall rate over the sea surface, by
exploiting the proposed e.m. model. We will refer to it as the “two cells” method, since it accounts only for echoes from a
couple of adjacent radar range cells, namely those closest to the sea surface. For simplicity, suppose that range sidelobes are
sufficiently low, so that interference among contiguous range cells can be neglected.

Two basic assumptions are needed:
1) the contribution of the sea surface to the first cell return, at range r;, is much more powerful than that due to rainfall;
2) rainfall rate is the same in the two adjacent range cells.

Under such hypotheses, if A~ is the range resolution, PS and P the mean powers related to the first cell (including the
sea surface) and the second cell (centered at range r), respectively, we get (r/r=1):

F C.o (R)'e_0'46Ark(R)

7 C-Z(R) (10
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where oy(R) expresses the sea NRCS dependence on the rainfall rate R. Exploiting Eq. (5), we obtain:

_o(R)!"-e
B k(R)

[“W heC = I(R). an

1/ —0.46%/«(}%)
P-C, ]

To estimate rainfall rate in the proximity of the sea surface, f{R) in the previous equation can be inverted with respect to

R (f(R) is a monotonic decreasing function), once good estimates of 1:; , P and a(ry, as well as of the radar constants C
and Cg are available. On the other hand, the actual relationship o (R) is unknown. The e.m. model can thus be exploited
to provide the ‘guess’ law ¢,(R) to be introduced in Eq. (11) in place of oy(R)..

While this method estimates rainfall rate based on two mean power estimates, the e.m. model predicts the NRCS as a
function of wind speed and rainfall rate. Indeed, the estimate may suffer from the approximations introduced through the
conditions 1) and 2) mentioned above. Interference problems between surface and volumetric echoes deriving from echo
pulse spreading induced by beamwidth, rough surface and limited system bandwidth could be overcome by applying the
“two cells” method to a couple of not adjacent range cells. Obviously, exploiting this flexibility of the method needs the
stronger assumption of constant rainfall in a higher column over the sea surface. However, the alternative would be to
tolerate a priori a residual NRCS bias in the standard kZS algorithm. Summarizing, the following steps should be followed
for an accurate estimation of the rainfall profile in the framework described:

1) Utilize a measured, estimated or predicted value of wind velocity over the sea surface;

2) for that wind velocity, select the theoretical relationship between rainfall rate R and surface NRCS;

3) utilize the “two-cells” method to provide a rainfall rate estimate over the sea surface, jointly with the related NRCS
estimate;

4) utilize the NRCS estimate in the kZS algorithm for rainfall profile retrieval.

5. ERROR PARAMETERS AND SIMULATION RESULTS

As a matter of fact, the Z-k, the Z-R and the oy(R) relationships utilized are affected by several uncertainties. With the
purpose to compare the results of the simulated reconstructions with some ‘truth’ reference, we regarded all the
aforementioned relationships as deterministic references; in particular, we assumed the ‘true’ law oy(R) to coincide with
o,(R) provided by the FWM. Then, the random error parameters described below were used to simulate uncertainties related
to those relationships and to radar power estimates, and to write a modified version of Eq.(11). This was done by utilizing
the error parameters utilized by Marzoug and Amayenc for the kZS algorithm’. They are briefly recalled below:

1) Referring to the basic Marshall Palmer DSD model N(D)=N, exp(-AD), the remarkable random variations that N, may
undergo along the propagation path are accounted for by substituting NV, with the following random variable Ny,

Nom =Ny 12)

where v is a unitary mean value random variable with Gamma pdf and 0.5 standard deviation.
2) The ‘measured’ powers P,, and Ps,, are related to the mean powers as follows:

P,=6,P and P, =0sPs. (13)
where 6, and Js are random variables accounting for the estimation errors related to cells where rainfall echo and surface
echo is prevailing, respectively. If V; independent samples are integrated, the pdf of both random variables is:

p(x)=NYixNi exp(~Nx)/ (N, - 1)! (14)

3) The variability of N, is considered as the only source of uncertainty in the following relationships between the the
specific attenuation %, the rainfall rate R and the reflectivity Z:
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7 = ENIPRP k=FNI9R? Z=EF PN} PKP (15)

where E, F, b, d depend on frequency and f=b/d. In the third of Egs. (15), EF"*N,"? corresponds to a of Eq.(5). The
uncertainty on « is accounted for by substituting it with the random variable «,, defined as follows:

a,, = o0 (16)

where q; is a random variable that, from Eqs. (5) and (15), can be expressed as az, = v’ S

A discussion apart is opportune about uncertainties affecting the estimate of the sea NRCS. As done by Marzoug and
Amayenc, these have been accounted for, by the random variable o, defined as follows:

G, =00, a7

where o; represents the uncertainty in the ‘guess’ value defined by Eq. (9), and is modeled through a Gamma pdf with
unitary mean value and 0.5 standard deviation. Marzoug and Amayenc observed that they had neglected “possible
systematic changes in o, due to the effects of raindrops impinging on the ocean surface or to the effects of surface winds””.
Consequently, the random variable o; represented random fluctuations around the fixed value o,, and that was made to
account mainly for NRCS variations from one profile to another. Since the guess law o,(R) provided by the e.m. model
discussed here does accounts for both the corrugations due to wind and rainfall, we assumed 0z=0 in our simulations. With
these premises, using for o; the same relative standard deviation (50%) that they used, basically corresponds in this new
context to assuming rough (and/or area-averaged) wind estimates. Secondarily, o; may also account for a residual
percentage of error related to the e.m. model approximations. Notice therefore that the simulations results turn out to be
pessimistic in case reliable wind estimates are available, in particular when obtained with good spatial and temporal
resolution.
Accounting for the error parameters and exploiting Eq. (6), the ‘measured’ function corresponding to w,(*) is:

S 1/8
8.(r)-P(r)-r’c,0,C J
Wom(t) =| —F s =wy(r)-T(r (18
onl"? ( 5, (r) rlaa-C o :
where T(#) is a random process, function of »:

5 /8

T(r)z[o'l) r(r)o-lj (19)
0505a)

and &,(r) accounts for variations along the propagation path of the mean power estimate errors. These errors are supposed
independent from one range cell to the other. The ‘estimated’ attenuation factor k,,(*) becomes therefore:

km(r)=k(r)-T(r)-exp{Q;—6‘!ik(s)ds] 1+%!{k(s)-T(s)‘exp(g;—‘s[k(t)dt}ds 20)

and the final expression relating the ‘estimated’ rainfall rate R, (¥) to the ‘true’ rainfall reference R(7) is:

qi/d
0.46

I, FNg—dj R(s )ddsJ

vl T(r)~exp[

R, (r)=R(r) @n

0.46
B

FNI j R(t )ddt] ds

0.46 f
1 +—’B— FNé*dJ. R(s)d 7(s) exp[

L
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Finally, exploiting Eqs. (5) and (15) to modify Eq. (11), and including in it all factors of uncertainty and errors
considered, one gets the following expression, which implicitly defines the ‘measured’ rainfall rate R,, at the sea level:

C o9 (R,)- e—0‘46ArFN,§;,"R;
§-P-C EN3,/'R,,

22)

Introducing the ratio P s | P as from Eq. (10), utilizing the ‘guess’ law o,(R) and exploiting again Eqgs.(15), one gets
the expression that has been utilized in the simulations to provide R,,.:

_ 1-d_1-d pd _ 1-d pd
o,64(R, )-e 0.46 AFNI 1" RE 8,04(R)-e 046 ArENI9R

vt R? 5.R?

23)

In the simulations, we assumed that 60 independent echo samples were integrated in correspondence of each range cell.
A given vertical profile of rainfall rate was then assumed
as the ‘truth’ reference. Referring to 13.75 GHz, we used
Eqgs. (15) as ‘true’ relationships with the values® E=0.66
10%, 5=1.5, F=0.309 and d=1.156.

120 S N A first kind of analysis of simulated data concerned the
141)3: — = true value accuracy of R,, estimated through Eq. (22). 100
00 | ~ estimated mean value A independent ‘estimations’ of R,, were performed, based on

g 8 seimatedstandarddev. 27 4 h tatistics and on the same rainfall profil
g o = ] t'e same error s ! cs ar all p e.
E e ¢ S i Fig. 6 plots the ‘true’ rainfall rate (R) at the sea level
o SOF s = . versus the rainfall rate estimate (R,,) thus obtained. A wind
ol // S ] velocity of 4.32 m/s at 19.5 metres of altitude is assumed.
20 - / n;dir;midme ] Two additional curves corresponding to the estimated
wor 0 standard deviation of R,, are also plotted, together with the
0o 10 20 30 40 S0 60 70 80 90 100 curve reporting the exact profile (i.e. that would be
R,(mm/h) reconstructed if random errors were absent). Notice that
Fig. 6 the absolute error increases with increasing rainfall rate,

but the relative error is practically constant.
As far as rainfall profile retrieval is concerned,
referring to analogous simulations® we first considered a rainfall profile with a constant rainfall rate up to an altitude of 4.5
km, then decreasing with a corresponding reflectivity decrease rate of 5 dB/km. A rainfall rate of 10 mm/h at the sea level
was considered, assuming the aforementioned wind velocity. In Fig. 7 the reconstructed rainfall profile is shown. Mean
value and standard deviation of 100 independent reconstructions are plotted for the 32 range cells (range resolution: 250 m)
up to an altitude of 8 Km.

Fig. 8 shows the rainfall profile reconstructed assuming a rainfall rate at the sea level of 50 mm/hr. A good estimate is
achieved also in this case at all altitudes. Notice also that in correspondence of higher rainfall rates estimate accuracy
improves thanks to an increased attenuation. Fig. 9 shows similar results, corresponding to a wind velocity of 20 m/s and a
rainfall rate at sea level of 10 mm/hr. Comparing such results with those of Fig. 7, the conclusion can be drawn that
remarkable variations of wind velocity do not influence significantly the accuracy of profile retrieval (assuming the same
accuracy for wind measurements). Reflectivity gradients that are generated immediately over the sea surface may affect the
rainfall profile retrieval. Therefore, in other simulations we employed a different rainfall profile, with a gradient below 4.5
Km altitude corresponding to a reflectivity loss rate of 1 dBZ/Km, and a rainfall rate of 50 mm/hr at that altitude. The
results, at 13.75 GHz and with a wind of 4.3 m/s, are shown in Figs. 10 and 11 for negative and positive reflectivity
gradients, respectively. The reconstruction performance is extremely good in terms of mean values also in these cases of
rainfall variable with height immediately above the sea surface; furthermore, notice that it is accompanied by an accuracy
comparable with that of Fig. 9, which depends primarily on the top rainfall intensity of 50 mm/h.
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6. CONCLUSIONS

We highlighted that a direct use of the kZS algorithm with an excessively approximated guess of the sea NRCS can cause
relevant errors in the reconstructed rainfall profiles. A more accurate guess of such NRCS can be provided by an e.m. model
such as the FWM, purposely adapted. In this framework, we also pointed out that sea surface roughness induced by rainfall
cannot be neglected by a model-based predictor. In particular, through the aforementioned e.m. model it is possible to derive,
in the general case of a sea surface corrugated by wind and rain, a relationship between surface NRCS and rainfall rate at
nadir incidence, as a function of surface wind velocity. In spite of the intrinsic residual approximations of such a model, the
derived relationship confirms that rainfall remarkably modifies the NRCS value that would be predicted accounting for wind
only. We neglected the damping effects of sea waves, which may appear in the presence of quite heavy rainfall: this aspect
obviously deserves further investigations for the refinement of the prediction model, but it requires basically a quite complex
hydrological analysis of sea surface - raindrops interactions. Anyway, errors induced by the damping effects of sea waves due
to rainfall should be attenuated by a reduced sensitivity of the kZS algorithm to the NRCS estimate errors in the case of heavy
rainfall.

By means of the “two cells” method it is then possible to get directly estimates of rainfall rate and NRCS referred to the
sea surface. While the latter estimate can then be utilized to improve performance of the kZS algorithm, the former estimate
provides a direct estimate of the rainfall rate in proximity to the sea surface. Improved performance in rainfall rate profile
retrieval has been demonstrated by means of numerical simulations, carried out at 13.75 GHz for different values of wind
velocity, different rainfall rates over the sea surface and different rainfall profiles. All of them showed that the rainfall profile
retrieval accuracy can greatly benefit from a more accurate prediction of NRCS. This requires that wind velocity over the area
of interest is available, provided by either measurements or models, or joint exploitation of both of them. Additional
measurements should refer to the same or a contiguous area, provided by an independent sensor, such as a scatterometer. In
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summary, the proposed method could be profitably exploited in all those contexts where some additional information allows
to overcome the bare hypothesis of a generic ‘standard’ average value of sea NRCS.
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