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Abstract— In this paper, a model of radar backscattering from
rain-generated stalks on the ocean surface in a rain field is
proposed. In the model, stalks in the rain field form an array and
are considered as finite water cylinders standing out of an infinite
water surface. The radar backscattering coefficient from these
stalks is derived. Both incoherent and coherent backscattering
mechanisms from the stalks are considered. The model shows
that the radar backscattering intensity is a function of the
average distance between stalks on the water surface, the radar
wave frequency, and the incident angle of radar waves. For
light/moderate rain (at low rain rates), the radar backscattering
intensity increases with increasing rain rate. For heavy rain
(at high rain rates), the radar backscattering intensity decreases
with increasing rain rate. The maximum radar backscattering
intensity occurs at a rain rate that depends on the radar
wave frequency and the incident angle of radar waves. The
present model is used to explain the radar signatures of a
rainfall event simultaneously observed by C-band ENVISAT
(European satellite) Advanced Synthetic Aperture Radar (ASAR)
and ground-based weather radar in the Northwest Pacific. The
relationship between the radar return intensity extracted from
the C-band ASAR image and the rain rate obtained from ground-
based weather radar is in agreement with the model’s calculation.
Also, the air–sea interface in rain fields and its effects on the
attenuation of radar backscattering are experimentally studied
in the laboratory.

Index Terms— Radar scattering, rainfall effects, surface waves,
synthetic aperture radar (SAR).

I. INTRODUCTION

OCEANIC rainfall has been frequently observed in space-

borne synthetic aperture radar (SAR) images since the

first SAR image became available in 1978 [1]–[3]. Using SAR

images, many interesting details of rainfall events over the

ocean have been reported and qualitatively analyzed [4]–[6].

For instance, on a typical SAR image for convective rain,

rain cells on the ocean surface usually show up as circular or

oval bright patterns with sharp edges [1], [4]. In most cases,
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there is a dark patch at the center of the SAR signature of

a rain cell. The bright patterns are interpreted in [7] and [8]

as the results of the cool downdraft accompanying the rain

reaching the ocean surface and diverging to become horizontal

winds. These winds generate surface waves that have Bragg

wavelengths and are detectable by the radar. It is argued

that the formation of dark patches at the centers of rain

cells may be due to the damping of surface waves by rain-

induced turbulence or the raindrops in the atmosphere for

X- and C-band radar signatures [9].

The radar signatures of a rainfall event over the ocean

are mainly generated from the scattering and attenuation of

the microwaves by raindrops in the atmosphere and from the

scattering by the sea surface features that are associated with

raindrop impacts and wind. The effects of raindrops on the

scattering and attenuation of the microwaves in the atmosphere

have been extensively studied by radar meteorologists [10].

The scattering is described by a volume backscattering coeffi-

cient that is a function of the radar wavelength, the refractive

index of water, and the reflectivity of raindrops, while the

attenuation is depicted by a volume attenuation coefficient

that depends on a power law function of the rain rate [11].

In a rain/wind backscatter model recently developed in [12],

both the scattering and attenuation effects of raindrops in the

air were considered. Thereafter, a more sophisticated physics-

based radiative transfer model in [13] also considers the ring

waves generated by rain as discussed below.

The effects of rainfall on radar scattering from a water

surface were first investigated in [14]. Further investigations

on this subject with different microwave frequencies were

performed in [15]–[17] and others. Radar backscatters from

the ocean surface in a rain field are mainly produced by

surface waves and the splash products of raindrop impacts.

The surface waves are generated by wind and altered by rain in

a number of ways. When raindrops impinge on the ocean sur-

face, they generate ring (gravity-capillary) waves on the water

surface and turbulence beneath the water surface. Laboratory

experiments performed by a number of investigators [17]–[21]

showed that rain-induced turbulence damps mechanically

generated gravity waves and wind waves with wavelengths

larger than several centimeters. At the same time, capillary-

gravity waves are enhanced by rain-generated ring waves.

In the absence of wind, the frequency spectra of gravity-

capillary ring waves generated by rain are of a log-Gaussian

form [22]–[24]. The spectral peak frequency of the ring waves

decreases as the raindrop diameter increases, but is nearly
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independent of the rain rate. Based on momentum exchange,

a theoretical model for determining the dynamic effects of

rain intensity on water waves has been developed in [25].

It was found that for vertical or near-vertical rainfall, the rain

causes nonnegligible wave amplitude decay. In high winds,

the rain enhances high-frequency waves because the horizontal

velocity component of the rain is large and the corresponding

stress on the free surface is nearly in phase with the free

surface slope.

A number of radar backscattering models considering the

effects of rain on the ocean surface waves have been devel-

oped to understand and interpret various phenomena, such

as wind fields, hurricanes, and tropical cyclones observed by

SAR [13], [26], [27]. A numerical model of surface

wind waves modified by rainfall and the backscattering of

microwaves from these modified surface waves has been devel-

oped in [27]. The effects of both rain-induced damping and the

enhancement of gravity-capillary waves due to the presence of

ring waves were considered in the model. Several commonly

used microwave frequencies were simulated to investigate the

effects of rain on the backscatter from the ocean. A similar

model for hurricane rain given in [26] considered the effects of

long waves that alter the local incident angles and polarizations

of radar waves, and the volume scattering and attenuation of

raindrops in the air.

The effects of the splash products of raindrop impacts on

the radar backscattering are rarely studied. The splash products

include crowns, stalks, cavities, and secondary drops. In [16],

the surface features generated by single drop impacts were

measured with a high-speed digital camera that was synchro-

nized with radar data acquisition. The radar backscattering

powers from crowns, craters, stalks, and ring waves were

compared and it is concluded that while ring-waves are the

dominant scattering contribution, the scatterings from crowns,

craters, and stalks are not negligible. A scattering model from

the splash products of a single raindrop impact developed

in [28] shows that the stalk has significant effects on the

major scattering features. In [29], the radar signatures of a

rainfall event simultaneously observed by C-band ENVISAT

(European satellite) Advanced SAR (ASAR) and ground-

based weather radar in the Northwest Pacific were analyzed.

It was found that the spaceborne radar backscattering inten-

sity strongly correlates with the average distance of the

stalks on the water surface in the rain field in a nonlinear

manner.

Based upon the analysis of published data and the exper-

imental results obtained in the laboratory, [29] showed the

following.

1) Among the surface features generated by raindrop

impacts (including ring waves, stalks, crowns, and sec-

ondary drops), stalks are dominant in terms of their

height, lifetime, water mass, and energy.

2) Stalks are randomly distributed on the water surface in

both time and position.

3) The average distance between two successive stalks

decreases with increasing rain rate.

4) The measured stalk heights are well approximated by a

Rayleigh distribution.

Fig. 1. Schematic showing the radar backscattering from stalks generated by
rainfall on the ocean surface. The variation of the background color depicts
the variation of water content in the air-water interface of rain field. The gray
area close to the ocean surface represents a high-water-content layer of dense
clouds of seawater droplets generated by rain (see Fig. 5).

In typical radar applications, the measured average stalk

height (h̄) exceeds the Rayleigh criterion, i.e., h̄ >

(λ/8 cos(θ)) where λ is the radar wavelength and θ the

incident angle of radar waves relative to the vertical. In this

paper, we attempt to establish a scattering model that considers

the rain-generated stalks on the ocean surface as alternative

radar scatterers.

The remainder of this paper is organized as follows.

Section II describes our physical model for radar scattering

from water stalks that are generated by impinging raindrops

on rain cells. In Section III, the model is discussed and is

applied to interpret one rainfall event in the Northwest Pacific

simultaneously observed by a ground-based weather radar

located in southern Taiwan and the ASAR from the European

satellite ENVISAT. The air–sea interface in rain fields and

its effects on the attenuation of the radar backscattering

from the stalks are explored. The conclusions are presented

in Section IV.

II. MODEL OF RADAR BACKSCATTERING FROM

THE OCEAN SURFACE IN RAIN FIELD

In this paper, a model considering multiple raindrop

splashes that intersect a single incident plane is proposed,

as shown in Fig. 1. Cylinders, which are small compared

to the radar wavelength, are used to represent the stalks

generated by raindrops because of their similar radar scattering

features in the microwave band [11]. These stalks are randomly

distributed on the water surface and the average distance

between two adjacent stalks is L. Thus, the distance of the

nth cylinder away from the reference point O along the line

may be given as

Ln = nL + ǫn (1)

where ǫn is a random variable describing the deviation of the

distance of the nth cylinder from nL. It is obvious that the

mean value of ǫn is zero. The single-trip difference of radar
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waves between the nth ray path and the reference point is

given as follows:

�Rn = Ln sin θ = (nL + ǫn) sin θ (2)

where θ is the incident angle of radar waves relative to the

vertical.

The received voltage from the oceanic rain field is the sum

of the voltages from the individual cylinders [11], that is

Vr =

N
∑

n=1

Vne−i2k(R0+�Rn ) (3)

where N is the total number of stalks in the resolution cell,

R0 is the radial distance to the radar antenna, k(= 2π/λ) is

the radar wavenumber, λ is the radar wavelength, and Vn is

the received voltage from the nth stalk. Assuming that the

radar waves along the two-way path of length R0 + �Rn are

exponentially attenuated [9], the received voltage Vn can be

expressed as

Vn = V0s exp

[

−2

∫ (R0+�Rn)

0

κ(r) dr

]

≈ V0s exp

[

−2

∫ R0

0

κ(r) dr −2

∫ (R0+nL sin θ)

R0

κ(r) dr

]

= V0se−2α1 R0 exp

[

−2

∫ (R0+nL sin θ)

R0

κ(r) dr

]

(4)

where V0 is the incident voltage, s is a factor that is

related to the stalk backscatter cross section [28], α1 =

(1/R0)
∫ R0

0
κ(r) dr , and κ(r) is the attenuation coefficient

that is assumed to vary along the path. The radar waves are

attenuated by raindrops high above in the air. The attenuation

rate of radar waves close to the ocean surface dramatically

increases due to a high-water-content layer of dense clouds of

seawater droplets generated by the rain (see Fig. 5).

Assuming that κ(r) = α2 is a constant within this high-

water-content layer yields

exp

[

−2

∫ (R0+nL sin θ)

R0

κ(r) dr

]

= e−2α2nL sin θ

= (e−2α2 L sin θ )n (5)

and (4) becomes

Vn = V0Sβn (6)

where S = se−2α1 R0 and β = e−2α2 L sin θ (0 < β < 1)

is the damping coefficient. It is worth stressing that the

parameter α1 mainly describes the attenuation of radar waves

caused by raindrops in the atmosphere, while α2 and β depict

the attenuation of radar waves due to the dense clouds of

seawater droplets generated by the rain.

One issue is that the present model is 1-D while the

rain-generated stalks on the ocean surface are distributed in

2-D space. To resolve this issue, we applied the fact that the

radar backscatter at any instant of time is the coherent sum of

the individual echoes produced by multiple stalks, all located

at the same radial distance from the radar antenna. In other

words, these stalks are within the wavefront that intersects the

water surface and is locally perpendicular to the propagation

direction of the radar waves. Thus, the height of each cylinder

in the model is approximated by the average height of the

stalks mentioned above. As for a homogeneous rain field, the

heights of these cylinders vary slightly along the propagation

direction of the radar waves. The prediction of the cross-

sectional factor of these cylinders, i.e., the parameter s, can

be found in [28].

Substituting (2) and (6) into (3) yields

Vr = V0Se−i2k R0

N
∑

n=1

βne−i2k(nL+ǫn ) sin θ

= V0Se−i2k R0

N
∑

n=1

βne−inφe−izn (7)

where φ = 2kL sin θ = 4π L
λ sin θ and zn = 2kǫn sin θ = φ ǫn

L
.

Using the Taylor series expansion of e−izn at zn = 0, (7)

becomes

Vr = V0Se−i2k R0

N
∑

n=1

βne−inφ

(

1 − i zn −
z2

n

2
+ i

z3
n

3!

+
z4

n

4!
− i

z5
n

5!
−

z6
n

6!
+ · · ·

)

= V0Se−i2k R0

N
∑

n=1

βne−inφ − V0Se−i2k R0

N
∑

n=1

βne−inφ

×

(

i zn +
z2

n

2
− i

z3
n

3!
−

z4
n

4!
+ i

z5
n

5!
+

z6
n

6!
− · · ·

)

. (8)

It should be mentioned that since zn is a real number, e−izn

is periodic with a period of 2π and an amplitude of 1. In our

model, the range of ǫn is converted into [−(π L/φ), (π L/φ)]

using the period, i.e., ǫn mod (π L/φ), so that the Taylor series

for e−izn are given in the principal argument of e−izn , i.e.,

−π ≤ zn ≤ π . Seven terms of the Taylor series provide

sufficient accuracy for the approximation.

The first term on the right-hand side of (8) depicts

the coherent backscattering voltage from the stalks and is

denoted by

VrC = V0Se−i2k R0

N
∑

n=1

βne−inφ . (9)

The coherent scattering of microwaves by particles in the

atmosphere has been studied in [30] and evidence of the radar

coherent backscattering from clouds and smoke is provided,

based on the field measurement data given in [31] and [32],

respectively. Some direct observations of radar coherent

backscattering signals in both natural rain and snow fields were

given in [33]–[36].

Using the following mathematical identity for a large N

lim
N→∞

(

N
∑

n=1

βne−inφ) =
(β cos φ − β2) − iβ sin φ

1 − 2β cos φ + β2
(10)

(9) becomes

VrC = V0S
β cos φ − β2 − iβ sin φ

1 − 2β cos φ + β2
e−i2k R0 . (11)
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The second term on the right-hand side of (8) describes the

incoherent backscattering voltage from the stalks due to their

randomness in space and can be rewritten as follows:

Vr I = V0Sφe−i2k R0

N
∑

n=1

ǫn

L
βn(1 −

z2
n

3!
+

z4
n

5!
)e−i(nφ+π/2)

− V0Sφ2e−i2k R0

N
∑

n=1

(ǫn

L

)2
βn

(

1

2
−

z2
n

4!
+

z4
n

6!

)

e−inφ .

(12)

Furthermore, the radar backscattering coefficient is

defined as

σ =
|Vr |

2

|V0|
2

=
|VrC |2

|V0|
2

+
|Vr I |

2

|V0|
2

= σ0 + σI . (13)

where

σ0 =
S2β2

1 − 2β cos(4π L
λ sin θ) + β2

(14)

and

σI = S2φ2
N

∑

n=1

|
ǫn

L
|2β2n

(

1 −
φ2

3
|
ǫn

L
|2 +

2φ4

45
|
ǫn

L
|4

−
φ6

360
|
ǫn

L
|6 +

φ8

1202
|
ǫn

L
|8

)

+ S2 φ4

4

N
∑

n=1

|
ǫn

L
|4β2n

(

1 −
φ2

6
|
ǫn

L
|2 +

φ4

80
|
ǫn

L
|4

−
φ6

2160
|
ǫn

L
|6 +

φ8

3602
|
ǫn

L
|8

)

.

(15)

Equation (14) shows that the radar coherent backscattering

coefficient (σ0) from the stalks is a function of the damping

coefficient (β), the incident angle of radar waves (θ ), the

ratio of the distance between two adjacent stalks and the

wavelength of radar waves (L/λ), and the parameter S. For

given β and S, the radar backscattering coefficient varies

with the ratio L/λ and has a period of 1/(2 sin θ). Fig. 2

shows σ0 versus L/λ with β = 0.5 and S = 1 for three

angles of incidence of the radar waves. As can be seen from

Fig. 2, the variation of the radar backscattering coefficient

with L/λ is drastically affected by the incidence angle of the

radar waves. The value of L/λ corresponding to the peak

radar backscattering coefficient changes with the incidence

angle. For an incidence angle of θ = 30°, the maximum radar

backscattering coefficient occurs at L/λ = 1. This indicates

that a strong radar backscattering signal may be received

when the distance between two adjacent stalks is equal to

the wavelength of radar waves for that incidence angle. The

backscattering peaks shown in Fig. 2 likely result from a Bragg

resonance process with uniformly spaced stalks.

Equation (15) shows the radar incoherent backscattering

coefficient from the stalks due to the randomness (ǫn) of

the stalks in space. It should be realized that it is difficult

to calculate σI from (15) because the distribution of ǫn is

unknown and ǫn is included in the coefficients of the power

series of β. Field measurements are needed to determine

Fig. 2. Radar backscattering coefficient σ0 varies with L/λ at three incident
angles of radar waves.

the distribution of random distances (ǫ) between the stalks

in space. However, the upper bound of σI may be estimated

using β = 1 (the upper limit of β) as follows:

σI u = N S2φ2

(

μ2 −
φ2

12
μ4 +

φ4

360
μ6 +

φ6

2880
μ8

−
φ8

21600
μ10 +

φ10

7202
μ12

)

(16)

where μm = (1/N)
∑N

n=1 |(ǫn/L)|m , (m = 2, 4, . . . , 12) is

the mth central moment of the random variable ǫn/L. As can

be seen from (16), the upper bound of the radar incoherent

backscattering coefficient (σI u ) is primarily proportional to

the variance μ2. For a highly random distribution of ǫn/L

(large value of μ2), σI u is greater than σ0, indicating that the

incoherent backscattering from the stalks is dominant, which

will be discussed in a separate paper.

III. DISCUSSION

A. Dependence of Radar Signatures on Radar

Wave Frequency

The SAR images of a large number of oceanic rainfall

events [5], [9] show that the radar backscattering intensity

varies with the radar frequency. This characteristic of radar

wave frequency dependence can be qualitatively explained

by the model developed in this paper. Based on published

data, the spatial characteristics of raindrops in rain fields

were analyzed in [29]. The average distance between adjacent

raindrops is a function of the rain rate as follows:

L =
3

√

5.17π × 105

1 + 7.79R−0.21
R−0.12 (17)

where R is the rain rate in mm/h. It is assumed that the average

distance between adjacent rain-generated stalks on the ocean

surface is equal to the average distance between raindrops in

the air. Substituting (17) into (14) yields a radar backscattering

coefficient that varies with the rain rate. Fig. 3 shows the radar

backscattering coefficient σ0 versus the rain rate for three radar

wave frequencies (L-, C-, and X-band) at an incident angle

θ = 38° with β = 0.5 and S = 1. As can be seen from

Fig. 3, for all the three radar wave frequencies, the radar
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Fig. 3. Radar backscattering coefficient σ0 varies with the rain rate R

for three radar wave frequencies (L-, C-, and X-band). The wavelengths
of L-, C-, and X-band radar waves are 235, 57, and 30 mm, respectively.
The incident angle θ = 38°, β = 0.5, and S = 1.

backscattering coefficients increase with an increasing rain

rate for light/moderate rain (at low rain rates), but decrease

with an increasing rain rate for heavy rain (at high rain

rates). The maximum radar backscattering coefficients occur

at rain rates that vary with the radar wave frequency. The

rain rates corresponding to the maximum radar backscattering

coefficients of L-, C-, and X-band radar waves are 16, 24, and

12 mm/h, respectively. For rain rates greater than 24 mm/h,

the radar backscatter of C-band waves is the strongest while

the radar backscatter of X-band waves is the weakest. To some

extent, this is consistent with that observed from SAR images

(see [9, Fig. 9(a)]). However, direct comparison between the

present model and the data shown in [9] is not available due

to the lack of rain rates in that paper.

B. Interpretation of SAR Images of the Rainfall Over

the Ocean

The radar backscattering model proposed in this paper is

used to interpret the radar signatures of a rainfall event in

the Northwest Pacific simultaneously observed by the C-band

ASAR from the European Satellite ENVISAT and ground-

based weather radar. Both the SAR images and the ground-

based weather radar image have been described in [29]. The

SAR images were obtained with C-band radar waves with

wavelength λ = 5.7 cm and the incident angle of the radar

waves was θ = 38°. Fig. 4 shows the radar backscattering

coefficients (data points with error bars) measured from an

SAR image versus the corresponding rain rate obtained from

ground-based weather radar. The detailed procedure of the data

analysis can be found in [29]. As can be seen from Fig. 4,

while the radar backscattering intensity from satellite (σM )

does not increase monotonically with the rain rate (R), its

response can be divided into three regions. For light rain

with the rain rate ranging from 0.1 to 1.0 mm/h, the radar

backscattering intensity has little change with the rain rate. For

moderate rain with the rain rate ranging from 1.0 to 24 mm/h,

the radar backscattering intensity increases gently with the rain

rate. For heavy rain with the rain rate ranging from 24 to

167 mm/h, the radar backscattering intensity decreases quickly

with the rain rate. The maximum radar backscattering intensity

occurs approximately at a rain rate of 24 mm/h.

Fig. 4. Observed dependence of C-band ASAR radar backscattering coeffi-
cient on the radar reflectivity factor for the rain system on the ocean surface.
Data points from [29] represent statistical means and standard deviations
of radar backscattering coefficient from the satellite data. The solid line is
obtained from (14), (17), and (18) with β = 0.75, S = 0.083, λ = 57 mm,
θ = 38°, σsw = 0.38, αatm = 1, and σatm = 0.

Using a similar approach as that shown in [12], the space-

borne radar backscattering coefficient σM measured from a

rain field over the ocean may be represented as follows:

σM = (σsw +σspl)αatm +σatm = σswαatm +σ0 +σatm (18)

where σsw is the backscatter of the surface waves in the

rain field, σspl is the backscatter of the splash products of

raindrop impacts, which include stalks only in this paper,

αatm is the two-way rain-induced atmospheric attenuation, and

σatm is the rain-induced atmospheric backscatter. The surface

waves consist of the wind waves that are modified by rain

and the ring waves generated by the impacts of raindrops.

The radar backscatter from the stalks consists of both coherent

and incoherent components as shown in the previous section.

Since φ = 2kL sin θ and L decreases as the rain rate increases

[see (17)], (16) shows that σI u decreases with increasing rain

rate. However, the data points in Fig. 4 show that for light

rain, the radar backscattering from the rain field increases as

the rain rate increases. This indicates that μ2 has to be small,

otherwise radar backscattering would be high at low rain rates

due to the effects of the randomness of the stalks in space.

Thus, only the radar coherent backscattering coefficient from

the stalks is used herein, i.e., σsplαatm = σ0.

Since the effect of rain on the radar backscattering is of

minor importance for light rain, i.e., σatm ≈ 0, αatm ≈ 1

and σspl ≈ 0, using (18) and the left data point in

Fig. 4 yields σsw = σM = 0.38. As for the SAR images

shown in [29] and used in this paper, the weather charts

(see [29, Sec. 4]) show that at the time the SAR images were

taken, the wind speed for most of the region of the rain system

was approximately equal to 6 m/s. The fact that the waves

between 5 and 10 cm length might be damped or enhanced

by the rain [4], [17] makes a theoretical estimation of σsw

varying with the rain rate difficult. For instance, the numerical

model in [27] showed that the radar backscattering coefficient

increases slightly with increasing rain rate at an incident angle
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of about 38°, while the model in [26] showed that the radar

backscattering coefficient slightly decreases in the presence of

rain with low wind speeds. Therefore, it is assumed herein

that σsw is a constant, disregarding the rain rate.

The solid line in Fig. 4 is computed from the present model

with (14), (17), and (18). Since no measurement of β can be

found in the literature at this moment, it is assumed that β is

a constant. In addition, it is difficult to calculate S because

both the height of the hydrometers above the sea surface and

the attenuation coefficient κ(r) are unknown. Thus, the values

of β = 0.75 and S = 0.083 in (14) are estimated by fitting

(18) to the data points in Fig. 4 with σsw = 0.38, αatm = 1,

and σatm = 0. As can be seen from Fig. 4, the relationship

between the radar return intensity extracted from the C-band

ASAR image and the rain rate obtained from ground-based

weather radar agrees well with the model’s calculation for rain

rates less than 80 mm/h. For heavy rain (R = 167 mm/h), the

calculation is higher than the satellite data, suggesting that

the radar backscattering intensity is additionally attenuated

by the raindrops in the air, i.e., αatm < 1 and/or the wind

waves are damped by the rain-generated turbulence [29]. Using

β = e−2α2 L sin θ yields α2 ≈ 0.041 cm−1 = 4.1 × 103 km−1.

However, the attenuation coefficient (α1) of C-band waves in

the atmosphere with a rain rate of R = 100 mm/h is about

0.15 km−1 [37], indicating that the attenuation of radar waves

in the rain-generated layer with clouds of seawater droplets

is much higher than that caused only by the raindrops high

above in the air. A laboratory experiment described in the

following section provides evidence of the high attenuation of

radar waves in the air–sea interface of a rain field.

C. Attenuation of Radar Waves in the Air–Sea Interface

of a Rain Field

As discussed in Section II, the attenuation factor α2 occurs

in the rain-generated layer close to the ocean surface, where

the water content is high due to the dense clouds of seawater

droplets and vapor formed by secondary drops, water stalks,

crowns, waves, bubbles, and foam. A sample image given in

Fig. 5 shows a low portion of the layer near the water surface.

The image was taken in the laboratory with fresh clean water.

The experimental setup is briefly described in the Appendix

and the details can be found in [29]. In the image, round (oval)

objects are the secondary drops while the raindrops appear as

short vertical bars, as the velocity of the raindrops is much

higher than that of the secondary drops. A long exposure time

was used in order to obtain sharp images of the secondary

drops that move at relatively slow speed. The horizontal line

indicates the intersection of the focal plane of the camera and

the water surface. As can be seen from the image, the number

of secondary droplets with diameters similar to that of the

raindrops is nearly 20 times higher than that of the raindrops

in the same area. These large secondary drops can reach as

high as 10 to 15 cm, indicating that the liquid water content

in the low portion of the air layer is much higher than that

far above where only raindrops are found. The layer with a

dense population of secondary drops with diameters much less

than that of the raindrops extends a height estimated by visual

observation of about 0.5 m.

Fig. 5. Image showing secondary drops and raindrops in the air layer
above the water surface. The round (oval) objects are secondary drops, while
raindrops appear as short vertical bars as the velocity of the raindrops is much
higher than that of the secondary drops and a long exposure time was used
to obtain shape images of the secondary drops that move at relatively slow
speed. The horizontal line indicates the intersection of the focal plane of the
camera and the water surface. The heights of the stalks are about 2 cm.

Fig. 6. Radar VV signals versus the distance from the antennas [x = 0 is
the water tank edge close to the antennas (see Fig. 7)]. (a) Measured from the
rain field. (b) Measured from the same raindrop impact area with an array of
metal nail tips that are uniformly attached to an underwater PVC plate and
protrude 1 cm above the water surface.

It is conjectured that the height of the layer with dense

clouds of water droplets would be much greater in the field

because of the presence of waves and wind. In addition, the

liquid water content in the air–sea boundary layer would be

even higher than in the laboratory due to bubble and foam

bursting and droplets torn off by the wind.

Fig. 6(a) shows a frame of the radar VV signal measured

from the rain field while Fig. 6(b) shows the radar VV signal

measured from the same raindrop impact area with an array

of metal nail tips that are uniformly attached to an underwater

polyvinyl chloride (PVC) plate and protrude vertically 1 cm

above the water surface. In the latter case, the nail tips are

used to mimic the rain-generated stalks on the water surface

in the absence of the raindrops and rain-generated secondary

droplets. In Fig. 6(a), the raindrop impact area ranges from
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0.15 to 0.95 m. As can be seen from Fig. 6, the radar signal in

the rain field [Fig. 6(a)] decays with increasing distance from

the radar, while the radar signal from the array of the nail tips

[Fig. 6(b)] has little variation with the distance for x < 0.8 m.

The trend difference between these two signals in Fig. 6(a)

and (b) is mainly due to the presence of the raindrops and the

dense clouds of water droplets generated by the rain. However,

since the attenuation due to the rain itself (α1) is much less

than that measured from the field (α2), it is suggested that the

attenuation due to secondary drops are dominant. In addition,

the radar signals obtained from the simulated rain falling on

the nail tips (not shown herein) are similar to that shown in

Fig. 6(a), showing that the radar signal from the nail tips is

significantly attenuated with the distance by the rain. A least

squares fit of |V | = |V |0e−2α′
2x to the envelope of the radar

signal in Fig. 6(a) yields α′
2 = 0.015 cm−1, which is the

same order of magnitude as α2 = 0.041 cm−1 estimated from

the field measurement as shown in the previous section. The

difference between α′
2 and α2 is mainly due to the follow-

ing three reasons. First, the radar used in our laboratory is

X-band waves while the ASAR images were measured with

C-band radar waves. Second, freshwater is used in the labora-

tory while real oceans have seawater. Third, both the rain and

wind conditions in these two cases are different.

From the perspective of the electromagnetic (EM) wave

propagation, the attenuation constant α for high-frequency

EM waves (C-band 5.3 GHz) in a media with σ ≪ ωε may

be approximated as

α ≈
σ

2

√

μ

ε
(19)

where σ is the electrical conductivity of the media, ω is the

angular frequency of the radar waves, μ is the permeability,

and ε is the complex dielectric constant.

As μ is almost the same for all media, the attenuation

constant ratio between seawater and air is given as

αs

αa

=
σs

σa

√

εa

εs

= 1.5 × 1014 (20)

where εa = 1, and σa = 3×10−15 ∼ 8×10−15 S/m for the air

(we take σa = 5 × 10−15 S/m). For seawater (temperature of

20°C and salinity of 35 psu), εs = 43.18, and σs = 4.8 S/m.

Equation (20) shows that the attenuation constant in seawater

is about 1.5×1014 times larger than that in the atmosphere. The

medium in the layer near the ocean surface in rain fields is not

seawater, but a mixture of air and seawater. Compared with

air, the dense seawater droplet cloud is a high conductivity

medium and a strong absorber of the radar waves. Thus in

this layer, the attenuation would be much greater than that in

the atmosphere.

In sum, the air–sea boundary layer generated by rainfall on

the ocean surface comprises a region of high attenuation for

the radar waves, which is distinct from the case of the air with

freshwater raindrops. A laboratory experimental investigation

on this air–sea boundary layer in rain fields is underway.

IV. CONCLUSION

In this paper, a stalk-dominated radar backscattering model

for quantifying the dependence of the ocean surface radar

return intensity on the rain rate was developed. The model

shows that the radar backscattering intensity from the ocean

surface is a nonmonotonic function of the average distance

between raindrops in the rain field, the radar wave frequency,

and the incident angle of radar waves. For light/moderate rain

(at low rain rates), the radar backscattering intensity increases

with increasing rain rate. For heavy rain (at high rain rates),

the radar backscattering intensity decreases with increasing

rain rate. The maximum radar backscattering intensity occurs

at a rain rate that depends on the radar wave frequency and

the incident angle of radar waves.

The model is used to interpret the C-band ASAR images

of a rain cell in the Northwest Pacific near the Luzon Strait.

The rain cell was also simultaneously observed by the ground-

based weather radar. The correlation of the radar backscat-

tering coefficient from the ASAR image with the rain rate

that is converted from the reflectivity factor from the ground-

based weather radar shows that the radar backscattering coef-

ficient from satellite increases as the rain rate increases, until

24 mm/h. When the rain rate is greater than 24 mm/h,

the radar backscattering coefficient measured from satellite

decreases as the rain rate increases. The relationship of the

radar backscattering with the rain rate is in agreement with

the model’s calculation.

The air–sea interface in rain fields and its effects on the

attenuation of radar backscattering are experimentally studied

in the laboratory. It is found that rain generates a layer of dense

clouds of seawater droplets close to the ocean surface and the

radar backscattering from the stalks is highly attenuated by

this layer. Laboratory and field measurements of the damping

coefficient β under various rain and wind conditions are

expected in the future.

The model proposed in this paper is verified by the ASAR

and ground-based meteorological data obtained under low

wind conditions. However, it should be emphasized that the

effects of wind waves, rain-induced ring waves, and raindrops

in the atmosphere might dominate the radar backscattering

signatures of a rainfall event over the ocean for light rain

and/or high winds. In addition, the damping of surface waves

by rain-induced turbulence and the attenuation of microwaves

by rain in the atmosphere should be taken into account as

well. A comprehensive model investigating all these effects is

underway.

APPENDIX

EXPERIMENTAL SETUP OF RADAR

MEASUREMENT IN RAIN FIELD

The experiment was performed in a rain facility that

includes an overflow water tank and a rain generator (see

Fig. 7(a) and [29]). The overflow water tank is 1.2-m-by-1.2-m

square in plan view with a depth of 0.31 m. The tank

is constructed of transparent acrylic and the two opposing

sidewalls of the tank are 1.27 cm lower than the other two

sidewalls. The tank is supported by a short frame that is

adjusted so that the upper edges of the two lower sidewalls

form a horizontal plane. During the experiment, the tank

is operated with a constant water level by maintaining an
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Fig. 7. Schematic showing (a) rain simulation facility from [29] and
(b) radar measurement. The drawing is not to scale. The raindrop impact
area is 0.8 m long and 0.6 m wide, and θ = 55.7°.

overflow condition at the two lower sidewalls with inflow due

entirely to the incoming raindrops.

The rain generator consists of an array of sites for 738 hypo-

dermic needles mounted at the bottom of a rectangular water

tank (horizontal dimensions 0.9 m × 0.6 m) that is in turn

mounted on a linear traverser system with two horizontal

degrees of freedom. The distance between the needles is about

2.54 cm. The needles are 22-gauge, with an inner diameter

of 0.41 mm and a length of 6.35 mm. The water in the rain

generator was kept at a depth of about 23 cm using an overflow

pipe and this produced a rain rate of R = 340 mm/h. Each axis

of the traverser system consists of two parallel rails, bearings,

a servomotor, a crank-piston drive mechanism, and a linear

position feedback sensor. The traverser system is mounted

on a tall frame and the rain generator is attached to the top

motion axis mechanism. The tall frame is attached to the lab

ceiling and the side walls to stabilize the entire rain simulation

system. The motion of the rain generator is controlled by a

computer using the position feedback sensor on each motion

axis. In the present study, the rain generator motion was

circular with a diameter of 2.54 cm and a frequency of 0.1 Hz.

The rain generator was positioned 2.3 m above the free surface

of the overflow water tank and the droplet impact speed of

the raindrops on the water surface was 5.6 m/s, which is

about 72% of the terminal velocity of same-sized raindrops

in natural conditions.

An ultrawideband radar similar to that described

in [38] and [39] is used in the present study. The

radar is based on a fast oscilloscope (Tektronix Model

DPO72004B) that samples the radar backscatter in real time

at rates of up to 50 GS/s. The short ultrawideband pulse

is generated through the use of an ultrafast pulse generator

(PSPL Model 4015) and a 6–12 GHz solid-state microwave

amplifier. The combination of the amplifier response and the

time-domain reflectometer pulse rise time produces microwave

pulses with a 3 dB pulsewidth of approximately 0.5 ns,

providing a range resolution of approximately 4 cm. In the

present study, the system was operated in a dual-polarized

mode in which both the copolarized and cross-polarized

vertical and horizontal echoes were collected at a per-

polarization pulse repetition frequency of 500 Hz. One

complete scan of the 1.2 m range swath of the radar was

completed at every pulse, with (HH, HV) and (VV, VH)

echoes collected on alternate scans. The distance to the center

of the rain field on the water surface from the two system

antennas (one for transmitting, one for receiving) was 1.6 m,

producing a bistatic angle of 9°. The radar was mounted such

that it looked down on the water surface in the rain field at

an angle of 55.7° relative to the vertical [see Fig. 7(b)].
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