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ABSTRACT
Moored current and pressure observations were obtained at Bahı́a Concepción, a semienclosed bay located
on the eastern side of the Baja California peninsula in Mexico, to describe the wind-driven subinertial circulation. In winter and early spring, the bay is well mixed and forced by persistent winds toward the southeast,
aligned with the central axis. The authors’ observations show that the sea surface rises downwind in response to
wind stress and that there exists a crosswind drift at the surface that is consistent with Ekman dynamics. This
feature is typical of a bay that is deeper than one Ekman depth and hence affected by the rotation of the earth.
There is a persistent along-bay circulation toward the end of the bay along its western side with return flow on
the opposite side. Drifters released near the surface across a transect move westward and downwind toward the
closed end, where they recirculate cyclonically. Wind-driven linear theoretical models successfully predict the
observed cross-bay circulation but fail to predict the along-bay flow pattern. The role of spatial inhomogeneities
of wind stress (suggested by synoptic observations of the wind) and nonlinearities related to advection of momentum is investigated with theoretical and numerical modeling. Both mechanisms can contribute to the observed pattern of along-bay circulation. Even though the observations discussed were taken during the relatively
well-mixed season, density fluctuations are shown to play, at times, an active role dynamically.

1. Introduction
The ecological health of coastal wetlands and embayments depends on the rate at which water is exchanged
between the basin and the adjacent ocean (e.g., Wolanski
et al. 2004; Gillson 2011; Banas et al. 2007; Kimbro et al.
2009; Ritter et al. 2008). This exchange is modulated by
physical processes, often a combination of winds, tides,
and buoyancy forcing. Processes responsible for the winddriven circulation in shallow, well-mixed basins, when the
earth’s rotation can be neglected, are well understood
(e.g., Mathieu et al. 2002). It is also clear that the rotation
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of the earth has to be included in models of circulation in
semienclosed seas (e.g., Hendershott and Rizzoli 1976),
some of which are not much larger than the largest estuaries. Physical limnologists have understood for decades that the earth’s rotation influences the circulation
in wind-driven lakes (e.g., Simons 1980). A simple analytical model (Winant 2004) and numerical models
(Sanay and Valle-Levinson 2005) suggest that, in small
bays, lagoons, or estuaries, the circulation forced by a
steady wind will feel the effect of rotation if the maximum depth is greater than the Ekman depth
and the
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ekman number [E 5 d2 /(2h20 ), where d 5 2K/f , K is
the vertical eddy viscosity, f is the Coriolis parameter,
and h0 is the characteristic depth] is less than one. For
large E (large friction), the flow should be as predicted
by Mathieu et al. (2002). As E decreases, lateral flows
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driven by the Coriolis acceleration develop, viscous effects are confined within surface and bottom Ekman
layers, there is a geostrophic interior, and fluid parcels
are advected by the combined axial and lateral flows with
increased residence times. The observations described
here were acquired to test the model results cited above.
The relatively undeveloped bays and lagoons found
in the central portion of the peninsula of Baja California
in Mexico are near-ideal sites to test the hypothesis. The
weather in these areas is arid, with less than 250 mm of
rain per year (Mendoza-Salgado et al. 2006), and winds
are strong and persistent. Bahı́a Concepción, the site of
the observations, is located on the eastern side of the Baja
California peninsula. It is exposed to strong winds (up to
0.2 Pa) aligned with the axis of the bay in winter, when it
is well mixed, and the Ekman number is less than one.
In section 2, we describe Bahı́a Concepción, its typical
atmospheric and tidal forcing, and the field program that
took place there. We also provide an overview of the
current, wind, and sea level fluctuations observed during
the winter deployment, which is the focus of this analysis. In section 3, we discuss the subinertial variability,
from pressure fluctuations to current and drifter observations. We examine the extent to which wind forcing
can explain the observed variability. The wind-driven
response is isolated and compared with idealized linear
models. These models reproduce the cross-bay circulation but fail to predict the observed cyclonic circulation.
This discrepancy motivates further investigation of the
observed subinertial dynamics. Calculation of depthaveraged momentum balances and inspection of horizontal density gradients suggest that advection of
momentum and stratification contribute to the dynamics. Finally, in section 4, we present numerical results incorporating the effects of advection of momentum and
spatially variable wind stress and examine the extent to
which these additions help to explain the observed circulation. The role of stratification is also discussed.

2. The observations
a. Bahıa Concepci
on
Bahı́a Concepción is characterized by a relatively
simple bathymetry. Its elongated shape (40 km long by
5–10 km wide; Fig. 1) is typical of half-graben structures,
which result from a land downthrow near a geological
fault zone (McFall 1968; Johnson and Ledesma-Vásquez
2001). The northern part of the bay features a V-shaped
channel connected to the Gulf of California by a 15-mdeep sill. South of this channel, the maximum depth is
close to 30 m. A gently sloping beach closes the bay in
the south, over a distance of approximately 5 km. The
coordinate system used here has the x axis running in

FIG. 1. Bathymetric map of Bahı́a Concepción. Depth is indicated
by the gray shading and contours, and instruments are indicated by
the large symbols. The vertical section in the middle is along the
ADCP line. The position of Bahı́a Concepción with respect to the
Baja Peninsula is represented by the black square on the bottom-left
map. The arrows represent the chosen along- (x) and across- (y) bay
directions. White lines at the meteorological station locations show
the wintertime major axis of the wind stress.

the along-bay direction, parallel to 1458T, and the y axis
points at 558T. This coordinate system agrees well with the
principal axis of the observed depth-averaged currents.

b. Atmospheric forcing, tides, and the
stratification of the bay
The weather in the vicinity of Bahı́a Concepción alternates between the two patterns that characterize the
Gulf of California (Badan-Dangon et al. 1991). During
late fall and winter, the area is subject to strong (stresses
up to 0.2 Pa) northwesterly wind forcing (the ‘‘Nortes’’).
In spring and summer, the winds reverse over the Gulf
of California, becoming weak southeasterly (stresses
less than 0.05 Pa). The bay itself is sheltered during the
summer by the range of small mountains on the south
side. These conditions are illustrated in Fig. 2 (middle),
where winds measured by the Quick Scatterometer
(QuickSCAT) satellite system over the Gulf of California
are compared to observations from two stations deployed
at the north and south ends of the bay. In the bay, the
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currents are oriented along basin, fairly uniform with
magnitudes up to 3.5 cm s21.
Time variation of the thermal stratification inside
Bahı́a Concepción is illustrated in Fig. 2 (bottom). During
winter and spring, the season when the Nortes blow, the
water is relatively well mixed, with a nominal temperature difference of less than 18C (;0.2 kg. m23 density
difference) throughout the water column. In late spring,
as the direction of the wind reverses over the Gulf of
California, stratification increases in the bay for two reasons: surface warming caused by increased solar radiation
and decreased heat loss and cooling of bottom waters
caused by advection of cold water that has upwelled in the
Gulf of California. This process is described in detail by
Cheng et al. (2010).

c. Mooring deployments

FIG. 2. (top) The time and location of all ADCP deployments.
Lettered ADCP locations are not discussed in the present paper.
(middle) The low-pass-filtered along-bay wind stress at the north
meteorogical station (MET1) and south meteorological station
(MET2) as well as the along–Gulf of California axis wind stress
from QuickSCAT. Positive values are toward Bahı́a Concepción
closed end for MET1 and MET2 and toward the Gulf of California
mouth for QuickSCAT. The QuickSCAT estimate is an average
over a 30-km-wide square in the middle of the Gulf of California in
front of Bahı́a Concepción. (bottom) The temperatures at ADCP3
and at 5-, 10-, 15-, 20-, 25-m depths from February 2005 to the end
of the experiment. Before this time period, the temperatures at
25- and 5-m depths are estimated from ADCP C and an average
between PS1 and PS2 temperatures.

topography found on the east and west sides acts to steer
the wind in the direction of the central axis. The observations reported here span the winter–spring seasons,
when the wind is nearly unidirectional along 1468T at the
north station. The mean amplitude of the wind stress was
0.02 Pa with a major axis amplitude of 0.05 Pa.
Bahı́a Concepción is located near a semidiurnal tide
amphidrome described by Morales and Gutiérrez de
Velasco (1989) and Hendershott and Speranza (1971).
The tide is mixed with diurnal dominance and a form
factor (K1 1 O1)/(M2 1 S2) equal to 2.4 at the mouth.
The bay is small compared to diurnal and semidiurnal
barotropic wavelengths and the tidal response is typical
of a standing, co-oscillating tide: tidal sea level amplitudes slightly increase with distance into the bay and
the flow leads the sea level by ;908. Tidal current amplitudes are expected to be maximum at the mouth and
decrease toward the head down to zero. Along the
acoustic Doppler current profiler (ADCP) cross section considered here (Fig. 1), a tidal analysis of the
observed currents reveals that diurnal and semidiurnal

Moored observations began in November 2004 and
extended through October 2005 (Fig. 2, top). This period was divided into several deployments separated
by short periods, when instruments were recovered for
maintenance. Meteorological observations (wind speed,
direction, air temperature, and humidity) were made at
two locations marked by white circles in Fig. 1. Wind
stress was estimated from the observations by the method
described in Large and Pond (1981). Pressure sensors
(SeaBird SBE26) were moored close to the meteorological stations (located by white diamonds in Fig. 1) to
quantify variations in the sea level at tidal and lower
frequencies. The high-frequency observations from these
instruments were also used to describe the wave climate
in the bay (Caliskan and Valle-Levinson 2008).
Current observations were made with upward-pointing
ADCPs. This study uses ADCP data from deployment
3 (Fig. 2) when the bay was weakly stratified and the
ADCPs were located at sites shown with black circles
on Fig. 1. The ADCP at site 7 malfunctioned at deployment time and is not considered here. The instruments were RDI Workhorse Sentinel, either 1200
or 600 KHz, set for 1- or 2-m bin depths and recording
velocities averaged over 2.5-min intervals (ensembles
of 60 pings). After January 2005, six thermistor chains
were added, near each of the ADCPs, except the central one. On each chain, thermistors were distributed
every 5 m below the surface and recorded every 4 min.
Thermistors were built at the Hydraulics Laboratory
of the Scripps Institution of Oceanography and have
a 0.018C accuracy. Water density was computed assuming a constant salinity of 35.7 psu. This value was
inferred from CTD casts taken on 15 March 2005 (not
shown). The casts show that ignoring the variability of
salinity leads to an uncertainty maximum at the surface
(0.05 kg. m23) and decreasing with depth (down to
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FIG. 3. (top) ADCP deployment 3 time series of sea level (divided by 10 and offset 0.15),
wind stress (offset 20.3) at the mouth, and the along- (u) and across- (v) bay current at the
ADCP3’s topmost bin. Currents are not offset vertically. Spectral densities of the same time
series are shown below. Spectral densities of depth-averaged current are shown in light gray.
The gray shadings are 95% confidence intervals.

0.01 kg. m23). This uncertainty is lower than the signals discussed in the present analysis.

d. Drifter deployments
A number of drifters were released in several deployments, each lasting up to 4 days. The drifter bodies
were similar to those described by Davis (1985), designed to minimize drag from the wind and from surface waves. The drogue element was deployed at 1, 10,
or 20 m beneath the surface. A small, self-contained,
battery-operated GPS was installed just above the
surface, collecting time and location every minute. A
total of 50 of these units were built, and they were deployed a total of 12 times during the winter, spring, and
summer. Only winter deployments are described here.

e. Overview
An overview of the observations collected during
deployment 3 (February–March 2005), when most of

the data used in the present analysis were collected, is
shown in Fig. 3.
Time series of the two components of velocity near
the surface (z 5 22.8 m) are shown in Fig. 3 (top), along
with sea level (divided by 10 and offset by 20.15) and
wind stress (offset by 20.3 Pa). At each ADCP location,
currents are rotated in the direction of the depth-averaged
current major axis that follows the isobath direction and
the main axis of the bay (positive u is a current directed
toward the closed end of the basin). No filtering has been
applied. The observed currents can be characterized as
a superposition of contributions from a broad range of
frequencies with typical amplitudes of 5 cm s21. The sea
level is dominated by the diurnal tidal cycle. The x component of the wind stress appears as a superposition of
diurnal fluctuations of amplitude 0.05 Pa and several-daylong events of comparable magnitude. In several cases
(e.g., about 12 February), wind stress clearly influences
surface currents. Spectra provide another picture of the
variability. Spectra of surface currents are characterized
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by peaks at tidal periods and tidal harmonics corresponding to those found in the sea level. The sea level
and the axial currents also exhibit sharp peaks at frequencies higher than 10 cycles per day, corresponding
to barotropic resonances of the basin.
At the latitude of Bahı́a Concepción, the inertial
period is 26.7 h, longer than the periods of dominant
tidal constituents and of the bay seiches resonances.
This paper deals with the observed subinertial fluctuations
and all variables considered next have been low-pass filtered with a 33-h half-amplitude filter (Rosenfeld 1983).
Future work will investigate the fluctuations at shorter
time scales.

3. Subinertial circulation
a. The axial pressure gradient
Subinertial pressure changes (denoted by P S) caused
by sea level and atmospheric pressure variations at either
end of the bay are illustrated in Fig. 4 (top). An estimate
of the product of the mean water depth by the pressure
gradient, h›xPS can be derived from the differences in
the observed PS. It represents the force (in Pa) exerted
by the water slope between the two locations and is
illustrated in Fig. 4 (middle). This pressure gradient
compares well with the axial component of the wind
stress (Fig. 4, bottom). Linear theories suggest that, if
the bottom stress is small, wind stress sets up the water
level downwind, in just the way illustrated by these observations. The fact that the estimated pressure gradient
is not highly correlated with P S but is with t xS adds to the
strength of this result. The correlation between h›xP S and
the wind stress estimated at the northern station, for a
5-month period beginning in November 2009, is 0.85 (95%
significant level is estimated at 0.19) and the slope of the
regression is 0.97.

b. Structure of the subinertial circulation
The structure and variability of the circulation is explored by calculating the empirical orthogonal functions
(EOF) of the subinertial current observations (Emery
and Thomson 2001). For each deployment, subinertial
current observations made at each bin of every ADCP
are included as a single, complex (u 1 iy) dataset. The
spatial structure of the EOFs during deployment 3, when
the instrument coverage was best, is illustrated in Fig. 5
(top). We consider three covarying modes that account
for the largest fraction of the subinertial variance. The
first EOF accounts for almost 82% of the observed subtidal variance, and it represents a pattern dominated by
axial currents, laterally sheared: when currents flow away
from the ocean on the west side, there is a return flow near

FIG. 4. Low-passed pressure–wind stress relationship. The top
two curves are the demeaned and scaled pressure P S measured at
the north (black) and south (gray) pressure sensors, both offset by
0.4. The vertical black lines indicate pressure sensor turnovers and
the light gray shading indicates time periods when all ADCPs were
deployed. The central black line is the difference of bottom pressure between south and north pressure sensors scaled by the depth
h 5 20 m. The lowest two curves are the along-bay wind stress at
the north (black) and south (gray) meteorological stations, offset
by 20.4.

the opposite shore. Associated flow speeds are between
5 and 15 cm s21. The amplitude of this mode is close to
zero near the center of the basin. Near the western shore
(ADCPs 1, 2, and 3) the current is surface intensified. The
associated time series (Fig. 5, bottom) is mostly real, and
the real part is always positive. Thus, this mode describes
a mean horizontal circulation that is persistently cyclonic
but fluctuating in time. The second and third EOFs both
account for about 5% of the variance and contain much of
the lateral circulation. The largest represents a surface
intensified flow across the bay, whereas the third EOF
represents a vertically sheared lateral flow. Both second
and third EOFs have typical flow speeds between 2 and
4 cm s21.

c. Relationship between circulation and forcings
The relationship between the main current patterns
and forcing functions (subtidal wind stress and tidal envelopes) is explored through a linear regression analysis
of the EOF time series against t x (along-bay wind stress),
a12 (the sea level envelope of the semidiurnal tide), and
a24 (the sea level envelope of the diurnal tide). The
analysis is succinctly described in the appendix. The
contribution of individual forcing functions to the circulation is identified by low p values. Regressions with the
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FIG. 5. Deployment 3: (top) The spatial structure of the first three EOFs of the low-passed currents. The x
axis points toward the closed end of Bahı́a Concepción. (bottom) The associated time series: black is EOF1,
dark gray is EOF2, and light gray is EOF3. The thick line is the real part, and the thin lines centered
around 20.5 are the imaginary part. Centered around 21 is the low-passed along-bay wind stress (times 4)
at the north (black) and south (gray) meteorological stations divided by 10: positive values are toward the
head of bay. Semidiurnal (gray) and diurnal (black) tidal envelopes (in meters) are at the bottom with an
offset of 22.

use of a lagged wind stress showed lower skills, hence the
present choice of no lag. Regressions with other combinations of explanatory variables have been tried and are
discussed at the end of this section.
The skills of the regression for EOF 1 real and imaginary time series are below the significant level (see
Table 1). Therefore, the subinertial along-bay cyclonic
circulation is not well explained by a linear combination
of the wind and tidal envelopes. The p values associated
with wind stress are nonetheless low and the wind remains
a viable forcing candidate. One possibility explaining the
low skill of the regression is that the relationship between
EOF 1 cyclonic circulation and the wind is not a simple,
linear one. Indeed, sections 3f, 3g, and 4 illustrate how
both nonlinear advection of momentum and stratification
may be important to explain the present observations.
The large p values associated with tidal envelopes and
the weak amplitude of the tidal flow (,3.5 cm) indicate
that EOF 1 is not likely to be the result of a tidal rectification process. Along-bay gradients of density not
directly related to the wind stress could potentially
explain the cyclonic circulation. With the experimental
design at hand, these gradients can only be estimated
with the pressure sensors, equipped with temperature
probes, located at both ends of the bay. During deployment 3, the thermistors indicated that the head

was warmer than the mouth by 18C in average and 28C
at most. A rough approximation of the surface current
produced by a density difference equivalent to 18C
(Wong 1994) leads to values on the order of 2 cm s21,
which is not enough to explain the cyclonic circulation
represented by EOF 1. The pressure sensors were
moored in 5-m depth though and not representative of
the whole vertical profile of density. As argued by Cheng
et al. (2010), cold water from the Gulf of California does

TABLE 1. Deployment 3: Skill of the regressions of EOF 1–3 real
and imaginary time series against wind and tidal envelopes. A 10%
significant skill is estimated at 0.35 and the number of degrees of
freedom is computed assuming a 2-day decorrelation time scale.
The associated p values are pt for the wind stress and p24 and p12 for
the diurnal and semidiurnal tidal envelopes, respectively. Lower p
values are expected for forcings significantly contributing to the
regression.
EOF

skill

pt

p24

p12

1
1
2
2
3
3

0.19
0.23
0.37
0.12
0.35
0.07

0.14
0.20
0.62
0.69
0.02
0.34

0.45
0.54
0.11
0.22
0.62
0.95

0.65
0.19
0.07
0.83
0.84
0.76
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enter Bahı́a Concepción in late spring, which suggests
that horizontal density gradients are important at
times.
The skills of EOF 2 and 3 time series real parts are
above the level of significance, whereas their imaginary
parts are not significantly explained by the wind and
tidal envelopes. The p values suggest that the tidal
envelopes are principally responsible for the skill of the
regression with the EOF 2 real part. We do not investigate further, in the present work, the structure and
dynamics of the tidally rectified flow represented by
EOF 2. For the real part of EOF 3, the analysis indicates that, of the forcings included in the analysis,
wind stress is the main actor. This is interesting because
EOF 3 is related to a cross-bay circulation that compares favorably with theoretical predictions (see section 3d).
Other combinations of explanatory variables did
not improve the regression skill or produce wind-driven
currents that were notably different from those derived
with the variables used above. The cross-bay wind did
not seem to explain any of EOFs 1–3. The role played
by observed along-bay bay pressure and temperature
gradients was also investigated. Even though these
gradients could explain part of the EOF variances, they
are not strict forcing agents. The pressure gradient, for
example, was shown in section 3a to be well correlated
with wind stress, and including it as an explanatory
variable requires care. With a linear regression, we
tried subtracting the contribution by the wind to the
pressure gradient and use this residual, together with
the wind and the tidal envelopes, as an explanatory variable. However, this did not improve the skill of the regression. Similarly, adding the along-bay temperature
difference did not improve the regression.
We have shown in this section that wind is one likely
forcing of the observed cyclonic circulation. The next
step is to investigate to what extent it can explain the
observed pattern of circulation.

d. The wind-driven circulation
The wind-driven response is obtained by adding the
wind regressions coefficients of the regression with the
real and imaginary parts of EOF 1 time series as well as
the real part of EOF 3 time series. The choice of these
EOFs is based on the low p values of the wind in the
regression that was just described. Despite its complexity, this method gave results qualitatively similar
to those derived from a direct linear regression between currents and wind. The resulting current profiles
are illustrated in Fig. 6, where they are compared to
results from the theory described by Winant (2004) for
two values of the vertical eddy diffusivity. The model

VOLUME 42

computes the linear response of a well-mixed basin to
a steady wind on an f plane. Mixing is represented by
a constant eddy viscosity and the bottom boundary
condition is no slip. The theoretical currents are computed along the midbasin cross section of a 40-km-long
by 6-km-wide basin with parabolic-shaped bathymetry
(30-m maximum depth). The wind blows in the alongbasin direction with a strength of 0.1 Pa and is spatially
uniform. Each ADCP is matched to a location of equal
depth along the theoretical section. The theoretical
lateral circulation (to the right of the wind at the surface
and in the opposite direction at depth) is reproduced by
the observations at ADCPs 3–6. At the two other sites,
theory overestimates the observations. Qualitatively, the
observations of wind-driven lateral circulation support
the model. Suggested values of the eddy viscosity are
between 2 3 1023 and 4 3 1023 m2 s21, which corresponds to Ekman depths between 5.6 and 7.9 m and
confirms the fact that Bahı́a Concepción is deeper than
an Ekman depth.
The observed axial wind-driven circulation can be
characterized as a cyclonic circulation cell, very similar
to the dominant EOF pattern. The agreement with
linear theory, where the flow is downwind on the either
sides of the bay with return along the center of the
cross section, is rather poor. Further investigations into
the subinertial observed dynamics (sections 3f and 3g)
point toward the importance of stratification and advection of momentum, both ignored by the linear
models used until here. We discuss in section 4 how
both of these effects as well as nonuniformities of wind
stress can help understand the observed circulation
pattern.

e. Drifter trajectories
Trajectories of drifters drogued at three depths and
deployed on 19 March 2005 are illustrated in Fig. 7. The
trajectories cover a period of 4 days during which the
wind was strong (mean of 0.013 Pa), toward the closed
end of the bay, during the daytime. Drifters drogued
near the surface and deployed on the western side of
the bay were quickly entrained downwind, where they
eventually ran aground within 1 km of the shore, in an
area where the linear model predicts downwelling.
Surface drifters released on the east side of the bay
initially moved upwind but soon moved westward,
where they were caught up in the downwind drift.
Drifters drogued 10 m beneath the surface and deployed on the west side followed a similar pattern to the
surface drifters, moving southward until they grounded,
with about half the speed of the surface drifters. Drifters
deployed at 10 m on the east side were not carried toward the west. Instead, they moved slowly upwind. At
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FIG. 6. Currents driven by a 0.1-Pa axial wind stress from the ADCP data (see section 3d) in thick gray. The shading indicates bootstrap
10% confidence levels. The other curves represent the model of Winant (2004) for Kz 5 4 3 1023 m2 s21 (dashed) and Kz 5 2 3
1023 m2 s21 (solid).

20 m, there was only slow cyclonic motion. The pattern
of drifters trajectories was consistent with the flow
structure described in the preceding section by the EOFs
analysis.

f. The depth-averaged momentum balance
The depth-averaged momentum equations (e.g., Lentz
et al. 1999) are

FIG. 7. Tracks of drifters deployed on 19 Mar 2005. Circles and crosses show release and pickup locations, respectively. The wind stress observed at the north meteorological station and averaged from 19
to 22 Mar (when the last drifter was recovered) is shown in the central subplot.
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TABLE 2. Deployment 3: Standard deviations of terms involved in along-bay depth-averaged momentum balance (1025 cm s22).
ADCP location

2›t[u]

f [y]

2›xP s/r0

tsx /h

2tbx /h

2(1/h)›y (h[yu])

Residual

1
2
3
4
5
6

4.9
3.8
2.5
2.3
1.9
2.4

2.9
2.6
7.9
8.1
7.0
4.8

4.9
4.9
4.9
4.9
4.9
4.9

7.6
5.7
4.6
4.3
4.6
5.1

1.5
1.0
0.8
0.6
0.9
1.0

13.5
7.2
2.1
3.6
3.8
3.6

15.9
7.9
7.4
11.4
7.3
5.3

1
1
›t [u] 1 ›x (h[u2 ]) 1 ›y (h[uy]) 2 f [y]
h
h
tx
1
tx
5 2 ›x P 1 s 2 b and
r0
r0 h r 0 h
1
1
›t [y] 1 ›x (h[uy]) 1 ›y (h[y 2 ]) 1 f [u]
h
h
y
y
t
1
ts
5 2 ›y P 1
2 b,
r0
r0 h
r0 h

(1)

(2)

Ð0
where [  ] 5 1/h 3 2h dz is the depth averaging operator, tbx/y and t sx/y are the bottom and surface stresses, and
h is the local depth. Bottom stress is estimated using the
current measured in the bottommost ADCP bin and assuming a quadratic law with a drag coefficient of 2 3 1023.
It is convenient to divide the pressure P into two parts: P s,
corresponding to changing sea level and atmospheric
pressure, and a baroclinic component,
Pi 5

g
r0

ð0


z
r 1 1 dz.
h
2h

(3)

The two pressure sensors give estimates of P s at both
ends of the bay, but because of leveling issues cannot be
used to determine the time-averaged barotropic pressure
gradient. This limits the discussion to subtidal fluctuations.
Estimates of various terms in the momentum balance
based on observations during deployment 3 are presented
in Tables 2 and 3. These estimates do not amount to a
clear and consistent budget. Nonetheless, they do point
toward relevant aspects of the subinertial dynamics.

Standard deviations of along-bay wind stress and
pressure gradients are comparable. This is explained
by their tendency to balance each other, as described
in section 3a. Theoretical analyses of the momentum
balance (e.g., Winant 2004) demonstrate that the axial
barotropic pressure gradient is independent of lateral
position in an elongated basin. If the wind stress is
uniform across the basin (the validity of this assumption is questioned in section 4), the axial balance between sea level induced pressure and wind stress does
not hold at all depths. Larger bottom stresses balance
the wind stress over shallow depths. Standard deviations
of the bottom stress are larger at shallow ADCP locations
but never large enough to solely balance the wind stress.
The nonlinear momentum advection, neglected in linear
theories, is another term that has significant amplitude,
particularly on the west side, where it is the single largest
term estimated. The role of advection of momentum in
modifying the wind-driven dynamics is investigated numerically in section 4a.
Estimated terms contributing to the lateral momentum balance are presented in Table 3. As in the axial
case, the lack of observations, most notably of the barotropic pressure gradient, makes it difficult to complete
a budget; however, leading terms can be inferred from
the estimates. The largest estimated term corresponds
to the lateral baroclinic pressure gradient, even in this
relatively well-mixed season. This result was unanticipated
and is discussed in some detail in the following section.
The Coriolis acceleration is the second largest term and
changes sign from one side of the basin to the other, in
accordance with the cyclonic circulation.

TABLE 3. Deployment 3: Standard deviations of terms involved in across-bay depth-averaged momentum balance (1025 cm s22).
Ð0
ADCP position
2›t[y]
2f [u]
tsy /r0 h
2tby /r0 h
2 2h g›y r/r0 (1 1 z/h) dz
2(1/h)›y (h[y2 ])
Residual
1
2
3
4
5
6

0.9
0.6
2.1
1.6
1.6
1.5

18.0
12.3
8.8
6.8
9.8
12.2

3.1
2.3
1.9
1.7
1.9
2.1

0.4
2.5
0.4
0.4
0.5
0.7

66.7
90.8
6.5
12.7
5.8
11.0

6.4
3.5
2.4
2.2
2.6
3.1

71.4
93.9
11.9
16.5
9.5
15.9
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FIG. 8. (top left) The vertical distribution of laterally averaged density every 5 days during deployment
3. Note the density scale increases to the left. (top right) The spatial structure of the two eigenvectors
(dark gray corresponds to the largest EOF) that account for most of the variance. At each site, the dashed
vertical line represents zero. (bottom) The time dependence of these two EOFs is illustrated in the
middle. The top trace corresponds to the largest current EOF, and the bottom two traces correspond to
the axial component of wind stress measured at the north and south meteorological stations.

g. Lateral density gradients and the thermal wind
balance
Results described in section 3f above suggest that,
even when the bay appears well mixed (Fig. 2, before
1 May), the baroclinic pressure gradient can be comparable with other terms in the lateral momentum equation.
An EOF analysis is used to describe the spatial structure
of the density field along the ADCP section. To focus on
the lateral gradients of density, the horizontally averaged
density anomaly is estimated and removed from the observations before computing the EOFs. The horizontally
averaged density field is illustrated in Fig. 8 (top left)
for different times through deployment 3 (note the density scale increases to the left). In the first three profiles
(before 19 February), the vertical density difference is
less than 0.05 Kg m23. Later, surface waters warm up
(Fig. 2), and the vertical density difference increases to
over 0.25 Kg m23.
The spatial structure of the two largest EOFs of the
resulting time series (accounting for 59% and 23% of
the variance, respectively) is illustrated in Fig. 8 (top
right). The largest EOF represents a structure that is
nearly independent in depth at each ADCP site and
with opposite sign from one side of the bay to the other,
corresponding to a lateral density gradient that is coherent across the full section. The time dependence of
the first mode fr1 (dark gray line in Fig. 8, bottom) has

small amplitude before 17 February, when the vertical
density gradient is weak. When stratification increases,
the amplitude increases in the sense that water is lighter
along the western side of the bay, with a typical density
difference of 0.2 Kg m23 between eastern and western
side. This is consistent with the persistent positive wind
stress (toward the closed end of the bay) at that time.
The associated cross-bay currents (Fig. 6) transport
light surface water toward the western, downwellingfavorable shore and bottom denser water toward the
eastern, upwelling-favorable shore. The second EOF
spatial structure (light gray line) is similar to the first
except at site 1, where it is of opposite sign. During the
second half of the deployment, there are several events
when time series of modes 1 and 2 increase simultaneously. The water density is then low at ADCP sites
2 and 3 compared to the eastern sites. After 1 or 2 days,
mode 2 decreases, meaning that the water density at
ADCP 1 becomes lower and comparable to that of
ADCP 2. We conclude this mode reflects a delay of the
density fluctuations at ADCP location 1 compared to the
rest of the bay, consistent with the idea that light surface
water is advected by the westward cross-bay currents.
Observations of the current response to wind forcing
in open coastal environments (Yankovsky 2006; Winant
et al. 1987) have shown that lateral density gradients
tend to be balanced by the vertical shear, as predicted by
the thermal wind equation,
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FIG. 9. Thermal wind balance, deployment 3: (top) The slope (thick black; 95% bootstrap confidence interval is the
gray shading) and intercept (thin black) of a least squares regression of the vertical along-bay shear ›zu on the scaled
cross-bay density gradient (g›yr/r0 f ). (bottom) The corresponding correlation (black solid line) is shown as well as
the critical correlation at a 95% level (dashed line).

f

›u
g ›r
5
.
›z
r0 ›y

(4)

To test the thermal wind balance a regression analysis
was performed using the two sides of Eq. (4) for each
mooring site instrumented with a thermistor chain and
an ADCP. The results of the regression are illustrated in
Fig. 9. The vertical shear is estimated with a second-order
central difference scheme, and the horizontal density
gradient is computed at the depths where temperature
measurements are made first and then interpolated to
ADCP bin levels.
Correlation coefficients demonstrate that the thermal
wind balance describes the dynamics at site 6 well. Corresponding regression coefficients are close to unity.
At sites 3–5, the correlation is significant beneath 10-m
depth, with regression coefficients ranging between
0.25 and 1.5. At sites 1 and 2, the correlation is nowhere
significant, despite the large horizontal density gradient
observed in the depth-averaged momentum balance.
The vertical shear is nearly 5 times less than would be
expected from the lateral density gradient. These discrepancies with the thermal wind balance could be attributed
to the crude way in which gradients were estimated. With

the chosen experimental setup, frontal features between
ADCP locations could, for example, produce large horizontal density gradients that may not be in thermal balance
with the currents flowing over the ADCPs.

4. Discussion
Instances of persistent cyclonic circulation have been
reported in lakes (Beletsky et al. 1999). Forcing mechanisms are various and often act in combination (Schwab
and Beletsky 2003): direct vorticity input by a spatially
varying wind (Strub and Powell 1986); asymmetry in
mixing between upwelling and downwelling shores
(Bennett 1975); horizontal buoyancy gradients (Davidson
et al. 1998); and nonlinear topographic effects (Simons
1986). The present discussion focuses on a selection of
mechanisms believed to be at work in Bahı́a Concepción.

a. Weak versus moderate wind response
Inspection of depth-averaged momentum balances
(section 3f) suggests that nonlinear advection of momentum plays at least a partial role in the wind-driven
dynamics. Past observations (Allen and Smith 1978) and
numerical and theoretical modeling (Lentz and Chapman
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FIG. 10. Wind-driven currents at a central cross section of an elongated basin forced by a (a),(b) weak;
(c),(d) moderate; (a),(c) spatially uniform; or (b),(d) curled wind stress (magnitude represented above
each section). Here, (a),(b) have been computed with the linear theoretical model of Winant (2004), and
(c),(d) have been computed with a nonlinear configuration of ROMS. The lateral and vertical flow are
represented with arrows. The downwind flow is represented with contours and shadings (white 5 downwind; gray 5 upwind). Contours are every 0.2 cm s21 for (a),(b) and every 2 cm s21 for (c),(d).

2004; Federiuk and Allen 1995) have discussed the role
of momentum advection in upwelling configurations
along open coasts. The theoretical analysis of Lentz
and Chapman (2004) predicts, for a fixed wind stress, an
increasing importance of the cross-shore momentum
advection with stratification. Stratification is ignored
here, and a nonlinear numerical simulation with the
Regional Ocean Modeling System (ROMS; Haidvogel
et al. 2000) is performed in order to illustrate the importance of momentum advection in moderate wind
conditions (0.05 Pa). The basin shape and bathymetry
are that of section 3d. Horizontal grid spacing is 100 m
and there are 30 points in the vertical. Turbulent mixing of momentum is prescribed with a constant eddy
viscosity K 5 1023 m2 s21. The fluid is taken to be homogeneous and forced at the surface by a spatially uniform wind stress of 0.05 Pa blowing in the along-bay
direction. The simulation reaches steady state after a
spinup time of approximately 2 days. Figure 10c shows
the corresponding currents in the middle of the basin,
which we assume is representative of our experimental

transect. It is compared with the model of Winant (2004)
(Fig. 10a), which illustrates the linear response to a weak
wind (0.005 Pa). Nonlinear numerical simulations with
ROMS and a wind stress of 0.005 Pa produced currents
qualitatively similar.
The circulation in Fig. 10a is typical of the description
given in Winant (2004) for a basin deeper than an
Ekman depth. The primary response to the wind stress is
to drive a surface Ekman transport to the right of the
wind in the Northern Hemisphere. For an along-basin
wind stress, the elongated shape of the basin requires
mass to be balanced in the cross-basin direction away
from the upwind or downwind end of the basin. This is
achieved below the surface Ekman layer with a depthuniform flow to the left of the wind, in geostrophic
balance with a downwind increase of sea level. Lateral
variations of bathymetry create vortex stretching of this
return flow, which is balanced by a curl of the bottom
stress associated with intense downwind flow over
shallow areas. These dynamics are similar to the arrested topographic wave of Csanady (1978). Because
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the basin is closed at the down and upwind end, this net
downwind transport is balanced by an upwind flow in the
deeper parts of the cross section. A Rossby number R
representing the relative magnitude of nonlinear advection of momentum is deduced from these linear
predictions, R 5 ud/fB 5 t/rf 2hB, where ud 5 t/rfh is
typical of the geostrophic interior flow response of
a deep bay and B is half the width of the bay. For the
two choices of wind used here, R is equal to 0.013 (weak
wind case) and 0.13 (moderate wind case).
For a wind stress of 0.05 Pa (Fig. 10c), the numerical
predictions depart from weak wind results. Over the side
to the left of the wind, lateral advection sweeps positive
along-bay momentum to the right near the surface and
broadens the downwind jet. At depth, negative alongbay momentum is advected to the left and upward and
shifts the upwind flow over to shallower depths on the
left of the wind. The contour of zero along-bay flow is
displaced from the 20-m isobath to the 10-m isobath.
Along the side to the right of the wind, advection acts in
the opposite way resulting in a pinched downwind jet
near the surface and spreading of the downwind flow
with depth. The resulting transport on the right side of
the basin increases relative to the other side. The symmetry of the circulation around the cross section central
axis is broken in a way consistent to the observed pattern
of along-bay circulation (Fig. 6). Typical values of subinertial wind stress fluctuations are on the order of 0.05 Pa
during deployment 3 (Fig. 5). The nonlinear advection of
momentum could thus explain the discrepancies between
the ADCP observations and linear theories.

b. Role of a nonuniform wind
So far, the models used to explain the observed pattern of circulation have assumed spatially uniform wind
stress. In March 2005, the R/V Sproul carried out a
2-week-long survey inside Bahı́a Concepción. During a
1.5-day-long southward wind event, underway wind observations in the southern part of the bay showed a persistent cross-bay gradient of wind stress from 0.1 Pa along
the eastern shore up to 0.2 Pa along the western shore,
the latter being comparable to the values observed at the
meteorological stations. This raises the question whether
such a pattern of wind can explain the observed enhanced
downwind currents along the western side with return
along the eastern one. We use here the model of Winant
(2004) and ROMS in order to compare the circulation
with a spatially uniform and spatially varying wind in
weak and moderate wind conditions. In weak wind conditions, the theoretical model is forced with a spatially
varying wind increasing from 0.0025 to 0.005 Pa in the
direction to the right of the wind and the corresponding
currents are shown on Fig. 10b. In moderate wind
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conditions, ROMS is forced with a spatially varying wind
increasing from 0.025 to 0.05 Pa, and the corresponding
currents are shown on Fig. 10d.
In weak wind conditions (Fig. 10b), the spatially varying wind produces a divergence of the surface Ekman
transport resulting in upwelling over most of the cross
section, except close to the downwelling-favorable
boundary. Along the upwelling-favorable boundary, the
wind stress and the downwind jet are weaker than when
the wind is spatially uniform. The return flow is displaced
toward shallower depths, and its maximum value is
weaker.
In moderate wind conditions (Fig. 10d), the spatially
varying wind forces currents with an even more pronounced asymmetry compared to the weak spatially
varying and moderate uniform wind scenarios. The area
of downwind flow along the downwelling-favorable
boundary reaches down to the 25-m isobath. Along the
upwelling-favorable side, the area of downwind flow is
reduced and the downwind flow is relatively weaker in
comparison to the weak spatially varying wind case. The
contour of zero along-bay flow meets the bottom of
the bay at the 10-m isobath. Compared to the moderate
uniform wind scenario, the core of the upwind flow is
pushed to the left of the wind. We conclude that the
spatially varying wind stress observed onboard the R/V
Sproul could also contribute to the asymmetry of the
circulation observed in Bahı́a Concepción. In moderate
wind conditions, this mechanism can furthermore act
in combination with advection of momentum. However, the persistence of this wind pattern remains to be
established.

c. Role of stratification
Both the cross-basin depth-averaged momentum balances and the thermal wind relation between along-bay
currents and cross-bay gradients of density indicate that
stratification plays a role in the subinertial dynamics.
There is extensive literature on stratified wind-driven
flows along open coasts (Brink 2005; Allen et al. 1995;
Austin and Lentz 2002; Choboter et al. 2005; Lentz and
Chapman 2004). In general, stratification modifies the
dynamics because it creates horizontal baroclinic pressure gradients and modulates mixing.
The importance of baroclinic pressure gradients is
quantified by the Burger number S 5 R/W, which is the
ratio of the baroclinic Rossby radius R 5 NH/f (N is the
Brunt–Väisälä or buoyancy frequency, H is the water
depth, and f is the Coriolis parameter) to the bay width
W. The Burger number is the inverse of the Kelvin
number (Garvine 1995). For small Burger number (i.e.,
weak stratification), baroclinic pressure gradients are
expected to be weak, except in boundary layers of width
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R along either sides of the bay. Austin and Lentz (2002)
suggest an intensification of the downwind jets there.
The response over the rest of the cross section is expected to be similar to the unstratified case with return
flow at depth due to the constraint of along-bay mass
balance. For large Burger number (i.e., large stratification), baroclinic pressure gradients are expected to be
large everywhere across the width of the bay. The
stratification will reduce the horizontal divergence of the
flow in each layer of density. The flow in the deep density layers is therefore expected to be weaker than in
the unstratified case. In the case of Bahı́a Concepción,
N varies from less than 5 3 1023 s21 at the beginning
of deployment 3 (R 5 2 km) up to 1022 s21 at the end
of the same deployment (R 5 4 km). The baroclinic
Rossby radius is slightly smaller than the width of the
bay, which suggests an intermediate regime response.
The observed currents points toward a regime of weak
stratification. The real part of EOF 3 time series represents indeed the strength of a cross-basin circulation that
reaches down to the bottom of the bay. If large stratification decreases the magnitude of the flow at depth, the
magnitude of EOF 3 fluctuations could be expected to
decrease over the course of deployment 3. Figure 5 does
not indicate this is the case. There is at this point a need
for a theoretical or numerical estimate of what values of
S lead to a significant departure from the unstratified
response, and this is the topic of an ongoing investigation.
Modulation of mixing by stratification has been shown
to affect the wind-driven circulation in open coast environments with depth comparable to Bahı́a Concepción
(Lentz 2001; Kirincich et al. 2005). In the absence of
stratification, mixing is controlled by the wind stress
magnitude and the Ekman depth is proportional
toﬃ ku*/f
pﬃﬃﬃﬃﬃﬃﬃﬃ
(k 5 0.4 is the von Kárman constant, u* 5 t/r0 is the
friction velocity, and t is the wind stress). Larger wind
stresses produce larger mixing and thicker surface and
bottom boundary layers. When these boundary layers
overlap, the crosswind and cross-pressure gradients
transports are reduced. At the latitude of Bahı́a Concepción, ku*/f is equal to 30 and 10 m for a wind stress
of 0.024 and 0.0027 Pa, respectively. Typical values of
wind stress for this deployment were around 0.05 Pa
(Fig. 5), corresponding to an unstratified Ekman layer
depth of 44 m. For this Ekman depth and a water depth
of 30 m, Lentz (2001) predicts a crosswind transport
approximately 20% of the Ekman transport. In the
presence of stratification, viscous stresses are confined
to the surface, with an Ekman transport to the right of
the wind. Lentz (2001) uses a threshold based on top
to bottom temperature difference in order to distinguish between stratified and unstratified situations.
This threshold is equal to 0.058C in water depths up to

10 m, and 0.28C between 30- and 60-m water depths.
For stratified conditions, Lentz (2001) finds a crosswind
transport fluctuating around 20%–35% of the theoretical Ekman transport over 10-m water depth and
above 70% for depths larger than 20 m. For the deployment considered here, the top to bottom temperature difference fluctuates around 0.28C from the
beginning of the deployment until March 20 before
increasing to a mean value of 18C. The present deployment marginally satisfies the Lentz (2001) criterion
for stratified conditions. We roughly estimate the surface Ekman transport observed here by linearly extrapolating the wind-driven flow shown in Fig. 6 and
integrating from the point of zero crossing to the surface. The transport thus obtained Ttotal includes a contribution from the flow y g in geostrophic balance with
the along-bay pressure gradient, which is assumed
barotropic. Because of the cross-basin mass balance,
the depth integral of yg is expected to balance the surface Ekman transport, hy g 5 2TE, where TE is the
Ekman transport. Finally, the surface Ekman transport
is estimated via Ttotal 5 dEy g 1 TE 5 (2dE/h 1 1) 3 TE.
This leads to a surface Ekman transport that is approximately 50% of the theoretical one. The stratification during the deployment considered here may
have helped maintained a low enough mixing for an
Ekman type of dynamics to take place. With larger values
of wind stress or weaker stratification, this crosswind
circulation would probably have been more difficult to
observe. This situation might have occurred during earlier deployments of this experiment, which have not been
discussed here.

5. Summary and conclusions
This work presents an analysis of pressure, current,
wind, drifters, and temperature measurements collected
inside a semienclosed embayment (Bahı́a Concepción).
The bay was selected because its depth was expected to
be larger than one Ekman depth and because the local
wind forcing is persistently southward in winter.
The results of this analysis show that linear unstratified
theoretical models forced by a spatially uniform and
steady wind stress explain some features of the observed
wind-driven response. Sea level slopes up in the alongbay direction, and there is a cross-bay circulation to the
right of the wind near the surface and in the opposite
direction at depth. This confirms the fact the bay is deep
enough for rotation to affect the wind-driven circulation inside the bay, which was the original goal of the
experiment.
Current measurements and drifters showed a welldefined cyclonic circulation. This feature, however, is
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not explained by the linear unstratified theoretical models
and motivated an inspection of the dynamics from the
observed depth-averaged momentum budgets and temperature fluctuations. The momentum budgets suggest
that lateral advection of momentum is influential. Numerical simulations that include advection of momentum
exhibit an intensification of the downwind currents over
shallow areas to the right of the wind. This intensification
is an increasing function of the wind stress and is evident
for stresses comparable to those observed inside Bahı́a
Concepción. Synoptic observations of the wind field inside the bay did show some spatial structure with an intensification, by a factor of 2, of southward wind over
the western side of the bay. Theoretical and numerical
experiments showed that this wind pattern could also
contribute to the intensification of the downwind flow
along the western side of the bay and that it acts in
combination with advection of momentum for strong
enough winds.
Observed fluctuations of water temperature showed
a warming along the western side and cooling on the
opposite side. This is consistent with the observed crossbay circulation, which produces upwelling on the side to
the left of the wind and downwelling on the opposite
side. Horizontal temperature gradients are in thermal
wind balance with the current shear at most ADCP
locations, except over the western shallow sides. These
observations point toward the potential role played
by along-bay gradients of density, wind driven or not.
These gradients could unfortunately not be properly
estimated with the experimental design at hand.
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APPENDIX
Regression Analysis
This appendix describes the method employed in order
to extract wind-driven currents. First a complex EOF
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decomposition is computed (Emery and Thomson 2001).
The current at bin i, called ui, is represented by
ui (t) 5

å fj (t)uij ,

(A1)

j

j

where ui is the spatial structure of EOF j at bin i and fj(t)
is the time series associated with EOF j. Here, fj(t) is
a complex time series, whose amplitude scales the magnitude of EOF j and whose phase represent the angle by
which EOF j is rotated at one given instant in time.
A least squares regression is then computed between
the real or imaginary part f(t) of fj(t) and the along-bay
wind stress t x, the sea level tidal envelopes of the semidiurnal a12 and diurnal tide a24,
^ 5 b 1 b t x 1 b a12 (t) 1 b a24 (t). (A2)
f(t)
0
1
2
3
The semidiurnal tidal envelope is computed as




a12 (t) 5  å Ak ei(vk t1fk ),

(A3)

k212

where Ak and fk are the amplitude and phase of the
semidiurnal tidal constituent k obtained from a tidal harmonic analysis of the sea level (Pawlowicz et al. 2002). The
diurnal tidal envelope is computed in a similar way.
The skill S of the linear regression is given by
^ 2 f)2 i/hf2 i,
S 5 1 2 h(f

(A4)

where hi is a time average.
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