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요 약

해면으로부터의 마이크로웨이브 후방산란 시뮬레이션을 이용하여 마이크로웨이브 도플러 레이더에 의한 파고와 해

면 흐름 관측법을 평가하였다. 해면으로부터 후방산란하는 마이크로웨이브의 도플러 스펙트럼은 마이크로웨이브 해

면 조사폭과 스펙트럼 해석 시간폭의 영향을 받는다. 본 연구에서는 마이크로웨이브 해면 조사폭과 스펙트럼 해석

시간폭의 영향을 조사하기 위하여, 다양한 파랑과 해면 흐름 조건의 수치 해면 생성과 마이크로웨이브 후방산란 시

뮬레이션을 통하여 도플러 스펙트럼을 구하였다. 결과에 의하면 마이크로웨이브 해면 조사폭을 파장의 1/5이하, 스

펙트럼 해석 시간폭을 파주기의 1/5이하로 설정하면, 충분한 정도의 파고계측이 가능하다. 또한, 파주기에 비해서 충

분히 긴 스펙트럼 해석 시간폭을 설정하면 해면 흐름의 상대유속 계측이 가능하다. 시뮬레이션을 이용하여 마이크

로웨이브 도플러 레이더에 의한 해면관측의 적절한 계측방법을 찾을 수 있다.

Abstract − A simulation is applied to evaluate sea surface observations such as wave heights and surface cur-

rents by using a microwave Doppler radar. It is reported that the microwave irradiation width on the sea surface

and Fourier transform time taken to sample data for frequency analysis affect Doppler spectra. To investigate

the influences by these parameters, Doppler spectra are simulated with various numerical sea surface waves

with currents. From the results, in the case of the microwave irradiation width is five times smaller than the

wavelength of the sea surface wave, and the Fourier transform time is also five times shorter than the period

of the sea surface wave, there is a possibility to measure wave heights accurately with a Doppler radar. In addi-

tion, relative surface currents can be estimated by analysis of long Fourier transform time. The simulation

results showed the appropriate observing conditions with a microwave Doppler radar.

Keywords: Sea Surface Observation(해면관측), Doppler Radar(도플러 레이더), Microwave Backscatter-

ing(마이크로웨이브 후방산란), Numerical Simulation(수치 시뮬레이션)

1. INTRODUCTION

Radar remote sensing is an effective method to observe the

sea surface. A microwave Doppler radar is used to estimate sea

surface conditions by measuring Doppler shifts of backscat-

tered microwaves. Simulations for obtaining Doppler spectra

can be used to evaluate sea surface observations. For example,

Yoshida and Rheem [2012] have developed a simulation of

microwave backscattering from three-dimensional numerical

sea surface. They had developed the simulation technique in†Corresponding author: tyoshida@iis.u-tokyo.ac.jp
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the time domain to compute time series of the microwave

backscattering from the numerical sea surface moving in time.

The radar works in X band. The computational grids are smaller

than the transmit microwave to produce accurate microwave

scattering on the sea surface. The Doppler spectra are calcu-

lated by fast Fourier transform (FFT) of time series of back-

scattered signals. Physical optics (PO) approximation is used in

the simulation. The simulations were conducted under the same

condition with experiment in the water tank. Incident angle

dependence (the relation between incident angle and backscat-

tering coefficients) obtained by the simulation is compared to

those of the experiment. Also, backscattering coefficients and

Doppler shifts for wind waves and regular waves are com-

pared. The simulation results were in good agreement with the

experiment.

In this paper, as an application of the simulation technique,

observing algorithms for sea surface observations by a Doppler

radar are evaluated. According to Rheem [2008], the relations

between microwave irradiation width and wavelengths of ocean

waves affect Doppler spectra obtained by a Doppler radar. It is

reported that ocean waves that are smaller than microwave irra-

diation width (MIW) cannot be obtained in radar signals. In

other words, Doppler shifts caused by orbital motions of the sea

surface waves are not shown clearly in Doppler spectra. This is

called the effect of microwave irradiation width on Doppler spec-

tra. Yoshida and Rheem [2012] showed the simulation results

by varying microwave irradiation width. In addition, Fourier

transform time taken to sample data for frequency analysis also has

the same effect as the one of the microwave irradiation width.

Thus, Fourier transform time is remarked in this paper. Further-

more, sea surface current is added to the numerical sea surface

waves to retrace the current data by the analysis. In order to

evaluate observations, Doppler spectra are simulated with various

numerical sea surfaces. From the simulation results, we attempt

to clarify the appropriate observation conditions for measuring

wave heights and sea surface currents using a microwave Dop-

pler radar.

2. SIMULATION METHOD AND NUMERICAL 

SEA SURFACE

The method for simulating microwave backscattering from

the ocean surface is referred to Yoshida and Rheem [2012]. We

use the same method to obtain radar signals including Doppler

shifts. In order to simulate scattering electric fields, physical optics

approximation is used. The calculation area is divided into the

triangular computational grids. The scale of them is set as 1/10

of the radar wavelength to reproduce Bragg scattering. The discrete

scattering electric field is expressed as follows. It is assumed that

the antenna is in far field from the ocean surface.

(1)

(2)

where Es is the scattering electric field, J is the surface elec-

tric current, N' is the number of computational grids, r
 n
 is the

position of the grids, r is the position of the antenna, A
n
 is the area

of grids is, and ω
e
, k

e
 are the angular frequency and wave number of

microwave, respectively, μ is the magnetic permeability, n is

the normal vector of grids, and Hi is the incident magnetic field.

Polarization is vertical. The incident magnetic field can be expressed

as follows. 

(3)

where η is the dielectric constant.

The power density S' of an antenna is expressed as follow-

ing equation. 

(4)

where R is the distance from the observation point to the scattering

point, P
t
 is the input power, and G (β

n
) is the gain of an antenna.

The gain is approximately shown as the following equation:

(5)

where G0 is the maximum gain, β
n
 is the angle between look

direction and antenna beam, and β1/2 is the half-power beam

width.

Here, generating numerical sea surfaces is described as follows.

The numerical sea surface is composed of a long regular wave

and small irregular waves. The long regular wave as a gravity

wave is expressed as a trochoidal wave in order to show orbital

motions clearly. When the wave propagates toward the x-axis,

it is expressed as:

(6)

(7)

where z is the elevation of the wave, (x,z) are the positions of the

water particles (x0, z0) is the mean position of the water particles

with mean water level z0=0, and A, k, ω is the amplitude, wave
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number, angular frequency of the wave, respectively. For deep-

water waves, a dispersion relationship between the frequencies

and the wave numbers is as following equation.

(8)

where g is the gravitational constant. If the uniform surface

current Uc is added linearly, the angular frequency is expressed

as ω–kUc.

As described in Yoshida and Rheem [2012], the small irreg-

ular waves as capillary waves are summations of some regular

waves with random phases by dividing the wave spectrum pro-

posed by Mitsuyasu and Honda [1974]. It is given by:

 (9)

where u* is the friction velocity of the wind, αs is the value relating

to u*, and g* is the gravitational acceleration with regard to the

surface tension.

The small irregular waves are the same scale as Bragg resonant

waves to reproduce Bragg scattering. The irregular waves are

added to the long regular wave. The dispersion relation for cap-

illary waves is referred to Rheem et al. [2003] and is expresses as:

(10)

where Chi is the hyperbolic cosine integral and Shi is the

hyperbolic sine integral. z0 is the roughness parameter, u0 is the

surface current velocity, u
r
 is the gradient drift current. The

parameters for wind speed 6 m/s (at 0.3 m height) in the simula-

tion are estimated by Mitsuyasu and Honda [1974] and Rheem

[2003], these values are set as: z0 = 3.22×10-5 m, u* = 0.265 m/s,

u0 = 0.219 m/s, u
r
= 0.0226 m/s, α

s
= 0.0057.

The details of creating irregular waves are as follows: the

range of wavelength is 0.5 to 1.5 times as the wavelength of

microwave, the number of spectral division is 50, and irregular

sea surface is composed of five waves whose directions are at

intervals of 10° (± 20°). 0° is toward to the x-axis.

3. NUMERICAL EVALUATION OF SEA SURFACE 

OBSERVATION

Here, an algorithm of sea surface observations with a micro-

wave Doppler radar are evaluated by the simulation. The algorithm

of wave height estimation is based on time changes of Doppler

shifts. A problem of the algorithm for wave height estimation is

reported by Rheem [2008] such that when the microwave irra-

diation width becomes large, the accuracy of the estimation

decreases. It means that ocean waves that are smaller than

microwave irradiation width cannot be measured by a Doppler

radar. The measurements are influenced by the relation between

the microwave irradiation width and wavelength of ocean wave.

Also, Fourier transform time taken to sample data for frequency

analysis has the similar effect. Therefore, backscattering micro-

waves are analyzed by short term FFT to obtain time change of

Doppler spectra.

Now, we investigate how the microwave irradiation width

and the Fourier transform time affect the time changes of Dop-

pler signals. At first, overviews of the effects are explained. Next,

Doppler spectra are simulated with various wave conditions.

Finally, we discuss the appropriate observation parameters.

3.1 Relation between Doppler spectrum, microwave irradiation

width and Fourier transform time

The effect of the microwave irradiation width (MIW) on

Doppler spectra is classified into the following two patterns: (a)

MIW > sea surface waves, (b) MIW < sea surface waves. As illus-

trated in Fig. 1(a), the Doppler shifts do not change as the sea

surface because the backscattering microwave includes Doppler

ω gk=

S ω( ) αSg
*
u
*
ω 4–

=

ω g
*
k k u0 ure

2kz0 Chi2kz0 Shi2kz0–( )+[ ]+=

Fig. 1. The relation between microwave irradiation width (MIW) and wavelength. (a) MIW > Wavelength. (b) MIW < Wavelength.
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shifts, which are scattered from all points of the orbital motions

of the regular wave. In Fig. 1(b), Doppler shifts caused by orbital

motions of sea surface waves change in time with the sea surface

wave. This condition is considerably suited for the wave height

estimation by a Doppler radar.

The effect of Fourier transform time (ΔT) is also classified

into the following two patterns: (a) ΔT > wave periods, (b) ΔT

< wave periods. In Fig. 2(a), the changes of Doppler shifts cannot

be measured. In Fig. 2(b), the changes of Doppler shifts can be

measured. The effect of Fourier transform time is similar to the

one of the microwave irradiation width.

3.2 Simulation condition

Doppler spectra are simulated from the sea surfaces that con-

sist of the small wind waves and the long regular gravity wave.

The wave directions of them are the same. The irregular wind

waves are just added on the regular gravity wave for simplicity.

The simulation conditions are shown in Table 1, and the con-

ditions of the numerical regular waves are shown in Table 2,

where λ is the wavelength, T is the period and A is the amplitude

of the long regular waves, respectively.

Fig. 3 shows the samples of Doppler spectra. x-axis is Dop-

pler velocity and y-axis is relative power. The Doppler velocity

is calculated by the following equation.

(11)

where Δf is the Doppler shift in frequency caused by moving

ocean surfaces, f0 is the frequency of incident microwave, v
r

is the radial velocity of ocean surfaces toward to the antenna,

and c is the light velocity.

The relative power shows each power divided by all powers

of the spectrum. Doppler spectra are obtained by short term FFT

from four different start times (0, T/4, T/2, and 3T/4).

As shown in Fig. 3(a), the Doppler spectra do not change

periodically though the regular wave is moving in time, under

the conditions that the microwave irradiation width is larger than

Δf f0
2vr

c
-------=

Fig. 2. The relation between Fourier transform time ΔT and wave period. (a) ΔT > Wave period. (b) ΔT < Wave period.

Table 1. The conditions of the simulation for evaluation of Doppler

spectra

Parameter Simulation

Frequency of microwave 9.6 GHz

Wavelength of microwave 0.03125 m

Distance from antenna to sea surface 28.284 m

Antenna height 20 m

Incident angle of antenna 45°

Antenna gain 20 dBi

Beam width 13.7°

Sampling frequency 1000 Hz

Calculation area 2.7 m × 2.7 m

Table 2. The conditions of the numerical sea surface waves (long

regular wave)

λ/MIW
Wavelength: 

λ (m)

Wave Period:

T (s)

Wave Amplitude:

A (m)

0.5 1.35 0.58 0.0075

1 2.7 1.32 0.0375

2 5.4 1.86 0.075

5 13.5 2.94 0.1875

Fig. 3. The samples of the simulated Doppler spectra Tis the period of the regular wave. The four spectra are calculated by FFT at the intervals

of T/4. (a) λ/MIW = 1, delta ΔT = 0.128 (b) λ/MIW=5, delta ΔT = 0.128 (c) schematic illustration of a sample of different start time for FFT.
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the sea surface wavelength (Fig. 1(a)) and the Fourier transform

time is longer than the period of the sea surface wave (Fig. 2(a)).

On the other hand, as shown in Fig. 3(b), the Doppler spectra

change clearly in time in the case of the microwave irradiation

width is smaller than the sea surface wavelength (Fig. 1(b)) and

the Fourier transform time is shorter than the period of the sea

surface wave (Fig. 2(b)).

Furthermore, in order to show the influence of sea surface

currents in the simulation, Doppler spectra for only wind waves

and wind waves with a uniform flow are shown in Fig. 4. When

the uniform flow as the sea surface current is added to the wind

wave, the Doppler spectrum is shifted with respect to the uni-

form flow. In this case, the velocity of the flow is 0.5 m/s, and

the radial velocity (line-in-sight velocity) is approximately 0.35 m/s

under the incident angle of 45°. The spectral shift in Fig. 4 cor-

responds to the radial velocity of the uniform flow.

3.3 Evaluation of time fluctuation in doppler shift

3.3.1 Microwave Irradiation Width 

Time fluctuations of Doppler velocities are shown to exam-

ine the relation between microwave irradiation width and Doppler

velocities. Short term FFT is conducted to simulated microwave

backscattering to obtain Doppler shifts, then we plot the Doppler

velocities that show the average values of each Doppler spectrum

at different start time for FFT as shown in Fig. 3.

The simulations are cariied out with varying λ/MIW as a

parameter from 0.5 to 5. Fig. 5 shows the results of time fluc-

tuations of Doppler velocities. The Doppler spectra are calcu-

lated at intervals of 0.05 s and the Fourier transform time ΔT is

set as 0.128 s. The dotted line in the figures shows the orbital

motions of the regular waves (Aωsin(ωt)).

As shown in Fig. 5, the time fluctuations of Doppler velocities

are not consistent with the orbital motions of the regular waves

and the wind wave under the conditions of λ/MIW < 5. In such

conditions, the changes of the Doppler velocities due to the orbital

motions of the regular waves are not shown clearly in Doppler

spectra. It is caused by the effect of microwave irradiation width

on Doppler spectra. Thus, λ/MIW < 5 is not a suitable condition

for wave height estimation by a Doppler radar. Whereas, in the

case of λ/MIW = 5, the magnitude and the period of the time

fluctuations of Doppler velocities are in good agreement with

the orbital motions of the long regular waves.

According to Rheem [2007], if the magnitude and the period

of Doppler velocities are consistent with orbital motions of regu-

lar waves, wave height can be estimated precisely. Consequently,

Fig. 4. The Doppler spectrum of the wind wave and the uniform flow.

The dotted line shows the spectral shift caused by the uniform flow.

Fig. 5. Time fluctuation of simulated Doppler velocity with varying

λ/MIW (wavelength of the regular wave/microwave irradiation width),

ΔT (Fourier transform time) = 0.128 s as a fixed parameter. The solid line

shows the simulation. The dotted line shows the orbital motions of the

regular wave.
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the simulation results show that λ/MIW > 5 is required for wave

height estimation by a Doppler radar.

3.3 Fourier transform time

Time fluctuations of Doppler velocities are also related to

Fourier transform time. The simulation is perfomed under the

condition of λ/MIW=5 with various Fourier transform time ΔT

= 0.256, 0.512, 1.024 and 2.048 s. The simulation results of

time fluctuations of Doppler velocities are shown in Fig. 6. In

Fig. 6(d), the fluctuations of the Doppler velocities are not con-

sistent to the orbital motions of the regular waves and the wind

wave. This is caused by the effect of Fourier transform time on

Doppler spectra. While, in Fig. 6(a), the magnitude and the

period of simulated the Doppler velocity changes relating to the

orbital motions of the long regular waves. Therefore, wave height

estimation by using a Doppler radar can be condcted under the

condition that T/ΔT > 5. The effect of the Fourier transform

time on Doppler spectra shown in the results is similar to that

of the microwave irradiation width.

When the Fourier transform time is long comparing to the

wave period T (Fig. 6(d)), the Doppler velocities are conver-

genced to the phase velocity of the Bragg resonant wave. This

is the same result of the condition of a large microwave irradi-

ation width as shown in Fig. 5(a). If the microwave irradiation

width is large or the Fourier transform time is long, Doppler

velocities show the phase velocity of a Bragg resonant wave. In

addition, as shown in Fig. 7, if a uniform flow as a sea surface

current is added to the condition of Fig. 6(d), the Doppler

velocity shows the phase velocity of the Bragg resonant wave

shifted by the uniform flow. The uniform flow is the same as

shown in Fig. 4. The Doppler velocities with the uniform flow

are shifted approximately 0.35 m/s that is nearly equal to the

radial velocity of the current. Therefore, relative sea surface currents

can be estimated from the time flctuation of Doppler velocities

by analyzing long Fourier transform time though microwave

irradiation width is set as small. The results show that it is possible

to measure wave heights and relative sea surface currents using

a microwave Doppler radar by altering analysis in raw signals.

4. CONCLUSIONS

This paper describes numerical evaluation of sea surface

Fig. 6. Time fluctuation of simulated Doppler velocity with varying

ΔT (Fourier transform time), λ/MIW (wavelength of the regular

wave/microwave irradiation width) = 5 as a fixed parameter. The

solid line shows the simulation. The dotted line shows the orbital

motions of the regular wave.

Fig. 7. Time fluctuations of the simulated Doppler velocities, ΔT

(Fourier transform time) = 4.096 s and λ/MIW (wavelength of the

regular wave/ microwave irradiation width) = 5. The solid line is

the same as Fig. 6(d). The dotted line shows the Doppler velocities

with the uniform flow, which is added as the surface current.
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observations by a microwave Doppler radar. Doppler spectra

are obtained with varying microwave irradiation width and

Fourier transform time. As the results, when microwave irradi-

ation width is five times smaller than the wavelength of the sea

surface wave, and the Fourier transform time is also five times

shorter than the period of the sea surface wave, the time fluc-

tuations of the Doppler velocities are in good agreement with

the orbital motions of the long regular waves. This is an appro-

priate condition to measure wave heights precisely with a Dop-

pler radar. The simulation results also suggest that wave heights

and relative surface currents can be observed using a Doppler

radar by analysis of different Fourier transform time. It means

that a microwave Doppler radar with small microwave irradia-

tion width for measuring wave height can be used to obtain

surface currents by altering the analysis. It is useful to measure

various ocean data by a microwave Doppler radar.
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