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ABSTRACT

In order to obtain the global precipitation distribution data, this paper investigates the precipitation dis-
tribution model, the normalized radar cross-section model, and the retrieval algorithm with X-band synthetic
aperture radar (X-SAR). A new retrieval algorithm based on the surface-scattering reference attenuation is
developed to retrieve the rain rate above the ground surface. This new algorithm needs no statistical work
load and has more extensive applications. Calculations using the new algorithm for three cases verify that
the rainfall is retrieved with high precision, which proves the capability of the algorithm.
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1. Introduction

Precipitation is a very important physical quan-
tity in the research of the atmosphere, ocean, water,
and environment. Global precipitation distribution
and its vertical structure are the major weak points in
the studies of current global climate and environmen-
tal changes. Only a few nations can acquire reliable
data of global precipitation distribution. Precipitation
plays a very important role in the overall atmospheric
energy transmission, and it redistributes the global
humidity and heat to a certain extent. Accurate
measurement of precipitation is important to meteo-
rological disaster forecasting, disaster prevention and
mitigation, industrial production arrangements, agri-
cultural planning, etc.

The Tropical Rainfall Measuring Mission
(TRMM) is a joint project between the US National
Aeronautics and Space Administration (NASA) and
the Japan Aerospace Exploration Agency. It is de-
signed to monitor and study tropical rainfall. The
Global Precipitation Mission (GPM) of NASA is an

outgrowth of TRMM that aims to improve precipita-

tion measurements and to extend those measurements
to higher latitudes. The GPM core satellite will carry
Ku- and Ka-band radars, as well as an improved mi-
crowave radiometer.

Space-borne synthetic aperture radar (SAR) is a
pulse Doppler radar used for two-dimensional imaging
and generally not designed for atmospheric observa-
tions. SAR is considered as an “all weather” sensor.
However, there is relevant theoretical and experimen-
tal evidence that X-band SAR (X-SAR hereafter)
observations may be significantly affected by precip-
The

high spatial-resolution observations of X-SAR serve

itation occurrences within the detection area.

as a new data source for obtaining the accurate global
precipitation distribution.

Altas and Moore (1987) studied the radar equa-
tion and spatial resolution for precipitation measure-
ment with SAR and showed that the precipitation
distribution could be derived from the normalized
radar cross-section (NRCS). Jameson et al. (1997),
(1997), and Melsheimer et al. (1998)
showed that X-SAR data can provide new insights
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rate can be derived by using the data from SIR-
C (Shuttle Imaging Radar-C)/X-SAR. Weinman and
Marzano (2008) developed the X-SAR responses
model and model-oriented statistical (MOS) algorithm
to retrieve the shape, width, and other simple fea-
tures of the vertical rainfall distribution according to
the precipitation model developed by Yuter and Houze
(1995).

The MOS algorithm is a statistical algorithm that
retrieves the features of the precipitation distribution
based on a large amount of statistics on SAR precip-
itation echoes. The empirical weighted coefficients of
the MOS algorithm must be modified when the inci-
dent angle changes. This enhances the complexity and
the statistical work load of the MOS algorithm.

A more analytical retrieval algorithm based on
the surface-scattering reference attenuation is devel-
oped to retrieve rainfall above the ground surface in
this paper. This algorithm can avoid the statistical

work load and has a more extensive application.

2. The precipitation distribution model and
the NRCS model

Marzano et al. (2006) developed a simple NRCS
model using X-SAR data to obtain rainfall. Figure 1
shows a schematic view of a cloud scanning from the
left by an X-SAR. The cross-track scan direction is z,
the along-track scan direction is y, and the vertical di-

rection is z; the incident angle of the slant SAR view
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is indicated by #. The origin of the precipitation can
be set at xp=z,/tanf. Microwave pulses emitted by
the radar are approximated by plane wave front slices,
and the SAR resolution in rain may be divided into

three components:
V =7rR-TcTa, (1)

where 7, is the along-track resolution, r. the cross-
track resolution, and rr the slant-range resolution.
The total NRCS measured signal opgar consists
of two components, backscattering from the surface
ost and volume backscattering by the precipitation

Ovol, 1. €.,

OPSAR = Osrf + Tvyol, (2)

where (Marzano et al., 2006)

Ogrf = 0'06_2'[000 k(z,z)dz/cos@7 (3)
Ovol = / ’17(.17, 2)6_2 fzoo lc(ac’72/)dz//cosf)dz7 <4)
0

in which 0¥ is the surface radar cross-sectional coeffi-
cient, k is the extinction coefficient, and 7 is the radar
volume reflectivity. The relations between k,7, and

the rain rate R(z, z) are

k(z,2) = a[R(z, 2)]", (5)
’/T5 2

n(,2) = 3 |K["Z, (6)

Z. =1iR(z,z)’, (7)
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Fig. 1. Schematic view of the precipitation and the NRCS model.
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where Z, is the Rayleigh equivalent reflectivity fac-
tor; |K|? is a function of the refractive index, which
is equal to about 0.93 for water and 0.19 for ice; A is
the wavelength, A = 3.1 cm for X-band; a,b,7, and j
are empirical coefficients depending on the wavelength
and precipitation regime. Their typical values for con-
tinental convective rain clouds at X-band are as fol-
lows: a = 2.6x1073, b = 1.11, i = 300, j = 1.35 for
rain and ¢ = 5.6x107°%, b = 1.6,5 = 182, = 1.6 for
snow with predominant scattering behavior, according
to Ulaby et al. (1981).

A simple precipitation distribution model that
considers various vertical and horizontal distributions
is expressed in the form (Weinman and Marzano,
2008):

R(x,z) = H(z) - V(2), (8)

where H(z) is the horizontal precipitation distribu-
tion, determined by the width w and the shape param-
eter d. The common distributions are rectangular dis-
tribution (d = 0), triangular distribution (d = w/2),
and trapezoidal distribution (0 < d < w/2). V(z) is
the vertical distribution, and an analytic approxima-
tion of V(z) (Marzano et al., 2008) is

V(0) - Vi(z) = V(0)[0.85

40.15(225)062] 0 2 < 2, 9)
z) = <0
V) V(0) - Vi(2) = 0.85V(0)
Zh — 2

)7,

where 2 is the height of the freezing level and zj is

20 < z < zp, (10)

Zh T 20

the height of the top of the frozen precipitation; V(0)
is the rain rate at ground; the parameter p defines
the diminished rate of the frozen hydrometeor, and its
typical value is 0.5.

Assume w = 10 km, A = 3.1 cm, zg = 4.5 km,
zp, = 13 km, V(0) = 100 mm h~!, § = 30°, 0° = -7
dB, and p = 0.5. Figure 2 shows the NRCS scan of
the rectangular (d = 0), trapezoidal (d = 3 km), and
triangular (d = 5 km) precipitation distributions as a
function of cross-track scanning distance.

As the X-SAR scans from left to right, the NRCS

first increases to above the background value due to
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Fig. 2. Comparison of the NRCS scans of three different

distributions.

the scattering by the frozen hydrometeors in the up-
per part of the cloud. As the X-SAR continues to
scan further to the right, the signal from the under-
lying surface is reduced by radiation attenuation due
to the rain. The NRCS increases again as the scanned
footprint moves to the right beyond the precipitating

cloud, and less rain is intercepted.
3. MOS precipitation retrieval algorithm

The MOS precipitation retrieval algorithm was
developed by Weinman and Marzano (2008). The pur-
pose of MOS is to exploit the basic features of the
measured NRCS profile built upon the forward precip-
itation model. Assume that the values of zj, 2o, and 6
are known, the algorithm can retrieve V' (0), p, w, and
d of the rainfall distribution model.

The algorithm first finds a crossing node =z,
where the NRCS makes a transition from enhance-
ment due to scattering to reduction due to attenua-
tion. The identification of the H(x) shape parameter
d is carried out statistically, based on the maximum-
likelihood metric concept. The MOS algorithm then
retrieves the width of the precipitation, which uses the
locations of ¢ and the minimum NRCS location & y;,.
Thus, the horizontal function H(z) can be identified.

The next procedure is to retrieve the parameter
V(0) and p of the vertical profile V' (z) given in Egs. (9)
and (10), then to reconstruct the rainfall distribution
R(z,z). The overall MOS method is schematically
shown in Fig. 3 (Marzano et al., 2008).
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Fig. 3. Schematic view of the MOS algorithm (Marzano et al., 2008).

The retrieved surface rainfall by the MOS algo-
rithm for 8 = 30° is:

Tmax

V(0) =1.13 / [dBo® — dBopgar (x)]dx

Zo

zg
—21.62/ [opsar(z) — O’O}dx —2.58w +23.3. (11)
0

The first integral in the above equation is pro-
portional to the difference of the algorithm of the
background and that of the NRCS over the region
To < T < Tmax Where the opgar is strongly atten-
uated by rain. The second integral is a function of the
difference between the background and the precipita-
tion cross-sections where the scattering signature of
the snowfall is dominant. The last term accounts for
the dependence on the width of H(x).

The weighted coefficients of Eq. (11) are only ap-
propriate for # = 30° when using the MOS algorithm.
They must be modified as the radar incident angle
changes. Thus, too much statistical work has to be
done to obtain all the weighted coefficients for differ-
ent incident angles and the accuracy of the algorithm
is reduced. Moreover, the dependence of the algorithm
on the retrieved width of the precipitation also reduces

the accuracy.

4. Surface-scattering reference attenuation

retrieval algorithm

To reduce the statistical work and to find a more
analytical rainfall retrieval algorithm, we propose a
surface-scattering reference attenuation (SRA) algo-
rithm to retrieve the rainfall above the ground surface.

The solution of the X-SAR integral Egs. (3) and
(4) requires the extraction of path-integrated quan-
It should be noted that the surface reflection
term og,¢r mainly depends on the extinction coefficient

tities.

of the rain, which is more closely related to the rain-
The
latter is more sensitive to the drop size distribution

fall than the effective radar reflectivity factor.

than the extinction coefficient. The difference between
ogrf Within rain and og¢ outside the rain area can be
used to estimate the rainfall. As both og¢ and oo
contribute to opsar, separating o from opgagr is a
basic step of the SRA algorithm.

As the beam scans over the region of precipita-
tion, the backscattered power from the surface is af-
fected by both ¢ and the attenuation factor. The
parameter o at different geographic locations can be
obtained from a previous measurement made in the
absence of precipitation. In the SRA algorithm, the
actual ¢° can be approximated by an average value
of ¢ measured in the rain-free area adjacent to the
target. A typical value of o for vertically polarized
X-band radiation at the 30° incident angle over rough
land surface is ~7 dB, and ¢ at other incident angles
can be found in Oh et al. (1992).

When X-SAR scans on the right edge of the pre-

cipitation cell as shown in Fig. 1, oy is very low due
to no volume scattering. There are two cases for the
attenuation path of the surface scattering that should
be considered: 1) zp, - tanf < w, the rain cell is long
enough for a complete attenuation path from top to
ground within the rain cell; 2) zp - tanf > w, the at-
tenuation path is from the top of the rain but it cannot
reach the ground within the rain cell, therefore there
is less attenuation.

To make a simple model, we only consider case
1. At the right edge of the precipitation cell, the min-
imum NRCS can be found as oo is nearly zero and
the attenuation path of oy is the largest.

Figure 4a shows details of oyt and oy, when
X-SAR scans a rectangular precipitation distribution
cell. Figure 4b shows the percentage of o4t in opgar,



618

NRCS (dB

— 0

vol

Opsar

—50 L L L L L L L L
0 5 10 15 20 25 30 35 40 45
Ground range (km)

ACTA METEOROLOGICA SINICA

VOL.24

100

O, N Opsar (%)
o
S

0 5 10 15 20 25 30 35 40 45
Ground range (km)

Fig. 4. (a) NRCS scans for oef, 0vol, and opsar; (b) percentages of ot in opsar.

which indicates the dominant portion of oy at the
minimum NRCS, so oy, can be neglected in this area.
According to Egs. (2) and (3), we obtain

oo S
Canin & Oarf = 0'0672f0 k(m,z)dz/cose,

(12)

where opin is the minimum of opgar. It is followed

by
k(z,2)dz = —iln(amin/a ) - cost. (13)
0

Substituting Egs. (5) and (8) into Eq. (13), we
obtain

/000 alH(z)V (2)]bdz = —%ln(amin/ao) -cosf. (14)

According to Egs. (9) and (10), Eq. (14) can be

written as
/0 " [H@)V(O)V,(2)]" d

+/%@me@mew

20

1

= —§ln(amin/00) - cosb, (15)

where a; and b; are known for rain; as and by are
known for snow.

Extracting the parameter V(0) from the integrals,
we finally obtain

MV@“Aﬂwausz

+asV(0)" /Zh [H (2)Vs(2)]**dz

20

1
= ——In(opmin/0") - cosh, (16)

where H(z) = H(xmin —
position of op,in. Equation (16) can be solved by di-

z - tanf), and zp, is the

chotomy to obtain the ground surface rain rate V'(0).

The first procedure of the SRA algorithm is to re-
trieve the horizontal precipitation H(x), which is the
same as the MOS retrieval algorithm. After H(x) is
classified, the SRA algorithm retrieves the vertical pre-
cipitation distribution.

To retrieve V(0), some simplifying assumptions
are needed as in all rainfall retrieval algorithms with a
single-frequency radar. Under these assumptions, the
surface scattering ¢ is constant, which is the same
as that in the TRMM-PR surface-reference technique
(Iguchi et al., 2000); the attenuation coefficient and
rain rate law shown in Eq. (5) are assumed known; a
sharp transition exists between rain and snow at the
freezing height.

The SRA retrieval algorithm assumes that the pa-
rameters 2y, 29,6, and p are known. The paramete zj
can be determined by the first received radar echo and
the height of the satellite. The freezing level height z,
could be determined from surface temperature by as-
suming that the lapse rate is 5.8°C km~! (Wu and
Weinman, 1984), or from temperature profiles ob-
tained by radiosonde. The parameter 6 is the SAR
output parameter. The parameter p usually takes the
typical value of 0.5.

The SRA algorithm can work at any incident an-
gle of SAR and no modification of the weighted coef-
ficients is needed. This is distinct from the MOS, and
therefore the SRA method can significantly reduce the
statistical work and has more extensive applications.

5. Simulated retrieval results

We present a comparison between three different
rain distributions and the retrieval results by the SRA
algorithm. The SAR scan data can be simulated by
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the NRCS model described in Egs. (2)—(7).

Example 1: the horizontal distribution is rectan-
gular, V(0) = 100 mm h™, w = 10 km, d = 0, 2}, =
13 km, zp = 4.5 km, 0 = 30°, 0° = -7 dB, and p =
0.5. The retrieved ground surface rain rate is 113 mm
h~!, and the error is 13% (Fig. 5).

Example 2: the horizontal distribution is trian-
gular, V(0) = 150 mm h™!, w = 10 km, d = 5 km,
zn = 10 km, 29 = 4 km, § = 20°, ¢° = -6 dB, and
p=0.5. The retrieved ground surface rain rate is 152.0
mm h™! and the error is 1.3% (Fig. 6).

Example 3: the horizontal distribution is trape-
zoidal, V(0) = 50 mm h™!, w = 10 km, d = 3 km, 2y,
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O
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0 -30

Altitude (km)
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=8km, zg = 3.5 km, § =35°, 0% = -8dB, and p =
0.5. The retrieved ground surface rain rate is 53.6 mm
h=!, and the error is 7.2% (Fig. 7).

From the retrieval results of the above examples,
we can see that the SRA algorithm can be applied to
any incident angle and different horizontal distribu-
tions. A fairly good consistency is displayed by com-
The

error of the retrieval results compared with the real

paring the simulated and retrieved rain rates.

rainfall distribution is within 15%, which is mainly
caused by neglecting the volume scattering.

The retrieved surface rainfall by the MOS algo-
rithm at § = 30° is shown in Eq. (11).

20 120
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< 6 40
4 20
0
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Fig. 5. (a) Real distribution, (b) NRCS scans, and (c) the SRA retrieval for Example 1.
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Fig. 6. Asin Fig. 5, but for Example 2.
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Fig. 8. Comparison of the SRA and the MOS algorithms.

a comparison of the retrieved results between the MOS
and SRA algorithms in Fig. 8. The related parame-
ters are the same as those in the above three examples
except that V(0) is from 10 to 150 mm h~1.

The relative error of the surface rainfall V(0) is

given by

RMS, — %i [M g (17)

= Vo

where V(0) is the retrieved ground surface rainfall.
The RMS,, is 8.35% for the MOS algorithm and 5.87%
for the SRA algorithm. The SRA algorithm gets a bet-
ter consistency between the simulated and retrieved
fields than the MOS algorithm. This is mainly because
the SRA assumes that p is known, which enhances the
accuracy.

The precision of the SRA algorithm is associated
with the value of p. The latter has a limited influence
on the retrieval accuracy because o attenuated by the
snow layer is much lower than that by the rain layer,
according to the attenuation coefficient and rain rate
law in Eq. (5) and the empirical coefficients a and b

for rain and snow.
6. Conclusions

This paper employs a new rainfall retrieval algo-
rithm based on the measured NRCS data to recon-
struct the rainfall distribution. An NRCS model is
set up to simulate the SAR response to rainfall. A

simple precipitation distribution model derived from

VOL.24

various vertical and horizontal distributions permits
us to account for some features of the NRCS response.
Differences in the appearance of these NRCS scans il-
lustrate that the rainfall distribution could be derived
from NRCS scans.

The MOS algorithm based on the statistical
method is developed to infer the rainfall distribu-
tion. Parameters describing the rainfall distribution
are retrieved from the features of the NRCS scans.
However, the MOS algorithm needs considerable sta-
tistical work to obtain different weighted coefficients
at different incident angles as shown in Eq. (11).

We have proposed a more analytical rainfall re-
trieval algorithm—the SRA algorithm, to reduce the
tedious statistical work and to retrieve the rainfall
above the ground surface. The surface backscattering
occupies the dominant part at the measured minimum
of NRCS. The SRA algorithm neglects the influence
of volume scattering at that point and retrieves the
rain rate. The SRA method can be used at any inci-
dent angle, which enhances its applications. Different
precipitation distributions are retrieved from the sim-
ulated NRCS data by the SRA algorithm. The MOS
and SRA schemes produce consistent results in com-
parison. As in all rainfall retrieval approaches based
on the radar data, some simplifying assumptions are
needed. In the future, we will investigate if the SRA
algorithm can be further improved with fewer assump-

tion conditions.
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