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On the Accuracy of Current Measurements by Means
of HF Radar

Heinz-Herman Essen, Klaus-Werner Gurdéember, IEEEand Thomas Schlick

Abstract—The accuracy of surface current velocities measured surface map on aregular grid. Such data are needed for the inter-
bydhigh-frlt%quenclytl(qHFl)Jra}dar ﬁtS in\f/eHstigaged. Dggggoén tche thol pretation of surface structures visible in satellite images. Essen
radar systems of the University of Hamburg, -

Radar) Van o WERA (Wellon Raydar), ol corgnpare q Wmf ir?"f‘;n? [13] related a field of sea-surface temperature (SST) to surface
data. In one experiment, CODAR and a near-surface current c_urr_ents measured by CODAR. Another example of this applica-
meter were operated simultaneously over a 19-day period. In tion is the work of Grabeet al.[14]. The authors compare cur-
addition, WERA was operated for 6 days during that period. rentvelocities extracted from Interferometric Synthetic Aperture
In the other experimen_t, WERA and a bottom-mounted current - Radar (INSAR) data and measured by the HF radar OSCR.
meter were operated simultaneously over a 35-day period. Both  g;tace current fields as measured by HF radar can be used to
radars use frequencies of about 30 MHz where backscattering is . . . . . L

due to ocean waves of 5 m wavelength. The influence of the orbital Yer'fy numerical C_'rcmat'on models or to improve, by ass'm'la'.
motion of underlying longer waves on radial velocity errors is tion methods, their results. The European Radar Ocean Sensing
investigated. In accordance with theory, the measured standard (EuroROSE) project, funded by the European Union, aims at
deviations of I_—|F-measured current vel_ocities depend on the sea predicting' for a few hours, off-shore currents in coastal areas
state. Depending on th_e sea state, estimated errors range from 3of high ship traffic. For this purpose, HF-measured surface cur-
to 10 cms™! and explain only part of the rms difference of 10-20 o . - . .

cem-s—1 found between HE andin situ current measurements. €Nt vglomues will be as§!mllated byathree—dlmgnsmnal (3—.D)
The rest is assumed to be due the differences of the quantities numerical model. In addition to the current velocities, the assim-
measured, e.g., the spatial averaging. ilation scheme requires knowledge of the error statistics. Esti-

Index Terms—Error statistics, HF radar, surface current. mation of the errors is the objective of this paper.

Several comparisons of current velocities measured by HF
radars and by conventional means are reported in the literature.
. INTRODUCTION The rms differences between the two components of the hori-
IGH-FREQUENCY (HF) radars allow one to map surzontal current velocity vary between 10 tfnand 20 cnt?, cf.
face currents off shore by means of land-based Statio{ﬂsl] and [15]. However, HF radars and conventional instruments
The Doppler shift of the backscattered signal is used for mg@easure different quantities. HF radars (of transmit frequency
suring the radial current speed relative to the radar site. Guidd@und 30 MHz) average over an area of a few’ kand over
propagation along the conductive sea surface (ground wave)te upper 50 cm of the ocean, while conventional instruments
lows measurements beyond the horizon. The basic physicg?8fform point measurements. Mosily,situ measurements are
backscattering of electromagnetic waves from a rough sea statried out only for a depth of a few meters below the surface
face was discovered by Crombie in 1955 [1]. or more and observe reduced wind drift and Stokes drift. Addi-

In 1977, Barricket al.[2] developed the first HF radar capableional evidence for the accuracy of HF measured current veloc-
of measuring surface currents, the Coastal Radar (CODARKIES has been obtained by analyzing time series. The HF mea-
origina”y called Coastal Ocean Dynamics App”cation Radﬁ_ured current velocity shows a Strong correlation with the wind
Based on CODAR, developments have been performed in dfetor, cf. [16], and reasonable tidal portions, cf. [3].

United Kingdom with the Ocean Surface Current Radar (OSCR)Current speed is retrieved from the Doppler shift of the
(Prandle [3]), in Germany [4], and in the United States with tHeackscattered HF signal. The achievable accuracy depends on
SeaSonde [5]. Developments independent of CODAR have bde@ temporal and spatial resolution (uncertainty relation). The
made in Canada [6], in the UK [7], France [8], Australia [9]determination of current speed relies on the linear dispersion
Japan [10], and in the United States by the Stanford group [11glation for surface waves, although ocean waves are (weakly)
More detailed information on these systems is given by Gurge@nlinear. These effects are discussed shortly. More emphasis
et al.[12]. is put on the influence of long waves which carry the short

HF radars allow the measurement of surface currents whiggattering Bragg waves (wavelength of 5 m for a 30-MHz radar).
due to the contamination by surface waves, are hard to obtain byPata from two experiments are presented. HF and conven-

moored current meters. HF-measured currents are available B8ral current measurements are compared. During both exper-
. . . . iments, a directional waverider was deployed in the area cov-
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[l. THEORY a Doppler shift which varies during the measuring time. These

A CW HF radar is characterized by its carrier (circular) frel/aves cause a broadening of the first-order Doppler spectrum.

quencyws and its wavevectok, which is parallel to the sea The effect is estimated by means of the composite wave model,

surface, i.e., two-dimensional (2-D). Part of the transmitted eﬁf—' \éVrllgtht [19]. ;rhe model assumes t:?t the wilveletr;lgths oittk;]e
ergy is backscattered by ocean surface waves. modulating surtace waves are much fonger than those ot the

Ocean surface waves are assumed to be a homogene%ﬁ.?gterlng Bragg waves. The long waves are locally approxi-

random process. They are described by the directional (2- f)::]edl by plane facgts. The facﬁtj move \tNith the ?][bit?r: mcl)tion
waveheight spectrunf of'the long waves. Our approach does not account for the slopes

of the facets (tilt modulation).

The HF measurements perform both averaging in space (due
to the pulse length) and time (due to the measuring time). The
orbital velocity can be considered as a random variable with

\éyhertgk :_Eﬁ sin g, kcos ﬁ;{r's thdetvr\]/avgvecltorfn¢ the Wavf zero mean and normal probability distribution. Because of the
rection. The wavenumber and thé circuiar frequenay ot a5 dependence on the orbital velocity (3), is normally

ocean waves are connected by the deep-water dispersion r8,§fributed With meam and variance 2

F(k) = L BE)S(E, o) @

as
tion. E is the one-dimensional wavenumber spectrum sl
the (normalized) directional distribution. m = (wq) = twp — 2koU,,
0% = ((wa —m)?) = 4kj{u3) (5)

A. BraggScattering

Backscattering is well described by Bragg theory. To firsthere, for simplicity, it is assumed that the radar wavevekgor
order, the backscatter is due to ocean waves of half of the ragaints along the direction of the axis. U, is the radial com-
wavelength travelling toward or away from the radar site (Braggbnent of the underlying homogeneous and stationary current,
waves): andu,, is the radial component of the orbital motion of the long

ocean waves.
kp = F2ko. (2) Linear ocean-wave theory determines the variance of the or-

i i , bital velocity component:,. in terms of the 2-D waveheight
The moving Bragg waves induce a Doppler shift to the backscgbectrum

tered HF signal
2 K2
wWqg = :th - 2k011 (3) <uac> = g/ fmF(K) dK (6)

where the sign of 5 is determined by the direction of the scatwhere the capitaK indicates that the integration refers to the
tering Bragg wave and the magnitudeyy through the disper- modulating long waves.
sion relation. The first term is due to the phase velocity of the Two model spectra, often used in the literature, are discussed
scattering Bragg waves and the second term due to underlymith respect to their influence on the broadening of the Doppler
currentsu. Equation (3) is the basis for HF radar measuremespectrum. The spectra under consideration can be represented
of the radial component of surface currents. as

First-order Bragg theory predicts a Doppler spectrum con- 4
s_lstmg of two discrete lines. Seco_nd-orgiercontrlbutlons are con- E(K) = i exp [_1'25 <ﬂ) e() @)
tinuous. In the case that the main variance of the ocean wave- K3 Q,
height spectrum is concentrated at wavelengths which are much
longer than the Bragg wave, the second-order Doppler spectrtferes?, is the peak frequency of the frequency spectrum and

becomes (cf. [17]) e(Q) is the peak enhancement factor.
In 1964, Pierson and Moskowitz [20] proposed a spectrum
Diwp) = F(kp) /T(K, SVE(K)S(K, o) dp, for a fully developed sea
wp=twp+Q, Q2 =gK (4) A = 0.005, szo.ss%, (@)=1. (8

where K and © denote wavenumber and circular frequency Based on measurements, Hasselmetral. [21] modified the

of the long surface waved. is a theoretically known transfer Pierson—Moskowitz spectrum by describing both the amplitude
function andy the gravity acceleration. Thus, two second-orded and peak frequenc§,, in (7) in terms of a nondimensional
Doppler spectra fold around both Doppler lines. Among otherfgtch and by introducing the peak enhancement factor. A typical
Wyatt [18] uses (4) for retrieving ocean-wave spectra by mead®NSWAP spectrum is given by

of inversion methods.

22
A=0.038%, Q= 795:*0-33, e() = 3.0°,

B. Composite Wave Model g

7

. —\?2 0.08, ifQ<Q,
The Bragg theory assumes that surface currents are station@y= exp [_0. 5 <Q Qp) s = { T -
during the measurement time of, e.g., 10 min. However, orbital s{2p 0.12, ifQ>Q,

motions of long waves (carrying the short Bragg waves) induce 9)
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12.01 Spectral density (m3/rad) 0.8 Spectral density (m2/rad) TABLE |
A : i THEORETICAL STANDARD DEVIATION OF RADIAL CURRENT SPEED[cm-S™1]
0 E(K) A K E(K) DUE TO THE PRESENCE OFLONG WAVES. RESULTS AREPRESENTED FOR
:' i i DIFFERENT WIND SPEEDSU AND WIND DIRECTIONS PARALLEL AND
| '= 0.6 f "\ PERPENDICULAR TO THERADAR BEAM. LONG-WAVE SPECTRAUSED ARE A)
8.0+ ’.' | . PIERSON-MoOskowITZ, B) JONSWAP (loNG FETCH), AND C) JONSWAP
| “. ;' ‘\ (SHORT FETCH), CF. FIG. 1. THE CUTOFF WAVELENGTH IS 20 m
. 0.4 1} - :
P b U [ms™'] parallel perpendicular
404 40 AJBJC]A]BT] C
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0.0 : —==0.0 . .
0.0 0.1 0.2 0.3 0.0 0.1 0.2 0.3
Wave number (rad/m) Wave number (rad/m)  the reference for the calculation of the current speed. The dis-

, o _persion relation used is based on linear wave theory. The non-
Fig. 1. Long-wave spectra of waveheighit /() (left panel) and the quantity li iond d h | f Ki 29
K E(K) (right panel), Pierson—Moskowitz (full lines), JONSWAP with long 'near. Cor_reCt'.on epends on t e wave s opg, Cl. msman [22].
fetch (dashed lines) and short fetch (dotted lines), cf. (7)-(9). The wind spe@@nsidering, in accordance with the uncertainty relation for the
is 10 ms *. facet model, a wavenumber interval £:0).02k, the spectra of

the previous chapter yield standard deviations of the slope of
wherei = gx/U? is the nondimensional fetch andthe fetch less than 0.03 (independent of wind speed). Inserting into the
measured in meters. nonlinear dispersion relation, the phase-velocity error becomes
Fig. 1 displays wavenumber spectra of the waveheight2 cms™!.
E(K) and the quantity E(K) which determines the Doppler
broadening, cf. (6). A wind speed of 10 msand two different [Il. HF RADARS

fetches are considered. Linear scales have been chosen i . .

order to clarify the differences of variances. The long fetclglrg 19%%52;Unflvl\elggi O; Hgmgurr]g gldopted t(;]e Cf:toastal

(z = 2 x 10%, % = 0.84) refers to a fully developed sea adar ( ) [2]. Both hardware and software

r . ' ’ . y P "had been modified in order to increase sensitivity and optimize

Decreasing the fetch by a factor of five, the waveheight spectra . . .
. . : processing algorithms. Since 1985, the CODAR has been

contain considerably less variance.

operated in 15 field experiments, e.g., [23], [24], and from

The directional distribution is assumed to be onboard a ship [25]. It should be mentioned that the CODAR
0.64 cos®(¢ — @), if | — #| < 90°, under consideration is not the CODAR SeaSonde [5]. Progress
Sk, ) = { 0 otherwise (10) in electronics and computer techniques have allowed the design

of a new system called Wellen Radar (WERA), cf. Gurgel
where¢ is the mean wind direction. al. [26]. Both CODAR and WERA use transmit frequencies

Table | represents standard deviations of the radial currdmgtween 25 and 30 MHz. The polarization is vertical for both
speed calculated by means of (6) for the spectra presented. Themasmitting and receiving. The low-gain transmit antenna is
is a strong dependence on sea state, characterized by wind spéredted toward the sea. Azimuthal resolution is performed by
and direction. It should be mentioned that the results dependmeans of an array of receive antennas, and range resolution via
the cutoff wavenumber chosen. the travel time, either by pulse or chirp techniques.

C. Other Error Sources A. CODAR

Other (minor) errors are induced by the finite length of the The CODAR used [4] transmits CW pulses. The length of
measurement, the limited extent of the scattering area, and the tapered pulse determines the range resolution which is about
nonlinearity of the dispersion relation. 2 km. Range sampling is 1.2 km. Azimuthal resolution is per-

For a 30-MHz radar, the measuring time of 10 min allows tformed by means of a four-element square array of receive an-
resolve the radial speed with 1 esn! (Fourier decomposition). tennas. The backscattered signal is phase-coherently demodu-
The limited extent of a scattering area implies a wavenumbated and sorted into range cells. The resulting (slowly-varying)
broadening of the backscattered wavenumber (uncertainty rdleze series are Fourier transformed. Fourier lines with ampli-
tion). The scattering area is defined by the pulse length or, in thales exceeding a certain threshold are analyzed. The frequency
facet model, by the (smaller) facet size. In the facet model, th#set relative to the two Bragg lines determines the radial cur-
average uncertainty has to be considered. Both methods reseiiit speed. The intercomparison of the phases at the four re-
in an error of less than 1 csT!. Considering a facet diameterceive antennas yields the azimuthal angle of arrival (direction
of . = 10\ g (wavelength of the Bragg wave), the uncertaintfinding). The main advantage of the CODAR is the small size
of the wavenumber becomesk ~ 1/L =~ 0.02k and that of of the antenna array which can be deployed nearly anywhere.
the radial speed\U ~ 3 cms™~!. Averaging over 10 facets re- The main disadvantage is that direction finding can be distorted
sults in the error stated. by ambiguities.

The dispersion relation of ocean waves is needed to deterfor the experiments presented, the CODAR carrier frequency
mine the phase velocity of the scattering Bragg waves whichvias 29.85 MHz. The sampling rate of the demodulated time
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Fig. 2. CODAR Doppler spectra received from an area of aBaut3 km at  Fig. 3. WERA Doppler spectra received from an area of aBaut3 km at a

a distance of 15 km from the radar site, during high sea state (left) and low skstance of 15 km from the radar site, during high sea state (left) and low sea
state (right). The dB-scale refers to the maximum spectral line. Vertical dottethte (right). The dB-scale refers to the maximum spectral line. Vertical dotted
lines represent the Bragg phase velocittess /k 5. lines represent the Bragg phase velocittess /k 5.

series was 0.262 s and the number of samples 4998 (nin). It minated and the sea states considered (significant waveheights
has been found that subdividing the full (18 min) time series intsf 4 m and 1 m for the left and right panel, respectively) are
seven subseries with 50% overlap produces more robust resghisut the same as for the CODAR spectra of Fig. 2. Again, the
than processing the full series. This method yields a resolutiproadness of the Doppler spectrum and the noise level depend
of 1.9 cms™! for the radial velocity. However, the averaging obn the sea state. However, the WERA Doppler spectra seem to
several spectral lines can provide a higher accuracy. allow a more precise determination of the peak than the CODAR
Fig. 2 displays CODAR Doppler spectra in terms of the radigpectra.
velocity which is related to frequency by (3). Direction finding
has been applied. The Doppler lines presented are from two ad-
jacent range cells and an azimuthal angular interval 8f TBe
left spectrum has been observed at high sea state with the sigfhe data used in this paper are from the Surface Current and
nificant waveheight exceeding 4 m, while the significant wavé¥/ave Variability Experiments (SCAWVEX), performed off the
height was less than 0.5 m for the right spectrum. The examplstch coast in February/March 1996 (Maasmond experiment)
demonstrate the general behavior that the Doppler spectrum &ed in November/December 1996 (Petten experiment). Fig. 4
comes broader and the noise level increases with increasing $f2@ws the Dutch coast and the locations of the sensors referred

IV. EXPERIMENTAL DATA

state. to in this paper. For both experiments, we compare HF and
in situ current measurements. Then, the spectra measured by
B. WERA the directional waverider are used to predict theoretically the

One advantage of WERA is the flexibility in range resolutior‘?tandard deviation of the HF-measured current velocities. The

between 0.3 and 1.2 km. This is achieved by transmitting Fr.riaehsgsltesa?;euz(;rg?:;esdm\gg?e ttf;]ee gf(?rssured standard deviations.
quency-Modulated Continuous Wave (FMCW) chirps. In ad- '
dition, this technique avoids the blind range of about 3 km in )
front of the CODAR. A further advantage of WERA is the pos™ Maasmond Experiment
sibility of connecting up to 16 receive antennas. When operatingThe aim of the Maasmond experiment was to measure cur-
with a linear array, beamforming in the time domain is used foent velocities. Two HF sites were set up south and north of the
azimuthal resolution. Fourier analysis of the beam time-seriBfine mouth. Both the CODAR and WERA systems were de-
yields the Doppler spectrum for a resolution cell on the sea sytoyed in order to check proper operation of the new WERA
face, defined by the width of the range cell and the width @nd to compare different methods for azimuthal resolution. A
the beam. The peak frequency of the Doppler spectrum deteomparison of the performance of both systems is given by
mines the current speed, and the broadness of the spectrunGairgelet al.[26]. The conclusion is that direction-finding with
lows one to estimate the standard deviation of the current speadfbur-element square array (CODAR) basically gives the same
Second-order side bands can be separated and used to retriewasurements of radial speeds as beamforming with a 12-ele-
information on the sea state. ment linear array (WERA). However, the data processed with
During the experiments presented, the WERA carrier freirection-finding seems to be more noisy in the area of high
guency was either 29.85 or 27.65 MHz, the sampling intervship traffic. Fig. 5 shows a typical current map as measured by
0.26 s, and the number of samples 204® (min). Again the CODAR.
time series were subdivided into seven overlapping subseriesn situ measurements, as listed in Table II, were carried out
which yield a resolution in the radial velocity of about 4-emt.  at the sites indicated in Fig. 4. The directional waverider was
Fig. 3 shows WERA Doppler spectra. The surface area illoperated by Rijkswaterstaat. Wind data are available from a po-
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Fig. 4. Dutch coast and measuring sites during the Maasmond experimgﬂrc"t'on MC of Fig. 4 is marked by a cross.

(southern part) and the Petten experiment (northern part). The two radar sites of

the Maasmond experiment are M1 and M2 and those of the Petten experiment P1 TABLE I

and P2. Positions of current meters (MC/PC), directional waveriders (MD/PD), MEASUREMENTSDURING THE SCAWVEX MAASMOND EXPERIMENT
and wind sensors (MW/PW) are indicated accordingly.

site parameter sensor period

sition close to the waverider and current-meter moorings. The M1 | radial current | CODAR | 18 Feb - 26 Mar
M1 | radial current WERA 18 Mar - 26 Mar

e s emman o g M| il i | CODA | 1T T
. ) . M2 | radial current WERA 18 Mar - 26 Mar

the last eight days of the experiment. MC | current vector Sa 33 Tob — 24 Mar
Fig. 6 compares the CODAR measurements with data of an  MD | wave spectra | waverider | 18 Feb - 26 Mar

electromagnetic current meter (S4), deployed 1 m below the sea MW | wind vector | windsensor | 1 Mar - 18 Mar

surface. The S4 (InterOcean systems, Inc.) measures the voltage

resulting from the motion of the conductive water through a

magnetic field. The CODAR radial speeds are averages ove 80

range cells and an azimuthal section ©f Bhis results in an area

extending 3.6 kmin range and 3.4 km in azimuth around the ¢ _

sition of the current meter (position MC in Fig. 4). The overa -gg

rms differences between the radial componeatandu, of the -

CODAR and S4 measurements are 18 and 2isthprespec- 807, ‘

tively. The respective correlation coefficient are bets 0.91. 40700

Some single days reveal much better agreement, e.g., Marcr_4gl :' l AR

with rms differences of 8 and 9 caT! of the two radial com- _go! Y Radial s'peed w2 (em /s

ponents. 2 4 6 8 10 12 14 16 18
The difference between the current vectors, measured .., Mar—98

C_ODAR an_d by 54, is displayed in Fig. 7 _and Comparegg. 6. Comparison of radial speeds andu; measured by CODAR sites M1

with the wind vector. The complex correlation coefficiening m2 in Fig. 4, respectively (full lines), with the projections of the S4-current

R = pexp(ia) (vector correlation, cf. Kundu [27]) quanti- measurements onto these components (dashed lines). The sampling interval is

tatively describes the relation between the vector time serie§™

of the difference velocity and windx is the average veering

between the vector series anpd describes the portion of There are several possible candidates for the rms difference

variance explained by the linear dependence of the time seriestween the two current measurements. One is the fact that the

The correlation between the series of Fig. pis= 0.41 and near-surface CODAR measurements (effective dep#® cm)

« = 4° which is the veering of the current difference from thare more affected by wind and Stokes drift than the S4 mea-

wind to the right. surements 1 m below the sea surface. However, most of the rms

Radial speed ut (cm/s)

3 b
i
i
! il
' A
oy e\
5 v
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60 TABLE Il
30 RMS DIFFERENCES[cm-S~1] AND CORRELATION COEFFICIENT (IN BRACKETS)
0 FOR TWO OF THE THREE TIME SERIES, CODAR (CO), WERA (WE)AND S4.
_30] THE TIME SERIES OF300 DATA ARE SAMPLED EVERY HALF HOUR
—60 1 North componen‘i (cm/s) COSI WE-SA COWE
60 ul | 14 (0.89) | 11 {0.93) | 9 (0.96)
w0 East component (cm/s) w2 | 15 (0.96) | 13 (0.07) | 11 (0.98)

-30
-60

Mo Yt
Ay *

180

[ N
Vi e . . ;
ARV Spectral density (m3/rad) Direction (degree)

2 4 6 8 10 12 14 16 18 251
Mar-96
20 90 DA
Fig. 7. Difference of the current vectors CODAR-S4 (full lines) and winc i ST
vector multiplied by a factor of 0.02 (dashed lines), both displayed as nori
and east-components. 15

difference is due to some events where the S4 measures hic10o
tidal amplitudes than the CODAR and occasional phase shi
between the tides of the order of 1 h. We suspect that some 5
tion of the rms difference is due to horizontal averaging pe 20 —Feb-96 0:00
formed by the CODAR in contrast to the point measurement © -180 :
the S4. The experimental area is influenced by the Rhine o 0.0 qufﬁumbero('rzcd/mg” 0.0 vaeO}\Lmbero('rZad/m?'z
flow which causes current shears both horizontal and verticau.

For the period March 18, 0:00, until March 24, 9:00, UTGFig.S. Waveheight spectrum measured by the directional waverider buoy. The
current measurements were performed simultaneously by tfepanel displays the one-dimensional wavenumber spectrum, and the right
HF systems CODAR and WERA and by tiesitu instrument panel the mean direction (full lines) and the directional spreading (dashed lines).
S4. During this period, the significant waveheight was below 1
m. RMS differences of the current measurements are preseradallel to the directions of the radial velocities andu, are
in Table Ill. The WERA reveals somewhat better agreemestown in the upper panel of Fig. 9. The absolute values of
with the S4 than the CODAR. these components are displayed, because waves of opposite

CODAR and WERA measurements have been performdifection yield the same contribution to the standard deviation.
successively with measuring periods of 18 min and 9 mifthe period February 19-27 was selected, as it contains both
respectively. The different temporal averaging and the interplaigh and low sea states. During the following three weeks of
lation onto a common time base may explain some of the ritftee experiment, the sea state was moderate.
differences. However, most of the deviation must be attributedThe theoretical standard deviations in Fig. 9 have been com-
to measuring errors. The rms difference between CODAR apdted by means of (6) using the measured waveheight spectra.
WERA current measurements increases from values less tharhgir directional distribution is assumed to be Gaussian with the
cm-s~! at ranges below 10 km to values higher than 10scrh  broadness determined by the measured spreading. The theoret-
at ranges above 20 km. Somewhat increased rms differenied standard deviation reveals a strong dependence on the sea
are found in areas with heavy ship traffic. From investigatinstate.
the data, we conclude that the CODAR is, with respect to CODAR-measured (mean) radial speed is determined from
perturbations by ship traffic, less robust than the WERA, cfhe frequencies of a number of Doppler lines which exceed a
[26]. certain threshold. Averaging is performed by weighting with

In order to estimate the error of the CODAR measurement, wee signal strength (squared amplitude of a Doppler line) and
make use of the spectra measured by the directional waveridége]ds both the radial speed (mean) and its standard deviation.
deployed at the same position as the S4 current meter, cf. FigT@ere is a high correlation of = 0.86 between the waveheight
The directional waverider measures the one-dimensional wagemponent (upper panel of Fig. 9) and the standard deviation
height spectrum in terms of frequency and for each frequengiird panel of Fig. 9) of station M1 and a lower correlation of
point the mean direction and the directional spreading. Fig-8= 0.46 of station M2. This difference may be explained by
shows a spectrum, transformed to wavenumber, i.e., the diméme different amplitudes of the waveheight components.
sions are the same as those in Fig. 1. The spectrum is from Feld~or the period of high sea states, February 19-21, the
ruary 20 when the sea state reached the maximum of the mE®DAR standard deviation increases. This is in accordance
suring campaign with significant waveheights exceeding 4 m faith the theory. However, the values are about only one half
about one day. of the predicted ones. One reason for this finding is that the

Fig. 9 displays measured wavespectra, theoretically pl@ODAR variance depends on the weighting applied. The
dicted, and measured standard deviations and estimated ervargance increases by using the amplitude instead of the signal
of the CODAR surface-current measurements. A waveheigdttength (squared amplitude) which, however, is disadvanta-
vector is derived from the significant waveheight and thgeous for the determination of the peak frequency. Another
direction at the spectral peak. The components of this vecteason may be that the requirements for the composite wave
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5 wave height (m) TABLE IV

4 MEASUREMENTSDURING THE SCAWVEX PETTEN EXPERIMENT

3

2 site parameter sensor period

1 T U e P1 | radial current WERA 29 Oct - 5 Dec

0 ! ' ‘ ' P2 | radial current WERA 29 Oct - 5 Dec
MC | current vector S4 11 Nov - 16 Dec

MD | wave spectra | waverider | 1 Nov - 16 Dec
MW wind vector windsensor | 1 Oct - 31 Dec

80 | l
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Fig.9. Upper panel: significant waveheight measured at MD in Fig. 4, parallelg- 10. Radial current speeds at position PC in Fig. 4 relative to the radar sites

to the direction toward M1 (full line) and M2 (dashed line). Second pangfl and P2. Solid lines: measured by WERA at the sea surface. Dashed lines:
theoretically predicted standard deviations for the radial speeds of stations Mgasured by an S4 electromagnetic current meter mounted on the sea floor at
(full line) and M2 (dashed line). Third panel: standard deviations measured By m depth.

CODAR stations M1 (full line) and M2 (dashed line) at position MD. Bottom

lower panel: CODAR error derived from the standard deviation.

depth of 22 m. Fig. 10 presents the results. The rms differences
Eor both components are 23 esn'. In general, thén situveloc-
. : . ifies at the sea floor are smaller than the HF-measured velocities
relation to the Bragg wavelength, for being approximated bg/ . . -
t the sea surface. This can be explained by friction processes at
plane facets. : .
tol}e sea bottom and by wind driven currents at the surface.

The bottom panel of Fig. 9 displays the estimated errors . : ’ : .
. imilar to Fig. 9, Fig. 11 displays the waveheight, theoret-
the CODAR measurements. These are derived from the standar%y predicted and measured WERA standard deviation, and

o A . Ica

deviations by dividing by the square root of the number of inde- . L
endent megsuremgntg This?/alue is assumed to be the su %]est|mated error. However, the determination of the measured

P : andard deviation is somewhat different. It is orientated toward

the Doppler lines used, each weighted by its signal strength. Es- . .
pecially during February 27, the CODAR standard deviation a peak frequency (or radial velocity) of the Doppler spectrum.
’ e standard deviation is estimated from an interval around

in turn the error shows a number of single peaks. One possi S peak which is=130 cms—!. The correlations between the

cause is the low sea state which results in low backscatter. %fvehei ht component (top panel of Fig. 11) and standard de-
duced backscatter strength does not necessarily produce hi Yhar 9 P PP 9-

errors, but it reduces the signal-to-noise ratio and, in turn, t iattion (third panel of Fig. 11) are high for both stations M1 and

S r = 0.79 andr» = 0.89, respectively. As compared to the
range. The measurements are more easily disturbed, e.g., . .
e ; . CODAR measurements of Fig. 9, the waveheight shows more
radio interference or ship traffic.

temporal variability.
Beamforming with WERA allows one to separate second-
order side bands which are clearly visible in the Doppler spectra,
The main aim of the Petten experiment was to demonstraferig. 3. The distance of the second-order peaks from the Bragg
the capability of WERA for measuring waves. The area Wages depends on the long wave spectrum and becomes smaller
chosen by Rijkswaterstaat who has been operating a transggh increasing long wavelengths. In the case of the spectrum of
of wave measuring buoys, extending from 7 km offshore up 8q. g, this distance is only 45 csT. Thus, the standard devi-
the dike between positions P1 and P2 in Fig. 4. Additional megtions in Fig. 11 contain contributions from second-order side
suring systems were included for the period of the SCAWVEKands. Again, the theoretical standard deviations are higher than

experiment, cf. Table IV. WERA measurements of 9-min durghe measured ones. But as compared to CODAR, the deviations
tion were made every 20 min, alternately by both stations. TBga somewhat smaller.

distance between the two WERA sites was 10 km.
Unfortunately, a bottom-mounted acoustic Doppler current
profiler (ADCP) did not work properly. For this reason, compar-
ison of HF within situdata is only possible with measurements Surface-current measurements of two HF radar systems,
of a S4 current meter which was deployed at the sea floor aC®ODAR and WERA, are investigated. Both systems operate at

model are violated. The long waves involved are too short,

B. Petten Experiment

V. SUMMARY AND CONCLUSIONS
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be that the requirements of the composite surface are partially
violated. Errors in the HF measurements, as estimated from
the standard deviations, range between 3 and 18 ¢mThis

is in accordance with the comparison of CODAR and WERA
measurements at a position 22 km offshore. The comparison of
CODAR and WERA with the S4 electromagnetic current meter
at the same position reveals rms differences of 1&chand 12
cm-s~t, respectively. It has been found that the WERA is more
robust against disturbances like radio noise and ship traffic. For
high sea states, no simultaneous measurements of CODAR and
WERA are available. However, the investigation of the Doppler
spectra shows (cf. Figs. 2 and 3) that the WERA allows a more
accurate determination of the peak frequency and in turn of the
current speed.

The investigations presented refer to the radial speeds mea-
sured by HF radar. By constructing 2-D vectors from the radial
speeds, another error source arises from geometry, cf. [15]. If
the angles between the radial components deviate from perpen-
dicular, the error of at least one component exceeds those of the

10 12 14 16 18 20 22 24 26 28 30 2 4
Nov—96 Dec—96

2 4 6 8

Fig. 11. Top panel: significant waveheight measured at PD in Fig. 4, parallel

radial speeds.
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about 30 MHz, i.e., Bragg scattering is due to surface wave-[1]
lengths of 5 m. HF-measured current velocities are compare(j12
with in situ measurements. Standard deviations are estimate
from the Doppler spectra of the backscattered signal and3l
analyzed with respect to their dependence on the sea state. (4]
In accordance with results reported in the literature (cf. [11],
[15]), the comparison of HF and amsitu measured current ve-
locities reveals rms differences between 10 and 2@chHigh
deviations occur occasionally with deviating tidal amplitudes or
a phase shift between the tides. These events are independeft
of sea state. We suspect that some of the deviations are due
the different spatial averaging performed by the systems, i.e., to
horizontally inhomogeneous currents or strong vertical current
shear which are caused by the Rhine outflow. 8
First-order Bragg theory predicts the Doppler spectrum to
consist of two discrete lines. The presence of long ocean wave#!
causes a broadening of the spectrum due to: 1) second-ordgy
scattering and 2) wave orbital motion. The azimuthal resolu-
tion technique applied by CODAR (direction finding) is not able [11]
to separate both effects. Beamforming, as applied by WERA,
reveals clearly visible second-order side bands in the Dopplgr2]
spectra. However, these side bands overlap with the broadening
of the Bragg lines due to the orbital motion of the long waves. [13]
Standard deviations of the measured current speeds reveal a
strong dependence on the sea state for both the CODAR and t 1%]
WERA. The observed standard deviations are smaller than pre-
dicted by the composite wave model, although they addition-
ally account for contributions from second-order side bandd]
The reduced standard deviation is partly due to the weighted
averaging performed. Another reason for the discrepency may

(3]
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