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ABSTRACT

SALAS-MONREAL, D. and VALLE-LEVINSON, A., 2008. Sea-level slopes and volume fluxes produced by atmospheric
forcing in estuaries: Chesapeake Bay case study. Journal of Coastal Research, 24(2B), 208–217. West Palm Beach
(Florida), ISSN 0749-0208.

Time series at eight locations in Chesapeake Bay and the adjacent inner shelf were used to determine the relative
influence of the wind and barometric pressure effects on subtidal sea-level variability and slopes in the estuary. Special
emphasis was placed on the lower Chesapeake Bay, where inverse barometric effects accounted for up to 32% of the
subtidal sea-level variations, and wind forcing accounted for more than 67% of the variance. The wind frequency from
any given direction varied from one station to another due to the nonsynoptic characteristics of atmospheric pressure
in Chesapeake Bay. In the northern bay, northwesterly winds were most frequent in winter, and southerly winds
were most frequent in summer. In the southern bay, northeasterly winds were most frequent in fall and winter, and
southwesterly winds dominated in the summer. These winds produced sea-level responses as follows: northeasterly
winds caused water to pile up in the southwestern corner of the bay, whereas southwesterly winds produced water-
level depressions in the same area. This study is one of the few to document the influence of atmospheric pressure
gradients on estuarine sea-level slopes. It was found that atmospheric pressure gradients produced sea-level slopes
of the same order of magnitude (10�7) as those induced by westerly–easterly winds. In contrast to previous studies,
the volume fluxes calculated here, with geostrophy, geostrophy plus wind stress, and the continuity constraint, showed
drainage of the bay with northerly and northwesterly winds and filling of the bay with southeasterly winds.

ADDITIONAL INDEX WORDS: Subtidal variability, sea level, wind stress, geostrophic velocity, Chesapeake Bay.

INTRODUCTION

Circulation in estuaries can be affected by atmospheric
forcing, which alters barotropic pressure gradient, i.e., the
sea-level slope. The typically observed seaward barotropic
pressure-gradient force in estuaries can be modified by wind-
induced sea-level slopes, barometric pressure, and steric
(thermosteric plus halosteric) effects from heating and cool-
ing processes. The aim of this study was to explore the roles
of different atmospheric influences on the estuarine baro-
tropic pressure gradient in Chesapeake Bay and, specifically,
to advance the understanding of wind and inverse barometric
effects on sea-level variability and sea-level slopes, and their
relevance on volume fluxes at the Chesapeake Bay mouth.
Fulfilling these objectives will be relevant to predictions of
sea-level changes and volume fluxes in the Chesapeake Bay
and other estuarine systems of similar dimensions.

Wind stress has been identified as the main producer of
subtidal sea-level variability in several coastal basins, in-
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cluding the Sado Estuary (MARTINS et al., 2001), Narragan-
sett Bay (WEISBERG and STURGES, 1976), San Francisco Bay
(WALTERS and GARTNER, 1985), and the North Inlet, South
Carolina, where the subtidal water-level variability is quite
sensitive to changes in wind direction (KJERFVE et al., 1978).
In the Chesapeake Bay, northeasterly winds cause water lev-
el to rise in the southwestern corner of the bay due to water
transport from coastal and upper bay areas (VALLE-LEVIN-
SON et al., 2001). Southwesterly winds that dominate during
summer (PARASO and VALLE-LEVINSON, 1996) produce the
opposite scenario on the sea level and sea-level slopes. In
most of the previous studies, the subtidal sea level was cor-
related to wind but not to other forces. One of the innovative
aspects of this study is the isolation of barometric and wind-
forcing effects on subtidal sea-level variability and their in-
fluence on the estuarine barotropic pressure gradient at dif-
ferent locations throughout Chesapeake Bay.

In basins with large atmospheric pressure variability, the
sea-level response to changes in atmospheric pressure cannot
be neglected. Several coastal studies have revealed the im-
portance of the inverse barometric effect on subtidal sea-level
variability (SHENG et al., 1998; VALLE-LEVINSON et al., 2001),
which in some cases can be as important as the tidal signal
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Figure 1. Chesapeake Bay and positions of the eight stations, inside and
outside the bay (�). The lines represent the boundaries for each segment
used in the calculation of volume fluxes.

Table 1. Station locations in Maryland (MD), Virginia (VA), and North
Carolina (NC).

Station
Number Station Name Latitude (N) Longitude (N)

8573364 Tolchester Beach, MD 39�12.8� 76�14.7�
8577330 Solomons Island, MD 38�19.0� 76�27.1�
8635750 Lewisetta, VA 37�59.7� 76�27.9�
8632200 Kiptopeke, VA 37�10.0� 75�59.3�
8638610 Sewells Point, VA 36�56.8� 76�19.8�
8638863 Chesapeake Bay Bridge

Tunnel (CBBT), VA
36�58.0� 76�6.8�

8638979 Chesapeake Light Tower
(CLT), VA

36�54.3� 75�41.8�

8651370 Duck, NC 36�11.0� 75�44.8�

(WISEMAN et al., 1988). In some marginal seas, the subtidal
sea-level variability is dominated by the inverse barometric
effect, as in the Aegean Sea (TSIMPLIS and VLAHAKIS, 1994)
and Western Mediterranean (CANDELA, 1991). In the Ches-
apeake Bay, the inverse barometric effect on sea level has
been found to be smaller than the wind stress effects but not
negligible (PARASO and VALLE-LEVINSON, 1996). This effect
may be as important as the wind-forcing effect in the upper
bay (SPITZ and KLINCK, 1998). However, observational stud-

ies of estuaries and bays regarding the inverse barometric
effect are scarce (KIM et al., 1996). A comprehensive scrutiny
of inverse barometric effects throughout Chesapeake Bay is
still lacking.

The importance of wind and inverse barometric effects on
sea level and sea-level slopes needs to be studied in detail in
order to improve understanding of estuarine hydrodynamics.
In this study, the barometric pressure effect was calculated
at eight sea-level locations throughout Chesapeake Bay (Fig-
ure 1). This effect was subtracted from the total subtidal sea
level, and the remaining variability was attributed to the
wind, because of the high correlation (typical correlation co-
efficients of 0.8) and coherence at low frequencies between
the modified subtidal sea level and the wind. Finally, volume
fluxes or the rate of change of volume throughout the bay
mouth were calculated with the geostrophic approximation,
and with geostrophy modified by wind stress. These calcu-
lations were compared with those obtained from volume flux-
es derived from the continuity equation, using the time rate
of change of sea level. When compared to previous studies on
subtidal variability in the Chesapeake Bay (GARVINE, 1985;
GOODRICH, 1988; PRITCHARD, 1965; WANG, 1979; WANG and
ELLIOT, 1978), this study is distinguished by the assessment
of both wind and inverse barometric effects throughout the
estuary using a year-long data set. The most important con-
tribution is the evaluation of the relative influence of these
effects on subtidal sea-level slopes and net volume fluxes.

DATA AND PROCEDURES

Hourly time series of sea level, atmospheric pressure, wind
velocity, salinity, temperature, and density of seawater at
eight stations (Figure 1, Table 1), within and outside the
Chesapeake Bay, were used to determine the relative influ-
ence of wind and barometric pressure effects on sea-level var-
iability and sea-level slopes. Data from the year 2000 were
used because of the availability of hourly time series of salin-
ity and temperature data at several stations, which allowed
density calculations to be used to estimate the barometric
pressure effect on sea levels. These series were mainly ob-
tained from stations maintained by the National Oceanic and
Atmospheric Administration (NOAA). The temperature de-
rived from the tide gauge stilling wells may have overesti-
mated ambient temperature under extended periods of direct
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Table 2. Surface areas and Coriolis parameter used for each segment
shown in Figure 1.

Segment
Surface Area

(m2)
Coriolis

Parameter (s�1)

Head–Tolchester Beach 319 � 106 9.2483 � 10�5

Tolchester Beach–Solomons Island 1484 � 106 9.1314 � 10�5

Solomons Island–Lewisetta 893 � 106 9.0100 � 10�5

Lewisetta–Kiptopeke 2585 � 106 8.8944 � 10�5

Kiptopeke–Chesapeake Bay Mouth 552 � 106 8.7904 � 10�5

Table 3. The mean depth used for each station and the cross-sectional
areas shown in Figure 1, as well as the percentage of tidal variance at each
station.

Stations Depth (m)
Transverse Area

(m2)
% Tidal
Variance

Tolchester Beach 5.30 0.75 � 104 49.64
Solomons Island 15.00 2.04 � 105 41.12
Lewisetta 8.50 3.09 � 105 44.70
Sewells Point 4.47 N/A 70.22
Kiptopeke 7.70 2.29 � 105 77.17
Chesapeake Bay Bridge Tunnel 9.14 2.12 � 105 72.93
Duck 15.00 N/A 82.31
Chesapeake Light Tower 18.30 N/A N/Asunlight. Salinity data from Chesapeake Bay Observing Sys-

tem (CBOS) stations were used to fill gaps at Tolchester
Beach and Solomons stations. Monthly conductivity-temper-
ature and depth (CTD) data series obtained by the Center for
Coastal Physical Oceanography (CCPO) across the lower bay
were also used to fill in salinity and temperature gaps at the
Chesapeake Bay Bridge Tunnel (CBBT) and Kiptopeke. CTD
data from the Naval Atlantic Meteorology and Oceanography
Center (NAMOC) near Duck station (DUCN7) were used to
fill in salinity and temperature gaps at Duck station. Wind
data from the Chesapeake Light Tower (CLT) were used to
calculate wind stress. The zero-height sea level was corrected
by subtracting the annual mean from each year-long data set.
The corrected data were then used to calculate the sea-level
slope between stations.

Gaps greater than 3 h were filled with the best linear re-
gression between nearby stations with existing data, while
gaps less than or equal to 3 h were filled with linear inter-
polations between successive data. The barometric pressure
series from Chesapeake Bay Bridge Tunnel was used to fill
in the missing series at Kiptopeke station because of its prox-
imity in the lower bay. The salinity time series at Kiptopeke
station was constructed with CCPO available monthly data
series near Fishermans Island (37�11.118� N, 76�0.942� W)
and interpolated hourly with a linear regression between
Fishermans Island and Chesapeake Bay Bridge Tunnel. The
values for the linear regression, slope of 0.8956 and intercept
of 4.4566, indicated higher sea-surface salinity at Fishermans
Island than at Chesapeake Bay Bridge Tunnel. This was be-
cause the Coriolis effect deflects salty water to the north part
of the bay mouth, while less saline water exists mainly at the
southern part of the bay mouth (PARASO and VALLE-LEVIN-
SON, 1996). Because this study concentrated on subtidal var-
iability, frequencies higher than 0.03846 cycles per hour (pe-
riod of 26 h) were filtered out from sea level, water temper-
ature, salinity, atmospheric pressure, and wind-velocity rec-
ords, using a low-pass cosine-Lanczos filter.

In order to estimate and subtract the barometric pressure
effect from sea-level variability, it was necessary to analyze
a total differential of the pressure. This was done by using
the hydrostatic equation, following GILL (1982):

1
�� � � �P , (1)a a	g

where �a is the subtidal water level produced by atmospheric
pressure (Pa), 	 is the seawater density, and g is the accel-
eration due to gravity. Once the percentage of variability at-

tributed to the inverse barometric (��a) effect was deter-
mined, the remaining variability was assumed to be produced
by the wind. This assumption was tested with the coherence
between the remaining sea level and the wind. Such an ap-
proach allowed quantification of the main factors affecting
the subtidal sea-level variability.

Volume fluxes were calculated once the variation due to
the inverse barometric effect was removed from subtidal sea
levels. These estimated volume fluxes were produced by wind
and/or by sea-level slopes. Slopes, in turn, were calculated
using subtidal sea levels and the distance between contiguous
stations. In addition, the continuity constraint was used to
obtain a more reliable estimate of volume fluxes than those
derived from the geostrophic or from the geostrophic approx-
imation modified by wind stress. For this purpose, the bay
was divided into five segments according to data availability,
each of which had one or more tide gauges (Figure 1, Tables
1 and 2). This partition is valid under the assumption that
subtidal water level has the same variation in the entire seg-
ment. The rate of change of volume (�Voli/�t) was estimated
following the methods of VIEIRA (1985) and MONREAL-GO-
MEZ and SALAS-DE-LEON (1990):

�Vol � (t ) � � (t )i i j
1 i j⎣ ⎦� A , (2)Si�t �t

where Voli is the volume of the ith segment, ASi is its surface
area (Table 2), and �i(tj) is the subtidal water level of the ith
segment at time tj. Sewells Point and Chesapeake Bay Bridge
Tunnel stations were considered in the same segment be-
cause of their sea level, water temperature, salinity, and
wind-velocity coherence. The subtidal sea level for this seg-
ment was taken as the average elevation change recorded by
the two tide gauges. The rate of change of volume for each
segment was determined with Equation (2), and then the
time rate of change of the bay volume was obtained by adding
all individual segments.

In addition, sea-level slopes were used to estimate geo-
strophic volume fluxes (Vg) in m3 s�1 (GILL, 1982), at the
Chesapeake Bay entrance:

gA ��tV � A u � � , (3)g t f �y

where At is the bay entrance cross-sectional area (Table 3), u
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Figure 2. Total (gray) and subtidal sea level throughout the year 2000.
Subtidal sea levels were obtained using a low-pass filter for 26 h (solid
line) and 20 d (dashed line). The percentages refer to 26 h subtidal sea-
level variance.

is the geostrophic velocity perpendicular to the entrance,(��/
�y) is the cross-estuary sea-level slope, and f is the Coriolis
parameter (Table 2). The volume fluxes (Vqg) were also ob-
tained from geostrophy plus cross-estuary wind stress (� ):y

s

ygA �� � At s tV � A u � � 
 (4)qg t f �y f	h

where h is the mean depth of the transect (Table 3). The
cross-estuary wind stress was used because it dominates over
the along-estuary wind stress component in the geostrophic
approximation. All the variables used to calculate sea-level
variations, sea-level slopes, and volume fluxes were filtered
to illustrate subtidal fluxes for each segment. Equations (3)
and (4) are applied under the assumption that the timescale
of variations of the subtidal currents and the frictional decay
time is �1/f, i.e., �3 h, which is a reasonable assumption.
The geostrophic velocity and the geostrophy velocity modified
by wind stress were compared with those calculated from the
continuity equation to analyze the dynamical implications of
the different estimates.

Finally, a complex regression of the wind and the current,
obtained with the continuity constraint estimate, was carried
out to elucidate the transfer factor (A) and the veering angle
() between them. This was done following the methods of
PRANDLE and MATTEWS (1990) and SOUZA et al. (1997):

U(t) � U0 � aW(t), (5)

where U is the total nontidal velocity at time t. In turn, U0

is the non-wind-forced residual, W is the wind velocity, and
a is the complex coefficient. The complex coefficient, a �
�a � e
i, can be expressed in terms of the transfer factor as A
� �a �.

RESULTS AND DISCUSSION

Subtidal sea levels at Tolchester Beach, Solomons Island,
and Lewisetta stations in the upper bay where highly corre-
lated. Sewells Point, Kiptopeke, and Chesapeake Bay Bridge
Tunnel, in the lower Chesapeake Bay, and Duck Station, out-
side the bay, were highly correlated among each other but
differed from the upper bay stations. Still, the percentage of
subtidal sea-level variability related to total variability dif-
fered between contiguous stations (Figure 2). In the upper
Chesapeake Bay, subtidal sea-level variations explained
more than 50% of the total oscillations. In this region, sub-
tidal variance was larger than tidal variance (Table 3). In
contrast, in the lower bay, tidal fluctuations dominated close
to the mouth, and only 20% to 30% of the variance was pro-
duced by subtidal effects. This fact was attributed to the prox-
imity of the lower bay stations to tidal forcing and the prox-
imity of the upper bay stations to a virtual amphidromic
point located between Tolchester Beach and Solomons Island
Stations (BROWNE and FISHER, 1998). The greatest tidal in-
fluence on sea level within the bay (77%) was found at Kip-
topeke in the northern Chesapeake Bay mouth. This was the
sampling site most sheltered from energetic northeasterly
and northwesterly winds.

A small fraction (�1%) of the subtidal variability was at-

tributed to steric effects, produced by thermal expansion and
haline contraction. The weak subtidal variability attributed
to steric effects enhanced the significance of the wind stress
and the inverse barometric effect in the subtidal variability.
It is noteworthy that steric influence was non-negligible over
seasonal scales; it produced sea-level amplitude variations
close to 10 cm (Figure 2). The highest subtidal sea levels were
observed in the summer, and the lowest were observed in
winter in response to thermal expansion effects. In addition,
there were intraseasonal variations (dashed line in Figure 2)
related to major freshwater pulses into the bay. Continuous
freshwater supplies raised the subtidal water level in the up-
per bay, and reduced the density variance. In the lower bay,
the coastal water exchange at the mouth should have ac-
counted for the highest thermohaline variation. However, the
along-bay sea-level slope associated with steric effects was
negligible.

A much more significant portion of subtidal variability in
sea level, relative to steric effects, was produced by the in-
verse barometric effect (Figure 3). In most stations, this effect
explained about 22% of the subtidal variance. Results show
that its relative effect, compared to total subtidal variability,
was smaller in the upper bay than in the middle and lower
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Figure 3. Subtidal sea-level variation owing to atmospheric pressure
throughout the year 2000. The percentages refer to subtidal sea-level var-
iation variance.

Figure 4. Coherence between wind-velocity components and subtidal sea
level using the north-south component (solid line) and the east-west com-
ponent (dotted line) at 80% confidence level (dashed line).

bay. These results are different from those found by SPITZ

and KLINCK (1998). At Tolchester Beach station, in the upper
bay, the inverse barometric effect accounted for less than 14%
of the subtidal variability, whereas at Kiptopeke station, in
the lower bay, it accounted for 32% of the subtidal variability
(Figure 3). Thus, the relative effect of the inverse barometric
effect increases from the upper to the lower bay and tends to
be more variant in winter (Figure 3). The relative influence
of the inverse barometric effect on total subtidal sea-level
variability was most evident in winter, during specific events
like storms and frontal passages. During these events, ex-
treme lows in atmospheric pressure caused large subtidal
changes in sea level. The sea-level slope generated by the
atmospheric pressure gradient was frequently caused by
higher atmospheric pressure in the upper bay than in the
lower bay. Those atmospheric pressure gradients usually
generated a negative sea-level slope on the order of 10�7. The
sea-level variability attributed to atmospheric pressure was
highly correlated among stations with a small phase lag of
�11 h, which was attributed to spatially variable atmospher-
ic pressure gradients along the bay. For instance, sea-level
perturbations produced in the upper bay, traveling as long
waves over �6.5 m depth, will be felt in the lower bay, 320
km away, in approximately 11 h. One of the most relevant

findings of this analysis was that the inverse barometric ef-
fect in Chesapeake Bay, and perhaps in any large estuary
(�120 km), should be included in subtidal sea-level analysis,
and not only in analysis of subtidal sea-level variability, but
also in determination of subtidal sea-level slopes.

Besides the barometric effects, subtidal sea-level variations
were also caused by wind forcing. In fact, the remaining sub-
tidal sea-level variation in the bay was attributed to wind
stress because of their high coherence (Figure 4). At lower
bay stations, the coherence between subtidal sea level and
the east-west wind component was higher than the coherence
between subtidal sea level and the north-south wind compo-
nent, at frequencies higher than 0.125 cycles per day (cpd)
(periods smaller than 8 d). This was attributed to the orien-
tation of the bay mouth, which, for instance, allowed a faster
sea-level depression with westerly than with southerly winds.
In the upper bay, the coherence was higher between the
north-south wind component and the subtidal sea level at
frequencies less than 0.07 cpd. In most stations, the wind-
induced subtidal variability explained more than 67% of the
variance (Figure 5), up to 86% at Tolchester Beach station
and about 77% elsewhere. The largest subtidal sea-level var-
iance attributed to wind stress was found in the upper bay,
owing to more sustained winds than in the lower bay, al-
though stronger winds were measured in the lower bay than
in the upper bay.

The percentage of the sea-level variance attributed to the
wind, and the atmospheric pressure gradient was corroborat-
ed by an empirical orthogonal function (EOF) analysis (e.g.,
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Figure 5. Subtidal sea-level variation attributed to wind effects through-
out the year 2000. The percentages refer to subtidal sea-level variation
variance.

Table 4. Percent of total variance explained by each of the modes obtained
via an emprical orthogonal function (EOF) analysis on the subtidal sea
level.

Stations Mode 1 Mode 2 Mode 3

Tolchester Beach 84.0 15.6 0.4
Solomons Island 72.0 27.6 0.4
Lewisetta 67.8 31.9 0.3
Sewells Point 73.5 25.2 1.3
Kiptopeke 63.2 35.4 1.4
Chesapeake Bay Bridge Tunnel 72.9 25.6 1.5

Figure 6. (a) Extreme volume fluxes, (b) slopes between Tolchester and
CBBT, (c) slopes between Kiptopeke and CBBT, and (d) wind velocity at
CBBT throughout the year 2000.

ELLIOTT, 1978; WALLACE and DICKINSON, 1972). The EOF
analysis is a decomposition of the data set in terms of or-
thogonal functions that are determined from the data. This
analysis was performed for the subtidal series. The values
obtained for each station (Table 4) showed the dominance of
the first mode, explaining between 84% and 63% of total var-
iance. The first mode was correlated with the wind speed (R
� 0.8). In turn, the second mode was correlated with the in-
verse barometric effect and explained up to 35% of total var-
iance. The third mode did not contribute significantly to the
variance and can be considered as noise for the purpose of
this study. The two methods used in this study to calculate
the percentage of the variance attributed to wind, inverse
barometric effect, and steric effects suggested the dominance
of the wind (84%–63%) in the total sea-level variance. How-
ever, the inverse barometric effect could not be neglected,
since it contributed effectively to total sea-level variance
(15%–35%).

Thirty-five extreme sea-level variation events identified
throughout the year 2000 were mainly attributable to wind
forcing (Figure 6). Out of those extreme events, 60% were
associated with net volume inflows. Net volume outflows
(Figure 6a), calculated with the continuity equation, were

correlated with northwesterly (R � 0.68, where R is the cor-
relation coefficient) or southwesterly (R � 0.62) winds. Net
volume inflows were correlated with northeasterly (R � 0.57)
or southeasterly (R � 0.76) winds, since northeasterly and
southwesterly winds are the main producers of bay/coastal
water exchange. Extreme net volume fluxes were associated
with extreme sea-level slope events during specific winds con-
ditions, which showed spatial variability in the bay.

Water-level slopes between the upper and the lower bay
were up to 6 � 10�6 (Figure 6b) and were similar to those
across the Chesapeake Bay mouth (Figure 6c) during strong
(�10 m/s) and synoptically coherent wind conditions (Figure
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Figure 7. Percentage of wind direction occurrence, every 15�, throughout
the year 2000, and the wind-induced draining and filling.

Figure 8. Mean wind velocity, every 15�, throughout the year 2000.

6d). For spatially variable winds, sea-level slopes across the
bay were larger than along-bay slopes. Above 84% of extreme
wind-induced sea-level slopes were negative (Figure 6), i.e.,
upward slopes toward the south caused by a frequently high-
er atmospheric pressure in the upper bay than in the lower
bay that drove winds southward.

Variations in wind direction (Figure 7) and speed (Figure
8) among meteorological stations throughout the bay exhib-
ited a nonsynoptic character attributed to the length of the
bay (�320 km). The lower bay had predominant northeast-
erly and southwesterly wind directions, and the northeast-
erly wind was the strongest. The upper bay had predominant
northwesterly and southwesterly wind directions, and the
strongest was the northwesterly wind. The wind speed de-
creased considerably from the southern to the northern bay
owing to land friction over a narrower bay. The strongest
winds were observed at Chesapeake Light Tower, and the
weakest winds were observed at Tolchester Beach station
(Figure 8). A combination of northerly wind in the upper bay
with a strong northwesterly wind (�8 m s�1) in the lower bay
produced the fastest drainage of Chesapeake Bay (Figure 7).

Sea-level slopes associated with southeasterly wind pulses
were up to 3 � 10�6, with sea level decreasing from head to
mouth of the bay (Figures 9a and 9b). The largest slopes of
up to �6 � 10�6 along the bay and �7 � 10�6 across the

mouth were associated with northeasterly winds (Figure 9c),
which were the most common and energetic winds in the low-
er bay. Northwesterly winds (Figure 9d) produced sea-level
depression in the upper bay and sea-level set-up in the lower
bay as previously documented by VALLE-LEVINSON et al.
(2001). Easterly winds produced sea-level set-up and westerly
winds caused sea-level set-down in the lower bay, owing to
bay/coastal interaction. However, the upper bay was not sig-
nificantly affected by those winds because the water could
not be flushed out or filled in as in the lower bay. During
westerly or easterly wind conditions (Figure 9e), the slopes
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Figure 9. Six extreme volume flux events through the Chesapeake Bay
mouth showing the average during a two day period of sea level (cm)
(numbers) and wind (light arrows) and slope (dark arrows). The events
are: (a) the 25th (October 17, 2000), (b) the 12th (April 26, 2000), (c) the
18th (September 6, 2000), (d) the 1st (January 21, 2000), (e) the 7th
(March 3, 2000), and (f ) the 13th (April 28, 2000).

Figure 10. The mean velocity at Chesapeake Bay mouth, calculated us-
ing the momentum equation and (a) geostrophy or (b) the geostrophic
approximation modified by the wind stress. (c) The coherence between
velocities calculated with continuity and geostrophy (dotted line) and be-
tween continuity and geostrophy plus wind stress (solid line), and (d) the
phase between velocities calculated with continuity and geostrophy (dot-
ted line) and between continuity and geostrophy plus wind stress (solid
line).

produced by the wind were of the same order of magnitude
(10�7) as those produced exclusively by the atmospheric pres-
sure gradient from the head to the mouth of the bay.

Flow driven by northerly winds (Figure 9f) caused water to
set-up in the lower bay and produced sea-level depression in
the northernmost part of the bay, creating slopes of up to �6
� 10�6. Water set-up at the southernmost part of the bay
during northerly winds, as shown by the slopes, was the com-
bination of southward flow inside the bay and coastal inflow.
Southerly wind conditions created the opposite sea-level slope
scenario: sea-level depressions in the southern part of the bay
and water set-up in the northernmost part of the bay. During
extreme sea-level slope events, winds were highly energetic
(Figure 6), producing slopes on the order of 10�6, which is one
order of magnitude higher than those induced by barometric
effects. During westerly or easterly wind conditions, the
slopes produced by the wind were of the same order of mag-
nitude (10�7) as those produced exclusively by the atmospher-
ic pressure gradient from the head to the mouth of the bay.
These wind-induced slopes were smaller than those produced

by northerly or southerly winds because of the reduced fetch
across the bay. The development of large cross-sectional
slopes may also be hampered during westerly winds by the
mouth opening, where there is no coast where water can pile
up.

Observed extreme sea-level slopes were used to estimate
geostrophic and geostrophic plus wind stress volume fluxes
at the Chesapeake Bay mouth. These values were compared
to those obtained with the continuity constraint (WONG,
1994). One of the advantages of the continuity constraint
method when compared to others (e.g., SALAS-MONREAL,
2002; SIMPSON et al., 2001) is the possibility of calculating
the volume fluxes with only one data series, i.e., sea level.
According to the continuity-constrained calculations, south-
westerly winds produced net volume outflows, whereas
northeasterly winds produced net volume inflows and water
set-up at the southwestern corner of the bay. The slope pro-
duced across the mouth by northeasterly winds (�7 � 10�6)
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suggested a cross-sectional mean geostrophic velocity at the
Chesapeake Bay mouth of up to 0.6 m s�1, which resulted in
the strongest geostrophic flows (Figure 10a). For both south-
westerly and northeasterly wind directions, a compensatory
flow developed after the winds relaxed, in response to the
barotropic pressure gradient established by the wind. Al-
though northeasterly and southwesterly winds induced the
largest sea-level slopes, the biggest sea-level changes and
highest volume outflows were found during northwesterly
winds, according to the continuity estimates. Southeasterly
winds also caused great changes in sea level, mainly in the
upper bay, producing net volume inflows of up to 16 � 103

m3 s�1 derived from continuity estimates. Once these winds
relaxed, there was a net volume outflow produced by bay/
coastal sea-level slopes established by the wind.

Flow driven by northerly winds set-up water in the lower
bay (Figure 9f ), producing a net outflow instead of inflow, as
would be predicted by Ekman transport. It is noteworthy that
the volume fluxes produced by northwesterly and southeast-
erly winds were of opposite sign to those described on the
basis of Ekman dynamics. Northwesterly winds actually
caused volume outflows, and southeasterly winds drove vol-
ume inflows. Easterly winds produced sea-level set-up, and
westerly winds caused sea-level set-down in the lower bay,
owing to bay/coastal interaction. The three approaches used
to estimate volume fluxes: geostrophic, geostrophy plus wind
stress, and the continuity constraint predicted inflows with
northeasterly, easterly, and southeasterly wind conditions
and outflows with northwesterly, northerly, westerly, and
southwesterly wind conditions. However, there was a marked
difference in net volume fluxes among the three approaches.
Geostrophic volume fluxes yielded a low correlation (R �
0.42) with the continuity constraint (Figure 10a). The addi-
tion of wind stresses to the equation of momentum (Equation
4) increased the correlation with the continuity constraint
(Figure 10b) (R � 0.74), reducing the overestimation consid-
erably.

In order to explore the discrepancy between the volume
fluxes produced by northwesterly and southeasterly winds
with those expected on the basis of Ekman dynamics, the
transfer factor (A) and the veering angle () were calculated
(Equation 5) for the Chesapeake Bay mouth stations. This
calculation was carried out between the wind and surface
currents. Chesapeake Bay Bridge Tunnel (CBBT) station
showed a transfer factor of 2.4% with a veering angle of �12�.
In turn, Kiptopeke, in the northernmost part of the bay
mouth, showed a transfer factor of 2% with an associated
veering angle of �17�. At Sewells Point station, inside the
bay, the transfer factor and veering angle were 2.5% and �8�,
respectively. According to the veering angle, the estuarine
buoyant water should be flushed by northwesterly winds and
retained by southeasterly winds.

The discrepancy between the volume fluxes obtained with
the dynamic estimates (Equations 3 and 4) and the fluxes
calculated with the continuity constraint (Equation 2) (Fig-
ures 10c and 10d) accounts for �25%–30% of the variance
and was attributed to nonlinearities from bottom stress and
advection, which were also found to be relevant in short-term
observations in the lower bay (VALLE-LEVINSON et al., 2002).

The discrepancy was also attributed to temporal changes in
subtidal flows as �1/f, where f is the Coriolis parameter. The
absence of advection and bottom friction in the momentum
equation approximation produced the geostrophic or the geo-
strophic modified by wind stress velocities to lead the conti-
nuity approximation velocities, which reveals the significance
of bottom friction in Chesapeake Bay dynamics owing to its
shallowness. If friction is added to the momentum approxi-
mations, the estimated velocities will respond faster to a
change in wind direction.

CONCLUSIONS

Time series of sea level, atmospheric pressure, wind veloc-
ity, and water density data throughout the year 2000 ob-
tained from inside and outside Chesapeake Bay were used to
determine: (i) the relative influence of wind and barometric
pressure effects on sea-level variability and sea-level slopes,
and (ii) volume fluxes through the bay mouth with and with-
out the influence of wind stress. The pursuit of these objec-
tives has yielded five conclusions that advance our under-
standing of atmospheric forcing effects in the Chesapeake
Bay, relative to other studies on this topic, and that may be
applicable to other large estuaries. (1) Although the magni-
tude of sea-level variations due to the inverse barometric ef-
fects is largest in the upper bay, the percentage of the sub-
tidal variance explained by this effect was highest in the low-
er bay. In the lower bay, the inverse barometric effect ac-
counted for up to 32% of the variance owing to a relatively
greater atmospheric pressure variation when compared to
the upper bay. (2) The lower bay had predominant south-
westerly and northeasterly wind directions, whereas the up-
per bay had predominant southwesterly and northwesterly
wind directions. The latter was associated with the most en-
ergetic winds in every station. (3) The largest sea-level slopes,
up to �6 � 10�6 along the bay and up to �7 � 10�6 across
the lower bay, were produced by northeasterly and south-
westerly winds. During easterly or westerly winds, the slope
due to wind was close to the slope caused by atmospheric
pressure gradients. (4) The largest extreme sea-level events
and volume fluxes were associated with northwesterly winds,
producing outflow ten times the mean river discharge. The
largest sea-level slopes were followed by high volume fluxes,
but the greatest volume fluxes were not necessarily subse-
quent to large sea-level slopes. (5) Volume fluxes calculated
using geostrophy were overestimated relative to those ob-
tained by continuity. The addition of wind stress to the mo-
mentum equation increased the match with the continuity
constraint (R � 0.74). The volume fluxes obtained with the
dynamic approach explained 70% of the fluxes determined
with the time rate of change of sea level. The remaining 30%
was attributed to short-term variability (�1 /f ) and to nonlin-
ear effects associated with bottom friction and advection.
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� RESUMEN �

Series de tiempo de vientos, presión atmosférica, nivel del mar, temperatura, salinidad y densidad del agua fueron usadas para determinar el efecto del viento y del
barómetro invertido en la variación submareal a lo largo de la Bahı́a de Chesapeake (USA). La variación submareal producida por el viento y el efecto del barómetro
invertido varı́a entre estaciones debido a las dimensiones del estuario (�320 km) y a las caracterı́sticas no-sinópticas de la presión atmosférica, lo cual produce que
la dirección del viento varı́e entre estaciones contiguas. En la zona norte de la bahı́a predominaron vientos del noroeste durante el invierno, mientras que en la zona
sur los vientos del noreste fueron dominantes. Sin embargo durante el verano predominaron los vientos del sur en la zona norte y del suroeste en la zona sur. Con
vientos dominantes del noreste, el nivel del mar en la zona suroeste de la bahı́a se incrementó, mientras que con vientos del suroeste se redujo el nivel del mar en
la misma región. En la zona sur de la bahı́a, el efecto del barómetro invertido fue responsable del 32% de la variación submareal, mientras que el viento lo fue en
más del 67% de la variación. Este trabajo es uno de los pocos que documentan los efectos del barómetro invertido sobre las pendientes del nivel del mar. Se demostró
que con vientos predominantes del este o del oeste, la pendiente producida en el nivel del mar fue del mismo orden de magnitud que la producida exclusivamente
por el efecto del barómetro invertido (10�7). Las pendientes del nivel del mar a lo largo de la boca de la bahı́a fueron usadas para calcular flujos de volumen
geostroficos modificados por el esfuerzo del viento, dichos flujos fueron similares a los calculados mediante la ecuación de continuidad ( r � 0.74). A diferencia de
otros trabajos, se demostró que la bahı́a presentaba flujos de salida con vientos predominantes del norte y noroeste y flujos de entrada con vientos predominantes
del sureste.
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