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Abstract A 38-day long time series obtained using a combination of moored Wirewalkers equipped
with conductivity-temperature-depth profilers and bottom-mounted and subsurface acoustic Doppler
current profilers provided detailed high-resolution observations that resolved near-surface velocity and
vertical and cross-shelf density gradients of the Chesapeake Bay plume far field. This unprecedented data
set allowed for a detailed investigation of the impact of wind forcing on the thermal wind shear of a river
plume. Our results showed that thermal wind balance was a valid approximation for the cross-shelf
momentum balance over the entire water column during weak winds (|𝜏w

𝑦 | < 0.075 Pa), and it was also
valid within the interior during moderate downwelling (−0.125< 𝜏w

𝑦 < −0.075 Pa). Stronger wind
conditions, however, resulted in the breakdown of the thermal wind balance in the Chesapeake Bay
plume, with thermal wind shear overestimating the observed shear during downwelling and
underestimating during upwelling conditions. A momentum budget analysis suggests that viscous stresses
from wind-generated turbulence are mainly responsible for the generation of ageostrophic shear.

Plain Language Summary Historically, oceanographers have been using a theoretical frame-
work that allows us to estimate current velocities from water density profiles, commonly obtained during
oceanographic cruises. This technique has been used to calculate transport of water and heat carried by
the Gulf Stream toward the poles and to study other major currents in the deep ocean. The same theo-
retical framework has also been applied to study currents in shallow coastal regions (10-20-m), however,
without a thorough validation. In this work, we test and validate this theoretical framework in the Chesa-
peake Bay Plume, which is brackish water originated from the Chesapeake Bay off the coasts of Virginia
and North Carolina. We use novel high-resolution measurements obtained by a series of moored instru-
ments that include current meters and two Wirewalkers, which are wave-powered profiling platforms
that were equipped with salinity and temperature sensors and that allowed us to obtain a rich data set
with thousands of density profiles. We found that theory and observations agree when winds are weak or
moderate. However, during strong winds, we found that the theory breaks down due to wind-generated
turbulence (irregular motion resulting from eddies), and a correction for using this theory in shallow areas
is necessary.

1. Introduction
River plumes are oceanographic features ubiquitous to continental shelves worldwide, responsible for the
transport and dispersion of micronutrients and macronutrients, larvae, sediments, and pollutants originat-
ing from rivers and estuaries (Hill, 1998). Thus, they play a crucial role in the marine biogeochemistry
(Sharples et al., 2017), continental shelf sediment budget (Geyer et al., 2004), and shaping coastal ecosys-
tems (Hickey et al., 2010). To properly diagnose the mechanisms controlling plume transport, mixing and
dispersion, it is crucial to understand the dominant terms of the momentum budget. Away from an estuary's
mouth, (i.e., far field), it is widely accepted by the scientific community that the first-order momentum bal-
ance in the plume's cross-shelf direction is between the pressure gradient force and the Coriolis acceleration
(i.e., Chant, 2011; Chapman & Lentz, 1994; Garvine, 1995; Horner-Devine et al., 2015; Lentz & Helfrich,
2002; Yankovsky & Chapman, 1997); that is, along-shelf currents are in geostrophic balance.
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A number of studies interpreting in situ observations, numerical model results, or developing analytical
theories and scalings rely on the assumption of geostrophy in far-field river plumes (Avicola & Huq, 2003;
Fong & Geyer, 2002; Lentz & Helfrich, 2002; Mazzini & Chant, 2016; Mazzini et al., 2014; Moffat & Lentz,
2012; Pimenta et al., 2011; Yankovsky & Chapman, 1997). Since the majority of small- to medium-sized
plumes are restricted to shallow environments (O(1–10) m), where the turbulent surface and bottom bound-
ary layers are expected to encompass a significant fraction of the water column (Austin & Lentz, 2002),
the geostrophic assumption may not hold, and validation is needed. Nevertheless, attempts to verify the
cross-shelf geostrophic balance in river plumes are scarce and based on limited data in either space and/or
time (O'Donnell, 2010).

1.1. Background
As it is difficult to estimate absolute geostrophic currents due to uncertainty in the “level of no motion,”
previous authors have estimated the vertical shear of geostrophic currents, taking advantage of the thermal
wind balance, which can be written as

𝜕vg

𝜕z
= −

g
𝜌0𝑓

𝜕𝜌

𝜕x
, (1)

where vg is the geostrophic current, g is the gravitational acceleration, 𝜌0 is a reference density, f is the
Coriolis parameter, 𝜌 is density, and z and x are the vertical and cross-shelf coordinates, respectively. 𝜕vg∕𝜕z
will be referred to here as the thermal wind shear (TWS), and from equation (1) it can be calculated directly
from measurements of horizontal density gradients (𝜕𝜌∕𝜕x), without a priori knowledge of a “level of no
motion.” Evaluation of the geostrophic balance in a plume can be done by directly comparing TWS estimated
using equation (1), to the observed vertical shear of along-shelf currents (OBS) derived from measurements
of velocity profiles.

To the best of our knowledge, the first attempt to investigate the geostrophic balance in a river plume was
conducted by Blanton (1981). The author analyzed data collected during 50 hr using two anchored ships,
which collected simultaneous hourly profiles of density and currents across a frontal zone off the coast
of Georgia, in water depths between 14 and 16 m during light downwelling-favorable winds. Qualitative
assessment of the geostrophic balance was provided as can be seen in Figure 10 by Blanton (1981); however,
TWS clearly overestimated the OBS during this campaign.

A more detailed analysis was provided by Garvine (2004), during a study of the Hudson River plume, New
Jersey. Using data from acoustic Doppler current profilers (ADCPs) moored between 12 and 25 m, combined
with density profiles obtained during cruises using a conductivity, temperature, and depth (CTD) profiler
and a towed undulating vehicle (Scanfish) with a CTD, the author demonstrated similarities between TWS
and OBS (equation (1)). By selecting 15 profiles, Garvine (2004) showed that depth averaged values of OBS
were significantly correlated with their TWS counterparts (correlation coefficient r = 0.69).

Yankovsky (2006) conducted perhaps the most in-depth study of the topic up to date. Using data from the
same field campaign as in Garvine (2004), Yankovsky (2006) combined the shipboard ADCP data with the
density measurements from the Scanfish, to estimate the spatial distribution of the TWS. The data set was
limited to only seven transects obtained during 4 days under weak wind conditions. The author found that
on average TWS overestimated OBS by a factor of 2 and hypothesized that the decrease in the OBS could be
due to turbulent production generated by internal wave breaking.

It is important to emphasize that the conclusions obtained from previous findings cited above are based
on data sets that lack information in the first few meters near the surface and are only representative of
weak wind-forcing conditions. With these restrictions in mind, the common findings from previous work
may be summarized in two main points: (1) OBS are qualitatively similar and correlated to TWS and
(2) OBS magnitudes are generally smaller (nearly half) of those predicted by TWS. It is still unclear whether
these conclusions maybe extrapolated to the near-surface and how they may be impacted by different
wind-forcing regimes.

1.2. Study Goals
In the present paper, we evaluate the cross-shelf geostrophic balance (TWS) in the far field region of the
Chesapeake Bay Plume (CBP) (Figure 1), using high-resolution data collected by two cross-shelf moorings
equipped with bottom mounted and subsurface ADCPs, as well as CTD profiles obtained with Wirewalkers
(WW) (Pinkel et al., 2011; Rainville & Pinkel, 2001). With 39,200 CTD profiles recorded over 38 days (23 April
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Figure 1. (left) Map of study area including mooring locations (filled circles) and meteorological station DUKN7 (star). (right) Vertical distributions of moored
instruments on N and S lines. Details on mooring instrumentation are listed in Table 1.

2015 to 31 May 2015) under a wide range of wind conditions, this data set allows the careful examination of
the near-surface TWS and the effect of wind forcing on this basic balance. Our goals are thus to (1) quantify
the validity of thermal wind balance in the far-field plume in a range of along-shelf wind-forcing regimes,
(2) identify the dynamical terms that are responsible for generation of agesotrophic shear, and (3) address
the impact of wind forcing on plume transport.

2. Data and Methods
2.1. Observations
Data used in this paper were collected during the project “Circulation and Mixing in a Coastally
Trapped River Plume,” funded by the National Science Foundation. Thirteen moorings equipped with
conductivity-temperature (CT) sensors and ADCPs were deployed off the coasts of Virginia and North Car-
olina (Figure 1) during the Spring season (May–June) of 2015. Here, we analyze data from the moorings
N2 and N3 from the N line, and S2 and S3 from S line, located 35 and 64 km south of the Chesapeake Bay
mouth, respectively. Details of the mooring instrumentation are shown in table 1. The major focus of this
paper relies on the unprecedented data obtained by moorings S2 and S3, which were equipped with bottom
and subsurface CTs and ADCPs, and WWs, providing high-temporal and spatial resolution of cross-shelf
density gradients and currents, including the near surface region (0.5–1 m from surface).

MAZZINI ET AL. 7910
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Table 1
Summary of Instrumentation on Moorings N2, N3, S2, and S3 (Figure 1)

Water Offshore Instrument Instrument Sampling Vertical
Mooring depth (m) distance (km) Location type depth (m) frequency (Hz) Resolution (m)
N2 10.1 2.3 36◦38.3′N, 75◦52.0′W CT 1, 9.6 2

ADCP 9.6 1 0.5
N3 12.3 4.1 36◦38.6′N, 75◦50.9′W CT 1, 3.6, 11.8 2

ADCP 11.8 1 0.5
S2 12.9 2.3 36◦21.6′N, 75◦47.5′W CT 5.7, 12.4 2

ADCP 5.7, 12.4 1, 4 0.25, 0.5
Wirewalker 0.5–9.2 2

S3 14.7 4.0 36◦21.9′N, 75◦46.5′W CT 5.2, 12.2 2
ADCP 5.2, 12.2 1, 1 0.25, 0.5

Wirewalker 0.5–11.0 2

WWs are vertically profiling platforms propelled by ocean waves, that can carry instruments on board, col-
lecting extensive time series of ocean properties with high vertical and temporal resolution (Pinkel et al.,
2011; Rainville & Pinkel, 2001). Time series of temperature and salinity were collected by the WWs between
23 April 2015 and 31 May 2015, a total of 38 days. During this time, over 21,150 and 18,050 profiles were
collected at moorings S2 and S3, respectively. The profiles were obtained between 0.5 and 9.2 m deep for S2
and between 0.5 and 11 m for S3, with median profiling times of 1.4 and 1.8 min for S2 and S3, respectively.
WW data were combined into 0.25 m bins in the vertical and binned in 10 min intervals. Density was then
calculated from temperature and salinity using the 1980 equation of state (EOS-80).

The ADCPs used in this study had working frequencies of 1,200 kHz and were programed to sample at
1 Hz, with the exception of the bottom-mounted ADCP at S3, which had working frequency of 1,000 kHz
and 4 Hz sampling frequency. Subsurface ADCPs were programed to provide vertical resolution of 0.25 m,
while the ones deployed at the bottom had 0.5 m vertical resolution (Table 1). Current data were binned
in 10 min intervals, consistent with density measurements, and rotated into the along- and across-shelf
direction (104.6◦ and 14.6◦ measured counterclockwise from the east, respectively).

Wind velocity and direction were obtained from the pier at Duck, NC, Station DUKN7-8651370 (36◦11.0′N,
75◦44.8′W), maintained by the National Oceanic and Atmosphere Administration's National Ocean Service.
Wind stress was computed based on the Large and Pond (1981) formulation, binned in 10 min intervals, and
decomposed into along- and across-shelf directions, consistent with current data. To isolate low-frequency
components, the time series of salinity, temperature, velocity and wind stress, were low-pass filtered with a
cut-off period of 40 hr.

2.2. OBS, TWS, and Ageostrophic Along-Shelf Vertical Shears
To estimate the vertical shear of observed along-shelf currents (OBS), 𝜕vobs∕𝜕z, low-passed velocity data
from bottom-mounted and subsurface ADCPs were spatially averaged between moorings S2 and S3. Vertical
shears were then estimated using centered differences for the spatially averaged velocities, separately for
bottom-mounted and subsurface velocity data. Finally, the estimated shears and velocities were interpolated
to the same vertical coordinates as in the WW data, with 0.25 m resolution.

The TWS, 𝜕vg∕𝜕z (equation (1)), was calculated by applying centered differences to the low-passed density
data from the WWs at S2 and S3, located 1.7 km apart, and using a reference density 𝜌0 of 1,025 kg/m3,
gravitational acceleration g of 9.81 m/s2, and the Coriolis parameter f = 8.65×10−5 s−1 (36◦21.7′N). Following
Yankovsky (2006), we will define the ageostrophic shear (AGEOS) 𝜕va∕𝜕z, as simply the difference between
OBS and TWS:

𝜕va

𝜕z
⏟⏟⏟

ageostrophic shear
(AGEOS)

=
𝜕vobs

𝜕z
⏟⏟⏟

observed shear
(OBS)

−
𝜕vg

𝜕z
⏟⏟⏟

thermal wind shear
(TWS)

. (2)
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Figure 2. Time series of (a) wind stress; (b) S2 and (c) S3 densities (𝜎t); (d) cross- and (e) along-shelf velocities averaged between S2 and S3; and (f) observed
(OBS), (g) thermal wind (TWS), and (h) ageostrophic (AGEOS) along-shelf vertical shears. Density is contoured in intervals of 0.5 𝜎t , thick gray line denotes
24 𝜎t which is an approximate limit for the CBP, and surface mixed layer depth is plotted in black. Panels d–h are overlayed with contours of average
density between S2 and S3 and mixed layer depth of the averaged density field.
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Figure 3. Directional histogram of low-passed wind stress during the study period. Bars point toward the direction
where the winds are coming from (meteorological convention), and dashed line indicates the coastline orientation.

3. Results
3.1. Wind Stress Forcing
A time series of low-passed wind stress at station DUKN7 (Figure 1) during the study period (23 April to 31
May 2015) is shown in Figure 2a, with along-shelf positive representing upwelling- and negative represent-
ing downwelling-favorable winds, and cross-shelf positive representing winds blowing toward offshore and
cross-shelf negative representing winds blowing toward onshore. Results are summarized by the directional
histogram in Figure 3.

Most of the wind stress energy is contained in the weather band (2–7 days) associated with the passage of
frontal systems, with higher-frequency oscillations (not shown) accounting for less than 35% of the total
variance. Cross- and along-shelf components have small means, −0.01 and −0.002 Pa, with standard devi-
ations over 3 and 22 times larger than the means, respectively. In contrast to the west coast, winds are not
predominantly oriented along the shelf (e.g., Halliwell et al., 1987), with the direction of maximum variance
departing 30◦ clockwise from the coastline orientation during the study period. This results in substantial
cross-shelf wind stress components, which are correlated with the along-shelf winds (Figures 2 and 3). While
the time series represent a range of wind conditions that will be explored in our analysis, including seven
upwelling/downwelling events and magnitudes reaching over 0.25 Pa, the data record is not long enough to
systematically separate along- and cross-shelf wind stress forcings (e.g., Fewings et al., 2008), and therefore
it is important to note that downwelling-/upwelling-favorable winds are correlated with onshore/offshore
winds.

3.2. WW Observations
High-resolution time series of density obtained by the WWs at S2 and S3 are shown in Figures 2b and 2c.
The WW data has gaps due to wire tilt in swift currents (1 m/s) that prevented the profiler from ratcheting
downward into the oncoming flow. Gaps are also present at random times due to low waves or instrument
failure. Nevertheless, over 39,200 CTD profiles were obtained, which in combination with velocity data from
moored ADCPs, allowed the calculation of OBS, TWS and AGEOS (equations (1) and (2)) (Figures 2f–2h).

MAZZINI ET AL. 7913
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The 24𝜎t contour (thick gray line in Figure 2), which corresponds to salinity values between 32 and 32.5, is an
approximate indicator of the CBP edge. Below the plume, stratification is weaker but persistent, maintained
by contributions of both salinity and temperature gradients (not shown). The CBP is present at both the
S2 and S3 moorings during over 87.5% of the survey period, with salinities ranging between 24.6 and 33.7,
and temperatures between 9.6 and 20.8 ◦C (not shown). While waters associated with the CBP are generally
warmer than adjacent shelf waters, nearly 80% of density variations are controlled by salinity variability, with
temperature playing a secondary role. Density gradients between S2 and S3 are on average 0.08 (±0.4) kg/m3

km−1, with maximum value of 2.6 kg·m−3· km−1. These correspond to an average TWS of 0.01 (±0.04) s−1

and a maximum of 0.3 s−1.

CBP is a surface advected river plume, and therefore is highly responsive to wind forcing (Lentz & Largier,
2006). Approximately 13 wind reversals occurred during this period, allowing characterization of the vertical
shears under both upwelling and downwelling condititions, and a wide range of wind stress magnitudes
(Figures 2 and 3). As shown in Figure 2, the pycnocline gets deeper and density decreases in the presence of
downwelling-favorable winds, while during upwelling-favorable winds the pycnocline gets shallower and
density increases.

This can be explained in terms of Ekman dynamics: downwelling-favorable winds result in an onshore sur-
face Ekman transport and offshore transport in the bottom, which leads to steepening of the isopycnals,
consequently increasing the TWS and therefore the along-shelf freshwater transport (Moffat & Lentz, 2012);
upwelling-favorable winds generate offshore surface Ekman transport and onshore transport in the bottom,
which advects the plume offshore flattening the isopycnals, decreasing the along-shelf transport (Fong &
Geyer, 2001; Lentz, 2004). During times of strong or sustained upwelling-favorable winds, offshore Ekman
transport can detach the CBP from the coast (Lentz & Largier, 2006; Pimenta & Kirwan, 2014), which can
be observed during Days 131–132 and 146–148, denoted by the disappearance of 𝜎t values lower than 24.

3.3. Cross- and Along-Shelf Velocities
During many instances the cross-shelf velocity data (Figure 2d) support this simple two-dimensional,
two-layer cross-shelf circulation with offshore flow in the surface and onshore flow beneath in response
to upwelling-favorable winds, and onshore flow in the surface and offshore flow beneath in response to
downwelling-favorable winds. Examples of these can be clearly seen during Days 129–132 and 143–150 for
upwelling and Days 113–115, 120–121, and 141–142 for downwelling conditions. However, a more much
complex cross-shelf circulation structure often is observed, including velocity with three layers (e.g., Days
116–117, 123–124, and 128–130), or onshore/offshore velocities occupying the entire profile (e.g., Days 133
and 134–135). This suggests that three-dimensional processes could play an important role in the plume
dynamics (Hetland, 2017; Jia & Yankovsky, 2012), or the cross-shelf wind stress forcing could be significant
(Jurisa & Chant, 2013) and therefore introducing more complexity to the cross-shelf flow. Nevertheless, the
data does not allow us to disentangle these processes, which are beyond the scope of this paper. It will be
demonstrated however, that this complex time variability in cross-shelf circulation fades away when aver-
aging data into wind stress classes, and the classical two-dimensional cross-shelf Ekman driven circulation
becomes evident (Figure 5c).

Time series of along-shelf velocity is shown in Figure 2e. Northward (positive) and southward (negative)
velocities follow upwelling- and downwelling-favorable winds, however southward currents tend to be
faster, reaching magnitudes as high as 1.2 m/s, contrasting maximum northward currents of 0.5 m/s. Winds
may force currents in either direction, but the plume buoyancy-forcing (via TWS) drives southward veloci-
ties, and therefore the combined wind and buoyancy-forcing (e.g., Lentz & Largier, 2006; Mazzini et al., 2014)
can explain the observed asymmetry in velocity magnitudes. Velocities increase in magnitude toward the
surface, and also tend to have the same sign throughout the water column (top 10 m measured by the WWs).
This indicates that the level of no motion of geostrophic currents remains deeper than the WWs water
column coverage during this period or there is a significant barotropic velocity component.

3.4. Along-Shelf Vertical Shear
Time series of OBS, TWS and AGEOS are shown in Figures 2f–2h. OBS and TWS tend to have the same sign,
with negative shear representing an increase in southward velocity toward the surface, and positive shear
an increase in northward velocity toward the surface. They also consistently present the same signs as the
velocities, and usually have constant sign throughout the water column. Following equation (2), AGEOS is
defined here as the residual between OBS and TWS and is shown in Figure 2g. During downwelling events,
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Figure 4. Thermal wind shear (TWS) versus observed shear (OBS). Full data set is plotted in blue dots, while data
obtained during weak winds, defined here as |𝜏| < 0.05 Pa, are plotted in red dots. Linear regressions fits are plotted as
dashed lines for full data set (blue) and weak winds (red). Equations with slopes and intercepts values obtained from
regression are included on top left. Slope 1:1 and 1:2 are plotted as solid black lines for reference.

TWS is consistently larger than OBS, and AGEOS has the opposite sign to TWS on Days 120–123, 127–128,
and 133–135 (at the surface) and 140–144. During upwelling, TWS can be either larger or smaller than OBS;
therefore, AGEOS can have the opposite sign (Days 119–120 and 135–138) or the same sign (Days 129–131
and 144–150, especially upper 5–6 m) as TWS and OBS.

To facilitate a direct comparison, OBS is plotted against the TWS in Figure 4 (in blue). While they are sig-
nificantly correlated (correlation coefficient r = 0.75), TWS covers a larger range of values, between −0.28
and 0.16 s−1, and OBS between −0.1 and 0.12 s−1, approximately half of the TWS range. Performing a linear
regression analysis between observed and TWS: We obtain a slope 0.58 and an intercept 0.01, which indi-
cates that on average, TWS overestimates OBS by approximately a factor of 1.7. This result is consistent with
the factor of 2 presented by Yankovsky (2006) in the Hudson River plume off New Jersey. The effect of wind
forcing will be discussed next.

3.5. Wind-Forcing Effect on Shear
A regression analysis between OBS and TWS when winds were weak (|𝜏| < 0.05), reveals a much closer
agreement, with TWS overestimating OBS by approximately a factor of 1.3 (Figure 4, in red). This clearly
demonstrates that wind forcing plays an important role influencing the thermal wind balance. Motivated
by the contrasting vertical distribution of shears, which are enhanced in the upper 3–5 m (Figure 2h), we
objectively divided the water column into the surface mixed layer (SML) and the interior. The SML depth
was estimated by finding the maximum depth in which density is within Δ𝜌 = 0.1 kg/m3 of the shallowest
density observation. By varying Δ𝜌 by plus or minus 50% our results (ratios of TWS/OBS over the interior
and SML, Figure 6) changed by less than 7% during strong winds (|𝜏| > 0.15) and less than 14% during weak
to moderate winds (|𝜏| < 0.15). The conclusions of this paper are not significantly affected by the choice of
Δ𝜌. Average SML depth was found at 3.3 (±1.6) m.

We could not use similar methods to estimate bottom mixed layer (BML) depth because of a clear drift in
the conductivity data from the bottom sensors. However, the persistent maintenance of stratification near
the bottom limit of our WW data suggests that the WW was above the influence of the bottom boundary
layer during the majority of the time. Therefore, in our analysis we will separate the water column into two
regions only: the SML and the interior.
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Figure 5. Binned data as a function of along-shelf wind stress classes. (a) Number of profiles used in the analysis;
(b) density (𝜎t); (c) cross- and (d) along-shelf velocities averaged between S2 and S3; and (e) observed (OBS),
(f) thermal wind (TWS), and (g) ageostrophic (AGEOS) along-shelf vertical shears. Density is contoured in intervals of
0.5 𝜎t , thick gray line denotes 24 𝜎t which is an approximate limit for the CBP, and surface mixed layer depth is plotted
in black, overlaying panels b–g.
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Figure 6. (top) Number of effective degrees of freedom (N*) for each wind stress class, used for calculating the
standard error. N* is estimated assuming each crossing of a wind stress class corresponds to an independent
observation. (bottom) Ratios between thermal wind (TWS) and observed (OBS) vertical shears binned as a function of
wind stress. Calculations were done separately for the vertically averaged surface mixed layer (black) and interior
(gray) regions. Errorbars represent one standard error from the mean, calculated using N*. Dashed line indicates exact
geostrophic balance: TWS/OBS = 1.

To understand the impact of wind forcing on the CBP density structure, cross- and along-shelf circulation,
and shears, all of the data were averaged as a function of wind stress classes. To avoid spatial biases, in
this calculation we have only included full profiles, excluding times when WWs did not work properly and
instead remained at the surface (e.g., between Days 123–124 and 132–135, Figure 2). Results are shown in
Figure 5. The number of existing profiles for different wind stress classes is highly variable, ranging between
15 and over 103 profiles as shown in Figure 5a. It is important to emphasize however, that the number of
independent observations or effective degrees of freedom (N*) is much smaller, as shown in Figure 6 (top
panel). N* is estimated here assuming each crossing of a wind stress class corresponds to one independent
observation. Note that only one independent observation is available for wind stress magnitudes greater
than |0.1| Pa, and therefore the results and interpretations should be drawn in light of that.

An approximate linear decrease in density occurs from upwelling to downwelling until a mininum is
observed centered at 𝜏w

𝑦 = −0.1 Pa. Beyond that, density increases, likely due to enhanced mixing from
wind-generated turbulence. As noted earlier, a simple cross-shelf circulation structure is revealed after bin-
ning the data, with offshore currents in the surface and onshore flow beneath during upwelling-favorable
winds, and onshore currents in the surface and offshore flow beneath during downwelling-favorable winds.
A decrease in near-surface onshore currents occurs during strong downwelling, however a complete reversal
in cross-shelf circulation is not observed as reported by the models of Moffat and Lentz (2012) and Chen and
Chen (2017). With a longer time series that includes stronger wind-forcing events it may be possible to test
what is the wind stress magnitude required to reverse the cross-shelf circulation. The SML depth increases
from 3.5 m in the absence of wind forcing to 5.5 m during strong downwelling. During weak downwel-
ing (|𝜏w

𝑦 | <0.15), SML depth coincides with the zero-crossing of cross-shelf velocities, but becomes deeper
as winds increase. In contrast, SML depth always remains shallower than the zero crossing of cross-shelf
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velocities during upwelling. Along-shelf velocity is positive during upwelling- and negative during weak
and during downwelling-favorable winds. Velocity magnitudes increase as wind stress increases. Velocities
are also enhanced in the upper half of the water column, generally above SML depth.

OBS is reduced near the surface (z >SML) and decreases as winds become negligible. During strong down-
welling (𝜏w

𝑦 < −0.15 Pa) a maximum in shear is observed below the SML, while during strong upwelling
(𝜏w

𝑦 >0.1 Pa) the maximum is observed at the base of the SML, but reduced elsewhere. TWS exhibits smaller
vertical variations when averaged as a function of wind stress. TWS is larger in magnitude than OBS dur-
ing downwelling, but mostly smaller during upwelling. The resulting AGEOS is mostly positive during both
upwelling and downwelling winds, except during very weak winds. AGEOS is enhanced during strong don-
wnwelling winds (|𝜏w

𝑦 | >0.15 Pa), with a fourfold to sevenfold increase compared to weaker winds. A large
contrast is also observed vertically, where strong downwelling winds increase AGEOS by a factor of 2 in
the SML. In summary, AGEOS is mostly positive, increases significantly in the entire water column during
strong downwelling-favorable winds (|𝜏w

𝑦 | >0.15 Pa), but is especially enhanced in the SML.

3.6. SML Versus Interior
TWS and OBS were vertically averaged in the SML and interior, and the ratios TWS/OBS were calculated
to evaluate thermal wind balance in these two distinct regions of the water column. To remove outliers, a
3-𝜎 filter was applied 3 times to the ratio estimates, which resulted in the exclusion of less than 4% of data
points from the interior and 7.5% of data points from the SML. To address the response to wind forcing,
the ratios were again binned as a function of wind stress classes. Results from this calculation are shown in
Figure 6 where the ratio TWB/OBS equal to one denotes exact geostrophic balance (dashed line in Figure 6).
Errorbars denote one standard error above and below the mean, calculated using the number of wind events
observed for each class as the true sample size (N*).

Within both the SML and interior regions, TWS is larger than OBS during downwelling- and smaller than
OBS during upwelling-favorable winds. During weak winds (|𝜏w

𝑦 | < 0.075 Pa), ratios TWB/OBS are 1.3 dur-
ing downwelling and 0.8 during upwelling in the SML, and 1.4 during downwelling and 0.7 during upwelling
in the interior. Nevertheless in both cases TWB/OBS are within one standard error from a ratio equal to
one. During moderate winds (0.075< |𝜏w

𝑦 | < 0.125 Pa), ratios are 1.5 during downwelling and 0.8 during
upwelling in the SML, and 1.1 during downwelling and 0.6 during upwelling in the interior. Ratios are
within one standard error from unity only in the interior during moderate downwelling conditions. Finally,
for strong downwelling-favorable winds (𝜏w

𝑦 < −0.125 Pa), ratios TWB/OBS vary between 3 and 3.9 in the
SML, and between 1.7 and 2 in the interior, and are statistically significant different than 1.

In summary, results show that the geostrophic assumption is valid over the entire water column during
weak winds (|𝜏w

𝑦 | < 0.075 Pa), and it is also valid within the interior during moderate downwelling (−0.125<
𝜏w
𝑦 < −0.075 Pa), but breaks down for stronger winds. During strong downwelling, TWS overestimates OBS

by approximately a factor of 3–4 in the SML and a factor of 2 in the interior, while during upwelling the
opposite is observed, TWS underestimates OBS with ratios 0.8 in the SML and 0.6 in the interior.

3.7. Cross-Shelf Momentum Balance
To assess the dynamics behind the breakdown of the thermal wind balance and generation of AGEOS,
we will examine the vertical gradients of cross-shelf momentum budget (Ullman et al., 2012; Yankovsky,
2006). Taking the vertical derivative of the cross-shelf momentum balance, combined with the hydrostatic
equation, and separating the along-shelf velocity into geostrophic and ageostrophic components v = vg + va,
results in

𝜕
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where y is the along-shelf coordinate, u, and w are the cross-shelf and vertical velocity components, respec-
tively, 𝜏x is the stress in the cross-shelf direction, and other variables have been previously defined. Note that
we decided to keep the full velocity v in the along-shelf advection term, for simplicity. From equation (3),
it can be noted that the combination of the last term on the left hand side with the first term on the right
hand side composes the thermal wind balance (equation (1)). Further isolating the agesotrophic from the
gesotrophic part of equation (3), leads to
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Figure 7. Cross-shelf momentum balance following equation (4) binned as a function of wind stress. (a) Ageostrophic
shear (AGEOS); (b) inertia; advection in the (c) cross-shelf and (d) along-shelf directions; and (e) the residual. Density
is contoured in intervals of 0.5 𝜎t , thick gray line denotes 24 𝜎t which is an approximate limit for the CBP, and
surface mixed layer depth is plotted in black.
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Equation (4) reveals that AGEOS can be generated by vertical changes in local time rate of change of u
(inertia), cross-shelf (x-adv), along-shelf (y-adv) and vertical (z-adv) advection of u, and cross-shelf stress
divergence (stress div). Combining observations from moorings N2, N3, S2,and S3, all terms in equation (4)
can be estimated, with the exception of the last two on the right-hand side (vertical advection and stress
divergence). Inertia was estimated by first averaging u between S2 and S3 and then taking vertical and time
derivatives using centered differences; x-adv was estimated by multiplying u averaged between S2 and S3 by
the cross-shelf gradient of u obtained by centered differences using data from S2 and S3; y-adv was estimated
using averaged v multiplied by the along-shelf gradient of u using centered differences, which was done
using the mooring pairs N2-S2 and N3-S3, and finally taking the average of the estimates. Its important to
note that small scale along-shelf variability will not be resolved between the N and S mooring lines since
they are distanced nearly 29 km apart (Figure 1), which could potentially lead to an underestimate of the
y-adv term. The remaining two terms (vertical advection and stress divergence) were combined into what
will be referred to as the “residual,” determined by residual = AGEOS - (inertia + x-adv + y-adv).

Results from the dynamical balance following equation (4) were binned by wind stress classes and are shown
in Figure 7. As discussed previously, AGEOS is especially enhanced and plays an important role in the
dynamics during strong downwelling-favorable winds (Figure 6). The residual term, is at least an order of
magnitude larger than inertial, x-adv and the y-adv terms. In the absence of direct stress measurements, it
is not possible to properly separate z-adv from stress div. However, the magnitude of z-adv may be obtained
from scaling analysis, and it will be shown that z-adv≪stress div, and is therefore negligible. From observa-
tions of cross-shelf velocity (Figure 5) 𝜕u∕𝜕z ≈0.015 s−1, w is of order 10−5 m/s (Lentz, 1995) and assuming
it goes from 0 at the surface to maximum value at midwater column (5 m), then 𝜕w∕𝜕z ≈ 2 × 10−6 s−1, and
f = 8.65 × 10−5 s−1. Based on these estimates, z-adv≈ 3 × 10−4 s−1, and therefore 3 orders of magnitude
smaller than AGEOS (Figure 7), which points to stress div as the only possible mechanism for generations
of AGEOS.

To infer the potential enhancement of turbulence and viscous stresses (stress div), we analyze the gradient
Richardson number (Ri), defined as the ratio of the squares of buoyancy frequency (N2) and shear (S2):

Ri =
N2

S2 =
− g

𝜌o

𝜕𝜌

𝜕z(
𝜕u
𝜕z

)2
+
(

𝜕v
𝜕z

)2 . (5)

Figure 8 shows the results for N2, S2, and a probability density function (PDF) of Ri below the seminal critical
value of 0.25 (Miles, 1961), which indicates active mixing due to turbulent overturning. Stratification (N2)
is enhanced during weak winds and below the SML. Note that even during strong downwelling-favorable
winds, stratification is nonnegligible in the interior, below 5 m. Shear (S2) is mostly enhanced in the inte-
rior during strong winds. PDF of critical Ri reveal active mixing in the SML during strong winds, and for the
most extreme conditions where 𝜏w

𝑦 < −0.2, active mixing was observed in the entire water column, includ-
ing the interior region. As suggested by Lentz (2001), the downstream along-shelf freshwater transport in
the CBP potentially provides a source of buoyancy that is capable of maintaining the stratification, even
in the presence of active vertical mixing.

Based on evidences from the vertical gradients of cross-shelf momentum budget (equation (4) and Figure 7),
scaling analysis of w-adv, and diagnostic of active mixing based on Ri (Figure 8), we conclude that viscous
stresses (stress div) are therefore responsible for the breakdown of thermal wind balance and generation
of AGEOS.

4. Discussion
Lentz et al. (1999) have previously compared TWS with OBS at a few locations and depths in our study
region. Using time series data obtained from point measurements of currents and density from moored
instrumentation distributed between 8 and 26 m isobaths, and depths 4.4–12.7 m below the surface, the
authors found that TWS were statistically correlated with OBS. Their analysis however did not evaluate the
impact of wind forcing and did not distinguish between conditions when CBP was present or absent, which
impedes a direct comparison with our results. Our analysis demonstrates that during periods of weak wind
forcing, the magnitude of TWS was within one standard error from OBS, and therefore we conclude that
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Figure 8. Diagnostic for mixing binned as a function of wind stress: (a) Buoyancy frequency squared (N2), (b) shear
squared (S2), and (c) percentage of observation of Richardson number below 0.25. Density is contoured in intervals of
0.5 𝜎t , thick gray line denotes 24 𝜎t which is an approximate limit for the CBP, and mixed layer depth is plotted in black.

the thermal wind balance approximation is valid in the CBP during these conditions (Figure 6). This con-
tradicts previous work from Yankovsky (2006) and Blanton (1981), which indicated that TWS overestimated
OBS by approximately a factor or two. It is possible that these discrepancies may arise simply due to con-
trasting dynamics from different regions and plumes. However, it is important to emphasize that our data
set contains a significantly greater number of degrees of freedom given the long time series available, while
their conclusions were limited by a smaller number of observations (refer to section 1.1).

In this work we have focused on the role of along-shelf wind forcing, however, as previously noted,
downwelling-/upwelling- favorable winds are correlated with onshore/offshore winds. As a consequence,
cross-shelf wind stress may generate along-shelf Ekman currents that contribute to AGEOS. To evaluate the
role of cross-shelf winds on AGEOS, surface Ekman along-shelf shear (𝜕vE∕𝜕z) can be estimated assuming
a linear Ekman velocity profile, and can be calculated as 𝜕ve∕𝜕z = −2𝜏x∕𝜌o𝑓h2

e , where hE is the surface
Ekman layer depth. Using the SML for hE provides an upper bound estimate for addressing the role of sur-
face Ekman along-shelf shear contribution to AGEOS. Focusing on the strongest downwelling wind event,
around days 121–122 (Figure 2), with onshore winds peaking at 0.1 Pa and SML reaching 7 m deep, we esti-
mate 𝜕vE∕𝜕z to be 0.05 s−1. This upper bound estimate is less than 27% of the magnitude of AGEOS, and
therefore we conclude that along-shelf Ekman shear generated by cross-shelf wind stress is not capable of
explaining the AGEOS in the CBP during our observational field campaign.

Yankovsky (2006) hypothesized that breaking of remotely generated internal waves was a potential mecha-
nism for enhanced turbulence generation, and responsible for the disruption of the thermal wind balance.

MAZZINI ET AL. 7921



Journal of Geophysical Research: Oceans 10.1029/2019JC015259

While our data set can not resolve internal waves there is strong evidence that wind forcing is the major
source of energy for turbulence generation leading to enhanced viscous stresses in the CBP. This evidence
includes: increase of AGEOS, decrease of stratification, and increase of mixing (Ri <0.25), as winds increased
(Figures 7 and 8). In addition, as wind forcing increased, a downward propagation of mixing becomes evi-
dent (Figure 8), which again corroborates the hypothesis that winds are the major source of energy for
turbulence generation in the CBP.

This downward increase in the reach of turbulence in response to wind forcing, also hinders the possibility
of bottom stress being the major driver of turbulence and mixing. A comparison between wind and bottom
stresses can be made by estimating bottom stress (𝜏b) using a quadratic law: 𝜏b = 𝜌oCd|u⃗b|u⃗b, where Cd =
3 × 10−3 is a nondimensional drag coefficient, and u⃗b is the nearest velocity measurement to the bottom
(averaged between S2 and S3). The comparison reveals that wind stress magnitude is, on average, over 20
times larger than bottom stress, which in addition to stratification being maintained in the interior, leads
us to rule out the importance of bottom stress as a significant source of energy for turbulence generation in
the CBP.

A noteworthy result from this work is that AGEOS is predominantly positive, but OBS and TWS switch signs
from negative during downwelling, to positive during upwelling (Figures 5e–5g). While TWS magnitudes are
not symmetric around zero wind stress, OBS presents a larger asymmetry, with magnitudes that are nearly
twice as large during upwelling when compared to downwelling winds of similar strength. This discrep-
ancy leads to OBS magnitudes being smaller than TWS during downwelling, but greater during upwelling,
hence AGEOS is positive in both cases. We speculate that differences in stratification between upwelling
and downwelling conditions can explain the contrast in OBS. During downwelling, isopycnals tend to be
sloped vertically as an advective result of the cross-shelf Ekman driven circulation acting on the density
field, decreasing the plume stratification. During upwelling the opposite is observed, with cross-shelf Ekman
driven circulation flattening isopycnals, increasing stratification. Therefore, for a given stress, during down-
welling, the reduced stratification should lead to an increase in the eddy viscosity and a reduction in the
OBS, while during upwelling the increased stratification should lead to a decrease in the eddy viscosity and
an enhancement of the OBS.

The potential important effect of waves was not explicitly included in our momentum budget analysis
(equation (4)). Lentz et al. (1999) demonstrated that within the inner-shelf of our study region, wave forcing
is an order one term in the depth-averaged cross-shelf momentum balance. Observations obtained by the
U.S. Army Corps of Engineers using a Waverider Buoy moored at 17.4 m deep in our study region (36◦12′N
75◦42.9′W), revealed that waves were generally small during our study period, rarely exceeding 1–1.5 m,
except during a storm event that took place between Days 120–124. During the storm, significant wave
height (Hsig) reached 3 m, with dominant wave periods of 10 seconds, propagating from E-NE directions,
approaching the shore at an angle of approximately 15◦. The contribution of Hasselmann wave stress (𝜏H

x )
or Stokes-Coriolis forcing (Hasselmann, 1970) to the vertical shear of along-shelf agesotrophic currents can
be estimated as
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where vst is the Stokes drift velocity in the along-shelf direction, 𝜔 is the wave frequency, k the wave number,
h the water depth and 𝜃w the wave direction relative to offshore (𝜃w = 180◦ for waves propagating directly
onshore). Using wave properties observed during the storm in equation (6), a maximum shear in the water
column is 10−3 s−1, 2 orders of magnitude smaller than AGEOS (Figure 5). Lentz et al. (2008) showed that
the other wave forcing terms did not contribute significantly to water column shear. The importance of
gradients in radiation stress due to wave shoaling are largely balanced by wave stresses, which are limited to
the wave boundary layer. Thus, we conclude that wave forcing does not contribute significantly to AGEOS
when compared to viscous stresses in the CBP.

4.1. Implications for River Plume Transport
The assumption of geostrophic balance has been widely used in the literature to estimate along-shelf baro-
clinic transport in river plumes, both from numerical model results (e.g., Fong & Geyer, 2002; Moffat &
Lentz, 2012; Pimenta & Kirwan, 2014; Pimenta et al., 2011) and observations (e.g., Chant et al., 2008; Chant
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et al., 2008; Geyer et al., 2004; Mazzini et al., 2014). Pimenta et al. (2011) provided a thorough discus-
sion of scalings to estimate plume baroclinic transports under the assumption of geostrophic balance. The
plume baroclinic transport (T), can be estimated given the latitude, plume geometry and density anomaly,
according to

T = 𝛾o

g′ph2

2𝑓
, (7)

where 𝛾o is a parameter dependent on the ratio of the front and the plume cross-shelf widths, g′p = gΔ𝜌∕𝜌o
is the plume reduced gravity, g is the gravitational acceleration, Δ𝜌 the difference between plume density at
the coast and ambient ocean density, 𝜌o a reference density, h is the plume maximum thickness (where front
intersects the bottom), and f is the Coriolis parameter. According to Pimenta et al. (2011), 𝛾o is bounded by
two limits, from 𝛾o = 1 in the case of a narrow, two-layer or Margules front (Margules, 1906), to 𝛾o = 1∕3 in
the case of a constantly stratified and sheared plume.

Results presented here indicate that geostrophic balance holds in the entire water column during weak
winds (|𝜏w

𝑦 | < 0.075 Pa), which supports the validity of equation (7) under these conditions. However,
as discussed previously, during strong winds the geostrophic balance breaks down. Our analysis suggests
that the predicted transport according to equation (7), could overestimate the observed baroclinic trans-
port by up to 50% during strong downwelling-favorable winds (𝜏w

𝑦 < −0.125 Pa), and underestimate the
observed baroclinic transport by up to 65% during moderate upwelling-favorable winds (𝜏w

𝑦 >0.075 Pa).
This work therefore highlights the importance of including the ageostrophic dynamics in scalings of
plume transport under strong wind forcing, and encourages new theoretical development in future
studies.

5. Summary and Conclusions
High-resolution time series measurements of currents, vertical and cross-shelf density gradients, which
resolved the interior and near-surface (0.5–1 m deep) regions of the water column, were obtained by a com-
bination of Wirewalkers equipped with CTDs, and bottom-mounted and sub-surface ADCPs, moored on
the Virginia and North Carolina shelves. This unique 38-day long data set allowed the careful examination
of the thermal wind balance in the far-field region of the Chesapeake Bay Plume under a range of wind
forcing conditions.

Our observations reveal that during weak wind forcing conditions (|𝜏w
𝑦 | <0.075 Pa), thermal wind balance is

a valid approximation for the first order cross-shelf momentum balance throughout the entire water column
in this plume. However, moderate to strong winds can lead to significant deviations from this balance. Dur-
ing strong downwelling-favorable winds (𝜏w

𝑦 <-0.125 Pa), TWS shear exceeded OBS by a factor of 1.7–2 in
the interior, and 3–3.9 in the SML. An opposite response was observed during moderate upwelling-favorable
winds (0.075< 𝜏w

𝑦 <0.125 Pa), when OBS was larger than TWS, by a factor of 1.7 in the interior, and 1.3 in the
SML. Neither downwelling-favorable winds larger than |0.3| Pa nor upwelling-favorable winds larger than|0.15| Pa were observed during our experiment, and therefore more extreme conditions could not be tested
here. While river plume transport scalings have previously assumed geostrophic balance, our work suggests
that the ageostrophic component of transport is significant in river plumes under strong wind forcing.

Evidences found in this work, especially the gradual downward propagation of enhanced mixing and
decreased stratification as a function of wind forcing, strongly suggests that the main source of energy for
turbulence generation is provided by the wind. The enhanced wind generated turbulence increase the rel-
ative importance of viscous stresses in the water column, which are responsible for the breakdown of the
thermal wind balance, and generation of AGEOS.

Finally, this work emphasizes the importance of obtaining direct in situ measurement of stress in the future,
particularly in the near-surface region of the water column, to further advance our understanding of river
plume dynamics. Longer time series are also crucial to properly separate the roles of cross- and along-shelf
winds, waves, and capturing extreme wind events, both in surface trapped and bottom advected plumes.
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