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Abstract High-frequency (HF) radar-derived ocean cur-
rents are compared with in situ measurements to conclude if
the radar observations include effects of surface waves that
are of second order in the wave amplitude. Eulerian cur-
rent measurements from a high-resolution acoustic Doppler
current profiler and Lagrangian measurements from surface
drifters are used as references. Directional wave spectra are
obtained from a combination of pressure sensor data and
a wave model. Our analysis shows that the wave-induced
Stokes drift is not included in the HF radar-derived currents,
that is, HF radars measure the Eulerian current. A disputed
nonlinear correction to the phase velocity of surface gravity
waves, which may affect HF radar signals, has a magnitude
of about half the Stokes drift at the surface. In our case, this
contribution by nonlinear dispersion would be smaller than
the accuracy of the HF radar currents, hence no conclusion
can be made. Finally, the analysis confirms that the HF radar
data represent an exponentially weighted vertical average
where the decay scale is proportional to the wavelength of
the transmitted signal.
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1 Introduction

High-frequency (HF) radars can measure ocean currents
by using the radio wave backscatter signal from surface
gravity waves (Stewart and Joy 1974). The obtained area-
wide current fields have proven useful for assimilation
into ocean circulation models (e.g., Zhang et al. 2010,
Sperrevik et al. 2015) and as nowecasts in time critical
applications like search-and-rescue operations and for oil
spill mitigation (Paduan and Washburn 2013; Breivik et al.
2013).

Radio waves emitted by the HF radar are reflected
through Bragg backscattering from waves at the ocean sur-
face. The return signal experience a Doppler shift by the
apparent phase velocity v;’,bs of the scattering waves (Bragg
waves), which differs from the intrinsic phase velocity c),
in the presence of an underlying ocean current v. The radial
component of v observed by the radar is

—¢p. (1)

The intrinsic phase velocity ¢, is known from the dispersion
relation of surface gravity waves and the frequency of the
transmitted signal (Stewart and Joy 1974). Applications of
HF radars typically employ the dispersion relation for linear
waves, but some studies suggest that nonlinear contributions
are relevant for HF radar currents (Barrick and Weber 1977,
Ardhuin et al. 2009).

Due to their complex and remote measurement principle,
HF radar-derived currents require a more elaborate interpre-
tation than traditional in situ observations (Chapman and
Graber 1997). Firstly, the radar receives its information from
a horizontal footprint area and a vertical integration rather
than measuring at a distinct location. Secondly, the esti-
mated current has been suggested to include the entire, or
parts of, the wave-induced Stokes drift (Stokes 1847), but
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the literature is inconsistent and sometimes unspecific on
what part of the Stokes drift is included. While HF radar
currents are usually interpreted as Eulerian currents (i.e., not
including the Stokes drift), some studies (e.g., Graber et al.
1997; Law 2001) assume that they include the full Stokes
drift. Ardhuin et al. (2009) argue that HF radar currents
include only parts of the Stokes drift and compare their mea-
surements with a “filtered Stokes drift” derived by Broche
et al. (1983). Ohlmann et al. (2007) compared HF radar cur-
rents with drifter observations and underline this problem
by remarking that the role of the Stokes drift “may not be
reconciled consistently among platforms.”

The view that HF radar currents should be Eulerian is
motivated by the fact that the radar retrieves its signal
from fixed regions in space, hence not following particle
motions. The opposing view, that HF radar currents include
the Stokes drift, implies that the waves are advected by
their own mean drift velocity, which is incompatible with
linear theory. Stokes drift contributions to HF radar cur-
rents are in fact motivated by a nonlinear correction to the
phase velocity (Barrick and Weber 1977) with numeric val-
ues similar to the Stokes drift (Broche et al. 1983). Here,
we address this problem by comparing HF radar currents
to Lagrangian drifter velocities, Eulerian currents from an
acoustic Doppler current profiler (ADCP), and wave data
that supply the Stokes drift. Since we have ADCP current
profiles with high vertical resolution near the surface, our
data also allow us to assess what part of the ocean column
is observed by the radar.

The main question addressed here is if HF radar mea-
surements represent Eulerian or Lagrangian ocean currents.
In the latter case, whether or not the HF radar currents con-
tain a signal from surface waves proportional to the Stokes
drift. The theoretical background with regard to the second
order wave quantities is briefly presented in Section 2. Our
methods and the field data are documented in Section 3. A
synthesis between the ADCP, surface drifter, and wave data
is presented in Section 4. Section 5 contains a discussion
and interpretation of HF radar currents in terms of vertical
origin and an assessment of Stokes drift contributions. Our
conclusions are summarized in Section 6.

2 Theoretical background

The difference between the Eulerian velocity at fixed posi-
tion and the Lagrangian (particle following) velocity is, per
definition, the Stokes drift. In the presence of surface grav-
ity waves, the Stokes drift arises because particles are for
longer time exposed to the forward wave motion while its
phase propagates forward (Stokes 1847). The resulting sur-
face net drift in wave propagation direction is at the order
of 10 cm s™! for a wind sea with significant wave heights
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of 2 m (Rohrs et al. 2012). In deep water, the Stokes drift of
surface gravity waves decays exponentially with depth; the
decay scale depends on the wave number and is typically of
the order 1 m.

2.1 Nonlinear wave effects

Barrick and Weber (1977) derived a second-order correction
to the dispersion relation of surface waves using a pertur-
bation technique. This correction is described as resulting
from two separate mechanisms: (i) the “self effect,” which
yields a slightly higher phase velocity of monochromatic
waves, and (ii) a “mutual effect” resulting from nonlinear
wave-wave interactions. In the latter case, their theory pre-
dicts how one wave component influences the phase speed
of other components, even in the case when the propagation
directions are orthogonal to each other. These second-order
effects have later been interpreted in terms of the surface
Stokes drift. More specifically, a “filtered Stokes drift” can
be obtained by integrating the wave spectrum multiplied by
a weighting function that depends on the Bragg wavelength
and the direction between the observation point and the HF
radar (e.g., Ardhuin et al. 2009).

Creamer et al. (1989) revisited the problem of higher
order corrections, and, using Hamiltonian theory, arrived at
a result that differs from that of Barrick and Weber. They
argue that products of linear and higher order terms largely
cancel the second-order corrections obtained by Barrick and
Weber. Janssen (2009) later confirmed this result in a more
general treatment of the nonlinear problem. Janssen also
points out a fundamental problem with the second-order
correction terms of Barrick and Weber, namely that impor-
tant integrated wave parameters such as mean square slope
do not converge for high wave numbers.

2.2 Effective depth of HF radar measurements

Stewart and Joy (1974) argue that the vertical origin of the
ocean current v causing the phase shift in Eq. 1 is related
to the wavelength of the scattering Bragg waves. According
to their analysis, HF radars observe a vertical average of the
ocean current with exponentially decaying weight in radial
radar direction as

0
v HE) — 2k e, - f v(z)e*idz, )

—0o0

where z is the depth below surface, k;, is the wave number
of the Bragg waves, and eg the unit vector from the radar
towards the observation, with 6 being the observation direc-
tion of the radar throughout this paper. For typical HF radar
transmitter frequencies, the integral in Eq. 2 gives most
weight to ocean currents in the upper meter of the ocean.
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3 Methods and data

To interpret HF radar currents, we use Lagrangian surface
drifters, a Eulerian current meter, and surface wave data.
The data was collected during a field experiment in the
spring of 2013 on the shelf sea off Vesterdlen, Norway
(Fig. 1). The main motivation for the HF radar deployment
was the assimilation of HF radar currents and hydrog-
raphy profiles into an ocean model. The research vessel
“Johan Hjort,” at sea on the annual cod stock assessment
cruise of the Institute of Marine Research, was used for
deploying surface drifters. Moored current meters were
deployed 3 weeks in advance before the vessel arrived in the
area.

3.1 Surface drifting buoys

Two types of surface drifters were released from R/V
Johan Hjort in the period 16-17 March 2013. Seven
iSphere drifters and seven self-locating datum marker buoys
(SLDMBSs), both manufactured by MetOcean, Canada, were
deployed pairwise at the locations shown in Fig. 1. By
March 25, all drifters had left the area covered by the radars.

The iSpheres are half-submerged spheres with a diameter
of 35 cm without a drogue. A previous experiment (Rohrs
et al. 2012) showed that they are driven by the sum of the
Eulerian current and the Stokes drift at the surface, with only
little wind drag. The effect of the wind drag on this drifter
type is up to 50 % of the Stokes drift in magnitude, depend-
ing on the local wind and wave conditions. The SLDMBs
drifters have a drogue extending from 30 to 120 cm depth

Fig.1 The experiment site in 70°N

(also referred to as CODE-type drifters). They follow the
ocean current at approximately 1-m depth with negligible
wind drag (Davis 1985).

Drifter positions were reported every 30 min by the Irid-
ium satellite system. The drifter velocity v(?) between two
positions Xx; and x; 4 is calculated as

1
v = E(qurz +Xip1 — X —Xi—1),

3)

which is a weighted average of 30 min average velocity
and 90 min average velocity with double weight to the cen-
ter 30-min period, therefore approximating a noise reduced
1 h average velocity.

3.2 ADCP data

A Nortek Aquadopp ADCP was deployed at the location
shown in Fig. 1 (green diamond), collecting data from
March 15 to March 31, 2013. The depth of the ADCP below
sea level was 8-10 m depending on the tide. The total water
depth at this site is 86 m. The relatively high signal fre-
quency of 1 MHz allowed sampling the current in vertical
bins of 25 cm.

The instrument was configured in the same way as
in a previous experiment (Rohrs et al. 2012), with data
being sampled as 2.5 min averages. A Godin-type filter
over 60 min in time was applied to achieve similar time
filtering as performed by the HF radar. All bins were
depth-referenced to the sea surface using the maximum
backscatter signal from the surface.

Vesterédlen, Norway. The
positions of the three HF radars
at Nyksund, Hovden, and Litlgy
(from north to south) are marked
with red stars. The location of 401
the ADCP and pressure sensor
mooring is marked with a green
diamond. Trajectories of
pairwise deployed iSphere (in
red) and SLDMB drifters (in 201
blue) are drawn as solid lines.
Typical HF radar coverage (total
vectors) is indicated by the gray
arrows
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Previous comparisons with surface drifters (Rohrs et al.
2012), as well as comparisons with the surface drifters in
this study show that the Aquadopp ADCP, in the configu-
ration used here, provides reliable surface currents at 0.5-m
depth: The ADCP current was verified against instantaneous
velocities from surface drifters that passed the ADCP moor-
ing within 8 km distance. ADCP currents between 1 and
7-m depth were also verified against a a 600 kHz Aandera
ADCEP located at 48-m-depth sampling in 1-m bins, which
was deployed on the same mooring line. From 0.5 m up to
the surface, we assume that the Eulerian (ADCP) currents
are constant.

3.3 HF radar currents

Three SeaSonde HF radars manufactured by Codar Ocean
Sensors, USA were deployed during March—May 2013 at
the locations shown in Fig. 1. The radars used in this exper-
iment are autonomous, rapidly deployable units that were
deployed by helicopter. These allow operation in remote
areas with no infrastructure (i.e., roads) and mountainous
terrain, and are supposed to be deployable in time-critical
situations.

The sensors transmitted radio waves of frequency
13.52 MHz and hence measured the Bragg backscatter from
surface waves with 11.1 m wavelength and a wave number
of k;, = 0.566 m~! to retrieve radial current estimates (here-
after called radials). Linear surface waves at this wavelength
travel at a phase speed of 4.16 ms~!. Radials were com-
puted using the “MUSIC” algorithm (Schmidt 1986), which
provides current estimates in 5° directional bins and 2 km
range bins from 3 km to approximately 90 km distance as
hourly averages.

As for this experiment, a rapidly deployable HF radar
system was used; the radar direction finding algorithm was
not calibrated as is common for permanent installations. The
origin of each HF radar measurement may therefore exhibit
a bearing offset, which was estimated by finding the HF
radar directional bin with maximum correlation to radial
ADCP currents, as also done by Emery et al. (2004) and Liu
et al. (2014). The analysis revealed that the radar at Nyk-
sund has a bearing offset of 5° at the direction towards the
ADCEP location, while the radar at Hovden has a 30° bearing
offset. For the Litlgy radar, the ADCP was too far away to
assess the bearing direction offset. For this reason, the anal-
ysis in this paper focuses on the radials from the Nyksund
radar station (northernmost) and disregards the other two
radars.

3.4 Wave data

A pressure sensor was used to obtain one-dimensional
wave spectra at the experiment site. To obtain the Stokes
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drift, two-dimensional spectra are needed, and we use a
combination of pressure sensor data with results
from a numerical model. To evaluate the perfor-
mance of the model to predict Stokes drift, we use
a waverider buoy that is located near the experiment
site.

3.4.1 Waves from pressure sensor

Surface wave data at the experiment site were obtained
using a TWR-2050 pressure sensor manufactured by RBR,
Canada. The instrument was attached to the ADCP moor-
ing. One-dimensional surface wave variance spectra E(f),
where f is frequency, are computed from the pressure time
series using the standard transfer function. Hourly signifi-
cant wave heights H; from the wave spectra are computed
according to

H©P) =4 //Oo E(f)df. “4)
0

3.4.2 Waves from waverider buoy

A Datawell DWR-MKIII directional waverider buoy moored
at 67.56° N, 14.17° E about 160 km south of the experiment
site where the total water depth is 220 m. The waverider pro-
vided half hourly directional wave spectra E(f, 8,,), where
0, is wave direction, in the frequency range of 0.025-
0.58 Hz. The Stokes drift at the surface is then computed
according to

2 )
Vg = 2/ / E(f, 0u)wkdfdb,. 5)
0 0

Here, o = 2nf is the wave frequency and Kk is the wave
number vector.

3.4.3 Waves from numerical weather prediction model

Two-dimensional wave spectra at the experiment site were
obtained from the limited area wave model of the Euro-
pean Centre for Medium Range Weather Forecasts (here-
after called LAWAM). This model has about 10 km hor-
izontal resolution and provides hourly directional vari-
ance spectra E(f,6,). This wave model has recently
been proven useful for predicting Stokes drift profiles
(Breivik @ et al. 2014), which is its main purpose in
this study. We compute significant wave height Hy from
LAWAM as

00 2
Hmod — 4 \/ / / E(f, 6y)dfdb,. (6)
0 0
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The difference between the observed and modeled wave
height are used to calculate a correction factor for the model
wave energy spectra. A corrected spectra

(obs)

2
E'(f,0uw) = (W) E(f. 6w) (N

is used in the analysis, which essentially means that
observed wave heights, but modeled propagation direc-
tions, are used. The radial component of the Stokes

drift in radar observation direction 6 1is calculated
as
2 [ee)
vs(z) =eg -2 f f E'wke?®dfde,, (8)
0 0

To account for unresolved high-frequency contributions, all
spectra (including observed spectra) are appended with a
£ spectral tail (Komen et al. 1994).

We also compute an approximation to the nonlinear cor-
rection in the phase velocity of Bragg waves, as seen from
a HF radar measuring at 0.38 Hz in direction 6 (Ardhuin
et al. 2009):

2 r0.38Hz
Acp = eg -2 / / E'okdfd6,
0 0

2 00
+2kp f / E'wcos(@y — 0)dfdby.  (9)
0 0.38Hz

3.5 Data synthesis

Radials from the HF radar at Nyksund are linearly inter-
polated to the ADCP position and to the positions of the
surface drifters. For comparison with the ADCP, we cor-
rected the bearing direction of the HF radar by 5°, which
was found to be the offset of HF radar directions at the
ADCEP location. The drifter data are averaged over 1 h. A
threshold of 2 km separation and a maximum distance of
40 km to the radar station is chosen to find pairs of drifter
speed and HF radar currents. In the analysis, we only con-
sider the radial current speed v, that is, the component of
the ADCP and drifter velocities along a line from the HF
radar towards the observation point. To indicate the contri-
bution of the radial speed to total speed v, we calculate the
ratio
v

rad = T (10)
vl

for both ADCP currents and drifter velocities, and the ratio

Us
rSyrad = 7 (11)
lvs|
for the Stokes drift radial component compared to total
Stokes drift speed |v| given by LAWAM.
The depth-dependent ADCP current v'4)(z) was ver-

tically integrated from O to 7 m depth with an expo-

nentially decaying weight described by a wavenumber
ky:

0
VA (k) = 2k, /

—Z

VA (7)e*ket . (12)

This vertical filter imitates the current measured by the
HF radar for k;, = k,, i.e., Eq. 2. To test the hypothesis that
HF radar currents include the Stokes drift, we compute the
Lagrangian current from the ADCP as
o = v @ . (13)
To test the hypothesis that the HF radar currents include a
contribution from a nonlinear correction to the phase veloc-
ity of Bragg waves Eq. 9, we also compute an Eulerian
current with nonlinear correction from ADCP currents:

v = o™ 4 Ac,,. (14)

Radial components of drifter velocities are denoted as
v @ To obtain Eulerian current estimates from the drifters,
we subtract the Stokes drift at the surface for the iSphere
drifters and the Stokes drift at 1-m depth for the SLDMB
drifters:

v = @ _ g, (15)

Finally, for the drifter data, we compute an Eulerian current
with the nonlinear correction term estimated from drifter
speeds:

vgqu =v@ — vs(z) + Acp. (16)

When comparing HF radar radials with ADCP and drifter
speeds, we calculate correlation coefficients r, the slope of
linear regression lines S, and the root-mean-square differ-
ences (RMS) from the bias-reduced HF radar radials. We
also give an estimate on the variation for these three statis-
tics within the presented data: each respective dataset has
been re-sampled into 1000 new bootstrapped datasets of the
same number of samples (Emery and Thomson 1997, ch.
3.19). Standard deviations were then obtained from the
statistics (r, S, and RMS) of the re-sampled data.

4 Results
4.1 Wave data

Significant wave heights from the pressure sensor and from
the wave model LAWAM at the ADCP station are shown
in Fig. 2a. Observed and modeled wave heights agree well
in general, but some discrepancies exist during March 11 to
13 and March 16. To account for these discrepancies, wave
spectra used in the analysis are corrected according to Eq. 7
using the observed wave heights from the pressure sensor.
Stokes drift speed and direction from the LAWAM model
are shown in Fig. 2b, ¢ along with Stokes drift from the
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Fig. 2 Comparison of wave model results with observations. a Sig-
nificant wave height from the pressure sensor and from the LAWAM
model at the position of the ADCP/pressure sensor rig for the period
when ADCP measurements were available. The yellow shaded area
indicates the period when the drifters are in the range of the HF

waverider. Note that these are not at the same position as the
the wave heights in Fig. 2a, but in the same region. To asses
the quality of the LAWAM model in our region and time
period of interest, correlation coefficients and RMS errors
are given for significant wave height and Stokes drift speed
in Fig. 2a, b. A vector correlation of Stokes drift components
between LAWAM and the waverider is

< —v j)2 >

l.2>+<v/2.>

=0.903 a7

ry=1-—

<v

where v;, v; are vectors of LAWAM and waverider Stokes
drift at the surface, respectively.

Figure 3a shows the Stokes drift at the surface and at one

meter depth based on wave spectra from LAWAM, corrected
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radar. b Stokes drift speed at the surface from the waverider and
the LAWAM model at 67.56°N, 14.17° E, which is about 160 km
south of the ADCP/pressure sensor rig. ¢ Stokes drift direction from
the waverider and the LAWAM model for the same position as
in panel b

using Eq. 7, at the position of the ADCP/pressure sensor
rig. The Stokes drift at 1 m depth is less than half that of
the surface Stokes drift. The figure also shows the nonlinear
correction to the phase velocity Ac), and the Stokes drift at
the surface in the waves with frequencies below 0.38 Hz.
These are comparable in magnitude to the Stokes drift at
1 m depth. Figure 3c displays the ratio (11) of radial to the
total Stokes drift magnitude. Only this fraction can have a
possible contribution to the HF radar measurements.

4.2 HF radar compared to ADCP

Comparisons of HF radar radials v'f) with raw and ver-
tically integrated ADCP speeds are shown in Fig. 4, as
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function of depth for the raw ADCP current v'4(z) and
as function of exponential decay scale z = i for the

integrated v (k,). For the raw ADCP currents, HF radar
currents correlate highest at z = 1.0 m depth while the
lowest RMS erroris at z = 1.3 m.

The vertically integrated ADCP current from Eq. 12
agrees best with HF radar currents for decay scales in
the range of 0.63 m~! > k, > 0.36 m~!. This mean
that the HF radar signal represents a vertical average of
currents weighted by an exponential function with an e-
folding scale in the range between 0.8 and 1.4 m. Hence,
about 80 % of the HF radar signal comes from the upper
meter.

Figure 5 shows scatter plots of HF radar currents ver-
sus vertically integrated ADCP currents using k, = kp in
Eq. 12. The pure Eulerian ADCP current v‘4 is shown in
panel a, while panel b shows a Lagrangian estimate from
ADCP currents v(LA) that include the Stokes drift calcu-
lated by Eq. 8. Panel ¢ shows the comparison for a Eulerian
ADCEP current vr(l?) that includes the nonlinear correction to
the phase velocity of Bragg waves. The Eulerian currents
(panels a and c) provide a better fit than the Lagrangian
current (panel b). In terms of linear regression slope S and
spread (RMS), the pure Eulerian current v‘4) shows clearly
the best agreement with the HF radar. v4) also yields the
highest correlation coefficient with the HF radar, but this
difference does not exceed the uncertainty margins. The
scatter plots indicate the fraction of the radial ADCP cur-
rent relative to the absolute ADCP current in color shading,
and it appears that outliers are not related to this ratio,
implying that the quality of the radial HF radar current
does not depend on the orientation of the total current
vector.

4.3 HF radar compared to drifters

A comparison between HF radar radials and drifter speeds
is given in Fig. 6. Panel a shows a scatter plot for the
Lagrangian current v, panel b the Eulerian current esti-
mate vg), and panel ¢ shows an Eulerian estimate with
nonlinear correction term vg{)n ;- In contrast to the compari-
son with the ADCP, the in situ measurements now provides
Lagrangian velocities and the subtraction of the Stokes
drift gives an Eulerian estimate. The Eulerian current vgi)
compares better with the HF radar than the Lagrangian
current v@, judging from the difference in linear regres-
sion slope S and spread (RMS) relative to their uncertainty
margins.

The Eulerian current estimate with nonlinear correc-
tion vg% performs better than vg) in terms of correlation
coefficient r and worse in terms of linear regression slope S
and spread (RMS). These differences between the Eulerian

current with and without nonlinear correction, however, lie

within the uncertainty margins for the drifter vs. HF radar
comparison.

The outliers in Fig. 6, noticeable by drifter velocities
above 0.7 ms~!, are associated with large distances of 30—
40 km between the respective drifter and the HF radar.
These outliers cause large RMS values, but are not removed
from the analysis because not all samples within this dis-
tance range are outliers, indicating that the HF radar was
often capable of accurately measuring currents up to 40 km
away from the radar.

5 Discussion

5.1 Discrepancies between HF radar currents and in situ
observations

While the in situ measurements provide currents at cer-
tain points or along trajectories, the HF radar provides
spatial and temporal averages. Because the instruments
measure different currents, we might expect discrepancies
that exceed the error margins and noise of the respective
instruments. Expected differences between ADCP and HF
radar measurements on the West Florida shelf were recently
estimated by Liu et al. (2014), finding that 80-100 % of the
observed differences could be explained by the horizontal
and vertical separation between the measurements.

While it is possible to eliminate the sampling difference
due to temporal averaging (it is straightforward to perform
time filtering of ADCP or drifter data), the spatial aver-
aging cannot be synchronized. The HF radar processing
algorithm estimates the source of each retrieved backscat-
ter signal and averages all data originating from cells of the
same radial range and sector bins. Furthermore, the radar
provides the standard deviation for the averaged velocity
estimate of each cell. For the radar station at Nyksund,
the mean of the spatial standard deviations of all cells is
o5 = 0.095 ms~!. This is the spatial variability that is typ-
ically lost by averaging over the data in each cell. For
each cell, a resulting spatial standard error can be estimated
(Everitt B 2003) as

(18)

where N is the number of samples for each respective cell.
On average, the HF radar at Nyksund provided N = 3.2
spatially varying samples, ranging from 1 to 26. A temporal
standard error e; can be estimated in a similar way. Values of
spatial and temporal standard errors, averaged over all cells,
are given in Table 1.

In addition to the differences in averaging, HF radar
and in situ currents differ by the extent to which the
Stokes drift may be included, and by the depth that is
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Fig. 3 a Stokes drift at the surface (blue) and at one meter depth
(green) calculated from LAWAM wave spectra at the position of
the ADCP station. Also shown is the Stokes drift at the surface
for wave frequencies below 0.38Hz (cyan) and the nonlinear cor-
rection to the phase velocity of Bragg waves Ac, (red). b The

sampled by the different instruments. Despite the differ-
ences in spatial averaging and instrument noise, we expect
that comparisons between the HF radar and the ADCP or
drifters yield a higher degree of agreement if the differ-
ences in sampling depth and Stokes drift contribution are
correctly accounted for, which is the main question in this
analysis.

5.2 Vertical origin of HF radar currents

The ADCP data (Fig. 4) with 25 cm vertical resolution and
coverage up to 0.5 m below the surface shows that more than
80 % of the HF radar signal originates from the upper meter.
The wave number of the Bragg waves (k, = 0.566 m~!)
is within the range of the decay scale estimated from
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20 Mar 13 25 Mar 13 30 Mar 13

Eulerian current measured by the ADCP. All quantities are radial
components, pointing from the Nyksund HF radar station towards
the ADCP station. ¢ Fraction of the Stokes drift component in
radial HF radar direction compared to total Stokes drift speed at the
surface

comparison between ADCP and HF radar. Best agreement
between HF radar and ADCP was obtained when the ADCP
current was vertically integrated according to Eq. 12 with
ks = kp. The theoretical arguments of Stewart and Joy
(1974) are thereby confirmed, that is, the radar backscatter
signal is exposed to a Doppler shift by the Eulerian current
with the same vertical origin as the Stokes drift profile of
the Bragg wave.

Teague et al. (2001) compared HF radar currents with
ADCP data that was resolved up to 2 m below the sur-
face, employing radars signals with different frequencies.
They suggested that the HF radar samples the current at
the depth z = (2kp)~ !, but did not compare the HF radar
currents with vertically integrated ADCP currents. Their
ADCP data resolved a depth with minimal RMS error at
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Fig. 4 Correlation and RMS 0.82 | | | | |

deviation between HF radar and 081 T R
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e
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N

[V
!

0.140 '

0.0 0.5

4 m depth for a low frequency radar operating at 4.8 MHz.
For a radar frequency of 13.52 MHz, we observe a mini-
mal RMS error at 1.25 m when using ADCP data at fixed

depth.
More precisely, the HF radar does not measure the cur-
rent at z = (2ky)”' but observes vertically integrated

currents, which also gives best agreement between ADCP
and the HF radar data presented here. For practical use,
however, the vertical origin of HF radar currents is often
referred to as an effective depth. Our data supports the prac-
tice to use a depth of z = 0.8-1.4 m for radars transmitting
at 13.52 MHz.

1.0 1.5 2.0 25 3.0
depth d [m]

5.3 Contribution of Stokes drift to HF radar currents

By comparing HF radar currents with in situ measurements
of Eulerian and Lagrangian currents, we find that (i) the
speeds observed by the ADCP agree better with the HF
radar if the Stokes drift is not added to the Eulerian ADCP
current, and (ii) the current speeds inferred from drifter tra-
jectories agree better with the HF radar currents if the Stokes
drift is subtracted from the (Lagrangian) drifter velocity.
Both comparisons lead to the same conclusion that the
HF radar measures the Eulerian and not the Lagrangian cur-
rent. We know from previous experiments that the iSphere

Fig. 5 Scatter plot comparing 2 T T !
HF radar currents with ADCP 04 20 884/.0.03 :
currents. a shows the Eulerian 1=0.810+/-0.405 ©:

Do
ADCP current v, b shows the 02 | RMS=0.085+-0004 ..

€07

Lagrangian current estimate
UEA) obtained from ADCP and
the Stokes drift, and ¢ shows the
Eulerian current v,(l’?) with the
nonlinear correction term. The :
colors of each dot indicate the 04 -
fraction ry44 of radial speed to

ADCP total speed (10), with 06T e

T T T T T T T T T T T
| oal? o 0al9 ]
: “*[S=0.56+/-0.03 U I $=0.67+/-0.03 7 .
- r=0.764+/-0.383 °: L r=0.790+/-0.395 °: -

| RMS=0.125+-0.005 | RMS=0.104+-0.004
- : : : : : : R4

dark red for rrqq = 1 and bright L i | !
yellow for rrgq =0 .
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Fig. 6 Scatter plot comparing HF radar currents with drifter speed.
Circles with black edge color represent iSphere drifters and dia-
monds with blue edge color represent SLDMB speed. a Shows
the Lagrangian drifter speed v¢, b shows the Eulerian current vg)

obtained by subtracting the Stokes drift at the respective drifter

depth from the drifter speed, and ¢ shows the Eulerian cur-
rent with nonlinear correction term vg)nl . The colors of each
dot indicate the fraction r.,gy of radial speed to total drifter
speed (10), with dark red for r.uq 1 and bright yellow for

Trad =0

Table 1 Magnitudes of the components that form the signal observed by a HF radar transmitting at 13.52 MHz

Phase velocity c), of linear surface waves
Radial HF radar current v F)

Onlinear correction Ac),

Spatial error e

Temporal error ¢;

416 ms™!

0.16 £ 1.5 ms™!
0.03 & 0.06 ms™!
0.052 ms™!
0.049 ms™!

The values for HF radar current and nonlinear correction averages are derived from the data presented in this study and generally depend on the

local current and wave climatology

drifters sample the Lagrangian current, which includes the
surface Stokes drift (Rohrs et al. 2012). If the HF radar
current is Eulerian, the difference v — v@ for the
iSphere drifters will be correlated with the Stokes drift. In
Fig. 7a, we show the results of such a test: the correlation
(r = —0.721) is significant within the 99 % level. Figure 7b
shows the difference v# ) — v@ for the SLDMB drifters,
which appears to be independent of Stokes drift. A reason-
able explanation is that the SLDMB drifters are following
the currents at 1 m depth where the Stokes drift is rather
small compared to the surface (compare Fig. 3). Figure 7

Fig. 7 Comparison between the

also shows (color coded) the ratio rs .4 of the radial Stokes
drift component compared to total Stokes drift, as defined in
Eq. 11. For the iSphere drifter, there is a clear association of
high rs .44 with large deviation between drifter speed and
HF radar speed, confirming that the Stokes drift can explain
the difference.

A similar comparison for the ADCP current (
v) is not correlated with the Stokes drift (r = 0.021),
confirming that both the HF radar and the ADCP measure
the Eulerian current. To reason why the HF radar currents
do not include the Stokes drift, we recall its measurement

pHF) _

03 T T T T
Stokes drift and the residual '
current given by the difference
between HF current and drifter
current for (a) the iSphere
drifters at the surface and (b) the
SLDMB drifters at 1 m depth.
The radial Stokes drift
component for the respective
drifter position is color coded
with dark red for rg ,4¢ = 1 and
white for rg y4q =0

Stokes drift vs [ms™!]
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principle: The radar observes the phase speed of surface
gravity waves, which is modified by the Doppler shift due
to an Eulerian current. The Stokes drift is not a part of the
Eulerian current that causes the Doppler shift, and neither
should it significantly modify the intrinsic phase velocity of
the Bragg waves.

A contribution from nonlinear dispersion (9) appears
to be about half of the Stokes drift in magnitude (see
Fig. 3). It contains the Stokes drift of waves longer than
the Bragg waves (Fig. 3, cyan line) and an additional con-
tribution from shorter waves. A comparison of HF radar
currents with Eulerian current estimates with and with-
out the nonlinear correction term (9) from ADCP and
surface drifters (Figs. 5 and 6) shows that pure Eulerian
estimates yield better agreement. However, the difference
is small because the nonlinear correction term itself is
small.

Recalling typical magnitudes of the quantities that form
the signal measured by the HF radar (Table 1), we conclude
that the contribution from the nonlinear phase velocity cor-
rection term is smaller than the observation uncertainties of
the HF radar currents. This correction term was presented
through a series of papers (Broche et al. 1983; Ardhuin
et al. 2009) that are based on the analysis of Barrick and
Weber (1977), which Creamer et al. (1989) and Janssen
(2009) have argued is incorrect, as outlined in Section 2.1.
The uncertainty margins of the comparison statistics do not
allow for a conclusion on the contribution of this second-
order quantity.

6 Conclusions

The presented data allow us to conclude that the HF
radar essentially measures the Eulerian current and not the
Lagrangian current that includes the Stokes drift. The pos-
sible contribution from a nonlinear correction to the phase
velocity of the Bragg waves is not significant compared
to the uncertainties in the current estimates. The SLDMB
drifters in the design of Davis (1985), which follow the
current at 1 m depth, are found to be the most suitable in
situ platforms for validating HF radar currents because they
represent a similar vertical average of ocean currents, and
the advection by the Stokes drift for this kind of drifters is
small for the wind and wave conditions typical of the area
considered in this study.
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