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ABSTRACT

The features of near-nadir probing of the ocean surface from a satellite are investigated, and a new
configuration of a microwave radar for the surface slopes measurement is proposed. Numerical modeling
is used to examine the feasibility of a spaceborne implementation, to devise a measuring technique, and to
develop a data processing algorithm.

It is shown that the radar with a knifelike beam (1° � 25°–30°) can be used to measure the variance of
surface wave slopes. Using range selection and a new processing procedure to synthesize data, it is possible
to achieve the spatial resolution required to study wave processes on the ocean surface from satellites. A
new approach to wind speed retrieval at and near nadir is also discussed.

1. Introduction

Remote sensing is widely used for oceanographic re-
search. At present, spaceborne radars allow us to ob-
tain a global overview of the ocean surface state and to
obtain information on its characteristics, for example,
significant wave height (altimeter), wind speed (altim-
eter and scatterometer), wind direction (scatterom-
eter), and sea wave spectrum [synthetic aperture radar
(SAR)]. This information is useful for a wide range of
applications in oceanography, meteorology, and navi-
gation.

For active microwave radars, all retrieval algorithms
are based on the fact that the electromagnetic waves
scattered by the ocean surface contain information
about its characteristics. Therefore, the problem of the
retrieval of useful information from the ocean surface
includes two stages. First, we must determine the opti-
mum radar parameters and which characteristics of the
reflected signal we need to recover. Existing publica-
tions make it clear that modern radar systems have

shortcomings, and new radars are constantly being de-
veloped (e.g., Lin et al. 2000; Moccia et al. 2000; Hauser
et al. 2001). These new systems aim to measure ocean
parameters more precisely or to obtain data across a
wider swath to improve sampling. Second, in contrast to
buoys, radars cannot directly measure the characteris-
tics of the sea surface. Therefore, it is important to
develop good data processing and retrieval algorithms.

An altimeter is one of most advanced tools among
modern radar systems for remote sensing due to its
capabilities. One may measure the level of the ocean
(and then derive an estimate of surface geostrophic cur-
rents), the significant wave height, and the wind speed
(from backscattered power). The precision of retrieved
wind speed may be further improved by using sea state
data, and new retrieval algorithms are an active area of
research (see, e.g., Gourrion et al. 2000; Gommengin-
ger et al. 2002).

Our earlier investigations (Karaev et al. 1999, 2002b)
show that there is a basic limit for the precision of wind
speed retrieval from altimeter data because of the com-
plicated correlation between wind speed and radar
cross section (RCS). The development of new two-
parameter algorithms using both radar cross section
and significant wave height permits us to improve mar-
ginally the precision of wind speed retrieval in compari-
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son to one-parameter algorithms. However, it is clear
that there is still room for improvement. At nadir, the
radar cross section depends on the effective reflection
coefficient (i.e., local wind speed) and the variance of
sea surface wave slopes (i.e., local wind speed and
swell) (Karaev et al. 2002a; Bass and Fuks 1972; Valen-
zuela 1978). Modern spaceborne radar systems do not
measure surface wave slopes, and this uncertainty leads
to errors in wind speed retrieval by existing algorithms.

The purpose of the present research is to increase the
number of characteristics of the ocean surface that can
be measured by microwave radars at and near nadir,
and to show the way to improve the precision of wind
speed retrieval. Section 1 describes the fundamental
assumptions that are used. Section 2 presents the meth-
ods for measuring large-scale wave slopes and wind
speed by a radar with an asymmetric knifelike beam. In
section 3 the spatial resolution problem for such a sat-
ellite-borne radar is discussed. Section 4 contains a
brief description of a new model for the Doppler spec-
trum of such a system. Section 5 gives details of the
special synthesis procedure used for data processing. In
section 6, numerical simulations are used to illustrate
the features of the new radar, and section 7 gives an
example of data processing.

2. Initial assumptions

As is well known, at small incidence angles, micro-
wave backscatter from the ocean is quasi-specular and
takes place from the facets of the ocean surface ori-
ented perpendicularly to the incident electromagnetic
wave (Bass and Fuks 1972; Valenzuela 1978). There-
fore, it is well recognized that the radar cross section
depends on the variance of the slopes of large-scale
waves and on the spectral density of the small ripples
responsible for the diffuse scattering.

Here we will analyze the properties of microwave
signal scattered by sea surface. Namely, centimeter
waves (1–10 cm) contain the maximum information
about the state of a near-surface layer.

In the framework of the Kirchoff approximation,
which does not account for radar frequency depen-
dence, a theoretical analysis of the backscattering of
electromagnetic waves from the ocean surface at nor-
mal incidence has been carried out for a wide radar
beam, and a new theoretical model of the normalized
radar cross section (NRCS) has been obtained (Karaev
and Kanevsky 1999; Karaev et al. 2002b):
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where �x, �y are the half-power beamwidths in two mu-
tually perpendicular planes, S2

xx and S2
yy are the vari-

ances of surface slopes along and perpendicular to
the footprint’s major axis, and U10 is the wind speed
at 10-m height. The antenna gain is assumed to be a
Gaussian function. The effective reflection coefficient
Reff(U10) is introduced instead of the Fresnel coeffi-
cient. This coefficient takes into account the diffuse
scattering of the reflected field due to the small-scale
waves. Hence, the radar cross section depends on both
large-scale waves and little ripples.

In the general case of mixed sea (wind waves plus
swell) the characteristics of large-scale waves do not
correlate strongly with local wind speed. Only the wind
waves depend on the local wind speed. The presence of
swell makes the connection between the wind speed
and large-scale waves less strong [this is particularly
true for significant wave height (SWH), although a little
less critical for slopes]. At low wind speed (�6 m s�1),
swell may increase the variance of surface slopes two-
or threefold (Hwang and Shemdin 1988).

The correlation between short waves and wind speed
is strong, and it is demonstrated by the short time re-
laxation for ripples when wind stress suddenly disap-
pears. On the other hand, NRCS depends on the vari-
ance of large-scale waves. As a result, the connection
between the reflected power and wind speed is ambigu-
ous, and this is one of the reasons for errors in one- and
two-parameter retrieval algorithms.

The direct measurement of the variance of surface
wave slopes by radar would permit us to take these into
account and make the connection between NRCS and
wind speed less ambiguous. Therefore, the measure-
ment of surface wave slopes would allow us to improve
the precision of the wind speed retrieval in comparison
to the present situation where two variables [see Eq.
(1)] are unknown (long-wave slopes and wind speed).
Also, we should note that the radar will measure slopes
that differ significantly from those measured by buoys.
A buoy cannot measure sea waves shorter than 	10 m,
while the new radar will measure the slopes of waves
shorter than 1 m (Bass and Fuks 1972; Karaev et al.
2002b).

Of course, there are already methods for measuring
wave slopes from aircraft (see, e.g., Walsh et al. 1985;
Walsh and Vandemark 1998; Hauser et al. 1992). These
are provided by good spatial resolution achievable with
radars mounted on aircraft. Such radars can see a cell
less than 0.3 m � 0.3 m. Special algorithms allow the
retrieval of detailed information about the ocean sur-
face, but this approach is too complicated for use from
a satellite. Here we suggest another approach to this
problem.

1810 J O U R N A L O F A T M O S P H E R I C A N D O C E A N I C T E C H N O L O G Y VOLUME 22



At small incidence angles the radar cross section de-
pends on the variance of long-wave slopes. An increase
in incidence angle leads to a decrease in normalized
radar cross section due to a reduction in the number of
perpendicularly oriented facets. At nadir, the NRCS is
described by the well-known formula for the narrow
radar beam (i.e., for the incident plane wave) (Bass and
Fuks 1972; Barrick 1972; Valenzuela 1978):

�00 �
�Reff�U10��2
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It can be seen from Eq. (2) that, in this case, the radar
cross section does not depend on the characteristics of
the antenna system for a narrow radar beam.

3. The measurement of the variance of long-wave
slopes by knife-beam radar

Our previous investigations (Karaev and Kanevsky
1998, 1999) show that using a radar with an asymmetric
knifelike beam aligned with the direction of flight al-
lows the measurement of the variance of surface wave
slopes along the direction of flight. Fortunately, the re-
sult does not depend on the height of flight, and, what
is more, an increase in height of the sensor above the
sea surface leads to a reduction of the fluctuations in
the reflected signal due to a larger scattering footprint.

Let us suppose that the parameter �x in Eq. (1) is
small in comparison with variance of slopes S2

xx, as is the
case for a knife beam. We can then rewrite Eq. (1) as
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Hence, we have a system of two equations [Eqs. (2) and
(3)] and three unknown values: two variances of slopes
and the effective reflection coefficient. After transfor-
mation, we obtain the following formula for the slope
variance along the y axis:
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The rotation of the antenna system will allow us to
measure the slopes along any direction, for example,
along the x axis:
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where 
0x is a radar cross section in the case of footprint
orientation along the x axis.

From this, it is possible to determine the direction of
wave propagation by using a rotating antenna system or
by organizing a circular flight of the aircraft. The maxi-
mal value of NRCS will then correspond to the orien-
tation of the footprint along the direction of wave
propagation (Karaev et al. 2002b).

From Eqs. (2), (4), and (5), it follows that the effec-
tive reflection coefficient can be calculated using the
retrieved variance of slopes [see Eq. (2)]:

�Reff�U10��2 � �002SxxSyy. �6�

As we see, we use the measurements of the normalized
radar cross section by both a narrow-beam (
00) and a
knifelike-beam (
0y) radar. However, it is not necessary
to have two radars. The application of time selection
allows us to select a scattering cell immediately beneath
the radar (at nadir) and interpret this value as the
NRCS of a radar with a narrow beam at nadir.

The effective reflection coefficient depends on the
spectral density of small ripples (Elfouhaily et al. 1998).
As a result, the direct measurement of the surface slope
variance permits us to take into account the effect of
surface slopes on nadir NRCS and makes the connec-
tion of radar cross section and the wind speed less am-
biguous.

An airborne radar having a knifelike-beam antenna
pattern (1° � 25°) will successfully measure the direc-
tion of wave propagation, the variance of the surface
wave slopes, and the wind speed. A difference occurs
for a satellite-borne radar (flying at a height of 	800
km) for which the size of the footprint (	200–300 km)
becomes larger than the spatial scale of ocean wave
variability, and would result in strongly averaged mea-
surements with all the information on phenomena at a
smaller spatial scale being lost.

4. Application of time or Doppler selection for
spaceborne knife-beam radar

As noted above, a satellite-borne radar (	800 km
altitude) with an asymmetric knife beam will have a
large footprint (	200–300 km). Let us see how we can
improve the spatial resolution.

Let the knifelike-beam footprint and flight direction
be oriented along the y axis (see Fig. 1). Here V is the
velocity of the platform; �1, �2 are the incidence angles;
R1, R2 are the slant ranges for two different scattering
points along the y axis; and H0 is the height of the
platform.

Due to the narrow beamwidth across the footprint
(1°), the across-track resolution will be of the order of
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14 km, which is acceptable for wave studies. Clearly this
value depends on the width of the radar beam and the
height of the satellite. Our goal is to improve the reso-
lution along the y axis (or direction of flight).

Conventional altimeters are pulse-limited systems
designed to measure with high accuracy the time be-
tween the transmitted signal and the echo received
from the ocean surface. Suppose at time t � 0, a radar
pulse (the pulse width is Timp) is emitted by the radar
transmitter. At time t � 2H0/c, the receiver will see the
first return from the nadir point, the point on the sur-
face closest to the altimeter. At any time t � 2H0/c, the
received power will come from points on a disk cen-
tered on nadir on the surface. The disk is the inter-
section of the spherical shell with the ocean surface.
The return waveform will have three separate regions:
1) baseline (before the radiation reaches the surface);
2) leading edge, with power increasing linearly as a
function of time (as the illuminated circle grows); 3)
plateau, unless there are antenna gain drop-offs (Chel-
ton et al. 1989).

Usually, to obtain a good range resolution, time se-
lection is used. Let us introduce the sampling time step

. Hence, the slant range for two successive scattering
points in the footprint is R2 � R1 � c
/2, where c is the
speed of electromagnetic waves. For such an observa-
tion scheme (see Fig. 1) the range resolution will be
equal to �y � y2 � y1, which after simple geometric
considerations reads

�y � H0���1 � c� cos�1��2H0��2

cos2�1

� 1 � tan�1�.

�7�

The range resolution thus depends on the time sam-
pling 
 and the incidence angle �1. In Fig. 2, we show the
dependence of the range resolution on incidence angle
for a few values of the sampling time (
 � 5, 10, 20, 40,

80, 200, 400 ns). We see that time selection gives good
spatial resolution except the incidence angles less than
1°. It is therefore possible without too much effort to
obtain a range resolution less than 10 m. For measure-
ments of surface slopes such a small resolution is not
required, however. On the contrary, small scattering
cells would lead to large fluctuations in the reflected
power due to the effects of individual waves, and addi-
tional averaging would be required.

For our purpose, the new radar must measure not
only the power of the reflected signal but also its spec-
tral characteristics. The Doppler shift of the reflected
signal depends on the platform velocity and incidence
angle and allows us to separate positive and negative
velocities. Hence, the Doppler shift allows us to identify
the reflected signals from the same range but from dif-
ferent sides of the radar. From this the normalized ra-
dar cross section can be calculated for every elementary
cell inside the footprint.

Another approach for range selection is based on the
use of Doppler selection. If the radar signal is backscat-
tered by a target with relative velocity in respect to the
radar, the signal will display a Doppler shift. We sug-
gest dividing the Doppler spectrum of the reflected sig-
nal using a velocity/frequency filter. The power in every
frequency channel gives us the reflected power from
every elementary cell.

Due to the motion of the radar, the reflected signal
will display a frequency shift with regard to the carrier
frequency, which depends on the incidence angle and
the velocity of the satellite. If �V is the width of the
filter velocity, the formula for the range resolution with
Doppler selection is

FIG. 1. Scheme of observation with an asymmetric knife-beam
radar system.

FIG. 2. Dependence of the range resolution on incidence angle
for a few sample time steps (5, 10, 20, 40, 80, 200, 400 ns).
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�y � H0� sin�1 � �V�V

�1 � �sin�1 � �V�V�2
� tan�1�. �8�

Here we assume an azimuthally narrow radar beam (�x

� 10) and do not take into account any changes in
azimuthal incidence angle within the antenna footprint.
Figure 3 shows the dependence of the range resolution
for Doppler selection on incidence angle for a few val-
ues of �V (�V � 5, 10, 20, 40 m s�1).

In contrast to the time selection case, the Doppler
selection gives a spatial resolution, which is practically
independent of incidence angle. However, good spatial
resolution (�500 m) can only be obtained for small
value of �V (�5 m s�1), in which case it is necessary to
take into account the orbital velocity of the ocean sur-
face. Hence, the movement of the sea surface (orbital
velocity) does not allow us to achieve high resolution
with Doppler selection. Such a limitation is absent for
time selection. However, the resolution achievable with
moderate value of �V (e.g., �V 	10 m s�1) is sufficient
for measurements of surface wave slopes (over a foot-
print of 	1 km). The resolution obtained with Doppler
selection may be also useful for measurements over
land for classification of land relief.

Therefore, the large asymmetric footprint (when
seen from space, at a typical altitude of 	800 km) may
be divided into elementary scattering cells as small as,
for example, 14 km � 1 km or 14 km � 14 km. Indeed,
the size of the elementary cells may be even smaller,
although one should remember that decreasing the size
of the cells would increase NRCS fluctuations and re-
quire successive averaging.

5. Doppler spectrum for radar with knife-beam
antenna pattern

Let us consider the features of the Doppler spectrum
of the backscattered microwave signal as applied to the
problem of measuring the variance of surface slopes
from a moving platform. For a stationary radar, the
Doppler spectrum of the backscattered microwave sig-
nal contains more information about the ocean sur-
face’s characteristics than the normalized radar cross
section (Bass and Fuks 1972), which is generally only an
integral property of the surface and can be considered
as one of the parameters of the Doppler spectrum.

The width of the Doppler spectrum is determined by
the orbital velocities of the sea waves for a stationary
radar. The motion of the radar leads to a loss of infor-
mation in the Doppler spectrum about ocean surface.
The Doppler spectrum becomes much wider, although
the integral over the Doppler spectrum (normalized ra-
dar cross section) remains the same. Therefore, the nor-
malized radar cross section is generally used for the
remote sensing of the ocean, while Doppler radars are
used on aircraft primarily to measure the flight velocity.
This conventional view of Doppler spectrum is ex-
plained by the predominant use of radars with narrow
antenna patterns.

Based on the method used to derive the knifelike-
beam system’s radar cross-section theoretical formula-
tion (Karaev and Kanevsky 1998, 1999; Karaev et al.
2002b), a new theoretical model for the Doppler spec-
trum of a radar with a broad antenna pattern can be
developed. For the case of nadir probing with a knife-
like antenna pattern, with only minor approximation,
we obtain the following formula for the width of the
Doppler spectrum at the �10 dB level (Meshkov and
Karaev 2004):

�f10�Hz� �
4�2 ln10

� �Stt
2 �

Kxt
2

Sxx
2 �

Kyt
2

Syy
2

�
Kxt

2 �x
2

Sxx
4 �5.52 � �x

2�Sxx
2 �

�
�V � Kyt �Syy

2 �2 �y
2

�5.52 � �y
2�Syy

2 �
�1/2

, �9�

where � is the radar wavelength of the radar signal, S2
tt

is variance of the vertical component of the orbital ve-
locity, and Kxt and Kyt are two coefficients defined by
the following formula:

K	
 � 0.5
�2K��, ��

�	�

�
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,

FIG. 3. Dependence of range resolution on incidence angle for a
few Doppler velocity intervals �V (5, 10, 20, 40 m s�1).
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where K(�, 
) is the correlation function of ocean sur-
face heights (Bass and Fuks 1972).

Therefore, the Doppler spectrum for a stationary
radar allows us to obtain information about the orbi-
tal velocity of the sea surface and thus estimate the
dominant ocean wavelength. The motion of the radar
makes this information inaccessible because the orbital
velocity is significantly smaller than aircraft/spacecraft
speed.

What are the novel aspects of these results? In Eq.
(9) we correctly take into account the width of the an-
tenna pattern, which shows us the new capabilities of
the Doppler spectrum to resolve problems of remote
sensing. It also shows that it is possible to measure
surface wave slope variances from a moving radar using
the Doppler spectrum information (Meshkov and
Karaev 2001).

In Fig. 4, the dependence of the Doppler spectrum
width on the antenna beamwidth is shown for three
wind speeds (5, 10, 15 m s�1), and a 7 km s�1 platform
velocity (assuming an altitude of 	800 km). The an-
tenna footprint is oriented along the y axis/flight direc-
tion (as in Fig. 1), as is the direction of wave propaga-
tion.

As discussed earlier, a radar with a narrow beam
does not “see” the ocean surface, and the spectral char-
acteristics of the reflected signal depend on the velocity
of the platform up to a few degrees incidence. How-
ever, as the radar beamwidth increases, the difference
between wind speeds becomes evident. In Fig. 4, the
width of the Doppler spectrum for different wind

speeds coincides for small antenna beamwidths. For an-
tenna beamwidths larger than a few degrees, the re-
flected signals contain information about the sea sur-
face in the Doppler spectrum and it becomes possible
to retrieve the wave slope variance.

For increasing antenna beamwidths the growth of the
Doppler spectrum is slower, as the area of intense
specular reflection is not large and depends on the vari-
ance of slopes: the greater the range of incidence angles
is within the footprint, the stronger the Doppler shift,
but also the weaker the reflected signal. Therefore, at
low wind speed (when the variance of slopes is small)
“saturation” of the Doppler spectrum width is faster
(Fig. 4). For a knifelike-beam antenna, the high velocity
of the platform has a positive effect, increasing differ-
ences in the Doppler spectrum for different variances
of slopes.

For an airborne radar, the signal would be processed
and the Doppler spectrum calculated for the whole il-
luminated footprint. In the case of a spaceborne radar,
the size of a footprint will be large in comparison with
the length scale of most wave process variability on the
ocean surface. Thus, to apply this approach to a satel-
lite-based system, it is necessary to synthesize the
Doppler spectrum as for the normalized radar cross
section. This problem is considered in the next section.

To summarize, what are the advantages of extracting
information from the Doppler spectrum instead of us-
ing the normalized radar cross section? Above we
found that the width and frequency shift of the Doppler
spectrum depend only on the properties of the large-
scale waves. Therefore, environmental factors affecting
small-scale waves (e.g., rain, surface films) do not affect
the parameters of the Doppler spectrum. Hence, the
combination of NRCS and Doppler spectrum informa-
tion is a promising approach to obtain new oceano-
graphic observations by remote sensing.

6. The first look at measurements and data
synthesis

Let us return to the problem of the size of elementary
scattering cell. For a knifelike-beam antenna radar, the
antenna beamwidth across the footprint, �x, determines
the azimuth resolution. The spatial resolution is then
given approximately as H0 tan�x/cos�1.

The spatial resolution in range may be based on ei-
ther time or the Doppler selection (see section 3). Evi-
dently, the size of the scattering cell must allow us to
retrieve the information about wave processes on the
ocean surface. It is possible to obtain very good range
resolution using time selection. However, high spatial
resolution leads to large fluctuations in the power of the

FIG. 4. Dependence of the width of the Doppler spectrum on
antenna beamwidth for thee wind speeds (5, 10, 15 m s�1). The
platform velocity is 7000 m s�1, and the direction of wave propa-
gation is along the y axis.
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reflected signal. On the other hand, it is always possible
to degrade the resolution and reduce fluctuations by
either increasing the size of individual cells or summing
over a number of cells. Also, it is necessary to take into
account the technical aspect of this question, that is,
how much data from how many scattering cells it is
possible to record during the flight.

If we intend to measure the surface wave slopes and
to detect the effect of currents, storms, and other pro-
cesses on the ocean surface, the range resolution may
need to be as small as a few hundred meters. Therefore,
we can apply both time selection and Doppler selec-
tion.

The next question is, how should we process and
synthesize the data? The big advantage of a knife-beam
antenna, in comparison with a nadir-looking narrow-
beam radar is that we observe all scattering cells for a
range of incidence angles, for example, from �10° to
10° if �y � 20°. As a result, we measure both the dis-
tribution of slope along the y axis and the variance of
surface wave slopes. For a radar with a knife-beam an-
tenna pattern we can apply a special synthesis proce-
dure to process the data. Let us see what this synthesis
procedure entails.

Let the radar fly over the ocean surface (Fig. 1). The
footprint may be divided into elementary scattering
cells, for example, 14 km � 14 km. A wide antenna
pattern along the direction of flight allows us to observe
the elementary cell at different incidence angles.

Let us choose some scattering cell for further consid-
eration. During flight, the radar will see this cell under
a range of incidence angles (see Fig. 5a). As a result we
will measure the dependence of the reflected power on

the incidence angle for that scattering cell. As the wave
profile is skewed, the dependence will be skewed too.
Hence, it is possible to measure the skewness of ocean
waves in the flight direction.

Collecting all the data about this cell (different inci-
dence angles/different times), we may interpret our ob-
servations in the following way: the radar simulta-
neously sees the scattering area (footprint) with its wide
beam (see Fig. 5b). The difference between elementary
“cells” in this footprint is a time difference. The exis-
tence of this difference is very useful: we may choose
uncorrelated “cells.” For example, for H0 � 800 km, �x

� 200, V � 7 km s�1, a given point can be observed
within the antenna footprint for 40 s. Since the decor-
relation time of the ocean surface is approximately 0.1
s (Winebrenner and Hasselmann 1988), we can obtain
400 independent measurements during the observation
interval, assuming continuous observation. Therefore,
the noise level is small.

Such a synthesis procedure permits significant im-
provement in the spatial resolution. Instead of dealing
with a whole footprint (e.g., 	14 km � 	280 km) we
can work with individual scattering cells (e.g., 14 km �
14 km). With such an approach, the resolution is good
and we can apply Eq. (1) to the spaceborne radar and
measure the variance of surface wave slopes in every
elementary cell.

We may define the radar cross section for each cell

0yi by summing up all radar cross sections 
j for that
cell at different times/incidence angles ( j � 1, . . . , N),
where N is the total number of observations of that cell,
in the hypothetical case of sea waves homogeneous in-
side the entire footprint (see Fig. 5b):

�0yi �
1
N �

i�1

N

�j, �10�

where 
j is the radar cross section of the jth scattering
cell at an incidence angle �j inside of footprint (the
index j may be also interpreted as different times of
observation). Hence, the value 
00, needed to calculate
slope variances (4), is obtained as the 
0yj value for the
cell located immediately under the radar.

The measured value of slope variance can be used for
the development of new algorithms for wind speed re-
trieval, as previously suggested.

7. Numerical simulation

In our previous studies we have developed numerical
simulations of the ocean surface and of the response of
radar systems (Karaev et al. 2000a,b; see the brief sum-

FIG. 5. Transformation of one cell in footprint (synthetic
procedure).
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mary of simulation approach in the appendix herein). It
is a quick and affordable way to validate the conclu-
sions of the theoretical results, to determine the opti-
mal characteristics of radar, and to estimate the preci-
sion of retrieval algorithms.

Although our goal is to develop and validate the con-
cept of a new radar for space implementation, we have
not been able to numerically simulate a spaceborne sys-
tem. For this a powerful computer is required, so we
will only show results for a platform traveling at low
velocity and height (as in the case of aircraft).

Let a knifelike-beam radar carrier fly along the y axis
(Fig. 1). Then the following parameters are used for
calculations unless specified otherwise: height of flight
is 5 km, velocity is 300 m s�1, antenna beamwidths are
1° � 20°, and the orientation of the footprint is along
the flight direction. The reflected signal is averaged
over 10 samples, the repetition frequency is 0.1 Hz, and
the pulse width is 100 ns.

a. Antenna beamwidth

In Fig. 6, the reflected pulse waveforms are shown.
The power of the backscattered signal increases with
time until the back edge of the incident impulse reaches
the surface. The calculations have been made for the
following values of antenna beamwidths �y � 5°, 10°,
20°, 40°. At narrow radar beamwidths we see a plateau,
which is absent for a wide-beam radar. For a wide
beam, after the maximum value is reached the power of

the reflected signal begins to decrease. From the slope
of the leading edge of the pulse, it is possible to recover
SWH for information, as for conventional altimeters.

The main weakness of the wide-beam configuration
is the large transmitted power required. An initial esti-
mate suggests that the power of the radar will need to
be 30–50 times larger than for altimeters with a narrow
beam (say 1° � 1°). This is due to the large footprint of
the system.

b. Platform height

The dependence of the waveform on the height of
flight is shown in Fig. 7. The calculations were carried
out for heights of 5, 20, and 50 km. The increase in flight
height leads to an increase in the length of the returned
echo. Therefore, there exists a limit for the pulse rep-
etition frequency related to this echo broadening. As-
sume the height above the sea surface to be 800 km and
the width of the antenna pattern to be 25°. In this case,
the length of the reflected pulse will be equal to the
length of the emitted pulse plus pulse broadening, es-
timated to be 	130 �m. Therefore, the frequency of
repetition must be high enough, for example a few ki-
lohertz, to allow the calculation of the Doppler spec-
trum with good frequency resolution.

c. Pulse width

One of the most important parameters of a radar is
its pulse width. In Fig. 8, the dependence of the re-

FIG. 6. Received power as a function of time for different an-
tenna beamwidths. The calculations were performed for a height
of flight of 5 km, a wind speed of 10 m s�1, and a pulse width of
400 ns.

FIG. 7. Dependence of reflected power on time for various plat-
form flight heights: 5, 20, and 50 km. The pulse width is 400 ns, and
the wind speed is 10 m s�1.
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flected power is shown against time of delay for a few
values of the pulse width: 25, 100, 400 ns. The pulse
width determines the maximal area of ocean illumi-
nated simultaneously. For the calculations, the wind
speed was equal to 10 m s�1, the radar beamwidth be-
ing 20°. Increasing the pulse width leads to an increase
in the maximum value of waveform and reduces the
fluctuations of reflected signal due to the effect of av-
eraging over the pulse width.

d. Sea state

The main objective of a new radar concept is the
measurement of new characteristics of the ocean sur-
face. Therefore, we have calculated the waveforms for
different ocean states. In Fig. 9 the dependence of the
waveforms on wind speed is shown. We see that the
radar is sensitive to the ocean state, with increasing
wind speed leading to decreasing reflected power.

8. Example of data processing

In our research we mainly aim to develop new meth-
ods to measure other sea state parameters. In the pre-
vious sections the design of the radar has been dis-
cussed and numerical simulations of the backscattered
signal have been carried out. We next look at the data
processing of the reflected signal.

Let us consider the next processing of the reflected
pulse using, for example, Doppler selection. The wave-
form is shown in Fig. 10a. The simulations are carried

out for a height of flight of 1 km, a pulse width of 100
ns, and a platform velocity of 300 m s�1. The averaging
is performed over 20 pulses, the pulse repetition fre-
quency is 0.1 Hz, and the wind speed is 10 m s�1. For
such a pulse (see Fig. 10) the corresponding Doppler
spectrum is as shown in Fig. 10b.

The Doppler spectrum represents possible Doppler
velocities present in the reflected signal. If we divide
the Doppler velocities axis into 20 intervals and calcu-
late the power of the reflected signal in each interval/
cell, we perform spatial sampling using Doppler selec-
tion. Figure 11 shows the distribution of power in cells/
angles. In the case of experimental measurements, the
asymmetry of this power profile, essentially the depen-
dence of the reflected power on incidence angle, will
provide a measure of the asymmetry of the wave profile
in the footprint.

We can then apply the method developed earlier
[Eq. (4)] to calculate the variance of the surface slopes
in the footprint. As a result we obtain a variance of
surface slopes along the direction of flight as S2

yy �
0.0182, which compares favorably with the true value of
0.0189 derived from the wave spectrum used in the
simulation. The explanation of the small difference is
the poor spatial and temporal averaging chosen in or-
der to speed up the numerical calculations.

9. Conclusions

The present work continues our research on electro-
magnetic scattering from the sea surface at small inci-

FIG. 9. Dependence of waveforms on wind speed for fully de-
veloped wind waves. The pulse width is 100 ns, the height is 1 km,
and the direction of wave propagation is along the y axis.

FIG. 8. Examples of waveforms for different pulse widths: 25,
100, 400 ns. The height is 5 km, the wind speed is 10 m s�1, and the
beamwidth is 1° � 20°.
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dence angles as applied to ocean remote sensing. The
simple configuration of a Doppler radar with a knife-
beam antenna pattern oriented along flight direction
has been discussed.

The analysis has been based on new theoretical mod-
els for the radar cross section and the Doppler spec-
trum of radar with a wide antenna pattern in one di-
rection. The new radar concept is viable when installed
on aircraft but encounters a major problem for space-
borne implementation due to the large size of the foot-
print. We have suggested solving the problem by range
selection and subsequent data processing. Two types of

range selection based either on time or on Doppler
selection have been discussed.

The great advantage of a knife-beam antenna, in
comparison with a narrow radar beam, is that each scat-
tering cell is observed at all incidence angles within the
beam, for example from �10° to 10°. Thus, a simple
radar with a knifelike antenna pattern can make direct
measurements not only of the significant wave height
(SWH) but also of the surface wave slopes. Comparing
the reflected power measured at the same range but
different by the sign of the Doppler shift makes it pos-
sible to obtain a measure of the asymmetry of the wave
profile.

The numerical simulations (though limited by com-
putational resources) confirmed our theoretical results
and allowed the investigation of the properties of the
new system for various radar and ocean parameters.
This has helped to determine the optimal characteris-
tics of the radar system at this first stage of the devel-
opment.

Thus, the new radar will allow us to measure new
ocean parameters such as the long-wave slopes and will
help increase the precision of wind speed retrieval with
conventional nadir altimeter. Further sea state param-
eters may be retrievable if one considers an advanced
version the knifelike-beam radar with a rotating an-
tenna (here the knife beam is aligned in the flight di-
rection and kept fixed). As a result, the rotating radar
knifelike beam would collect information in a wide
swath configuration. The properties of this rotating an-
tenna system will be considered later.

FIG. 10. (a) Power received as a function of time. The wind
speed is 10 m s�1. (b) Doppler spectrum of backscattered signal
seen in (a). Radar velocity is 300 m s�1, and the wind speed is
10 m s�1.

FIG. 11. Dependence of reflected power on incidence angles as
obtained from the Doppler spectrum shown in Fig. 10b.
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APPENDIX

The Numerical Simulations

A standard Gaussian statistical model of waves at the
sea surface is used for the numerical simulations
(Longuet-Higgins 1962). The simulated sea surface el-
evation � is represented as a superposition of sinusoidal
waves with different frequencies �n and random phase
�nm, propagating at different azimuthal angles �m:


�r, t� � �
n�1

N

�
m�1

M

An cos��nt � knr � �nm��nm��n, �m�,

where �nm is a random phase uniformly distributed on
0 to 2�. Here the wavenumber � and frequency �n are
related via the dispersion relationship. The amplitude
of nth harmonic An is the power in an interval ��n and
is calculated from the wave frequency spectrum S
(�):

An � �2��nS���n�.

The coefficients �nm determine the azimuthal distribu-
tion of wave spectrum and are calculated from the fol-
lowing formula:

�nm��n, �m� � �����n, �m���,

where �� describes the angular spread of wave spec-
trum, and �� is uniform increment in the azimuthal
angle. For the numerical simulation we used only large-
scale waves in comparison with the radar wavelength
(in the framework of the two-scale model). The model
of wave spectrum used in calculations was that of
Karaev et al. (2000b).

This algorithm was implemented numerically. The
simulated surface was then illuminated by a radar with
a knife-beam antenna pattern. The program calculates
the emitted field (transmitted pulse), finds the reflec-
tion points on the simulated sea surface, and deter-
mines the reflected pulse, taking into account the slant
distance, the velocity of radar, the orbital velocity of
sea waves, and the radar antenna pattern. We use the
Kirchoff approximation and therefore assume that fac-
ets of the wave profile that are perpendicular to inci-
dent field are the reflection points.

A problematic issue with the numerical simulation is
the restriction on the height, at which the radar is to be
flown, that can be simulated. Unfortunately, the time
taken to carry out a single simulation for a radar alti-
tude of 500–800 km, typical of spaceborne systems, is
prohibitive. Even for a radar at a height of 50 km it

takes 2 weeks of the computer time available to us for
a simulation involving a single set of parameters. Since
it is necessary to be able to simulate a variety of sea
states and radar system characteristics, we have there-
fore simulated a radar system for very “low orbits” (i.e.,
simulating an airborne rather than a spaceborne radar).

For more details of this approach and its numerical
implementation the reader is referred to Karaev et al.
(2000a,b).
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