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Remotely sensed surface currents in Monterey Bay from shore-
based HF radar (Coastal Ocean Dynamics Application Radar)
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Abstract. Near-surface currents in Monterey Bay derived from a network of shore-based
HF radars are presented for August-December 1994 and compared with those from April
to September 1992. Focus is placed on the low-frequency (2- to 30-day period) motions in
the remotely sensed data and on comparison of radar-derived currents with moored
current and wind observations, ship-based acoustic Doppler current profiler observations,
satellite-based surface temperature imagery, and surface drifter velocities. The radar-
derived picture of the late summer mean flow is very similar in the two realizations and is
consistent with historical data. Flow is equatorward in the outer part of the bay, poleward
in a narrow band nearshore, and very sluggish in the middle of the bay. Low-pass-filtered

time series of radar-derived currents are highly correlated with moored current
observations and with winds in the outer part of the bay. The vector time series are also
coherent across a broad frequency band with currents typically in phase between 1- and
9-m depths and with 1-m currents typically 40°-~60° to the right of the wind. Overall, these
results confirm the utility of Coastal Ocean Dynamics Applications Radar (CODAR)-type
HF radars for the study of coastal surface currents out to ranges ~50 km from shore,
particularly for highly averaged fields. Data variability and comparison with in situ
observations for high-frequency (1- to 48-hour period) motions point to the need to better
characterize and minimize sources of error in the radar observations.

1. Introduction

Currents near the ocean surface are critically important for
many reasons, including influences on navigation, plankton
ecology, and heat transports. Within the coastal zone these
currents take on even more significance through their influ-
ences on recreation, search and rescue operations, hazardous
material transport, and military strike capabilities and mine
countermeasures. Making direct measurements of ocean cur-
rents is both difficult and expensive, particularly within the
upper few meters of the water column due to the contaminat-
ing effects of surface waves and wind. In the coastal zone the
destructive effect of accidental collisions with surface moorings
is a real limitation. Even if these difficulties are overcome, it is
impossible to obtain two-dimensional, continuous surface cur-
rent observations using moored, ship-based, or drifting instru-
ments. In this paper we report on near-surface current obser-
vations in the coastal waters around Monterey Bay, California.
The measurements are both two-dimensional, with spatial res-
olution of a few kilometers, and continuous with temporal
resolution of 2 hours. This is possible because the measure-
ments derive from remotely sensed data from shore-based
high-frequency (HF) radars.

As described below, the application of radar backscatter
observations to ocean current measurements has taken place
several times in recent decades, but there still exist many ques-
tions about the accuracy and stability of these techniques. In
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most cases the application of these techniques has been epi-
sodic and most deployments have been short term (order days
or weeks) with minimal in situ measurements or calibration
efforts. Exceptions include the multiple-year observations off
Florida described by McLeish and Maul [1991] and the re-
peated deployments off the United Kingdom reviewed by
Prandle [1991]. An important practical extension of these tech-
niques, ship-based HF radar measurements, was implemented
by Teague [1986] and recently attempted by Gurgel [1994] and
by Skop et al. [1994]. We believe, however, that additional
long-term, shore-based observations of the type described here
are needed before operational uses of any HF radar system can
begin.

We have three goals in the present study: (1) to show that
the particular HF radar systems we have used provide useful
and unique data when observations are low-pass filtered to
remove random errors, (2) to describe the low-frequency, late
summer surface circulation in and around Monterey Bay, and
(3) to expose sources of errors in, and suggest possible im-
provements to, the real-time radar algorithms. This paper is
organized as follows: the remainder of this section provides
oceanographic and technical background, including the basic
principles of HF radar techniques and existing knowledge
about the circulation in and around Monterey Bay from con-
ventional observations. Section 2 describes the remotely
sensed and in situ data sets used in this study, including pre-
liminary data collected with older-generation HF radar sys-
tems. Radar-derived versus in situ data comparisons are pre-
sented in section 3, and the low-frequency, two-dimensional
radar-derived currents are presented in section 4. The final
section summarizes the results of our 5-month-long current
observations with particular emphasis on sources of error in
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the radar data and suggestions for improving the radar-based
techniques.

1.1

Remotely sensed surface currents can be obtained by ex-
ploiting the backscattered signal from radars operating in the
HF part of the electromagnetic spectrum (3-30 MHz). Wave-
lengths in the HF band are comparable to those of typical
surface waves, which can lead to strong backscatter from the
ocean surface. Resonant backscatter from the sea surface at
these frequencies was first documented by Crombie [1955]. The
link in this signal to near-surface currents was suggested by
Stewart and Joy [1974]. Extensive reviews are given by Fernan-
dez [1993] and Prandle [1991], but the basic principles are
described here.

What makes the measurement possible is the fact that,
within this frequency band, Bragg scattering from surface grav-
ity waves, propagating radially with respect to the radar with
exactly one half the wavelength of the incident energy, pro-
duces a very large spectral peak in the returned signal. The
level of this peak is so much larger than the spectral levels due
to reflection from other surfaces that it can be identified and its
precise frequency determined. The Doppler frequency shift of
the Bragg peak relative to the incident radar frequency is due
to the velocity of the water plus the velocity of the reflecting
surfaces, which are the gravity waves at one half the radar
wavelength. In this case the motion of the reflecting surfaces is
given by the phase speed of gravity waves in deep water: ¢* =
gA/2, where g is the acceleration due to gravity and A is the
wavelength. Their contribution to the Doppler shift is there-
fore known. Any additional Doppler shift is attributed to the
currents upon which the surface waves are riding. (For the
radar wavelengths described below the deep water approxima-
tion is violated only in very shallow water of depths less than
6 m, which is not the case within our study area.)

Although backscattered energy from the Bragg scattering
process is much greater than from other reflections, in prac-
tice, many observations must be averaged over a large area to
obtain a statistically reliable estimate of the locations of the
spectral peaks. Because of this, a single radar observation bin
is of the order of 1-3 km wide and 1 hour in duration, and the
resolution of the approaching or receding velocity is 4 cm s ™.
The offshore range of the measurements can be up to 60 km
depending on propagation conditions and ocean wave heights.
The depth extent of the measurements is a complicated func-
tion of the depth of influence of the surface waves responsible
for the Bragg scattering. This is of the order of 1 m [Stewart and
Joy, 1974], which is extremely close to the surface compared
with more conventional current measurements.

A single HF radar installation can measure one velocity
component of flow along radial lines emanating from the radar
site. This is because the Bragg scattering is effective for waves
traveling directly toward or away from the radar. In order to
obtain a map of two-dimensional current flow over a large
area, it is necessary to obtain measurements from at least two
radars located in different places. Except for locations along
the baseline between the radars, data from the two sites can be
combined to estimate the vector currents. (Along the baseline,
both instruments provide information about the same compo-
nent of the currents, and neither instrument provides informa-
tion about motions orthogonal to the baseline.) In general,
these observations are not orthogonal. The error when pro-
ducing vector current estimates is a function of the angle be-
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tween the radial observations [Prandle, 1991; Gurgel, 1994].
Lower-resolution, higher-uncertainty mapping of vector cur-
rents has been attempted combining radial data from a single
site at one time [Fernandez, 1993; Shkedy et al., 1995] or from
two sites at different times [Prandle and Ryder, 1985].

1.2. Phased Array Versus Direction Finding Antenna
Systems

The measurement principle described above applies to any
radar operated in the HF range. Various systems have been
developed to exploit this principle, and they differ, mainly, in
their antenna design. It is necessary to “point” the radar in
different directions in order to observe the complete offshore
sector. (Offshore distance can be determined by simple range
gating of the signals.) The most straightforward pointing
method at these frequencies is accomplished with a phased
array of antennas spread over about 80 m of coastline. The
time delay between elements of this line of antennas is used to
sequentially point the radar in different directions. The Mar-
coni company of the United Kingdom produces a commercial
system called Ocean Surface Current Radar (OSCR) that em-
ploys the phased-array pointing method. Stanford University
scientists also constructed a similar phased-array system. It was
operated recently at Granite Canyon south of Monterey Bay
[Fernandez, 1993] but tested originally north of Monterey Bay
in the mid 1970s [Ha, 1979] and on board a research vessel
during the Joint Air-Sea Interactions (JASIN) experiment
[Teague, 1986].

Over 2 decades ago the National Oceanic and Atmospheric
Administration’s (NOAA) Wave Propagation Laboratory
(WPL; now called Environmental Technologies Laboratory)
began to develop a compact system using colocated antennas
that can accomplish the necessary pointing without taking up
large amounts of coastal real estate [Barrick et al., 1977]. Such
a system is also easier to transport and set up than phased-
array systems. The instrument developed at WPL is called
Coastal Ocean Dynamics Applications Radar (CODAR). The
development and marketing of the CODAR-type HF radar
system was taken over by Codar Ocean Sensors, Ltd. of the
United States. Their second-generation instrument is called
SeaSonde.

The CODAR pointing method employs direction-finding
techniques, which are more complex than the beam-forming
techniques used by phased-array systems. It relies on compar-
ing the relative amplitudes of the returned energy on the var-
ious colocated antennas. CODAR systems have two crossed
looped antennas mounted in orthogonal orientations with a
single monopole antenna running through the center. Because
each of these antenna elements has a different, and known,
beam pattern as a function of look angle, the ratio of antenna
signal strengths indicates directions from which the signals
originated. A single composite spectrum, rather than a sequen-
tial set of spectra, is used to get information for all angles at a
given range according to the method of Lipa and Barrick
[1983]. Because of the additional limitations and error sources
in direction-finding systems, and because of the more extensive
set of published results based on the OSCR phased array
system [e.g., Prandle and Ryder, 1985, 1989; Prandle, 1991,
Prandle et al., 1993; Shay et al., 1995], testing, improvement,
and use of the CODAR-type HF radar systems have been slow.
Recently, Masson [1996] demonstrated the utility of CODAR
data in her study of strong tidal currents off the British Co-
lumbia coast. We demonstrate here that the CODAR systems
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Figure 1. HF radar coverage areas around Monterey Bay used in this study. Arcs denote nominal range of
radial current coverage for each site. Two-site data were collected in 1992 from CODARs in Moss Landing
(thin solid line) and Monterey (thin dashed line). Three-site data were collected in 1994 from the CODAR
in Moss Landing and SeaSondes in Santa Cruz (heavy solid line) and Point Pinos (heavy dashed line).
SeaSonde data collected from Granite Canyon are not used in this study. Watch circles for moored current
and wind (M1) and wind (46042) observations are also shown.

as they exist are also useful for low-frequency current obser-
vations. The small footprint and relatively low cost of CO-
DAR-type systems suggest that they should be further devel-
oped in parallel with their phased-array counterparts.

1.3. Background on Monterey Bay Circulation

Monterey Bay is located 100 km south of San Francisco on
the U.S. West Coast (Figure 1). There are few direct current
measurements of any type available from the bay and, of
course, none from so near the surface as those provided by
CODAR. Recent studies of the circulation in the bay [Rosen-
feld et al., 1994a] have concentrated on the spring-summer
period (March-July) when strong upwelling-favorable (i.e.,
equatorward alongshore component) winds result in the stron-
gest near-surface temperature gradients and the greatest bio-
logical productivity. During periods of upwelling-favorable
winds, which are prevalent during this time of year, there is a
band of cold water which flows equatorward across the mouth
of Monterey Bay with typical near-surface speeds of 20-30 cm
s~! [Rosenfeld et al., 1994a, 1995]. Upwelling centers are lo-
cated north and south of Monterey Bay near Point Afio Nuevo
and Point Sur, respectively. A warm anticyclonic feature is
often found off Monterey Bay, or just to the south of it [Rosen-
feld et al., 1994a; S. R. Ramp et al., Moored observations of the
current and temperature structure over the continental slope

off central California, 1, A basic description of the variability,
submitted to Journal of Geophysical Research, 1996; hereinafter
referred to as Ramp et al., submitted manuscript, 1996]. This
feature was also seen in advanced very high resolution radi-
ometer (AVHRR) imagery and conductivity-temperature-
depth (CTD) data in November 1988 [Tisch et al., 1992].
Less attention has been paid to the late summer and fall,
which is a time of transition from the upwelling regime to the
winter storm-dominated situation. Here we review what is
known of the late summer near-surface flow in this region.
Skogsberg [1936], based on 5 years of temperature measure-
ments in the southern part of Monterey Bay, characterized the
duration of the upwelling period as extending from March
through August, with September—October constituting what he
termed the oceanic period. The oceanic period was marked by
the warmest surface temperatures (found in September) and
exhibited marked stratification in the vertical. Bolin and Abbott
[1963] examined data collected weekly throughout 1954-1960
at six stations distributed mainly across the mouth of the bay.
They noted that the surface temperatures during the upwelling
period were marked by a greater degree of spatial variability
than was found during the oceanic period. The near homoge-
neity of the near-surface (3 m) temperature and salinity fields
at this time of year is confirmed by the data shown by Rosenfeld
et al. [1994b]. Any persistent horizontal structure in the surface
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temperature and salinity fields is minimal, with average tem-
peratures generally in the 14°-15°C range and average salini-
ties between 33.37 and 33.52.

Breaker and Broenkow [1994], in a recent review of the cir-
culation of Monterey Bay, refer to an engineering report
[Brown and Caldwell Engineers, 1979] which shows predomi-
nantly westward flow during June-September 1976 at 9-, 15-,
and 25-m depth in 30 m of water off Santa Cruz at the northern
end of Monterey Bay. Two days worth of drifter and CTD data
from August 1972 [Moomy, 1973] indicate cyclonic circulation
within the bay.

The California Cooperative Oceanic Fisheries Investigations
(CalCOFI) data set has been used by several authors [Hickey,
1979; Wyllie, 1966; Chelton, 1984; Lynn and Simpson, 1987] to
calculate the geostrophic velocity field in the California Cur-
rent region. Although an excellent data set for many purposes,
the limited coverage over the continental shelf and upper slope
makes it less than ideal for estimating flow past the mouth of
Monterey Bay [Chelton et al., 1987]. More closely spaced CTD
stations off Point Sur, just south of Monterey Bay, showed the
nearshore geostrophic flow to be poleward during a period of
calm winds in August 1988 [Tisch et al., 1992]. Surface drifters
deployed north and south of Monterey Bay, and tracked only
by their recovery position, showed no preferred direction of
flow in August 1972 [Griggs, 1974]. Drifters drogued at 50 m
showed flow to be poleward and seaward past the Monterey
Peninsula over several days in August 1972 and 1973 [Wick-
ham, 1975]. The existing data are such that no prediction can
be made with confidence of the prevailing near-surface current
patterns in this region for the August-September time frame.

Although the monthly mean winds are near zero at this
latitude during fall and winter [Nelson, 1977; Strub et al., 1987],
the low-frequency winds are more variable than in spring and
summer. By October the upwelling-type circulation described
previously occurs much less frequently, and near-surface flow
along the central coast is under the influence of the northward
flowing Davidson Current, which generally reaches its maxi-
mum speed at the surface in December [Chelfon, 1984]. Tisch
et al. [1992] found poleward geostrophic flow throughout the
water column in a narrow band inshore of the anticyclonic
eddy in November 1988 off Point Sur. The following November
they found weak equatorward flow next to the coast, inshore of
the poleward flowing Davidson Current. The Central Califor-
nia Coastal Circulation Study conducted during February 1984
to July 1985, found the flow direction between Point Afno
Nuevo and Point Conception to be variable in October, but by
January the Davidson Current was well established south of
Point Sur, though less so to the north of there [Chelton et al.,
1987]. Some brief near-surface parachute drogue measure-
ments made in the Point Sur to Cape St. Martin area in Oc-
tober 1958 and January 1959 are consistent with weak pole-
ward surface flow in October and stronger poleward flow in
December [Reid and Schwartzlose, 1962]. Griggs’s [1974] drift-
ers show the dominant flow direction in Monterey Bay to be
northward during November-February 1971-1972 and 1972-
1973. We know of no direct time series measurements of the
near-surface wintertime currents in the outer part of the bay
other than those from the CODAR and moored self-contained
ADCP, some of which are presented in this paper.

In summary, what we know about near-surface currents in
the vicinity of Monterey Bay includes the following: in spring
through midsummer (roughly March—July) we expect the flow
to be equatorward past the mouth of the bay in the mean; in
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August-September the flow is probably weaker and more vari-
able in direction; in October the poleward flowing Davidson
Current spins up (or the California Undercurrent shoals), at
least along the coast south of Monterey Bay, reaching its max-
imum speeds in December—January. This summary description
falls between those for the seasonal cycles of alongshore cur-
rents at 35-m depth over the shelf to the north (39°N) and
south (35°N) of Monterey Bay presented by Strub et al. [1987]
based on current meter measurements made during 1981-
1983.

2. Data and Methods

Based primarily on the availability of CODAR measure-
ments, we concentrate on a description of the late summer
time frame using data from 1992 and 1994. (There are no
CODAR data for 1993.) While we discuss circulation patterns
from both years, comparisons with moored observations (de-
scribed below) are performed only for 1994 because the CO-
DAR range often did not include the mooring site during 1992.

2.1. CODARs Around Monterey Bay

Two CODAR systems owned by NOAA were installed on
the shores of Monterey Bay in 1992. One was placed at the
Hopkins Marine Station near Monterey at the south end of the
bay, and the other was placed at the Monterey Bay Aquarium
Research Institute (MBARI) facility in Moss Landing, half way
around the bay to the north (Figure 1). These instruments were
older-generation CODAR units. They operated at a frequency
of 25.4 MHz, which resulted in a resonant wavelength for the
Bragg scatterers of 5.9 m. The data coverage from these sys-
tems extended over the southern two thirds of Monterey Bay
with typical ranges of 25 km. Results from the two-site array
were analyzed for the 3-month period March through May
1992 [Neal, 1992] and the 1-month period of September 1992
[Foster, 1993] with particular focus on the low-frequency sur-
face currents and the influence of the daily sea breeze. Tidal
period surface currents for September 1992 were also analyzed
[Petruncio, 1993].

In 1993 and 1994 the HF radar array around Monterey Bay
was augmented by three SeaSonde systems: (1) a unit pur-
chased and installed south of Monterey Bay by Stanford Uni-
versity at the Granite Canyon Marine Laboratory, (2) a unit
purchased and installed by the Naval Postgraduate School at
Point Pinos at the southern tip of Monterey Bay, and (3) a unit
purchased and installed by NOAA at Long Marine Laboratory
in Santa Cruz at the north end of Monterey Bay (Figure 1).
The SeaSonde systems operated at frequencies near 12.5 MHz,
which resulted in a resonant wavelength for the Bragg scatter-
ers of 12.0 m. The hypothetical coverage areas for each of the
individual radar units are outlined in Figure 1 along with the
locations of moored current and wind observations. (The
achieved coverage area for the 1994 observations is discussed
below based on actual data returns.)

After the installation of the SeaSonde system at Point Pinos
the older-generation CODAR system at the Monterey site was
decommissioned and used to provide spare parts for the system
in Moss Landing. Therefore the radar array in 1994 consisted
of the two SeaSonde sites at Point Pinos and Santa Cruz plus
the older-generation CODAR site at Moss Landing. (We do
not use data from the Granite Canyon SeaSonde in this study.)

Radial current data from individual radar sites were com-
bined to produce vector current maps every 2 hours. This time
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Figure 2. Percent temporal coverage of possible 2-hourly radar-derived current vectors for the period
August-December 1994. Symbols denote locations of current vector grid points (plusses) and watch circles of

the two moorings used in this study (open circles).

interval was set by the speed of the older CODAR units, which
collected backscatter data over a 30-min period and required
about 90 min to process the results. The SeaSonde systems
collected backscatter data continuously and computed radial
currents based on a running average over 60 min. The vector-
processing step was conducted by the manufacturer of the
radar systems under contract to NOAA. Maps were produced
by first defining a regular grid throughout the maximum pos-
sible coverage area. Vector estimates were then attempted for
each grid location using a least squares vector fit [Lipa and
Barrick, 1983; Gurgel, 1994] applied to all radial data within a
radius of 3 km. (It is our longer-term goal to improve on the
vector mapping technique. However, we use the processed
vector currents as the “raw” data in this study.)

Vector time series for a particular radar bin will have gaps at
times when there were insufficient radial observations nearby
to estimate the vector current. Gaps in radial observations
were produced when one or more radar sites were down. In
addition, radial data can have spatial and temporal gaps (even
when all systems are operating) for two reasons: (1) the direc-
tion finding algorithms cannot always resolve all angular direc-
tions for a given range cell, and (2) maximum range fluctuates.
The first reason is unique to CODAR-type HF radars, but the
range fluctuation is common to all HF radars. The maximum
range is variable because signal to noise ratios depend on
several factors, such as sea state and antenna conditions. A
systematic fluctuation in range due to diurnal variations in
atmospheric conditions has been pointed out by Prandle et al.
[1993]. In Monterey Bay this diurnal range variation is ob-
served to be about 3 km with maximum range occurring in the
evening and minimum range occurring around noon.

To characterize the availability of data from the three-site
configuration and to provide a crude measure of the reliability
of the data from different regions, we investigated the data
returns over long time periods as a function of location. The
data coverage for the 5-month period of August through De-

cember 1994 is summarized in Figure 2, which shows the per-
centage of time velocity estimates were obtained at each radar
bin. Figure 2 can be used to assess the useful range of the
three-site radar network because both the number of data gaps
at a given location and the reliability of data from that location
can be expected to scale with the percent coverage. We use the
50% coverage contour as the nominal limit of useful HF radar
data because the coverage drops quickly beyond this region.
We note that very few of these data gaps were produced by
radar down time because all three sites were in operation
during most of the study period, with the exception of several
days when only two sites were in operation and a 4-day period
beginning 28 August when all three sites were down.

2.2. Moored Acoustic Doppler Current Profiler (ADCP)
and Wind Observations

MBARI has maintained a surface mooring, designated M1,
at approximately 36.75°N, 122.02°W since August 1989 (Fig-
ures 1 and 2). A 150-kHz RD Instruments SC-ADCP has been
deployed on this mooring in a downward looking configuration
since January 1992. Data from the third deployment are used
here. The instrument was set up with an 8-m pulse length, 8-m
bin length, and 4-m blanking. The transducers sit 1 m below the
waterline. Therefore the top bin, which we will be comparing
to the CODAR data, is centered at 9 m. Two orthogonal
components of horizontal velocity are derived from the Dopp-
ler shift along four beams aligned at 30° to the vertical in a
Janus configuration [RD Instruments, 1989]. Every 15 min, data
from 110 pings at 1-s intervals were averaged together. The
manufacturer’s quoted accuracy for this configuration is 1.2 cm
s~1. These ensembles serve as the raw data set, which was
transmitted to MBARI every few hours via packet radio. These
data were then low-pass filtered with a cosine-sinc filter with
the half-amplitude point at 36 hours to isolate subtidal mo-
tions.

The M1 mooring position is monitored by onboard Global
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Positioning System (GPS) receivers. Mooring position was de-
termined from a 2-min average every 30 min. During the third
deployment, including August-December 1994, a five-channel
Magellan receiver was used, with 0.01' resolution. The average
standard deviation and number of independent samples for the
position estimates are 40 m and 113, respectively, giving an
average standard error (defined in section 4) for each mean
position of 7.5 m. Thus mooring velocity estimates are ex-
pected to be accurate to slightly better than 1 cms™* (15 m (30
min~')). Mooring velocities were low-pass filtered in the same
way as the observed currents and added to the SC-ADCP
velocities in order to remove the effect of mooring motion
from that data. This represents a small correction of ~1 cms™*
for subtidal velocities. Most of the mooring motion is in re-
sponse to diurnal and semidiurnal current or wind fluctuations.
The MBARI mooring M1 supports RM Young propeller/
vane wind sensors at a height of 3.8 m above sea level. Wind
data on this mooring are sampled at 2 Hz for 1 min out of every
10 and averaged [Hayes, 1989]. In addition to this MBARI
mooring the National Data Buoy Office maintains a meteoro-
logical mooring numbered 46042 at 36.75°N, 122.41°W with
wind measurements at 5.0 m above sea level (Figures 1 and 2).
For this study we use the 10-min wind observations from M1
and hourly (8-min average per hour) wind data from buoy
46042 for comparison with radar-derived currents. Cross-
spectral or correlation analyses are conducted using an esti-
mate of wind stress given by T = pC ,|w|w, where C, and p are
constant drag coefficients and air densities, respectively.

2.3. Vessel-Mouhted ADCP Observations

Over the course of a 19-hour period on August 67, 1994, an
east-west line along 36.63°N off the Monterey Peninsula was
transited four times. The section extended approximately 30
km offshore from Point Pinos. A 150-kHz ADCP mounted in
the hull of the R/V Pt Sur was operated continuously during
this period to collect current profiles along the transect. The
pulse length, bin length, and blanking intervals onboard the
ship matched that of the SC-ADCP set-up at M1. The trans-
ducers were 3 m below the surface; thus the top bin was
centered at 11 m. The vessel-mounted (VM)-ADCP formed
averages over 180-s intervals, which contained anywhere from
96 to 177 pings, with an average of 128. Sound speed correc-
tions were made based on the measured temperature. A cali-
bration run with bottom tracking was made during the 5-day
cruise, and velocity data were corrected for gyro and alignment
error using the method of Joyce [1989]. The ship’s velocity,
calculated from navigation information acquired with a differ-
ential GPS system, was subtracted from a reference layer ve-
locity calculated as the average velocity over bins 3-5. This
absolute reference layer velocity was then gap filled, despiked,
and smoothed with a cosine-sine filter of width 27 min. The
vertical profiles were then adjusted to the reference layer.
(Taking into account instrument, alignment, and navigation
errors, we estimate the accuracy of the resulting data to be =3
cm s~ 1) Finally, the 3-min processed data from all four transits
were averaged together into 2-km bins to match the spatial
resolution of the radar-derived currents.

A similar vessel-based data set was collected along two 8-km
transects during October 29-31, 1994. One section was cen-
tered along the Monterey Submarine Canyon near its head and
the other section was cross-canyon in the same area. The
measurements each covered 25-hour periods and were con-
ducted as part of a study of internal tides in the canyon.
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Processing of VM-ADCP currents during this experiment was
similar to that described above for the August transect, includ-
ing averaging of the upper level currents into 2 km along-track
bins to match the spatial resolution of the radar-derived currents.

2.4. Drifting Buoy Observations

Two separate drifter experiments were conducted in which a
group of satellite-tracked surface drifters were deployed within
the coverage area of the HF radar network, as detailed by
Paduan et al. [1996]. The first experiment took place during
August 20-22, 1992, and the second took place during October
29-31, 1994. The 12 drifters deployed during the first experi-
ment were all of a single design, the Argosphere. It consists of
a 30-cm-diameter fiberglass sphere containing batteries, an
antenna, and an Argos transmitter. These instruments were
produced to follow spilled oil floating on the water surface, and
tests have shown them to follow oil slicks accurately for several
days [Reed et al., 1990]. The undrogued surface sphere is ex-
pected to have a large downwind component that could differ
significantly from the water motion in the upper 1 m.

The drifters deployed during the second experiment were of
two designs: (1) fiberglass spherical floats similar to the Argo-
sphere drifters, but tracked by a combination of GPS and
Argos, and (2) Cdastal Ocean Dynamics Experiment (CODE)-
type drifters tracked by Argos. The CODE-type drifters consist
of a 1-m-long PVC tube containing an Argos transmitter and
batteries. Attached to the tube are four rectangular drogue
elements arranged in a cross and suspended by small Styro-
foam floats. The instruments were designed to follow the mo-
tion of the upper 1 m of the water column with minimum
coupling to surface waves or wind [Davis, 1985]. A total of six
GPS and five CODE-type drifter deployments were made in
this experiment.

3. Comparisons With In Situ Observations

In this section we compare radar-derived surface currents
with in situ observations. As with all other remote sensing
techniques it is not possible to obtain direct measurements
over the same space scales and timescales or depths using in
situ instrumentation. This point cannot be overstated. It is
particularly important when comparing HF radar-derived sur-
face currents and more traditional in situ measurements. The
radar estimates are averages over some 4-10 km? and 30-60
min. Even more to the point, the radar estimates represent
average currents in the upper 1-2 m of the water column.
Moored current meters and ADCPs and VM-ADCPs all suffer
from significant error sources within the upper few meters of
the water column due to factors like Stokes drift and bubble
injection. Well-designed surface drifters may measure very
near-surface currents with small errors, but they cannot pro-
vide space scale and timescale sampling comparable to HF radar.

Despite inherent scale and depth mismatches it is possible to
verify many aspects of radar-derived currents using in situ
measurements. For example, high correlation can be expected
between radar-derived currents and deeper moored current
observations for low-frequency, large-scale fluctuations. How-
ever, this requires long time series observations from both the
remote and in situ systems. Similarly, tidal-period fluctuations,
which are phased locked over long periods and coherent over
large depth ranges, can be expected to show coherence be-
tween radar-derived currents and deeper moored current ob-
servations. Again, long time series observations are required to
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Figure 3. Rotary frequency spectra for (a) radar-derived current at grid point 1214 on the western edge of
the M1 mooring watch circle, (b) ADCP currents at 9 m on the mooring, and (c) winds at 4 m above the
mooring. Both clockwise (solid lines) and counterclockwise (dashed lines) energy levels are shown, as are the
95% confidence limits for the companion one-sided autospectra.

extract the tidal signal. A counterexample may be high-
frequency wind-driven surface currents, such as those respond-
ing to diurnal sea breeze forcing, which may be expected to
differ significantly for radar measurements at 1 m and moored
current observations at, say, 10 m. It is with these important
physical insights in mind that we attempt to characterize the
radar-derived currents by comparing them with moored cur-
rent and wind observations, ship-based current observations,
and drifter-derived currents.

3.1.

The moored instrumentation at site M1 provides us with
long time series measurements of currents and winds, which
can be compared with the radar-derived currents in the vicinity
of the mooring. The M1 location at the mouth of Monterey
Bay is an area with good HF radar coverage (Figure 2). In this
study we exploit the period of maximum overlap between in
situ observations and radar-derived currents. Winds and radar-
derived currents are compared for the 5-month period August
through December, 1994. Moored ADCP current records ter-
minate on November 21, which gives a shorter overlap period
of just under 4 months. The watch circle of the M1 mooring lies
between the center points of three radar bins (Figure 2). In the
time domain we compare mooring data with radar-derived
currents averaged over the three bins surrounding the mooring
site. Spectral calculations are shown for the single radar bin
centered just west of the watch circle, although results from the
other nearby bins are similar. Gaps in the various time series
are rare and, usually, less than 12 hours in duration. These
short gaps were filled using linear interpolation. Spectral cal-
culations were made using data segments that avoid the 4-day

- gap beginning August 28.

Rotary spectra are used to identify the frequency bands
dominating the current (or wind) fluctuations. These compu-
tations combine spectral information in the east-west (z) and
north-south (v) fluctuations into clockwise and counterclock-
wise-rotating fluctuations [Gonella, 1972]. In order to avoid
large gaps in the time series and to improve the statistical
description of the fluctuations, we compute spectral estimates

Moored Current and Wind Observations

over 25- to 28-day segments and average the results for the
August through December period. This gives four to six total
segments and eight to 12 degrees of freedom in each spectral
band, depending on the data type. Rotary spectra for radar-
derived currents, ADCP currents, and winds at or near the M1
mooring location are shown in Figure 3. Spectral characteris-
tics of the currents are similar for the radar-derived and ADCP
time series. Both data sets exhibit a significant spectral gap
between low-frequency motions with periods greater than 4
days and energetic motions around the diurnal period. Low-
frequency motions in the radar data are slightly more energetic
than those in the ADCP data, but neither data set shows
significant polarization at low frequencies.

Significant peaks exist in the current measurements around
the diurnal and semidiurnal periods. The diurnal peak, in both
cases, extends across the diurnal to inertial frequency band
from periods of 24-20 hours. There is a suggestion of two
separate peaks at these frequencies, but they are barely re-
solved with the segment lengths used here. The entire diurnal/
inertial band is polarized with at least an order of magnitude
more energy in the clockwise-rotating fluctuations. The energy
level of the inertial peak at 20 hours is similar in both data sets,
but the diurnal peak is an order of magnitude larger in the HF
radar time series, which is consistent with strong diurnal wind
forcing affecting the currents at 1-m depth much more than
those at 9 m [Foster, 1993; Petruncio, 1993]. Fluctuations at
semidiurnal periods are slightly more energetic in the ADCP
data than in the HF radar data. These motions are believed to
be due to baroclinic tidal currents [Petruncio, 1993). The rotary
spectrum of wind fluctuations at the M1 mooring exhibits a
consistent roll off proportional to f~*'2, where f is the fre-
quency. There are two notable exceptions to this simple red
spectrum. Sharp peaks exist in the wind spectrum at diurnal/
inertial and semidiurnal periods.

To investigate correlation at low frequencies among the
radar-derived and SC-ADCP currents and buoy winds, we low-
pass filtered the time series with a 36-hour half-amplitude
point cosine-sinc filter. The filtered time series of radar-
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derived currents at 1 m, ADCP currents at 9 m, and wind 4 m
above the surface are shown in Figure 4 for the August through
December period. The ADCP data, which have been corrected
for mooring motion using the GPS position of the surface float,
end in late November when the instrument was removed for
maintenance. During the overlap period, there is obvious vi-
sual correlation between the filtered radar-derived currents
and ADCP currents. The root mean square (rms) differences
are 6.2 cm s~ ! and 10.8 cm s™! for the u and v components,
respectively, and 50.6° for direction. In the v direction, strong
current fluctuations are observed at this location with time-
scales of about 2-weeks in both data sets. Currents are weak or
equatorward early in the records, but beginning in October the
currents exhibit sustained periods of poleward flow.

The complex correlation between the remotely sensed sur-
face currents in the vicinity of the M1 mooring and the ADCP
currents and wind stress on the mooring is shown in Figure 5
as a function of time lag. The magnitudes and phases of the
correlations are shown for lags up to 24 days. Kundu [1976]
illustrates how the magnitude of the complex correlation co-
efficient provides a measure of the traditional covariance of the
vector components over time, while the phase gives the aver-

age difference in the direction of the two vectors over the same
period. The correlation magnitudes at zero lag are large, with
values of 0.79 and 0.56 for radar-derived and ADCP current
and the radar-derived current and wind stress comparisons,
respectively. The correlations are maximum at zero lag and
drop significantly for lags of just a few days. Secondary corre-
lation peaks of about 0.3 occur, however, for positive and
negative lags at multiples of about 17 days. This is true for both
the current-current comparisons and current-wind stress com-
parisons. It is a result of the strong events in the v currents that
occur with surprising regularity in the time period of these
observations. Much of the variance in the 4- or 5-month cur-
rent records is accounted for by these nearly periodic events so
that shifting one time series relative to the other by a multiple
of about 17 days produces relatively large correlation. In both
the current-current and current-wind stress cases the correla-
tion of scalar components (not shown) is higher for v motions
than it is for # motions: for the current-current comparisons
the zero lag correlations are 0.58 and 0.83 for the u-u and v-v
components, respectively; for the current-wind stress compar-
isons, the zero lag correlations are 0.35 and 0.48 for the u-7"
and v-7 components, respectively. These and other correla-
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exceed random chance. A measure of the independence time-
scale is given by the autocorrelation functions for low-pass-

= S ' ' "' E— 180 filtered velocity and wind stress time series. These functions
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06 ] ' P E 60 rents and wind stress. We use the e-folding values to estimate
a4 FEER R : A integral timescales. For each data type the timescale for v
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0.2 7 P | 120 while values for the wind stress time series are shorter. Longer
i B estimates provide the more conservative statistical interpreta-
"§ g'g C e . tions. Hence we use estimates of 36 hours and 72 hours for u
2 ' 20 g and v motions, respectively, for all data types. The velocity-
2 0.6 " & & velocity correlations above are based on time series over 2700
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S oo C 180 independent comparisons [Bevington, 1969]. The radar-derived
08 - currents and wind stress correlations extend over 3700 hours,
_ - 120 yielding 100 or 50 independent estimates. Correlation values
0.6 L s >0.20 (0.28) have less than 5% probability of deriving from a

. N random sample given 100 (50) independent comparisons.
0.4 - Although low-frequency fluctuations in radar-derived and
7 %0 ADCP currents are highly correlated, the agreement is not
02 - 120 uniform throughout the overlap period. The times of largest
0o ] VY VL A L WY T s Veloc‘ity differences bet.ween the two serﬁes are correlated with
o4 18 —-12 -6 o 6 12 18 24 the times of largest winds (compare Figure 4). The complex

Lag (days)

Figure 5. Lagged complex correlation magnitude (solid
lines) and phase (dashed lines) based on low-pass-filtered time
series (a) between radar-derived currents around the M1
mooring and ADCP currents 9 m below the mooring, (b)
between radar-derived currents around the M1 mooring and
wind stress above the mooring, and (c) between radar-ADCP
velocity difference and wind stress.

tion results are summarized in Table 1 along with the rms
differences.

To assess the significance of these linear correlation coeffi-
cients, we must determine the independence timescales for the
dominant processes in the time series. With this information
we can compute the number of independent samples in the
correlations and the likelihood that the observed correlations

correlation between radar-ADCP velocity difference and wind
stress (Figure 5) is significant. The magnitude at zero lag is 0.51
and the phase difference is 32.6° with velocity difference to the
right of wind stress. In contrast to this, velocity difference is
only weakly correlated with temperature difference between
1 m and 20 m measured on the mooring (Table 1). Velocity
shear may be expected to correlate with wind forcing near the
surface. However, it is also true that the radar-derived currents
include a Stokes drift component that is not present in the
ADCEP currents [Barrick, 1986]. Since this wave-induced com-
ponent is proportional to wind stress, it is reasonable to expect
Stokes drift to account for some of the observed difference
between radar-derived and ADCP currents, particularly given
the low correlation with near-surface stratification. Although
we do not have direct measurements of the wave heights
needed to quantify this effect, we note that Stokes drift at the
surface could be as large as 3 cm s™* for the Bragg wavelengths

Table 1. Summary of Correlation, Rms Differences, and Median Differences Between Radar-Derived Currents and In Situ
Data or Between Radar-ADCP Current Shear at the M1 Mooring and In Situ Data

Correlation Correlation Rms Difference Median Difference
Measurement uu, viv Magnitude u-u, v-v u-u, v-v
Depth, m (95%) (Phase) (Angle), cm s~ (Angle), cm s™*
Between Radar Dertved Currents and In Sztu Data

HF radar -1
Moored ADCP -9 0.58, 0. 83 (0 23,0.32) 0.79 ( 6 3°) 6.2,10.8 (50.6°) 3.9, 6.7 (20.0°)
Moored wind stress 4 0.35, 0.48 (0.20, 0.28) 0.56 (45.3°) e cee
Drifting buoy -1 0.37, 0.73 (0.20, 0.20)* 0.58 (0.0°) 16.2, 13.6 (63.7°) 9.5, 8.3 (36.1°)
VM-ADCP -11 —0.25, 0.45 (0.46, 0.46)* 0.32 (46.1°) 13.2, 8.4 (60.3°) 10.1, 4.5 (53.6°)

Between Radar-ADCP Current Shear at M1 Mooring and In Situ Data
0.39, 0.48 (0.23, 0.32) 0.51 (32.6°)
—0.31, 0.01 (0.23, 0.32) 0.18 (—178.7°)

A(u, v)/Az:wind stress
A(u, v)/Az:AT/Az

Time series data at or near the M1 mooring were low-pass filtered as described in the text. Drifter- and ship-based measurements were
compared directly with the closest radar observation. Measurement depths give nominal height above the sea surface for each data type.
*These significance levels assume each radar/drifter or radar/VM-ADCP pair is independent.
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Figure 6. Lagged correlation functions for u-u (asterisks),
v-v (plusses), and u-v (open circles) based on low-pass-filtered
time series of (a) radar-derived currents around, (b) ADCP
currents 9 m below, and (c) wind stress above the M1 mooring.

in question assuming an upper bound of 10 cm for the wave
amplitude [LeBlond and Mysak, 1978].

In the case of the correlations between radar-derived cur-
rents and measured wind stresses, computing the complex cor-
relation increases the overall correlation. This is because the
radar-derived current and measured wind stress vectors are
highly correlated but not, on average, pointed in the same
direction. This is also shown by the phases of the complex
correlations at zero lag, which are —6.3° and 45.3° for the
current-current and current-wind stress comparisons, respec-
tively. These results show that at subtidal frequencies, the
radar-derived currents are correlated with both the ADCP
currents 9 m below and the wind stress 4 m above the surface.
The radar-derived currents are in nearly the same direction as
the ADCP currents at these frequencies. The current direction
is seen to be, on average, 45° to the right of the wind direction,
which is consistent with classical Ekman theory for steady state
wind-driven motions.

Crosby et al. [1993] proposed an alternate formulation for
the calculation of vector correlations (see also Breaker et al.
[1994] for applications to geophysical vector data). Their
method represents a more general extension of the scalar cor-
relation than does the method of Kundu [1976] and, as such,
has many desirable statistical properties. The formulation does
not, however, provide both magnitude and angle information.
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For our study the alternate vector correlation between radar-
derived currents and moored ADCP currents is 0.51, where we
have normalized the range to fall between 0 and 1. The alter-
nate vector correlation between radar-derived currents and
wind stress is 0.20. Both of these comparisons are highly sig-
nificant at the 95% level, assuming a minimum of 38 and 50
independent observations for the current-current and current-
wind stress comparisons, respectively [Crosby et al., 1993]. The
alternate vector correlation between radar-ADCP velocity dif-
ference and wind stress is also significant at 0.22.

All correlations described here represent time domain anal-
yses that combine fluctuations at all frequencies in order to
determine how much of the total variance is common to both
time series. It is also possible to investigate the frequency-
dependent coherence between radar-derived currents and
ADCEP currents or wind based on the cross spectrum of two
complex time series [Gonella, 1972; Mooers, 1973). The coher-
ence squared and phase between radar-derived currents and
ADCEP currents and between radar-derived currents and winds
are shown in Figure 7. Results are shown for both positive
(counterclockwise) and negative (clockwise) frequencies with
frequency increasing from the center of the figure outward to
the sides. The cross-spectral calculations were conducted by
ensemble averaging the results obtained from 25-day or 28-day
data segments and band averaging the results at high frequen-
cies. The dotted lines show the coherence squared level at
which the results are known to be significantly different from
zero with 95% confidence. The cross-spectral results are noisy
but generally support the conclusions drawn from the correla-
tion analyses: there is significant coherence across the subtidal
frequency band and at the tidal/inertial frequencies where en-
ergies are high in the individual time series (compare Figure
3). Furthermore, the phase differences tend to cluster around
zero for the current-current case and —45° for the current-
wind case at those frequencies where coherences are high. The
negative angles in the current-wind phase differences indicate
that for both clockwise and counterclockwise-rotating currents
and winds, current vectors are to the right (clockwise) of the
wind vectors.

For comparison with the above results the coherence
squared and phase between ADCP currents and winds are also
shown in Figure 7. For this case, coherence levels are low
everywhere except at the inertial frequency. In general, ADCP-
measured currents at 9 m on the M1 mooring are less coherent
with winds directly above them than are radar-derived currents
at 1 m in the vicinity of the mooring. This can be attributed to
depth differences, Stokes drift in the radar-derived currents,
and the fact that the shorter ADCP time series have less
statistical opportunity to verify significant coherences in the
presence of noise (we use four segments of 28-day length for
cross spectra involving ADCP records but six segments of
25-day length for the radar-derived current and wind cross
spectrum due to the different record lengths and the timing of
the long 4-day gap in the radar data).

Wind observations from the 46042 mooring were not com-
pared directly with radar-derived currents at that location be-
cause the temporal coverage there was only 60% (Figure 2).
Instead, comparisons were made between low-pass-filtered
wind stress from the 46042 and M1 mooring locations as a
check on the horizontal length scales in the wind observations.
Complex correlation of wind stress between the two sites was
very high: the correlation magnitude was 0.87 and the average
direction difference was 11.9°. As would be expected with this
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degree of wind correlation, radar-derived currents around the
M1 mooring were found to correlate with wind stress at 46042
nearly as well as they do with wind stress directly overhead.

3.2. Ship-Based Current Observations

The comparison of radar-derived currents and moored
ADCEP currents at the M1 site shows that correlation between
these different measurement systems can be expected for sub-
tidal motions. Away from the M1 site we lack the moored time
series measurements required to confirm this expectation.
However, additional comparisons with in situ measurements
are available from the two ship-based experiments in which
VM-ADCP current observations were made repeatedly over
the same track during a 19- or 25-hour period. The average
radar-derived and VM-ADCEP current vectors for August 6 are
plotted together with the sea surface temperature from the
single AVHRR satellite pass at 0300 UT in Plate 1. The VM-
ADCEP current vectors represent an average over four passes
made during a 19-hour period. The radar-derived current vec-
tors are an average of twelve 2-hourly maps centered on the
ship observations. The currents as measured by these two sys-
tems show many similarities. Observations nearest to the
northwest tip of the Monterey Peninsula show weak mean
currents. Further offshore the flow is equatorward at about 15
cm s~ in the VM-ADCP observations at 11 m and southwest-
ward at about 20 cm s ' in the radar-derived currents. The
consistent direction bias of 56° between the two measurement
systems during this period is unexplained. It is opposite to the
rotation with depth expected in an Ekman layer. The temper-
ature data are consistent with the features seen in the radar-
derived surface currents, particularly the equatorward current
extending across the mouth of Monterey Bay.

Current observations averaged over two 12-hourly repeti-
tions of along and cross-canyon transects during October 1994
are shown together with the 24-hour average radar-derived
currents in Figure 8. Here the average current magnitudes are
very weak (<5 cm s~!) from both measurement systems. Mean
current directions are consistently southwestward during the
cross-canyon transect period in both types of measurement,
but they vary from bin to bin in both types of measurement
during the along-canyon transect period.

Radar versus VM-ADCP correlations and rms differences
were computed over the relatively small data set presented in
Plate 1 and Figure 8. Each available 19- or 25-h VM-ADCP
vector was paired with the closest radar vector averaged over a
similar time period. (The densely spaced VM-ADCP vectors in
Figure 8 were first averaged spatially to simulate the nominal
2-km spacing of the radar data.) This yielded a total of 19
velocity pairs, which were assumed to be independent. The
correlations between these velocity pairs are not statistically
significant (Table 1), although the phase of the complex cor-
relation does reflect the direction bias seen in Plate 1. The rms
differences for this data set are 13.2 cm s~ ! and 8.4 cm s~ for
the u and v components, respectively. The rms speed differ-
ence is 10.6 cm s~! and the rms direction difference is 60.3°.

3.3. Surface Drifter Observations

Surface current estimates from the drifter deployments and
HF radar were compared by pairing the closest-in-time and
closest-in-space radar-derived vector with each drifter-derived
vector. A detailed breakdown of these results is given by
Paduan et al. [1996], including the statistical comparisons and
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Figure 7. Coherence squared and phase as function of fre-
quency for the ensemble-averaged and band-averaged cross
spectra between (a) radar-derived currents at grid point 1214
near the M1 mooring and ADCP currents 9 m below the
mooring, (b) radar-derived currents at grid point 1214 and
wind velocity 4 m above the mooring, and (c) ADCP currents
9 m below the mooring and wind velocity 4 m above the
mooring. Negative phase values denote current to the right of
the rotating wind vector or ADCP currents to the right of the
rotating radar-derived current vector for both clockwise (cw)
and counterclockwise (ccw) motions. Frequency increases
from the center of the figures outward to the sides. The spec-
tral locations of diurnal period fluctuations (D) are shown for
reference.



PADUAN AND ROSENFELD: REMOTELY SENSED CURRENTS IN MONTEREY BAY

20,680

“P661 9 1sndny UO [N 00EH WOy sornjeroduid) 90BLINS { [QUURYD YPYHAY PI1921I00UN
M UMoys ‘(smolre vluagew) peg ‘L 1sndny uo 10 $s0 01 9 1sndny uo 1 9101 porad ayy 10§ $10309A JOAV-WA J8e1oAe
PUR ‘(SMOLIR YOr|Q) p66] ‘L ISNSNY U0 LN (0L 01 9 1SNSNy U0 [N 006 POMId 9y} 10§ SI0JOIA PIALISP-IEPEI ATRIOAY  °I Neld

apny3uo]

Mot8'ITI M00CTI MoLT'TCI Mott'TCI Mo0S°TTI
) _ B !

SR N

' No0S'9¢

- - NoL99t
)
3
©
]
-8
c
(V]
o
1 : — Zcmw.om
. ~ NoQO'LE

opmine]



PADUAN AND ROSENFELD: REMOTELY SENSED CURRENTS IN MONTEREY BAY

20,681

36.55 +

5cmis —

.—122.1 -122 -121.9 -121.8 -121.7

-122.1 -122 -121.9 -121.8 -121.7

Figure 8. Average radar-derived vectors (thin arrows) and VM-ADCP vectors (heavy arrows) for the
periods (left) 1700 UT on October 29 to 1900 UT on October 30, 1994, and (right) 1900 UT on October 30

to 2100 UT on October 31, 1994.

a complete set of maps showing both radar-derived and drifter-
derived currents. Here we summarize the results.

Maps showing both drifter-derived and radar-derived vec-
tors are presented in Figure 9. Clearly, current patterns ob-
served in drifter trajectories are reproduced in the HF radar
data. These examples represent some of the best comparisons
from the two experiments. Histograms of the velocity differ-
ence between drifter-derived and radar-derived currents are
shown in Figure 10. The upper panels show the comparisons
for the combined data set from the 1992 and 1994 drifter
deployments. A total of 160 HF radar-drifter velocity pairs are
included in these statistics. The rms velocity differences are
16.2 cm s~ ! and 13.6 cm s™! for the u and v components,

Map time: 20-AUG-92 10 PDT

respectively. The rms speed difference is 12.8 cm s™* and the
rms direction difference is 63.7° (Table 1). The average com-
parisons alone are much greater than the 4 cm s™! resolution
of the radar technique. However, observations are clearly
skewed toward agreement: 50% of the velocity component
differences are under 7 cm s~ '. Relatively few observations
with very large disagreement heavily influence the average
statistics. Results for the subset based on CODE-type drifters
only, which includes 39 velocity pairs, show slightly better com-
parisons: rms differences are 15.8 cm s™! and 11.9 cm s~ ! for
the u and v components, respectively, and 50% of the component
differences are under 5 cm s™*. The rms speed difference for this
subset is 12.5 cm s™* and the rms direction difference is 57.8°.

Map time: 29-OCT-94 18 PDT
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Figure 9. Radar-derived (thin arrows) and drifter-derived (heavy arrows) vectors for (left) 1700 UT on
August 20, 1992, and (right) 0100 UT on October 30, 1994. Drifter vectors derive from available velocity
estimates centered within 3 hours of times of the radar maps.
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tom) the CODE-type drifters from 1994 only are shown. Ver-
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4. Low-Frequency Surface Current Patterns

In this section we present low-frequency surface current
patterns around Monterey Bay. As shown in the last section
the radar-derived current fluctuations compare favorably with
in situ measurements for subtidal frequencies. Here we exploit
that fact to present a unique, two-dimensional view of surface
currents based on HF radar data averaged over, at least, 1
month. For the 2-hourly observations this represents the result
of combining at least 336 current maps, depending on the
month.

The statistical reliability of these averaged currents can be
characterized by the 95% standard error of the mean, which is
computed as u,,, = (2Va2)/(VN*) for the u velocity com-
ponent. This statistical error depends on the standard devia-
tion o, and the number of independent observations of cur-
rent, N*. A similar formula holds for v velocity observations.
N* is computed using the independence timescales of 36 hours
and 72 hours for u and v motions, respectively, described in the
last section. For our 2-hourly data the number of independent
observations is therefore N* = N/18 or N* = N/36, where
N is the number of observations used in the average for a
particular radar bin. N is not constant across the observation
area as shown in Figure 2. Hence the standard error gives some
measure of data coverage as well as data variance within the
averaging period. In most cases the standard errors of the
averaged currents we present are comparable to or larger than
the mean currents, which indicate that time series longer than
1 month are needed to unequivocally separate the mean cur-
rents from the combination of random errors in the radar-
derived currents plus true ocean variability. The largest signals
in the radar-derived currents at all locations in this study derive
from tidal-period motions, including sea breeze—driven cur-
rents. These motions are the subject of ongoing investigations,
but for the low-frequency motions in this study they are re-
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sponsible for large variances and standard errors. This would
be true even in the presence of no instrument error, which is
not the case here. It should also be remembered that bias
errors in the radar observations or algorithms are not exposed
using this statistical measure.

4.1. August-December Mean Currents

Mean radar-derived surface currents during the entire
5-month period from August through December 1994 are pre-
sented in Figure 11 at grid points with observations at least
50% of the time. (The percent temporal coverage over this
period was presented in Figure 2.) Standard errors of these
mean currents are presented in Figure 11 as vectors whose
lengths can be used to gauge the statistical reliability of the
mean vectors. The typical 60° angle of the error vectors indi-
cates that v,,, is larger than u.,,, which is due to the longer v
independence timescale. Despite uncertainties about the error
sources and high standard errors the average current patterns
we observe in the radar data are both physically realistic and
consistent with historical observations. Persistent equatorward
flow is seen just offshore of Monterey Bay with mean speeds of
about 20 cm s~ . Within the bay the 5-month averaged current
field exhibits a single circulation cell with cyclonic rotation.
The center of this cell has near-zero mean currents and is
located about 15 km northwest of Moss Landing. The predom-
inantly northward mean flow along the coast has speeds of 5-7
cm s~ ', There is evidence in this 5-month mean pattern of a
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Figure 11. (top) Average radar-derived current vectors and
(bottom) standard error vectors for the period August-
December 1994 for grid points with at least 50% temporal
coverage. Standard errors assume independence timescales of
36 hours and 73 hours for u and v motions, respectively.
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stagnation point along the coast between Moss Landing and
Monterey. The mean currents in the bight between this stag-
nation point and the Monterey Peninsula are weak (<3 cm
s~1). There are suggestions in the shorter-period observations
that a smaller anticyclonic circulation pattern occurs at times in
this area. Point Pinos at the northern tip of the Monterey
Peninsula is, in this data, a transition site where low-pass-
filtered currents are observed to flow along the coast in both
directions at different times. This is more clearly seen in the
monthly averages.

4.2. Monthly Averaged Currents

In spite of the fact that a month is not long enough to
produce highly statistically significant means (standard errors
are 100-200% of the means), the monthly averaged currents in
this study show robust patterns that transition smoothly from
August through December. We can show that the 5-month
averaged patterns described above are dominated by strong
and persistent currents in the August and September data.
October and November data, on the other hand, exhibit stron-
ger week-to-week variability and December monthly averaged
currents, though also based on strongly variable currents, show
regions of mean northward flow in the outer part of Monterey
Bay, which is opposite to the common summer situation.

The particularly strong “summer-type” circulation seen in
August 1994 is shown in Figure 12. The patterns are similar to
those described for the 5-month averaged currents, although
the speeds are consistently larger. The southward currents in
the outer portion of the study area exceed 25 cm s in the
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least 50% temporal coverage.
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monthly mean, and the along-coast northward flow within
Monterey Bay is 10-20 cm s~ . There is no evidence of the
weaker anticyclonic circulation pattern in the southern part of
the bay in the August mean currents. Average currents east of
Point Pinos are clearly southeastward, consistent with a single
cyclonic circulation pattern. Averaged currents for September
1994 (Figure 13) are similar to the August currents but notice-
ably weaker throughout the study area.

The monthly averaged HF radar data from October 1994
(Figure 14) and November 1994 (not shown) illustrate the
current patterns during the fall transition. The clear cyclonic
circulation pattern found within Monterey Bay during summer
is absent. Offshore of the bay, currents are still consistently
southward with mean speeds of 10-15 cm s~ *. November re-
sults are similar to those from October except that the mean
southward currents offshore are even weaker (under 10 cm
s~ ). The average radar-derived currents for December 1994
are also shown in Figure 14. The mean flow across the mouth
of Monterey Bay is poleward during this month. Week-to-week
maps of radar-derived currents show that this pattern derives
from episodes of northward flow in this area, which persist for
several days at a time. These events can be seen in the time
series shown in Figure 4. Although northward flow is evident
beginning in August, the strongest and most persistent north-
ward currents at the M1 location occur in November and
December.

Radar-derived current fields during April-September 1992
derived from the original, two-sitt CODAR network show
circulation patterns similar to those observed during the sum-
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mer of 1994. The spatial coverage from that earlier network
was much less than that of the present three-site network,
which is why we have given more attention to the 1994 data in
this study. Monthly averaged currents from April, May, Au-
gust, and September 1992 exhibit summer-type circulation
[Neal, 1992; Foster, 1993]. Data are not available for June and
July of that year, but, presumably, the summer-type pattern
existed for, at least, the April-September period in 1992. The
mean radar-derived current fields for August 1992 and Sep-
tember 1992 are shown in Figures 12 and 13, respectively,
together with their counterparts from 1994. Although the in-
struments and coverages from the 2 years are different, similar
cyclonic circulation patterns are seen during both summers,
including stronger currents in August than in September.

The general view of surface current patterns around
Monterey Bay from HF radar data for 1992 and 1994 is that of
summer-type circulation from April through September with a
transition period in October-November. Summer-type circu-
lation is defined by a dominant cyclonic circulation cell within
Monterey Bay and southward flow offshore of the bay. Fre-
quent northward flow in the outer part of the bay occurs during
the fall transition period and can be manifest as monthly av-
eraged northward flows by December, which is consistent with
historical views of wintertime currents off the coast of Central
California [Hickey, 1979].

5. Discussion and Summary

The HF radar-derived velocity fields during late summer
1992 and 1994 reveal a band of equatorward flow across the
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mouth of Monterey Bay with cyclonic circulation inside the bay
and anticyclonic circulation offshore. This late summer flow
pattern is very similar to our prior understanding of the April-
July flow patterns in the Monterey Bay area based on AVHRR
imagery, drifter measurements, CTD data, and both vessel-
mounted and moored ADCP observations [Rosenfeld et al.,
1994a, 1995]. Furthermore, our detailed comparisons of low-
pass-filtered moored current measurements and HF radar-
derived currents in the outer part of the bay show high corre-
lations (~0.79) based on time series from August to December
1994 (Table 1). Velocity differences between radar-derived and
ADCP currents are highly correlated with wind stress. This
correlation is, at least, partially explained by expected current
shear between 1 m and 9 m depths and by wave-induced Stokes
drift, which is present in the radar-derived currents, but not in
the ADCP currents. Interestingly, the radar-ADCP velocity
differences are not highly correlated with near-surface temper-
ature stratification at the mooring site. Therefore momentum
trapping in a thin, buoyant layer at the surface is not the
primary reason for the differences observed. The onshore-
offshore (u) velocity differences do exhibit a weakly significant
and negative correlation with temperature stratification (Table
1). This can be interpreted to mean that near-surface stratifi-
cation was typically largest (smallest) during periods of west-
ward (eastward) flow.

As discussed by Rosenfeld et al. [1994a], it is felt that equa-
torward flow appearing in a band across the mouth of
Monterey Bay is associated with the advection of wind-driven
coastal upwelled water from the Ao Nuevo upwelling center.
Radar-derived currents overlain on the AVHRR image of
August 6, 1994 (Plate 1), also support this hypothesis. Offshore
of this region of equatorward flow, meanders of the California
Current with anticyclonic circulation have often been reported
[Breaker and Broenkow, 1994; Ramp et al., submitted manu-
script, 1996], and such a situation is also visible in the AVHRR
and HF radar data in Plate 1. The cyclonic circulation within
Monterey Bay revealed by the HF radar network is consistent
with the circulation observed by drifters [Moomy, 1973] and the
westward flow in the northern bight of Monterey Bay mea-
sured by current meters [Brown and Caldwell Engineers, 1979]
and hypothesized by Graham et al. [1992] based on hydro-
graphic data.

Although there are less historical data with which to com-
pare the fall currents, the presence of increased variability on
weekly timescales and increased occurrence of poleward flow
at the outer portions of Monterey Bay is consistent with our
understanding of the fall and winter conditions along the cen-
tral California coast. This increased variability late in the year
is related to increased variability in the low-frequency winds.
The narrow band of poleward flow observed in the December
1994 mean radar-derived current map may be a manifestation
of the Davidson Current, sometimes thought to be a shoaling
of the California Undercurrent. A narrow band of poleward
geostrophic flow was observed nearshore off Point Sur in No-
vember 1988 and 1989 [Tisch et al., 1992]. Data from brief
drifter deployments in the 1950s and 1970s are also consistent
with weak or slightly poleward surface flows in the outer parts
of Monterey Bay during the fall and winter [Reid and Schwartz-
lose, 1962; Griggs, 1974].

The time series analyses conducted with HF radar data show
significant coherence with winds for both low-frequency mo-
tions and energetic tidal frequencies, while, at the same loca-
tion, the coherences between SC-ADCP currents at 9 m and
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winds are not significant for subtidal frequencies. The phase
relationship between wind and radar-derived currents at low
frequencies is close to the theoretical 45° predicted by classical,
steady state Ekman theory. At higher frequencies, Neal [1992]
and Foster [1993] both show strong diurnal signals in the CO-
DAR data from 1992, which were related to sea breeze wind
forcing. Petruncio [1993] shows radar-derived semidiurnal tidal
ellipses from September 1992 that vary spatially with the bot-
tom topography in that amplitudes are largest over the head of
the Monterey Submarine Canyon, just a few kilometers from
Moss Landing, and ellipse orientations align with the shelf
break along the sides of the canyon. SC-ADCP data from 17 m
during September 1992 show semidiurnal fluctuations that are
similar in amplitude to those in the CODAR data from 1 m,
while showing diurnal fluctuations that are an order of magni-
tude weaker than those at 1 m. This reinforces the idea that the
ocean response to wind forcing at high frequencies is largely
confined to the upper few meters. Future HF radar observa-
tions may be able to expose even more details of the turbulent
momentum transfer very near the surface, especially if they are
combined with better moored techniques for measuring near
the surface, such as high-frequency upward looking ADCPs.

In this study we have used the HF radar velocity data as
processed by the manufacturer. Our goal was to evaluate the
usefulness of this remote sensing technique and to suggest
ways to improve it in the future. On the basis of the data
presented here we cannot report an expected accuracy of in-
dividual CODAR vectors, such as 95% of the time the value
will be within +x cm s~ " of the true value. We have shown that
the statistical standard error of the mean is similar to the mean
for months-long averages, although this does not address po-
tential instrument biases. Quantitative comparison of filtered
radar and SC-ADCP currents yielded rms speed differences of
6-11 cm s~ ! and rms direction differences of about 51°; com-
parison of unfiltered radar and drifter-derived currents yielded
rms speed differences of 10-17 cm s~* and rms direction dif-
ferences of about 64° (Table 1). All differences were heavily
skewed toward better agreement, however, with most of the
differences less than these rms values. This can be seen in the
histograms of radar-drifter velocity differences in Figure 10
and in the difference between rms and median values in Table
1. If, for the sake of argument, we assume error-free ADCP
and drifter measurements and attribute observed differences to
radar error, then these results are consistent with a remote
sensing radar measurement that is accurate 50% of the time to
within 7 cm s~* and subject to infrequent but very large errors
at other times. There is some evidence that these large errors
are random because low-pass filtering improves the radar ver-
sus in situ comparisons. However, sources of bias to the radar
measurements, such as distorted antenna patterns or inhomo-
geneity of the surface wave field, should be investigated in
future studies.

Of course, the “ground truth” data used here are not error
free, and real differences in the timescales and space scales of
the different measurements will further limit their agreement.
In particular, the drifter velocity estimates used here are,
themselves, subject to large errors due to position errors and
windage on the instruments. The best agreements between
radar and drifter-derived velocities in this study were obtained
for CODE-type drogued drifters positioned by the Argos sys-
tem [Paduan et al., 1996]. Future efforts to validate HF radar-
derived currents with drifters could be optimized by using

20,685

similar CODE-type drifters equipped with GPS receivers and
packet radio transmitters for local telemetry of data to shore.

" We feel that the results presented here show that CODAR-
type HF radar observations are promising enough to warrant
further use and stepped-up efforts to quantify errors and im-
prove processing algorithms. There is a huge potential for
these instruments, and HF radars in general, to provide direct
observations of coastal surface currents for both long-term
studies of coastal dynamics and real time applications, such as
hazardous spill tracking, search and rescue operations, and
marine forecasts. These instruments require better error de-
tection and quantification than are presently available, partic-
ularly for real time uses. Steps that may be taken immediately
by users of HF radar data include the following: incorporate
information about mapping errors involved in the transforma-
tion from radial component observations to vector velocity
maps [Prandle, 1991], incorporate checks in the vector process-
ing to exploit the fact that two systems should measure the
same radial velocity component from opposite directions along
the baselines, exploit the overdetermination of surface cur-
rents in regions with three-site coverage to evaluate uncer-
tainty in the vector computations, and, possibly, identify peri-
ods when individual radar sites are malfunctioning.

Perhaps the most important source of error to investigate
relative to HF radars is the impact of antenna distortion on the
radial velocity estimates. In the case of direction-finding sys-
tems (e.g., CODAR and SeaSonde), distortion of the expected
antenna patterns will result in error in the angular location of
radial data. In the case of phased-array systems (e.g., OSCR),
distortion of the patterns will result in error in the magnitude
of radial data. In both cases the resulting maps of vector
velocities will be in error, particularly under oceanographic
conditions of strong currents or strong horizontal current
shear. Direct field calibration of antenna patterns must be
conducted, and their impact on processing schemes must be
evaluated, for every deployment of an HF radar system. Di-
rection-finding systems suffer from the added problem of low
radial data coverage if the range of ocean current speeds is
small. This is because radial current values within 4 cm s~ * bins
can be assigned to, at most, two angular directions within a
given range cell [Lipa and Barrick, 1983]. The implications of
this restriction under various current, wind, and sea state con-
ditions must be investigated.
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