Radio Science, Volume 16, Number 1, pages 93-100, January-February 1981

Ocean surface current measurements by an L band two-frequency microwave scatterometer
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Real time current measurements with an L band pulsed two-frequency microwave scatterometer
(2FS) were carried out from the German North Sea Research Platform (Forschungsplattform Nordsee)
during the 1979 Marine Remote Sensing (Marsen) experiment. The principle of this remote sensing
technique consists of measuring the phase velocity of a long ocean wave by resonant scattering
of a beat wave produced by two microwave signals. The difference between the measured phase
velocity and the phase velocity, as calculated from the dispersion relation for still water, represents
a weighted average of the ocean current near the surface. Current measurements over full tidal
cycles in various wind conditions (up to 18 m s™') are presented. At high wind speeds, pronounced
differences are found between the 2FS measurements and the in situ current measurements made
at depths of 9 m and 23 m. These differences can be explained as the effect of the wind stress
acting on the upper layer of the ocean. The measurements indicate that the interaction of the
tide- and wind-driven currents strongly depends on the parallel and antiparallel orientation of the
currents. The accuracy of the measurements reported here is approximately +0.12 m s”!, but

this can, in principle, be improved.

1. INTRODUCTION

In situ measurements of near-surface currents
by conventional current meters are difficult to
perform, because they are strongly effected by wave
motions. Knowledge of near-surface currents is
very valuable in the study of many problems, for
example, in studies of the interaction of the wind-
driven current with the tidal current, the build-up
of storm surges, or the transport of floating matter
(oil spills). Alternative remote sensing techniques
are therefore being considered in order to obtain
these measurements. Only two techniques, the HF
technique and the two-frequency microwave
technique, have been deployed. In both tech-
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niques, the surface current information is obtained
by measuring the phase velocity ¢, of long ocean
waves. In the presence of surface currents the actual
phase velocity differs from the phase velocity
calculated from the still water dispersion relation.
The difference between the measured and calculated
phase velocity, ¢, — c‘;h, yields a weighted average
of the surface current of the upper few meters
of the ocean.

The phase velocity of long ocean waves can be
measured by means of Bragg scattering, with
electromagnetic waves in the decameter-wavelength
range (HF waves). Currently, much research is
being devoted to developing such HF techniques
for measuring surface currents in coastal waters
[Stewart and Joy, 1974, Teague et al., 1977; Barrick
et al., 1977, Ha, 1979].
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The two-frequency microwave technique is an
alternative for measuring surface currents via the
phase velocity of long ocean waves. It exploits the
fact that the Bragg backscattering of microwaves,
which is caused by scattering at short ocean surface
waves with wavelengths in the centimeter/decime-
ter range (ripple waves), is modulated by the long
ocean waves. To measure this modulation, the
two-frequency microwave technique employs non-
linear signal detection. The phase velocity of the
long ocean waves is determined from the statistical
analysis of the fourth-order moments of the back-
scattered amplitudes [Plant, 1977; Alpers and Has-
selmann, 1978].

Using a continuous wave (CW) X band radar,
Schuler [1978] has experimentally demonstrated
that two-frequency microwave scattering is indeed
sensitive to ocean surface currents.

In this paper, we present experimental results
of surface current measurements obtained with the
aid of an L band pulsed two-frequency scatterome-
ter during the 1979 Marsen experiment in the North
Sea. The scatterometer was installed on the German
North Sea Research Platform, which is situated
approximately 70 km west of the island of Sylt
(Germany). Surface current measurements were
made over full tidal cycles for low- and high-wind
conditions and were compared with in situ current
measurements at 9-m and 23-m depths. On several
occasions, pronounced differences were found be-
tween the currents measured by the 2FS and the
in situ current meters. These differences are not
unexpected, since the 2FS senses the current in
the upper few meters of the ocean, which is more
strongly exposed to the action of the wind than
to the deeper layers of the ocean. The measurements
clearly demonstrate that the two-frequency mi-
crowave scatterometer is a powerful research tool
for studying the transfer of momentum across the
air-sea interface and the momentum balance in the
ocean.

2. THEORY

Consider a microwave scatterometer (2FS) that
emits successive pairs of pulses at two slightly
different frequencies f, and f,. The time interval
between subsequent pulses with frequencies f, and
f, must be so small that the change in scattering
geometry is negligible. In this case, phase dif-
ferences in the backscattered signals are due only

to the frequency separation between the two pulses.

Let B, and B, denote the (complex) amplitudes
of the backscattered signals that originate from the
pulses with frequencies f, and f,, respectively. The
two-frequency method consists of calculating the
Doppler spectrum of the product signal B, - B,
where the asterisk denotes complex conjugation.
The modulation of the Bragg scattering waves by
the surface waves results in two peaks of the
Doppler spectrum [Alpers and Hasselmann, 1978]
at .

o=*0+2Ak"-vV ¢))

where Ak is the projection of k, — k, on to the
horizontal plane; k, and k, are the three-dimensional
wave number vectors of the emitted radar pulses
of frequencies f, and f,, respectively; |k,| =
@2w/c)f,; |k, = @m/c)f,; and c is the speed of
light. The radian frequency & of the resonant water
wave is related to the resonant wave number k
by the dispersion relation for still water:

& = [g|k| tanh (|k| )] '/ @

where g is the acceleration of gravity, and d is
the water depth; k is given by the Bragg resonance
condition for the ‘beat wave’ with wave number
k, — k;:

k = +2Ak 3)
Expressed in terms of ocean wavelength A (A =
2n|k|™"), beat frequency Af = f, — f,, and depres-
sion angle 6, the Bragg resonance condition for
the beat wave reads

. 150 1

=— 4
. Af cos® @

where the units of X are meters and those of Af
are Megahertz. Finally, v denotes a weighted mean
current of the upper layer of the ocean (the weight-
ing function is proportional to e 2¥* where z is
the depth below the surface (see (6)). In general,
v is a superposition of the tidal current v', other
currents associated with mean ocean circulation v°°,
the wind drift v¢, and wave-induced currents v"":

v=vl._'_voc_'_vd_'_vnl (5)

The wind drift v¢ and mean ocean circulation v°*°
cannot always be rigorously separated, but here
we regard v° as the current in the upper layer of
the ocean that is driven by the local wind stress
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(the ‘Ekman layer’), as opposed to the deeper
current field v°° that is driven by the density field.

The wave-induced current includes the well-
known Stokes drift [see, e.g., Phillips, 1966], as
well as corrections of the phase velocity originating
from nonlinear wave-wave interaction processes,
which have been calculated by Longuet-Higgins and
Phillips [1962], Weber and Barrick [1977], Barrick
and Weber [1977], and Masuda et al. [1979].

Note that the phase velocity of the short waves
(ocean ripples), which cause the Bragg scattering
of the microwaves, does not enter (1).

The peak in the product spectrum (‘Bragg reso-
nance peak’) originates from a resonance of the
beat wave with a cross section modulation pattern
associated with a long wave. This cross section
modulation pattern moves with the phase velocity
of the resonant long ocean wave. In the presence
of a current in the wave propagation direction, the
actual phase velocity, ¢, = o/|k|, differs from
the value calculated from the dispersion relation
for still water, ¢&) = &/|k|. If the component of
the current veloc1ty V in the propagation direction
of the wave is a function of depth, then one obtains
to the first order for small current velocities V
(V/c) < 1:

7(k) = ¢, (k) — ) (k) = 2|k| 5 V(z)e ¥’ gz (6)

This equation can be derived by applying perturba-
tion theoretical methods [see, e.g., Schiff, 1955].
The first-order perturbation to the phase velocity
is given by

PN

V(k)=§ o* (k) V(z)¢(l‘c)dz/ S *Eokydz (7

where ¢(k) is the eigenfunction of the particle
velocity (orbital velocity) associatcd with the ocean
surface wave of wave number k, and ¢* (k) is its
complex conjugate. Since ¢ (k) « exp (—|k|z) [see,
e.g., Phillips, 1966; Kinsman, 1965}, (6) immedi-
ately follows from (7).

The total phase velocity perturbation in look
direction of the antenna, v = v - Ak/|Ak|, consists
of the sum of # (= v' + v°° + v*) and the nonlinear
wave-wave interaction contribution v™. It can be
experimentally determined by measuring the fre-
quency shift of the resonance peak in the spectrum
Py gy of the product signal B, - B} according to
(1) Since #(k) represents a welghted average of

the current profile ¥(z) to a depth of the order
of (2|k|)™', one can, in principle, determine the
profile ¥V(z) by performing measurements of dif-
ferent wave numbers | k| and by inverting (6). (Note
that (6) has the form of a Laplace transform.)

In the theory of the two-frequency technique,
it is usually assumed that the dependence of the
cross section modulation on the long ocean waves
can be described by a linear transfer function.
However, it is questionable whether a linear de-
scription of the scattering process is applicable at
low depression angles, especially for high sea states.
Therefore, second- and higher-order effects should
be included in the description of the modulation.

Nonlinearities in the modulation, as well as in
the wavefield, lead to higher-order contributions
in the spectrum P, .. In particular, a (continuous)
second-order Doppler spectrum arises from the
interaction of the beat wave with two modulation
patterns satisfying the second-order Bragg condi-
tion. It is expected that in the second-order spec-
trum, peaks evolve at (2)'/? times the first-order
resonance frequency (for ¥ = 0). Physically, such
peaks can be explained as being associated with
a modulation pattern of twice the resonance wave-
length XA, which propagates with a phase speed of
@) = ¢, (V).

3. THE EXPERIMENT

During the 1979 Marsen experiment, measure-
ments with an L band pulsed two-frequency mi-
crowave scatterometer (2FS) were carried out from
the Forschungsplattform Nordsee in the North Sea
(54°42.0’N, 7°10.0’ E). The main aim of this experi-
ment was to test the performance of the two-
frequency pulsed L band microwave scatterometer
for measuring surface currents. In total, about 200
br of data were collected during the period from
September 18 to October 15, 1979. Measurements
were carried out under a variety of wave and wind
conditions. The significant wave height (H, ;)
varied from 0 to 3 m, and the wind speed measured
at a platform height of 40 m varied from 0 to 25

s~' (0-50 kt). The geometry of the experiment
is shown in Figure 1.

3.1 The instrument

The two-frequency L band microwave scat-
terometer was built by Dornier System (Germany)
for the German Aerospace Research Establishment

85UB017 SUOWILIOD 3A1eR1D) 8|l jdde ay) Aq peusenob ase ssoie YO ‘SN J0Sa|ni o AkeiqiT8ulUO A8]IA UO (SUOTPUOD-PUR-SLLBIWI0D A3 | 1M A RIq 1 U1 IUO//SANY) SUORIPUOD PUe SWie | 3y} &8s *[€202/90/ST] uo Areiqiautiuo A3|1m ‘ABojoicele N 81E IdIN AQ £6000dT0019TOSH/620T OT/I0p/W0d" A3 1M Atelq1juluo'sgndnBe//:sdny wioiy pepeojumoq ‘T ‘I86T ‘X66.776T



96 ALPERS ET AL.

beat wave
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Fig. 1. Geometry of the experiment. FPN is the Forschungs-
plattform Nordsee (Research Platform North Sea).

(Deutsche Forschungs und Versuchsanstalt fiir
Luft-und Raumfahrt (DFVLR)), and it was deliv-
ered in 1976. It is designed to operate from both
fixed platforms and aircraft, and it therefore al-
lows a large range of parameter settings.

The scatterometer is a pulsed system that emits
successive pairs of microwave bursts of frequencies
f, and f,, with a time separation between pulses,
which can be varied between 33 and 500 ns. One
frequency, f,, is fixed at 1320 MHz, and the other,
[, is variable between 1260 and 1319.5 MHz. The
fixed frequency is generated from a quartz oscillator
of 110 MHz by frequency multiplication. The vari-
able frequency is generated in a synthesizer, which
receivesa 115.333-MHz signal from a second quartz
and can be switched in steps of 1/24 MHz between
109.958 and 105.000 MHz.

The modulus and phase of the backscattered
signals are recorded separately on a 1-KHz carrier
frequency (video frequency). The parameters of
the scatterometer are summarized in Table 1. The
antenna is a 37-element planar dipole array of 1.1-m
diameter. It forms a circular beam with a 13°
half-power beamwidth. Mechanical rotation of the
antenna is used to change between HH and VV
polarization. Side lobe attenuation is better than
20 dB.

3.2 Parameters of the experiment

The antenna was mounted on the platform at
a height of 27 m above mean sea level. The mea-
surements reported in this paper were carried out
using vertical polarization of both transmitted and
received signals because of the higher signal return
relative to the horizontal polarization setting. The
depression angle of the antenna was 4°. The duration

TABLE 1. System parameters of the L band two-frequency
pulsed microwave scatterometer.

Parameter Value
Fixed frequency 1320 MHz
Variable frequency 1260-1319.5 MHz
Frequency steps 0.5 MHz
Range of difference
frequencies 0.5-50 MHz
Pulse length Variable between 33 ns and
8.5 ps

Time separation between
bursts with frequencies f,
and f,

Range gatings

Pulse repetition frequency

Variable between 33 ns and
500 ns

120 m-10 km, in steps of
Sm
Variable between 25 and

(prf) 200 KHz

Pulse rise time 10 ns

Noise level of receiver 4dB

Power supply 28 V dc + 2 V, maximum
8§ A

Power (effective) 50 W

Polarization VV and HH

Weight 30 kg

of the emitted pulses and the widths of the time
gates were chosen to be equal, and they varied
between 600 and 1000 ns. This corresponds to a
footprint radial extent ranging from 180 to 300 m.
The azimuthal extent was between 115 and 180 m,
as determined by the antenna beamwidth of 13°
and the range from 500 to 800 m. The footprint
scales were chosen as a compromise between the
requirement of a high signal-to-noise ratio, which
is proportional to the inverse of the footprint area,
and a high resolution of the resonant line, which
is proportional to the radial extent of the footprint
[see Alpers and Hasselmann, 1978] . The difference
frequencies varied between 6 and 8 MHz, corre-
sponding to ‘Bragg scattering’ ocean waves with
wavelengths of 25 and 18.75 m. The azimuth angle
of the antenna was varied from 220° to 340°N. The
predominant flow direction of the tide in this area
of the North Sea is parallel or antiparallel to 300°N.

3.3 Signal processing

The sigral processing was carried out in real time
on the platform. The two signals from the video
output of the 2FS were multiplied by a hardware
multiplier and low-pass filtered with a cutoff fre-
quency of 1.0 Hz. This product signal was then
sampled at 2 Hz by a Hewlett-Packard HP 1000C
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Fig. 2. Typical Doppler spectrum of the product signal B, B¥.
Parameters: Af = 6 MHz; VV polarization; pulse length, 990
ns; frequency resolution, 0.004 Hz; number of spectral estimates,
7; radar look direction, 325°N; wind direction, 105°N; and
measurement from October 7, 1979: 5:35 h-6:23 h GMT.

Fourier analyser and stored on disc. To obtain the
power spectrum of the product signal, the series
was divided into segments of 256-s duration. A
Hanning time window was applied to the data, and
the power spectrum was calculated to a resolution
of 0.004 Hz. Between five and eight such spectra
were averaged, corresponding to a total record time
of 21-34 min. The first-order resonance peak fre-
quency was determined as the centroid of all spectral
points within the half-power width of the peak.
The phase velocity was then obtained by dividing
this center frequency by the Bragg wave number
of the scattering ocean wave.

3.4 Experimental results

Pronounced first-order resonance peaks in the
Doppler spectra of the product signal, B, (¢) - B3 (¢),
were observed at the expected frequencies. An
example is shown in Figure 2. A second-order peak
on the right-hand side of the first-order resonance
peak can also be seen, as is seen in many other
spectra measured. Its location is at a frequency
close to (2)'/” times the first-order resonance fre-
quency. Furthermore, another second-order peak
also seems to be visible on the left-hand side at
0.11 Hz. Such peaks occur less often than the
second-order peaks on the right-hand side. Their
location on the frequency axis varies considerably.
Figures 3a, 4a, 5a, and 6a show time series of

currents inferred from the first-order spectral peak
frequencies over 15, 12, 14, and 11 hr, respectively.
Positive velocities are away from the antenna. The
look direction of the antenna and the wind vector
are shown in Figures 3¢, 4c, 5c, and 6¢. The solid
and dotted lines show the components of the current
velocity in the look direction of the antenna, mea-
sured by the Deutsches Hydrographisches Instituts
with Aanderaa current meters at a depth of approxi-
mately 9 m (v*™) and 23 m (v*™) (approximately
6 m above the seafloor), respectively.

The current meters were moored in a subsurface
rig with a self-buoyant current meter at a 9-m depth
and at a site approximately 1 km west of the
platform. Figures 3b, 4b, 5b, and 6b show the
difference between the velocities measured by the
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Fig. 3. (@) Comparison between the current velocities mea-
sured by the 2FS (closed circles) and conventional current meters
at depths of 9 m (solid line) and 23 m (dotted line) for measurement
1 (October 8-9, 1979, 23:00 h-14:00 h GMT). (b) Difference
between the velocities measured by the 2FS and the conventional
current meter at 9-m depth. (¢) Antenna look direction and
wind vector measured at a height of 40 m. (d) Wind direction
as a function of time. (¢) Wind speed as a function of time.
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Fig. 4. Same as Figure 3, but for measurement 2 (September
28-29, 1979, 22:00 h-10:30 h GMT).

2FS and by the current meter located 9 m below
the sea surface. Finally, parts d and e of the Figures
3-6 show the wind vector measured at a height
of 40 m at the platform.

4. DISCUSSION

Measurements 1 and 2 were carried out under
moderate wind conditions, and measurements 3 and
4, under high wind conditions.

For measurement 1 (Figure 3) the time variations
of the currents measured by the 2FS and the current
meter at 9 m show good agreement. The current
velocity measured by the current meter at 23 m
is smaller, probably because of bottom friction.
The time-averaged data show a slight difference
(0.06 m s~ ') between v>*° and v’™. The fluctuations
around this mean value lie within the expected error
bars.

Measurement 2 shows the same general features
as measurement 1. This is a case where the wind

direction is approximately antiparallel to the antenna
beam (‘upwind’), whereas for the other three mea-
surements reported here the antenna beam is ap-
proximately ‘downwind.’ A significant deviation of
the 2FS from the 9-m velocity occurs when the
wind is parallel to the flow direction. This is
interpreted as a wind effect and will be discussed
below.

Measurement 3 shows the influence of strong
winds on the surface current in the uppermost layer
of the ocean. A strong wind-induced surface drift
is measured by the 2FS superimposed on the tidal
cycle, as measured by the two in situ current meters.
The surface drift appears to be significantly aug-
mented when the tidal flow and wind directions
are oriented approximately parallel, but the surface
drift is small when they are approximately
antiparallel. This could be explained by a strong
interaction of the tidal current with the wind-induced
current due to a large current shear. The mean

of v*** — v®® over the whole tidal cycle is 0.28
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Fig. 5. Same as Figure 3, but for measurement 3 (October 1-2,
1979, 21:00 h-11:00 h GMT).
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MEASUREMENT 4
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Fig. 6. Same as Figure 3, but for measurement 4 (October 34,
1979, 22:30 h-10:30 h GMT).

m s~'. The velocity gradient between the in situ

measurements at 9- and 23-m depths is very small.
We interpret this as a consequence of the strong
wind-induced turbulent mixing, leading to a deepen-
ing of the wind-mixed layer.

Measurement 4 is also a high wind case, showing
the effect of winds on the current in the uppermost
layer of the ocean. However, in contrast to mea-
surement 3, this measurement shows very large
variations in the current shear. We do not attribute
the data points obtained by the 2FS to errors in
the measurement but they are an indication of
additional information not contained in the in situ
current meter records. Indeed, large current shears
are not unexpected in the German Bight, as shown
by model calculations of Backhaus [1980]. The
local current velocity at a given depth is determined
by many factors, for example, by tidal forces, wind
stress, bottom friction, and basin configurations,
which give rise to transient features such as inertial
oscillations and seiches. In this paper, we do not

attempt to interpret the current records oceano-
graphically, since the time series of the 2FS mea-
surement is too short to derive decisive conclusions
about the physical mechanism causing the large
variations in the vertical current shear. In order
to answer these questions, continuous two-dimen-
sional current measurements over several tidal
cycles with fixed parameter settings are required.

5. ERROR ANALYSIS

The accuracy of the current measurements
depends on the accuracy of the measurement of
the centroid of the resonant peak and on the
accuracy with which f and k can be calculated.
The finite extent L of the footprint implies an
indeterminacy in the wave number k of the Bragg
ocean wave of the following order:

8K = — 8
||—L ®

where o is a numerical factor, which depends on
the antenna pattern. (For a Gaussian antenna pat-
tern, a = 2.35 if L is defined by the 6-dB point.)
The indeterminacy of k implies an indeterminacy
of the phase velocity ¢, = (g/ |k|)'/?(for simplicity,
we assume that d = o), given by

8¢,n 1 |8k

T T2 |k

In our measurements |8ﬁ/i| is less than 0.026,
which results in an error in the phase velocity of
d¢,, = 0.07 —0.08 ms™".

The frequency of the resonance peak is resolved
in frequency bands of 0.004-Hz width, because the
length of the time segments used for calculating
the Doppler spectrum is 256 s. This results in an
error for determining the phase velocity, which is
given by

®)

Con

8c,, = k| ~'of 10)

Inserting |k| ™' = @m) ™' - 25 m and 2" - 18.75
m yields |3c,,| = (0.04 — 0.05) m s™'. In principle,
this error can be reduced by increasing the segment
length for calculating the Doppler spectra.
However, in this case, the number of degrees of
freedom for the spectral estimate decreases if the
total record length is kept constant. Consequently,
the probability for detecting the resonance peak
in the background decreases.

By adding the two errors arising from the finite
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footprint size and the frequency resolution, we
obtain the following system errors in the surface
velocity for our experiment:

(3c,,) ™ = £(0.11 = 0.13) m s ™" an

Another error arises through the finite averaging
time required for the measurement. The surface
current varies in this area of the North Sea, with
a maximal velocity change of approximately 0.2
m s~ ' /hr. If the time-averaging error is to be kept
smaller than the error arising from the radial extent
of the footprint, then the integration time is limited
to about 30 min.

6. CONCLUSIONS AND OUTLOOK

The measurements clearly show the usefulness
of the two-frequency scatterometer for measuring
ocean surface currents from fixed platforms in real
time. The technique yields the current in the upper
few meters of the ocean, which is strongly in-
fluenced by the action of the wind stress. In
conjunction with in situ current measurements at
greater depth, this technique is an ideal research
tool for investigating the transfer of horizontal
momentum from wind to water. The technique
described here can be extended to provide measure-
ments of the two-dimensional surface current vector
by installing two antennae with azimuthal angles
90° apart. In comparison with the HF techniques,
an advantage of the 2FS microwave technique is
that it operationally needs only small antennae,
relatively simple electronics, and simple processing.
A disadvantage is its smaller range. Furthermore,
interferences with signals from radio stations do
not limit its application. Another advantage of the
two-frequency technique is that it is relatively easy
to sweep the complete surface wave spectrum and
thus obtain vertical current shear information. In
conclusion, we believe that this technique ideally
complements the HF technique for measuring ocean
surface currents.
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