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ABSTRACT 

As a part of the feasibility study of the satellite-borne rain radar for the Tropical 
Rainfall Measuring Mission (TRMM), quantitative estimation of the effects of surface clutter 
on rain measurement is made for clutter coming from sea surface. The sea-clutter inter-
ference discussed here includes that entering through the pulse-compression range sidelobe 
and that through the antenna sidelobe. Calculations are made for the proposed dual-
frequency radar operating at 13.8 and 24.15 GHz. It is found that sea clutter received 
through the range sidelobe can considerably interfere with rainfall measurements up to 
several mm/h at 13.8 GHz, while interference through the antenna sidelobe is not so 
significant, only affecting the measurements of very weak rainfall below several tenths of 
mm/h. 

1. Introduction 

In rain observation with satellite-borne rain radar, one important problem is to clarify 

the effects of surface clutter. Surface clutter is unwanted backscattering echo from land or 

sea surface, which may interfere with the rain observation by acting as background noise. In 

the worst case it blacks out the rain echo, because backscattering cross sections of land or 

sea surfaces are much larger than that of rain. Two different interference schemes by which 

surface clutter impinges upon rain echo should be consid巴redin the feasibility study of the 

TRMM rain radar: one is interference through the range sidelobe, and the other is inter-

ference through the antenna sidelobe. The former is peculiar to the pulse-compression radar 

system as described in Ref. (l ), while the latter is common to both pulse-compression and 

non-pulse-compression radar systems whose antenna-sid巴lobelevels are not low enough. 

In this paper, the effects of surface clutter on rain measurements by the dual-frequency 

TRMM rain radar operating at 13.8 and 24.15 GHz are quantitatively evaluated for inter-

ferences through both range sidelobe and antenna sidelobe. The most awaited data expected 

from the TRMM mission is the rain data from over tropical oceans, because they cannot be 

covered by conventional surface-based observations. Therefore, the case studies in this paper 

focus the discussion on the effects of sea clutter. The assumed system parameters of the rain 

radar and the models of rain and sea surface employed in the present studies are described in 

Section 2. The results of the quantitative analysis of the effects of sea clutter on rain 

measurements for interferences through range sidelobe and antenna sidelobe are discussed in 

Section 3 and 4, respectively. For simplicity, we treated the two interference schemes 

separately although they may coexist in the pulse-compression radar system. 
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2. Basic Assumptions 

2.1 Radar System 

The radar system parameters assumed in the following case studies are listed in Table I. 

A dual-frequency radar at 13 .8 and 24.15 GHz is assumed to operate from a satellite at an 

altitude of 320 km above the surface of the earth. A pulse-compression mode of operation 

with a compressed pulse width of 0.333 μs is assumed. The range resolution achieved by 
this pulse-compression mode is 50 m per individual compressed pulse before range integra-

tion. The dependence of the antenna gain and the beamwidth on the scanning angle of the 

electronic scanning antenna is ignored, since, for scanning angles smaller than 20°, their 

effects are considered to be less than 0.3 dB which is negligible compared with the large 

errors introduced by the uncertainty of the sea surface model described below. 

Table I. As副medradar system p釘・ameters.

Frequency 13.8 GHz 24.15 GHz 

Antenna 
Gain 47.5 dB 47.5 dB 
Beam width 0.768 x 0.76。 0.76・x0.76。
Transmit Power 48.5 w 32.0W 
Pulse Width 50 μs 50 μs 
Compressed Pulse 
Peak Power 7.3kW 4.SkW 
Compressed Pulse Width 0.333 μs 0.333 μs 
Satellite Altitude 320 km 320km 

2.2 Model of Rain 

A spatial structure of rain is assumed as follows: a uniform rain region extends from 

the surface to the rain top 5 km above the surface; the rain top is covered by a bright band 

0.5 km thick; scattering and attenuation due to hydrometeors above the bright band are 

ignored. 

The average radar return power from rain is proportional to the radar reflectivityη 

given by 

η ＝ f~a(D)N(D)dD, .... .................................. (I) 

where a(D) is the radar cross section of a raindrop with diameter D, and N(D)dD is the 

number density of raindrops with diameters in the interval between D and D + dD per unit 

volume. The radar reflectivityηis related to the equivalent reflectivity factor Ze by 

η＝（πs；λ4) Iκ12 Ze, ........................................ (2) 

where "= （εーl)/(e + 2), e is the complex permittivity of water, and λis the radar 
wavelength. In the Mie scattering region, Ze depends on wavelength, raindrop temperature, 

dropsize distribution, and rainfall rate R. The Ze-R relationship is known empirically to be 

approximated by a power-law relation in the form 

Ze ＝αRf3 ............................................... (3) 
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The Ze-R and η－R relationship used in the present study are listed in Table II. The Ze-R 

relationship at 13 .8 GHz shown in Table II is based on the empirical fits of the Joss experi-

mental data supplied by Ulbrich<2>. On the other hand, the relationship at 24.15 GHz is 

obtained by the regression to the Mie calculations for the Marshall-Palmer distribution<3> of 

0°C raindrops*. 

The attenuation coefficient of rain αR is also dependent on wavelength, raindrop 

temperature, dropsize distribution, and rainfall rate, and its dependence on rainfall rate is 

approximated by a power-law relation in the formC5) 

αR =aRb ............................................... (4) 

The α＇R -R relationships used in the present study are listed in Table II. The αR竺Rrelation-
ship at 13.8 GHz shown in Table II is based on the parameters a and b tabulated by Olsen 

Table II. Radar reflectivities and attenuation coefficients. 

Frequency 13.8 GHz 

Ze(mm・／mS) 372.4 Rl.54 t 
IK I 2 0.9255 
η（m・I) 4.757 x 10・’Rl.54
aR (dB/km) 0.032R1.124 § 

t Ulbrich (2) 
竹 Marshall-Palmerdistribution (0。C)例
§ Marshall-Palmer distribution (0。C）ο）
§§ Marshall-Palmer distribution (10。C）併）

24.15 GHz 

278.0R1・43ヤf

0.9076 
3 .266 x 10-6 R i.43 

0.0897R1.106 §§ 

et al. (S) for the Marshall-Palmer distribution of 0° C raindrops interpolated to 14 GHz(2). 

On the other hand, the relationship at 24.15 GHz is obtained by the regression to the Mie 

calculations for the Marshall-Palmer distribution of 10°C raindrops事．。
The bright band is a thin layer just below the 0 C isotherm where the melting of falling 

snow occurs. Although details are still unknown, the attenuation coefficient of the bright 

band is assumed in the calculations to be twice as large as that of the rain region below. 

Besides the rain attenuation, the radar wave suffers the attenuation due to atmospheric 

gaseous absorption. However, the two-way total attenuation is very small (much less than 

1 dB at both frequencies even for the farthest range). Furthermore, the effect of gaseous 

absorption is almost cancelled out when the power ratio of rain echo to surface clutter is in 

question, because the interfered rain echo and the interfering surface clutter travel almost 

the same distance through the atmosphere. Therefore, the effect of atmospheric gaseous 

absorption is ignored in the examination. 

* As has been pointed out by Olsen et ai.<5>, the Marshall-Palmer distribution, though parametrized 
by rainfall rate, does not satisfy the rainfall-rate integral equation. The power-law relationships at 
24.15 GHz used in the present study are derived by regressions in terms of the rainfall rate given by 
the rainfall-rate integral assuming the Gunn and Kinzer spectrum of raindrop t巴rminalvelocity(4)_ 
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2.3 s：回tteringProperty of Sea Surface 
The scattering property of sea surface relevant to the estimation of sea clutter is 

characterized by the normalized radar cross section a0 defined as the backscattering 
coefficient per unit area of sea surface. The normalized radar cross section a0 depends on 
the sea surface condition, the radio frequency, and the angle of incidence. Provided that 

the sea surface is an isotropic random rough surface with Gaussian statistics, the dependence 

of a0 on the angle of incidence 9 is expressed for small angles of incidence （＠く 20°)as 

166 

tan2 e 
a0(8)= a0(0) sec48exp（ー一~一一）， . . . . . ............. (5) 。

on the basis of the Kirchhoff model under the stationary-phase approximation<6>. In Eq.(5), 

S is the total variance of surface slopes. 

Only a very few experimental data are available on the radar cross section of sea surface 

at frequencies around 14 or 24 GHz. Figure I shows experimental data of a0 (8) of sea 
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Fig. L 

surface for vertical polarization obtained by the AAFE RADSCAT flight experiment at 13.9 

GHz for wind speeds between 7.5 and I 0 m/s<7> and by Grant and Yaplee at 24 GHz for a 

wind speed of 7.5 m/s<8>. These experimental data are approximated by Eq.(5) by applying 

the least-squares method for angles of incidence between 0 and 20° at each frequency as 

depicted by solid lines in Fig. I. The best-fit values of the parameters a0(0) and Sare shown 

in Table III. These approximated cross sections given by Eq.(6) with the parameters given 

in Table III are used throughout the following calculations. 
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Table III. Parameters of sea-surface backscattering 
coefficient. 

σ。（0)

s 

13.9 GHz 24 GHz 

14.14 
(11.51 dB) 

0.1959 

5.62 
(7 .52 dB) 

0.1744 

3. Sea-clutter Interference Through Range Sidelobe 

When the pulse-compression technique is employed, sea clutter may interfere with rain 

echo through the range sidelobe which precedes the compressed main pulse. Although the 

actual compressed pulse has a complicated range-sidelobe pattern, as shown in Ref.(l ), a 

simplified model is assumed for the range-sidelobe pattern in the following evaluation. The 

compressed main pulse has an idealized rectangular envelope with duration rand peak power 

Pt. The range sidelobe of the compressed pulse is assumed to extend infinitely with a 

constant level on both sides of the main pulse. Sea clutter is assumed to interfere with rain 

echo only through its range sidelobes, while rain echo is carried only by the rectangular main 

pulse. This assumption may be somewhat oversimplified and becomes eπoneous for rain 

range cells very close to the sea surface. However, it still seems to be acceptable, as a zero-th 

order approximation, for the worst case evaluation of the sea-clutter interference with the 

rain echoes at places higher than a few range cells away from the sea surface. Accuracy of 

the model near the sea surface is not important, because there is no way to prevent the 

strong sea clutter from seriously contaminating the rain echoes for range cells very close to 

the sea surface. The effects of the antenna sidelobe are examined separately in the next 

section. 

The observation geometry is illustrated in Fig. 2. The antenna pattern is assumed to be 

x 

y 

Fig. 2. Geometry for the calculation of the effects 
of sea-clutter interference through range 
sidelobe on the measurement of rainfall at 
range r0・
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Gaussian, and its main-lobe gain pattern is expressed by 

()2 ＋ゆ2
G = G0exp（ー－－－－，；－τ一一 4ln 2), ................................ (6) 

vo 

where () and cf> are the azimuthal angles taken from the beam axis as in Fig. 2 and 80 is the 

beam full width at half maximum of the main lobe. Both rain echo and sea clutter are 

received by the antenna main lobe. Sea-clutter interference through the antenna sidelobe 

coupling, which will be discussed in the next section, is ignored in this section. 

The received power of rain echo, Pr, from range r0 is given by a radar equation as 

~2p G2ηr  ＝ー→ fffdV-;r-exp(-kf 0α＇Rdr’）， ...................... (7) 1斗町一 roq 。

where Pt is the peak power of the compressed pulse and k = 0.2 lnlO. When the length of 

the compressed-pulse range bin is short enough and the antenna beamwidth is narrow 

enough, the integral taken over the volume determined by the rectangular range bin and the 

Gaussian antenna main lobe yields 

入2P+Gn2 C78n2 国

P. = r ~ u2ηexp(-k fαR d〆）， ........................ (8) 
1024π勺n2r0" o 

where 

r0 = (h -z) secE>, ......................................... (9) 

In Eq.(9), h is the satellite altitude, and z is the altitude of the range bin where the rain 
measurement is made. 

The power of sea clutter, P8, received through the range sidelobe is given by 

一λ2qp G2ao 
s一一寸LffdS一τ－exp(-k rαR dr'), . . . . ............ ( 10) 
1刊Y r o 

where q is the range-sidelobe level relative to the peak level of the compressed main pulse. 

The transformations from the surface local coordinates (x, y) to the angular coordinates 

（（），ゆ） are 

x = h tan(E>+ 8), ......................................... ( 11) 

y = h secE>tan仇.........................................( 12) 

dS = dxdy = h2 secE> sec2 (E> + 8) sec2ゆd()dゆ......................( 13) 

When the beamwidth is narrow enough (80 << E>), the surface integral is simplified, by 
introducing approximate transformations dS = h2 sec3E> d()dcf> and r = h secE>, to the angular 
integral over the Gaussian beam 
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λ2qPtG0282 ・h田c0
ん＝ 2 ~ a0(8）巴xp(-k jαR  dr’） 
512πL Jn2h' SeC8 

ー・ー・（14) 

In the derivation of Eq. (14), a0 is assumed to take the constant value a0(8) within the 

antenna beam. It should be pointed out that, although Eq.( 14) is derived on the assumption 

that the off-nadir angle 8 is much larger than the beam width 8 0, Ps given by Eq.(14) can be 
shown to be still valid even for nadir observations if 0 is substituted to e. 
From Eq.(8) and Eq.( 14), the power ratio of rain echo to S巴aclutter is given by 

P,. CTh2句
xp(kαR z sec8) 

Ps 2(h -z)2 qa0(8) sec8 
( 1 5) 

Calcultions of the P,./Ps ratio W巴remade for a constant range-sidelobe level -50 dB, 

i.e., q = I 0-5, using the system param巴tersfor th巴dual-frequencypulse-compression radar 

given in Table I. In Figs. 3 - 12, contours of the combinations of altitude z and rainfall 

rate which give constant P,./Ps ratios are shown for every 5 dB for off-nadir angles of 0, 5, 

10, 15, and 20 degrees. The 0-dB contours are highlighted by thick Jin巴s.Given a threshold 

level of the P,./Ps ratio above which rain measurement is possible, th巴rangeof measurable 

rainfall rates at an arbitrary altitude can be derived from those contour maps. 

It is found that the int巴rfer巴ncefrom the sea clutter through rang巴sidelobelimits the 

radar observation of rainfall at 13.8 GHz, in particular for r巴lativelyweak rain up to several 

mm/h and for small off-nadir obs巴rvationangles, if the threshold level of the P,./Ps ratio 

required for th巴 rainmeasurement is 0 dB. On the other hand, at 24.15 GHz, the effects 
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Fig. 12. Contour map of Prf Ps削 10in dB for sea clutter through 
range sidelobe at 24.15 GHz for scan angle e = 20°. 

of sea clutter are less significant, only interf巴ringwith the measur巴mentof very weak rain 

(R < 0.5 mm/h) close to the nadir d江巴ction.This can be explained by th巴factthat the 
assumed sea-surface backscattering cross section at 13.8 GHz is larger than that at 24. I 5 

GHz and the radar reflectivityηat 24. I 5 GHz is larger than that at I 3.8 GHz. For fixed 

off-nadir angles, th巴Pr/Psratio increas巴Swith altitude du巴tothe decrease in rain att巴nua-

tion suffered by th巴rainecho 

Although the calculations of Pr/Ps shown above were mad巴onth巴assumptionthat q = 

10-5 (-50 dB), it seems rather optimistic to assume that a range-sid巴lob巴i巴velas low as 

-50 dB is realizabl巴 forsatellite-borne radar by state-of-the-art technology. Such a low 

range-sidelobe l巴velis not possible at present, but should be regard巴das a value which may 

ideally be attainable after another few year’s development. For practical satellite operation, 

there exist uncertain factors which may significantly deteriorate the rang巴－sid巴lobe

characteristics of the pulse compression system, as described in Ref.( I). In addition, the 

scattering property of the sea surface varies considerably b巴causethe sea surface condition 

may vary appreciably from one observation plac巴toanother and from time to tim巴 Itis 

therefore quite reasonable to expect that, in some cases, interferenc巴 fromthe sea clutter 

through the range sidelobe may become considerably s巴vererthan shown in Figs. 3 -12. 

4. Interference from the Sea Clutter through the Antenna Sidelobes 

When the ant巴nnasid巴lobelevel is not low enough, sea clutter received through th巴

antenna sidelobe may interfere with rain measur巴ments.Figure 13 shows a schematic con-
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h 

Fig. 13. Geometry for the calculation of the effects of sea-clutter 
interference由roughantenna sidelobe on the measurement 
of rainfall at scan angleR and ranger 0・
The hatched area is白esea surface from which the sea 
clutter returns through antenna sidelobe. 

figuration to illustrate the effects of sea clutter through the antenna sidelobe on rain 

measurement. 

In this section, the radar pulse is assumed to be an idealized rectangular pulse with a 

duration of T, free from range sidelobe. If rain echo is assumed to be received only through 

the Gaussian main lobe given by Eq.(6), rain echo power Pr from rain at range ro is given 
by Eq. (8). 

On the other hand, sea clutter is assumed to be received only through the antenna 

sidelobe, and it is the annular area at the same range r0 from the satellite on the sea surface, 

indicated by hatching in Fig. 13, that is responsible for interference with rain echo from 

range ro・Thepower of sea clutter, P8, from this area is given by a radar equation: 

九＝笠主主 ffdS三位立 exp（ー岡山州， (16) 
刊町

where Zm is the height of the rain region, and the off-nadir angle γof the sea surface 

contributing to clutter is given by 

γ＝ cos"1 h . . . . . . . . . . . . . ( 17) 
(h -z) sec0 

In Eq. (16), the surface integral is taken over the hatched annular area shown in Fig. 13. 

Although proper weighting with the squared antenna sidelobe pattern should be applied to 

calculate the power of sea clutter from this annular area, it is assumed for simplicity that 

the antenna sidelobe pattern is isotropic with a constant sidelobe gain of Gs. On this 

assumption, Eq.( 16) becomes 
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λ2 PtGs200（γ）A 
xp(-kαR Zm secγ）， . . . . . . . . . . . . . . . . . . . . (18) 

s 64π3(h -z)4 sec49 

where A is the area of the hatched annular surface and is given by 

πcT(h -z) sec9, 
CT 
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For a given off-nadir angle 9, the annular area reduces to a circular area when the altitude z, 
where the rain observation is made, exceeds h -(h + cr/4) cos9, and there exists a critical 
altitude [h -(h -cr/4) cos9] above which the釘・eavanishes and the rain echo can be 

observed without sea clutter through the antenna sidelobe. 

Calculations of the P,/Ps ratio were made for a constant antenna sidelobe level of -35 
dB, i.e., G8/Go = IO・3・5,using the system parameters for the dual-frequency pulse-compres-

sion radar given in Table I. Although the first sidelobe level may exceed -30 dB in some 

cases, as described in Ref. (9), considerable rolloff of sidelobe level justifies the crude 
assumption of isotropic antenna sidelobe level of -3 5 dB. In Figs. 14 -21, contours of the 
combinations of altitude z and rainfall rate which give constant P,/Ps ratios are shown for 
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Fig. 15. Contour map of P,./Ps ratio in dB for sea clutter through 
antenna sidelobe at 13.8 GHz for scan angleθ ＝ 10。．
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Fig. 16. Contour map of P,./Ps ratio in dB for sea clutter through 
antenna sidelobe at 13.8 GHz for scan angle e = 15°. 
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Fig. 17. Contour map of Pr/Ps ratio in dB for sea clutter through 
antenna sidelobe at 13.8 GHz for scan angle e = 20°. 
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Fig. 18. Contour map of P,./Ps ratio in dB for sea clutter through 
antenna sidelobe at 24.15 GHz for scan angle 0 = 5°. 
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Fig. 19. Contour map of Prf Ps ratio in dB for sea clutter through 

antenna sidelobe at 24.15 GHz for scan angleθ ＝ 10°. 
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Fig. 20. Contour map of P,.f Ps ratio in dB for問 clutterthrough 

antenna sidelobe at 24.15 GHz for scan angle θ＝ 15°. 
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Fig. 21. Contour map of Prf Ps ratio in dB for sea clutter through 
antenna sidelobe at 24.15 GHz for scan angle e = 20へ

every 5 dB for off-nadir angles of 5, 10, 15, and 20 degrees as in the previous section. The 

0-dB contours are highlighted by thick lines. 

The critical altitudes described above ar巴id巴ntifiedas horizontal lines in Figs. 14, 15, 

18, and 19, above which rain巴chois free from sea clutter through the ant巴nnasidelobe, 

i.e., Prf Ps = 00 Below the critical altitude, the P,./Ps ratio is found to slightly decrease, for 

weak rainfall, with increasing altitude. This can be explained by the increase in sea-surface 

scatt巴ringcross section due to the decrease in th巴angleof incidenceγwith increasing 

altitude z. Even for altitudes below the critical altitude where the surface clutter interferes 

with rain echo through the antenna sidelobe, only echoes from very weak rainfall of only a 

few tenths of mm/h may be blacked out by surface clutter, if the threshold level of the P,./Ps 

ratio required for rain measurement is 0 dB. 

Although the present calculations are made for the pulse-compression radar with system 

parameters giv巴nin Table I, the results are also us巴fulfor non-pulse-compression radars with 

Pt and T differ巴ntfrom those given in Table I, since the P,./Ps ratio is ind巴pendentof Pt and 
CT 

T for altitudes zくh一（h＋一一 ）cose where th巴sea-clutterinterfer巴ncebecomes significant. 
4 

It can be concluded that surface clutter through th巴ant巴nnasidelobe causes no serious 

problem in the TRMM rain radar measurements even if the ambiguity in th巴assumptionon 

the scattering properties of sea surface is taken into account. 
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5. Concluding Remarks 

For the proposed TRMM rain radar operating at 13.8 and 24.15 GHz, the effects of 

sea clutter entering through the range sidelobe and antenna sidelobe are examined by using 

the radar equations for rain and clutter. It is found that the sea clutter received through 

the range sidelobe can seriously interfere with the measurements of weak rainfall. In 

particular, for near-nadir observation at 13.8 GHz, the level of range-sidelobe sea clutter is 

as high as that of rain echo for rainfall rate of 3 mm/h. On the other hand, interference 

through the antenna sidelobe is less significant at both frequencies, only affecting the 

measurements of very weak rainfall below 0.5 mm/h. Meteorologists require the TRMM rain 

radar to provide rain data with surface clutter less than the rain echo from rain of 0.5 mm/h 

for all observation angles and ranges, at both frequencies. The present results seems to be in 

favor of the non-pulse-compression system rather than the pulse-compression system for 

the TRMM rain radar as far as sea-clutter interference is concerned. 

Although the present examinations are made on the basis of various simplifying models 

and assumptions, the results may serve as preliminary estimates for the design of the TRMM 

rain radar. 
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