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ABSTRACT

Nontidal circulation in Chesapeake Bay was examined from one-month current records at 50 and
200 km from the entrance. The monthly mean flow was basically a two-layered circulation; in addi-
tion, there were large wind-driven velocity fluctuations at several-day time scales. Corresponding to
velocity changes, the salinity distribution had large variations, comparable to its seasonal change.

Bay water responded to longitudinal (local) wind and coastal (nonlocal) Ekman flux. The response
was barotropic in the lower Bay, and baroclinic (frictional) in the upper Bay. The difference in re-
sponse characteristic appears to be due to the counter-effects of the near-surface windstress shear and
the depth-independent surface slope. A frictional model accounts for most of the observed features.

Results of this study provide further evidence of large, atmospherically induced exchange between
the estuary and coastal ocean. The importance of wind on upstream salt intrusions is also clearly dem-

onstrated.

1. Introduction

Nontidal (tidally averaged) circulation in a par-
tially mixed estuary was first studied by Pritchard
(1952, 1956) in the James River. Pritchard identified
a two-layered circulation pattern, with a landward
flow in the lower layer and a seaward flow in the
upper layer. The two-layeréd circulation is driven
by the longitudinal salinity (density) gradient, and
it is generally regarded as the basic flow pattern in
a partially mixed estuary.

Nontidal circulation driven by wind forcing was
examined by Weisberg (1976), who found high co-
herence between bottom current and longitudinal
wind in the Providence River. The bottom currents
were out-of-phase with winds, i.e., a seaward near-
bottom flow was driven by an up-river wind, which
suggests a baroclinic response. Wind-driven flow
was comparable to the gravitational circulation as
reversals of bottom landward flow were found during
strong up-river winds. A baroclinic response to
longitudinal wind forcing was also found in the Po-
tomac River (Elliott, 1978), where the bottom flow
reversed about every 2-3 days.

In addition to local wind forcing, nontidal current
can be induced by nonlocal effects due to interac-
tion with a larger, neighboring estuary or coastal
ocean. Elliott (1978) found that a significant portion
of the near-surface flow in the Potomac was due to
the exchange with Chesapeake Bay proper. Evi-
dence for the nonlocal coastal ocean effect was re-
ported by Wang and Elliott (1978), who found high
coherence between the subtidal sea level fluctuation
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in the Bay and coastal Ekman flux. The response of
Bay water to wind forcing was frequency-de-
pendent; it was local for time scales <3 days, and
was nonlocal for time scales >10 days. Atmospheri-
cally induced exchange between estuary and coastal
ocean was also found in Corpus Christi Bay, Texas
(Smith, 1977).

In this study, the circulation pattern in the Chesa-
peake Bay proper is examined over a one-month
period at two locations, 50 and 200 km from the
entrance. A frictional model is developed to explain
the key response characteristics. The purpose is to
further document the wind-driven circulation in the
Chesapeake Bay, and to assess the effects of wind
forcing on salinity distributions.

2. Currents, salinity and wind forcing
a. Observations

Two moorings were maintained in the lower and
upper Bay (Fig. 1) over a one-month period (19
November to 20 December 1975). The lower Bay
mooring had two current meters at depths of 4 m
(13 ft) and 7.8 m (26 ft) in a water depth of 12 m. The
upper Bay mooring had two currents meters at
depths of 4.5 m (15 ft) and 9 m (30 ft), in a water
depth of 14 m. For both moorings, the top current
meter was an Endeco 105, and the bottom meter
was an Aanderaa (which also recorded temperature
and conductivity). Data were low-pass filtered to re-
move the diurnal and semidiurnal tides and other
high-frequency fluctuations. [The low-pass signals
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F1G. 1. Map of the Chesapeake Bay showing the 9 m depth contour (dashed) and wind
(W), sea level (A) and current meter (®) stations.
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have nil amplitude at 1 cpd (cycle per day), half-
amplitude at 0.7 cpd, and 95% amplitude at 0.5
cpd.] The resulting series were then decimated
to 6 h values.

The velocity was decomposed into longitudinal
(principal axis) and lateral components. However,
the weak, lateral component (~5% of the total
variance) was not included in the analysis, as it was
subject to large uncertainties due to compass error.
Due to instrument malfunction, the lower Bay bot-
tom meter record had a one-week data gap.

Sea levels were obtained at Kiptopeake Beach,
Grey Pt., Solomons I. and Baltimore (Fig. 1). The
low-pass sea levels were similar among Bay stations,
and therefore, only Solomons I. (Bay station) and
Kiptopeake Beach (coastal station) records are
shown in Fig. 2. The volume transport (Fig. 2) at
the lower Bay mooring section was computed from
upstream sea level variations, based on the continuity
requirement. Fig. 2 also shows the sea level differ-
ence between Baltimore and Kiptopeake Beach.

Wind records were obtained at Patuxent River
and Norfolk (Fig. 1), and stresses were computed
from the quadratic drag law (Cp = 2.5 x 1079),
The low-pass wind (windstress) fluctuations were
mainly in north—south directions (Fig. 2), and were
coherent between the two stations (y? = 0.75); how-
ever, the Norfolk wind was considerably stronger.
The north-south wind was highly coherent with the
surface slope along the Bay (y* = 0.82), which indi-
cates a simple wind set-up relation.

b. Velocity and salinity

In the lower Bay, the monthly mean flow was
10.3 cm s~! seaward near surface and 5.0 cm s™!
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landward near bottom, which is consistent with the
gravitational circulation pattern. Velocity fluctua-
tions, predominantly at time scales of 2 to 7 days,
were apparently coherent and in-phase between the
two depths (Fig. 3). To examine the cross-sec-
tional homogeneity, the observed velocity was com-
pared with the volume transport. The sectional
mean flow (volume transport divided by the cross-
section area) was highly coherent with the near-
surface velocity - fluctnation (y? = 0.8), and their
amplitudes were comparable. (The rms amplitude
was 10 cm s™?! for both the sectional mean flow
and near-bottom current, and 15 cm s~ for the near-
surface current.) Thus, the nontidal current in the
lower Bay was basically a barotropic motion at
the several-day time scales.

In the upper Bay, the monthly mean flow was 9.2
cm s™! seaward near surface, and 2.5 cm s landward
near bottom which was comparable to the mean
circulation in the lower Bay. The velocity fluctua-
tions were coherent between the two depths; how-
ever, there was considerable phase difference
particularly in the first part of the record. The near-
bottom current generally led the near-surface cur-
rent by 90°, i.e., the rate of change of the near-
bottom current was large when the near-surface
current reached an extreme. [A similar vertical
phase difference was found in the Potomac River
(Wang and Elliott, 1978).] The rms amplitudes of
near-surface and near-bottom current were 11.4 and
7.6 cm s™!, respectively. And, they were con-
siderably larger than the sectional mean flow of 4.9
cm s, Thus, due to their vertical phase difference,
currents in the upper Bay had large baroclinic
fluctuations.
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FiG. 2. The low-pass time series of lower Bay current at 13 (V,;) and 26
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Near-bottom salinity in the lower Bay had large
variations (~2.0%o), which appeared to be induced
by variations of the near-bottom current. For ex-
ample, the sudden salinity decreases on 22 and 26
November and 10 December were associated with
reversals of the near-bottom current (Fig. 3). And,
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the salinity increases on 24 November and 9 Decem-
ber were associated with a strong landward flow.
Near-bottom salinity in the upper Bay had simi-
larly large variations (~1.9%o), which were also re-
lated to changes of the near-bottom current. For
example, the sudden salinity decreases on 22 No-
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F1G. 3. The low-pass time series of (a) sea level at Solomons I. and Kiptopeake B., (b) volume fiux at the lower Bay
mooring section, (c) sea level difference between Baltimore and Kiptopeake B., and (d) wind at Patuxent River and

Norfolk.



568

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 9

¥
11/1
10

DEPTH (M)
N
Q

|

39°00' 38°30"

38°00'

LATITUDE

DEPTH (M)
N
o

30

1

39°00' 38°30°

38°00" 37°00'

LATITUDE

F1G. 4. Salinity section (%) along the Bay axis (The mooring locations are marked
by an arrow): (a) 9 December 1975, (b) 11-12 December 1975.

vember, and 1 and 15 December were associated
with reversals of near-bottom current (Fig. 3). And,
the salinity increases from 8—15 December were due to
a persistent landward flow.

Two salinity slack runs were made on 9 December
and 11-12 December along the Bay axis (Figs. 4a
and 4b). (A slack run section is constructed using
data collected on a single day run along the axis of
the Bay, following as closely as possible the motion
of the slack-before-flood point on a single tidal
cycle as it progresses from the entrance to the head
of the Bay. The procedure yields a salinity section
having minimal distortion from tidal effects.) The
abrupt salinity decrease in the lower Bay, within 70
km from the entrance, was associated with a strong
seaward flow on 10 December (Fig. 3). In the mid-
and upper Bay, salinities in the upper layer aiso

decreased as a result of the same outflow event. In
contrast, salinities in the lower layer increased
significantly from 9 to 12 December due to a per-
sistent landward flow (Fig. 3). Thus, large changes
in salinity and stratification over the entire Bay oc-
curred within a few days, due to changes in the
nontidal circulation.

c. Wind forcing

Sea level and longitudinal wind were coherent and
in-phase at time scales of 2—-3 days. The amplitude
of sea level increased towards the head of the Bay
at these time scales. On the other hand, sea levels
and longitudinal winds were out-of-phase at longer
time scales. These results were similar to those of
Wang and Elliott (1978), which suggested that sea
level fluctuations were seiches driven by the longitu-
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dinal wind at 2--3 day time scales, and were forced
by the coastal Ekman flux at longer time scales.
The nonlocal effect was evident during the two
major events on 23-26 November and 7~ 10 Decem-
ber (Fig. 3). During both events, rapid rise of sea
level was induced by a southward wind, through
an onshore Ekman flux.

The volume transport was coherent and 90° out-
of-phase with the sea level fluctuation. It had large
amplitude in the lower Bay; for example, at the
mooring section (50 km from the entrance), the rms
amplitude was 23 000 m® s~%, and the peak trans-
port was 60 000 m® s~! (Fig. 3). For comparison,
the total river runoff into the bay was only 1 000
m?® s~!. Thus, due to wind forcing, there was a
large exchange of waters between the Bay and
coastal ocean.

In the lower Bay, the velocity fluctuations were
mainly barotropic, and can therefore be related to
sea level change. Currents at time scales of 2-3
days were driven by longitudinal wind with a 90°
phase difference, i.e., a strong landward (sea-
ward) flow occurred at the onset of a northward
(southward) wind. A quadrature phase relation is to
be expected for a barotropic response, because the
current is counterbalanced by the surface slope
which is in-phase with the wind. For nonlocal
forcing, current and wind usually were 180° out-of-
phase, consistent with the coastal Ekman effect.

In the upper Bay, currents had large shear fluctua-
tions which suggests a different forcing mechanism.
Nearsurface current was highly coherent and in-
phase with the longitudinal wind at all time scales
(y* = 0.79). In other words, a strong landward (sea-
ward) flow occurred at the peak of a northward
(southward) wind. The high correlation between
wind and nearsurface current suggests frictional
coupling, i.e., the nearsurface current was generated
locally by the longitudinal wind. Nearbottom cur-
rent, on the other hand, appeared to be also af-
fected by the sea level change, particularly in the
first part of the record when it led the nearsurface
current (and, wind) by 90°.

3. Model interpretation

Our study indicates a barotropic response in the
lower Bay, and a baroclinic response in the upper
Bay. For example, the near-surface current was in-
phase with the local wind in the upper Bay, but
it led the wind by 90° in the lower Bay. The
direct wind coupling in the upper Bay can be ex-
plained by the frictional effect. However, the quad-
rature phase relation in the lower Bay apparently
contradicts the frictional coupling. On the other
hand, our analysis indicates the existence of a large
surface slope which counters the direct wind forc-
ing. Being a semi-enclosed water body may be the
main cause for barotropic response in the estuary.
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A simple (conceptual) model is constructed to ex-
amine the estuarine response to longitudinal wind
forcing. We assume the vertical dissipation as the
dominant process. For a rectangular channel, the
equations of motion for homogeneous water are

ou on 8%

—_— =g —+ A, — 1

ot £ ox 8z2 )
8 ow
ML, Q@)
ox 0z

where ¥ and w are the longitudinal and vertical
velocity, respectively, n the surface elevation and
A, a constant vertical eddy viscosity.

The boundary conditions are as follows.

(a) at the mouth, the elevation is constant;
x=0 m=0
(b) at the head, the total transport is zero;
x=L: U=90
(c) at the surface, the shear is due to windstress;
ou
z=0: A, — = 7,
0z
(d) at the bottom, the friction is proportional to
the transport;
ou U
=a—.
0z H

Here « is a linear drag coefficient.

z=—H: A,

The first three boundary conditions are standard.
The choice of the bottom boundary condition be-
comes obvious, if the equations of motion are
vertically integrated:

aUu an a
—=—gH — + 7, — — U, 3
a T H ®
924,91 0 4)
ox ot

Thus, the bottom boundary condition represents a
simple overall friction damping. Since the friction
does occur along the sidewall in a real estuary, we
feel the friction damping is better modeled by the
transport than the bottom velocity.

It is instructive (and simpler) to solve Egs. (1)
and (2), and Egs. (3) and (4), by assuming an os-
cillating wind stress, i.e., 7, ~ exp(iwt), where w is
the angular frequency. The solutions are (apart
from a common time oscillation factor)

_ 1 Ts
K K cosKL gH

sinKx,
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F1G. 5. Longitudinal distribution of sea level and sectional
mean flow, from model computation.

on 1 Ts

cosKx,
Ox cosKL gH

U=—2 " (cosKx — cosKL),
K? cosKL gH

and
U =Up + U,
_ -1 1 [ a U
sinh((H) | | A, H
x cosh(lz) — T

cosh{i{(H + z)]} )
v .
i 7y cOsKx
Uy = — — ————
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where
1
Kz = -——(w2 —iw f—) ,
gH H,
@
r=i ,
Ay
are squares of the effective horizontal and vertical
wavelength, respectively.

For a modestly dissipative estuary, surface slope
and elevation are almost in-phase, and the transport
is 90° out-of-phase with the windstress, which is
consistent with the observations. The velocity con-
sists of two components: the frictional part (up),
due to the windstress and bottom dissipation, and
the slope part («,), due to the surface slope. This
becomes clear if we compute their respective trans-
port: ‘

i @ i an
Ur w(Ts HU)’ v wg ax

Since the total transport (U) is small in the upper
Bay, one expects largé wind-driven frictional trans-
port. On the other hand, the windstress contribu-
tion is less significant in the lower Bay where the
total transport is large. These results seem to ex-
plain the apparent absence of wind-driven frictional
response in the lower Bay.
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To have a better understanding of the nature of
estuarine response, a numerical example is com-
puted. The following parameters are chosen, corre-
sponding to ‘‘averaged’’ Chesapeake Bay con-
ditions: -

L =270 km

H=84m

w =3 X 107% s~ (or 2.5 days)
A, =10 cm? s},

a = 1072 cm s™! (or decay time ~ 1 day),
7, = 0.5 dyn cm™2.

Surface elevations increase linearly toward the
head (Fig. 5), and they lag the surface wind by
about 10°. Volume transports decrease linearly
toward the head (Fig. ), and they lead the sur-
face wind by about 80°. The velocity profile varies
considerably from the head to the mouth. In the
upper Bay, a strong near-surface current is almost
in-phase with the surface wind (Fig. 6). There is
also a near-bottom return flow which partially
compensates for the near-surface wind-driven flow.
The sectional mean flow is 4 cm s~!, which is
considerably less than the nearsurface current
(velocity averaged over the top 2 m is 10 cm s™Y).
It is also noted that the near-bottom return flow
leads the near-surface flow by about 90°. In the
lower Bay, velocities are rather homogeneous (Fig.
6). The sectional mean flow of 11 cm s™! is compa-
rable to the nearsurface current (velocity averaged
over the top 2 mis 16 cm s™1). The near-bottom flow
also leads the near-surface flow; however, their
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Fic. 6. The amplitude and phase of velocity in lower (50
km from the entrance) and upper (200 km from the entrance)
Bay, from model computation. (A positive phase difference
means phase lead, and the zero phase is referenced to the sur-
face wind.)
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phase difference is relatively small. Thus, velocities
in the lower Bay are more or less barotropic,
and they lead the wind by 80°.

The simple model indicates two unique features of
the estuarine response to local wind forcing:

1) The response is baroclinic (frictional) in the
upper Bay, and it is barotropic in the lower Bay.

2) The bottom current leads the surface current;
the phase difference is large (over 90°) in the upper
Bay.

Both results compare well with the observations.
It should be pointed out that these results are rather
insensitive to changes of the frictional parameters.
An increased vertical eddy viscosity will decrease
the near-surface velocity shear. And, an increased
drag coefficient will increase the near-bottom veloc-
ity shear. Nevertheless, the response characteristics
remain unchanged.

Nonlocal forcing due to changes of coastal sea
level may also be modeled by Eqgs. (1) and (2), with
the boundary condition at the mouth being replaced
by an oscillating surface elevation. The solutions
indicate a linear decrease of transport toward the
head. Velocities are homogeneous, with a slight de-
crease near the bottom. In other words, the response
to coastal sea level change is barotropic throughout
the Bay. This result is consistent with observa-
tions of a barotropic response during nonlocal
events on 23-26 November and 7-10 December.
(During the November event, the local wind was
strong. Consequently, the near-surface current in
the upper Bay was dominated by the frictional
effect.)

4. Discussion

In a one-year study of the subtidal sea level vari-
ability, Wang (1979) found that at time scales of 2—
3 days, large transport can be induced in the lower
Bay by the local longitudinal wind. At longer time
scales, Wang and Elliott (1978) also found evidence
of large, coastal, wind-induced transport. The pres-
ent study, based on direct current measurements,
provides further evidence of large, wind-driven,
barotropic fluctuations in the lower Bay.

In the upper Bay, the response to wind forcing
had a large baroclinic component. The nearsurface
current was frictionally driven by the local wind,
while the near-bottom current reflected effects of
the large-scale motion. Similar results were also
found in a recent, more extensive study (Grano
and Pritchard, 1978). In contrast, Elliott et al. (1978)
found a predominant barotropic response near the
head of the Bay (40 km north of the upper Bay
mooring location).

A simple frictional model is constructed to ex-
amine the nature of estuarine response. There are
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two basic driving mechanisms: the depth-inde-
pendent slope effect and the frictional (shear stress)
effect. In the upper Bay, the near-surface wind-
stress is dominant, which results in a frictional re-
sponse. The windstress effect is reduced towards
the mouth, due to the opposing, increased interior
dissipation (associated with the increased trans-
port). Consequently, the slope effect becomes
dominant in the lower Bay which results in a baro-
tropic response. We have also examined the es-
tuarine response to changes in coastal sea level
(nonlocal forcing), and found the response basically
barotropic.

The frictional model compares well with the ob-
servations. It offers a simple explanation for differ-
ences in the response between the lower and upper
Bay. It also predicts the large vertical phase
propagation, which is a characteristic feature of the
wind-driven circulation. The apparent inconsistent
result of Elliott et al. (1978) is probably due to the
dominance of coastal sea level effect during the
particular study.

The density effect is not included (explicitly) in
the frictional model, which does not imply that
density is not important in the estuarine response.
The vertical eddy viscosity will certainly depend on
the stratification. A strong stratification tends
to reduce the vertical eddy viscosity, and hence it will
support a larger near-surface shear. In contrast, a weak
stratification will favor a barotropic response. Simi-
larly, the interior dissipation can also be affected
by the stratification. However, we do not have
enough information to make even a qualitative esti-
mation.

Because the salt fluxes associated with velocity
fluctuations are large, the stratification may change
significantly over a wind event. Consequently,
the gravitational (density-induced) circulation
can also be affected by the wind forcing. Tenta-
tive evidence for wind-induced change in gravi-
tational circulation was found in the lower Bay.
At the beginning of the current meter study,
the vertical shears (between 13 and 26 ft) were small
(Fig. 3). However, they increased significantly on
26 November and persisted afterward (during the
period of common records). As the several-day
fluctuations were mainly barotropic in the lower Bay,
the slow-varying vertical shears were an indica-
tion of the strength of gravitational circulation.
The sudden buildup of vertical shears, and hence,
the gravitational circulation on 26 November, ap-
peared to be the result of the preceeding, strong in-
flow event, when velocities were landward at all
depths. Perhaps the increased salinities enhanced
the gravitational circulation.

In conclusion, our study indicates large, at-
mospherically induced exchange between the
Chesapeake Bay and coastal ocean. It also suggests
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interaction between the wind-driven and density-
"induced circulation. Since knowledge of up-
stream salt intrusion is of great practical importance,
relations between the horizontal circulation and
salinity distribution need further quantitative ex-
amination.
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