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ABSTRACT

Mean circulation in an estuary is a 2 layer pattern with surface
flow out of and bottom flow into the estuary. In a partially mixed
estuary this is controlled by mixing between less dense freshwater and
heavier saltwater. Departures from this pattern can result from the
influence of storms and other atmospheric events. The strong winds,
heavy rains, and 1low atmospheric pressure which accompany storms can
have dramatic and long lasting effects on an estuary. :

The circulation of a partially mixed coastal plain estuary was
examined for the response to intense meteorological forcings.
Observations of currents, surface elevation, and salinity in the lower
James River were collected during the fall of 1985. Measurements of
wind velocity, atmospheric pressure, and freshwater flow were obtained
for 2 periods. The primary period of study centered on a severe storm
in early November 1985. The other period included the passage of
Hurricane Gloria in late September. In order to examine the mean
properties of the relationship between forcing and response, a low pass
filter was used to remove diurnal and higher frequency variations.

Currents were altered in response to wind and freshwater input.
Surface elevation and salinity varied as a result of these currents.
Additional fluctuations in surface elevation were caused by atmospheric
pressure changes by both the "inverted barometer" effect and also storm
center motion. Freshwater input as local rainfall immediately reduced
salinity, while the effect of increased river flow from upstream was
delayed. Salinities remained below normal for weeks after the input of
large amounts of freshwater. By comparison the effects of wind and
atmospheric pressure were not delayed and recovery occurred quickly
after forcing subsided. The overall vresponse to storm approach and
passage was a composition of the separate effects of each forcing.

Wind played an important role in forcing estuarine currents. The
wind driven circulation in the James River was due not to local
frictional stress, but was instead the result of forcing over the
adjacent waters of Chesapeake Bay and coastal Atlantic. The transport
of these waters towards and away from the mouth of the James produced
changes in the circulation within the estuary. With northeast winds
this resulted in an accumulation of water outside the James. This Jled
initially to increased upstream transport in deeper water and
suppression or even reversal of seaward surface flow, so deviations from
typical circulation were in the same direction at all depths. There was
no delay between the onset of wind and the appearance of this type of
response. Another feature of the wind driven circulation in the James
was that at shorter time scales variations 1in surface slope were
generated by flow while during longer periods of steady winds this
relationship reversed and currents were the result of slope.
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I. INTRODUCTION

Estuarine circulation can be separated into tidal and nontidal
components. Tidal advection can be of the order of meters per second
but is periodic in nature and results in 1little net motion. The
nontidal component, which has magnitudes typically measured in
centimeters per second, is the result of several forces and is
responsible for most of the net movement of water. At time scales
greater than daily, much of the mean circulation results from the
difference in densities between fresh and saltwater as well as the
degree of mixing between them. In general, Tow salinity water flows out
of the estuary at the surface and higher salinity water flows upstream
along the bottom. This is the two 1layer flow pattern known as
gravitational circulation.

Significant variations in this nontidal transport can be driven by
meteorological events as the result of the transfer of energy and
momentum by precipitation, atmospheric pressure, and wind stress across
the air-sea interface. The relationship between meteorological forcing
and estuarine circulation can have important consequences to the
velocity and salinity distributions within an estuary.

Meteorologically driven circulation results from fluxes across the
open boundaries at the surface, head, and mouth of an estuary. In
particular, wind can have a pronounced effect on circulation through the
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direct influence of frictional stress at the surface. This results in a
two layer circulation pattern with surface flows in the direction of
wind and in the opposite direction near the bottom. This pattern, where
the direction of flow depends on depth, is referred to as the local
response to wind. It results in currents along the channel axis in
response to Tlongitudinal wind stress. Besides the local influence of
surface stress, another type of flow pattern can result from the effects
of wind forcing at regional scales. When it occurs, this response to
the wind field beyond the estuary is quite different from the local wind
driven pattern. Currents along the channel axis are no longer related
to longitudinal winds, but are instead the result of changes in sea
level at the mouth. These changes in sea level are caused by wind
forcing over adjacent waters. This response to far field winds is known
as the nonlocal response. It is independent of depth with flow in the
same direction throughout the water column.

Additional forcings of circulation can vresult from atmospheric
pressure changes and precipitation. Changes in pressure can result in
changing sea 1level, while the main influence of rain is to reduce
salinity. As important characteristics of circulation are determined by
both the atmosphere and topography, the purpose of this study is to
examine the circulation in a coastal plain estuary which results from
the meteorological forcings encountered during extreme events.

Further understanding of the nontidal variations in estuarine
circulation would benefit a variety of disciplines. The transport and
dispersion of planktonic organisms is strongly influenced by nontidal
flows. The ecological success of benthic organisms is often determined

by extreme nontidal fluctuations. Overall, much of the physical ecology



of all estuarine organisms is the result of the nature of transports
that occur at time scales greater than daily. In addition, the nontidal
behavior of estuaries can be important in determining the distributions

and fates of pollutants.

"...I thought I would sail about a little and see the watery part of
the world. It is a way I have of driving off the spleen and regulating
the circulation. Whenever I find myself growing grim about the mouth;

whenever it is a damp, drizzly November in my soul...."

Herman Melville, "Moby Dick"



IT. REVIEW

In the absence of meteorological forcing, the mean circulation in a
coastal plain estuary is primarily determined by the interaction of
freshwater runoff and seawater and is a response to forcings‘by surface
slopes, salinity gradients, tidal mixing, and frictional stresses, as
described by Dyer (1973). These forces drive the typical mean current
pattern known as gravitational circulation. This two layer flow pattern
is characterized by seaward flow in the surface Tayer due to the surface
slope, and landward flow in the bottom layer in response to longitudinal
density gradients. In studies of the James River, this was first
documented by Pritchard (1952). For partially mixed estuaries such as
the James River, the seaward surface transport of water is a combination
of river flow and saltwater which has been mixed upward from the Tower
layer by vertical mixing processes. The parameters responsible for
dynamic and kinematic balances have been analyzed and presented by
Pritchard (1954, 1956).

Hansen and Rattray (1965) further analyzed estuarine dynamics by
use of similarity solutions to the salt and force balance equations.
Their model characterized steady state estuarine transport due to the
contributions by bathymetry, tidal mixing, salinity gradients,
freshwater flow, and frictional stresses which were expressed in terms
of three dimensionless parameters. As a result it was found that
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estuarine circulation could be treated as three separate modes due to
fréshwater flow, gravitational circulation, and local surface stress.
The first or barotropic mode exhibits a parabolic velocity profile which
decreases with depth. The second or baroclinic mode is the two Tayer
velocity profile of seaward surface flow and landward bottom flow but
with no net transport. The wind stress mode is also a two layer
velocity profile with down wind flow at the surface and bottom flow in
the opposite direction and no net transport.

With solutions for the barotropic and baroclinic modes, the model’s
results were compared with data for the James River from Pritchard and
Kent (1956) with good agreement. However, the effect of surface stress
due to 1longitudinal winds was not examined, although the predicted
velocity profile was modified even at very 1low wind speeds. For
example, with wind blowing from the head towards the mouth both the
surface seaward transport and bottom Tandward transport were expected to
be intensified relative to the windless condition.

Groves (1957) discussed the relationship between sea level and the
meteorological forces of winds and atmospheric pressure. Atmospheric
pressure could result in either a regional depression of sea level due
to an average pressure increase, or a propagating response due to
transient pressure changes. The effect of wind could result in regional
water exchanges of equal masses with different densities, as well as a
direct effect due to a net influx of water in response to the frictional
stress. This total wind effect was enhanced in coastal regions by the
divergence of wind across coastlines, and in shallow waters where a
given wind stress can maintain a steeper surface slope than in deeper

waters. Groves also considered the role of Ekman transport and the



influence of alongshore winds, which for the eastern United States
results in a general onshore transport in response to winds from the
north. The stronger association between alongshore winds and sea level,
as compared to that for offshore winds to sea level, was also discussed
as an explanation for the lag observed between the maximums of sea level
and wind stress.

A study of the effects of meteorological forcing on nontidal flow
observed in the Providence River of Narragansett Bay by Weisberg (1976)
examined near bottom currents and wind stress. A relationship was found
which supported the surface stress model developed by Hansen and Rattray
(1965) where bottom currents flowed opposite to the longitudinal wind
stress. A down estuary wind stress resulted in increased up estuary
flows of the bottom waters. This response was described as occurring
typically over periods of two to five days, however from examination of
the data presented it is also evident over spans as long as two weeks.

Similar circulation patterns were reported for the mid Chesapeake
Bay by Vieira (1986), and for the Potomac River by El1liott (1978).
Local down estuary winds had a positive correlation with down estuary
surface water transport, currents, and a slope rising towards the mouth.
Also up estuary bottom currents and a drop in Tlocal surface elevation
resulted from down estuary winds. These changes could be observed over
periods of one to eight days and were generated by 1local longitudinal
winds. However, both investigators also found evidence for nonlocal
forcing of circulation as the result of interactions with boundary
environments. For the Potomac River these nonlocal effects were due to

interactions with the Chesapeake Bay on time scales of less than a week,



and the mid Chesapeake Bay was coupled to the coastal region by onshore
winds at periods greater than eight days.

Within the Chesapeake Bay, Wang (1979) studied spatial variation of
local and nonlocal meteorological forcings. The upper Bay’s response to
local winds was depth dependent due to frictional stress at all time
scales. Increased ebbing at the surface and flooding at the bottom
resulted from a southward wjnd. The Tower Bay was affected by local
longitudinal winds at time scales of two to three days, but also
responded to nonlocal effects in a depth independent manner at longer
periods. Forcing by southward winds resulted in an increase in overall
sea level and net up estuary transport in the surface and bottom waters
at the mouth. A frictional model was developed which suggested that
increases of internal dissipation at the mouth and shear stress at the
head were important.

In a study of Corpus Christi Bay, Smith (1977) reported a quasi-
periodic variation in water transport over time scales of four to six
days which was vrelated to winds perpendicular to the coast, where the
nontidal flux out of Corpus Christi Bay was the result of forcing by
offshore winds on the coastal surface elevation. At longer periods,
which approached the domain of steady state, volume exchanges were
driven by the winds parallel to the coast and the resultant Ekman
transports over the continental shelf. A large scale meteorologically
induced coupling of estuary and shelf circulation was also evident from
the analysis of bottom currents in Corpus Christi Bay by Smith (1978).
Seasonal and annual variations of transport were related to processes
occurring beyond Corpus Christi Bay itself, and superimposed on this

long term net transport were fluctuations over three to six days that



were due to nonlocal forcing of circulation by variations 1in coastal
surface elevations.

An analysis of Chesapeake Bay sea level spectra by Wang and Elliott
(1978) provided additional evidence for nonlocal forcing. At the twenty
day period, the increase in sea level fluctuations towards the mouth,
and the coherence between a rise in sea level and southward winds, both
support a coupled Ekman transport process induced by alongshore winds.

Long time scales were also important in a coupling of the Potomac
River to the Chesapeake Bay, where winds across the Potomac résu]ted in
nonlocal transport due to volume changes within the Bay. These
interactions were further discussed by El11iott and Wang (1978) where
nontidal transport with patterns of net storage, net discharge,
classical, and reversed estuarine circulation which could be associated
with either a local or nonlocal mode. The response to nonlocal effects
was related to overall surface elevations and not to slopes or local
winds.

Thus, circulation patterns induced »by wind forcing have been
observed to occur in two forms. The response due to local wind is
relatively independent of time scales and can occur over periods from
daily to those of the order of steady state. In addition, a response to
nonlocal wind forcing can arise in some estuaries, where regional Ekman
transports are the primary mechanism of exchange between nearby
environments. This response is due to 1large scale interactions of
neighboring systems and typically is observed over time scales of weék]y
or greater.

Circulation in the James River estuary has been studied extensively

for more than 30 years, with numerous investigations occurring during
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the period between the works of Pritchard (1952) and Byrne et al.
(1986). In fact, the James River could be considered the prototype
partially mixed coastal plain estuary because the principles of
gravitational circulation and much of the basic dynamics of mean
nontidal motions were first demonstrated there by Pritchard (1954).
These developments by necessity neglected the effect of wind stress.
This was partly due to the equipment availability and the periods of
study. Although hurricanes and other storms have traversed this area
consistently on a historic scale, there has been 1ittle opportunity to
monitor the impact of storms on estuarine dynamics, for which the storms
themselves are Tlargely to blame. Obviously with regards to the rapid
approach and dangers inherent in such storms, work usually begins
afterward.

Perhaps the only relevant literature concerning the effects of a
storm on the James River estuary is found in the collection of studies
compiled by the Chesapeake Research Consortium, Inc. (1976) in response
to Tropical Storm Agnes during late June 1972. This storm was
responsible for record high river flows for much of the Chesapeake Bay
area. On 23 June 1972, the peak flow for the James River at Richmond
exceeded 8800 cubic meters per second, and from 22 to 24 June, average
flow was approximately 6060 m3s'1. This 3 day period was equivalent to
about 90 days of the historic average flow.

The salinity distribution 1in the James River was studied by Hyer
and Ruzecki (1976) and was found to be similar to the pattern observed
in the Chesapeake Bay by Kuo et al. (1976) where the long term response

to Tropical Storm Agnes was separated into four stages. The first stage

occurred in the James River about one to four days after the storm when
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the rapidly decreasing surface salinities produced a highly stratified
water column. Jacobson and Fang (1976) reported that the early response
in the Tower estuary was largely restricted to the surface waters of the
channel where the flood portions of two tidal cycles were overridden by
the river flow about one day after its passage at Richmond. The second
stage Tasted for. about two weeks and was characterized by decreasing
salinities at the bottom and the evolution of a more vertically
homogeneous water column. The third stage was an observed rebound which
began about three weeks after the storm, when saline waters initially
returning along the bottom, intruded further and reached considerably
higher salinities than normal. The fourth stage was a return to typical

values brought about by vertical mixing processes.



ITI. OBJECTIVES

Previous studies have examined the disturbances in mean circulation
of estuaries due to meteorological forcing. Wind was found to generate
two types of responses. The circulation patterns in some estﬁaries were
modified only by local wind stress, while others displayed an additional
_reaction due to the influence of wind stress outside the estuary. This
second effect was a function of greater temporal and spatial scales and
the estuary’s physical setting. In addition to wind, the effects of
other meteorological forcing have been documented, although to a much
lesser degree.

Much of the investigation to date has focused on changes in
estuaries that resulted from separate meteorological events with typical
magnitudes. However, the response of an estuary to a combination or to
extreme magnitudes of forcing is not necessarily an extension of its
reaction to either separate or typical causes. There 1is relatively
little known about the influence of storms which are accompanied by
distinct combinations and sequences of meteorological parameters.

Each estuary is to some degree unique. Their circulation patterns
vary as a result of differences in the balance and magnitudes of forces.
Variations in the circulation of an estuary that are driven by
meteorological events can be distinct as well, as evident in the range
of responses found just in the Chesapeake Bay and its tributaries. In

12
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particular, the typical mean circulation of the James River has been
studied. in detail, as well as some of the extreme effects of freshwater
flow after a severe storm. However, further examination is necessary in
order to determine the influences of other forcings and whether
responses to storms have some underlying general characteristics. An
opportunity to study these relationships arose as the result of a
deployment of current meters in the James River during the summer and
fall of 1985.

The purpose of this study is to examine the circulation of the
James River for variations that result from meteorological forcings.
What happens in this estuary during storms will be addressed by
concentrating on the influence of some major meteorological events that
coincided with an available set of observations. Two goals will be
served by this approach. One is to study the changes in circulation
that result from extremes and also combinations of forcings. The other
is to further explore the influence of meteorological forcings on
estuarine circulation by examining their effects on an additional
system, in this case the particular physical environment which defines
the James River. One objective is to determine if any general
characteristics can be found 1in the estuarine response to pronounced
meteorological events. If a consistent relationship occurs between a
particular forcing and an observed reaction, variations from typical
circulation patterns will be composed of a sequence of separate changes
due to the succession of meteorological forcings. Another objective of

this study is to examine whether wind driven flows are the result of
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local wind patterns or a response to wind forcing over greater spatial
and temporal scales. A final objective is to evaluate the James River’s

response to intense meteorological forcings relative to other estuaries.



IV. METHODS AND MATERIALS

A. Study Area

This study examines the effects of meteorological forcing and
storms on the nontidal circulation in the lower James River Tlocated in
southeastern Virginia (Figures 4-1 and 4-2). The James River originates
in the Shenandoah Mountains and flows to Richmond, where it crosses the
fall Tine and then continues on towards the southeast for about 160
kilometers to the Chesapeake Bay. The long term average freshwater flow
at the fall line is approximately 200 m3s'l. The estuarine portion of
the James  River extends from Hampton Roads at the mouth for
approximately 80 km to the Chickahominy River and averages about 5 km
wide and 5 m deep. It exhibits a typical lateral profile for a coastal
plain estuary with extensive shoals and a deeper channel of about 10 m
in depth. Its partially mixed behavior is largely a result of its
primarily semidiurnal tides with a range of about 0.75 m at the mouth.

During the first week of November 1985, the Comﬁonwea]th of
Virginia was subjected to the passage of a severe storm. Its origin was
regarded to be either as a remnant of Hurricane Juan or due to the rapid
development of a local depression. During its passage the -eastern
sector of Virginia was exposed to strong winds, severe wave action, and
local flooding. The interior of the state was inundated by rainfall,

15
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which was greater than 15 cm for much of the state and led to severe
flooding. It has been estimated that 40 1lives were Tlost with 50
reported missing and damages exceeded $600 million in Virginia and her
neighboring states (National Water Conditions, 1985). The period of 28
October through 11 November 1985 was selected for this study in order to
examine the sequence of responses to the development, passage, and
aftermath of the storm.

In addition to this first period of study, the response to an
earlier storm was also examined. The second period of study centers on
the approach of Hurricane Gloria which traveled parallel to the coast of
the mid Atlantic United States during late September 1985. Originally
forecast to be one of worst storms of the century, Gloria failed to
fulfill this expectation and was primarily a wind storm which resulted
in considerable damage but no fatalities. Rains were strictly limited
to the coastline and resulted in no significant increase in flow at
Richmond. The 2 week period from 20 September through 4 October was
chosen in order to study the changes in estuarine circulation that
resulted from the meteorological forcings associated with Hurricane

Gloria.

B. Data Sources

Meteorological Data

Hourly measurements of atmospheric pressure at the National Weather

Service Office at Norfolk International Airport (Figure 4-2) were
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obtained from the National Climatic Data Center in Asheville, NC. These
values in millibars are corrected to sea level pressure.

Hourly values of freshwater flows for the James River near
Richmond, the James River and Kanawha Canal near Richmond, and the two
major tributaries, the Appomattox River at Matoaca and Chickahominy
River near Providence Forge, were obtained from the United States
Geological Survey in Richmond, VA. Measurements of stage heights and
discharges in cubic feet per second were computed by the Virginia State
Water Control Board.

Wind velocity measurements at Norfolk International Airport were
obtained from publications by the National Oceanic and Atmospheric
Administration (NOAA). These values were the observed one minute
average at three hour intervals of wind speed in knots and direction

from which the wind blows.

Oceanographic Data

As part of a long term current meter deployment by the Virginia
Institute of Marine Science (VIMS), current measurements at 30 minute
intervals were obtained at a station located in the main channel and
approximately 22 km upstream from the mouth of the James River (Figure
4-2). The depth at this site (James River Bridge Station B) is about 10
m below mean low water. The mooring consisted of a string of InterOcean
S4 electromagnetic current meters at depths of 1.2, 3.1, 6.3, and 8.5 m.
These current meters were programmed to average samples taken twice per
second during a 10 minute interval every 30 minutes. Values of current
speed and direction along with conductivity and temperature were stored

digitally in an internal memory.
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Hourly data on surface elevation upstream from the current meter
station .were obtained at a site on the north shore (JB North) by VIMS
during the study period (Figure 4-2). Hourly surface elevation
measurements at Sewells Point on Hampton Roads, and also at Kiptopeke
Beach on the Eastern Shore were obtained from NOAA (Figures 4-1 and 4-
2). All hourly values were the result of the processing of punched tape

records of observations at six minute intervals.

C. Data Analysis

In order to study mean circulation it is necessary to remove the
tidal variation from the data. Two possible approaches are harmonic
analysis and low pass filtering. Harmonic analysis requires precise
knowledge of the tidal constituents at a site to generate a predicted
tidal component which can be subtracted from the observed record. Low
pass filters remove variations with frequencies higher than a specified
cutoff value. Low pass filtering was selected for the following
reasons. First, the filter can be applied to meteorological as well as
oceanographic data. Also, as interest centered on fluctuations with
periods greater than daily, all variations with higher frequencies could
be rejected. Typically, high frequencies including diurnal signals
remain after harmonic analysis. Low pass filters are easily modified
for specific purposes and simple to implement on computers.

The Tlow pass filtered value for any data point can be generated by

applying numerical weights to the sequences of observations extending
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from that point. With truncation of the sequence at a finite value, the

low pass time series can be constructed from:

N
Vi =k Y Kiak

where Y is the Tow pass filtered value, N is the length of the sequence
known as the span of the filter, Wi is the filter weight, and X, are
the observed data. The 1low pass filter used for ana1ysié was a
modification of one designed by Godin (1972) with weights calculated as

follows:

W = sin (2pi k omega dt) sin ((2pi k)/(2N+1))
k ~ (2p1 k omega dt) ((2p1 k)/(2N+1))

for k = -N to N

where omega is the cutoff frequency, and dt is the sampling interval. A
sequence of filter weights with 2N+1 terms is generated and applied to
the data. For this study, N was equé] to the number of samples in 48
hours, and omega was 0.0278 h'1 or a cutoff period of 36 h.

A1l data were stored and processed on a PRIME 9955 digital computer
located at VIMS. Analyses were performed using the FORTRAN 77
programing language. A right handed coordinate system was selected to
match the orientation of the James River axis. From inspection of the
bathymetry and current vectors, the Tlongitudinal channel axis was
determined to be 300 degrees from true north (upstream) and this was

chosen as the positive X axis, with 210 degrees from true north (across
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estuary towards the southwest) for the positive Y axis, and the positive
Z axis directed upward. A1l directions are reported relative to true

north. A1l dates start at 0:00 Eastern Standard Time.

Meteorological Data

The long term mean atmospheric pressure at Norfolk is 1017
millibars. To adjust surface elevation for the "inverted barometer"
phenomenon, this mean was subtracted from the hourly  atmospheric
pressure observations and the differences obtained equated to
centimeters of surface elevation. This centimeter per millibar
adjustment was applied to the hourly tidal heights to remove the
increase (or decrease) of sea surface due to the direct effects of lower
(or higher) atmospheric pressure.

Hourly freshwater flow measurements for the James River, James and
Kanawha Canal, Appomattox River, and Chickahominy River were added
together. The total gauged freshwater flow was converted to units of
msL.

Wind speeds and directions (wind blowing from) were converted to

vectors (wind blowing towards) with magnitudes in ms'l.

In order to
examine the effects of local wind forcing on circulation, the vectors
were resolved into their 1longitudinal and transverse components as
follows:

L

T

R cos D

R sin D

where L 1is the component parallel to the estuarine axis, T is the

component perpendicular to the estuarine axis, R is the wind speed, and
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D is the angle relative to the estuarine axis, or 300°- wind heading.

These orthogonal components were low pass filtered.
Oceanographic Data

The currents observed in the James River were primarily along
distinct ebb and flood axes. Because of irregular channel topography
these axes can vary with location in the estuary, with depth at the same
location, and are not necessarily opposing. In order to determine the
major axis of flow, it is necessary to find the principal axis along
which the 1longitudinal components are maximized. This axis can be

determined as follows:

A=0.5tan! _(2NE)
(N2- E2)

where A is the angle of principal axis, N is the north or south
component, E 1is the east or west component, and averaging is indicated
by overbars. This average vector direction lies between 0% and 180°.
Ebb and flood axes are determined by calculating the average vector
direction for vectors which are within 90° of the principal axis. The
angles of the principal, ebb, and flood axes are presented in Table 4-1.

Current velocities were resolved into longitudinal and transverse
components relative to the princiba] axis. Because Tongitudinal flows
dominate estuarine circulation, attention was Tlimited to the along
channel velocities. Longitudinal flows would also be the major result of

wind forcing, in response to maximum fetch for local or to changes at
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open boundaries for nonlocal effects. Also, compass inaccuracies can
produce spurious transverse velocities.

Initial analysis of the current data consisted of adjustment of
vector headings from magnetic north to true north by subtracting the
1985 '1oca1 magnetic variation of 9% west. This was followed by a
preliminary inspection of graphic displays of the vectors. It became
apparent that compass problems for the current meters at depths of 3.1
and 8.5 m resulted in incorrect ebb current headings. Inspection of the
data from the other 2 current meters during the study period, and review
of the axial data from all 4 current meters for the entire deployment at
this site (approximately June to December 1985), allowed the
determination of correction factors. This factor was added to all
headings Tlocated in the ebb quadrants within 90° of the principal axis.
The correction factor was 47° for the current meter at 3.1 m and 30° for
the current meter at 8.5 m. Reevaluation of the principal axes and
longitudinal components between the original and corrected vectors
revealed little difference, so corrected data were selected for analysis
(Table 4-1). The nontidal flows were obtained by lTow pass filtering of
the longitudinal components of the current measurements.

Salinity values were calculated from the conductivity and
temperature measurements by use of the Practical Salinity Scale 1978
(Unesco, 1981). Due to a malfunction of the conductivity probe on the
instrument at 8.5 m, salinity was not calculated at this depth.
Salinity time series were low pass filtered.

Surface elevation measurements were adjusted to match the National
Geodetic Vertical Datum (NGVD) in cm. Elevations were then adjusted for

the "inverted barometer" effect of atmospheric pressure by one
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centimeter of elevation per millibar difference from mean pressure.
Further éna]ysis was performed on these records after appTication of low
pass filtering to isolate the nontidal surface elevations. The
difference in elevation between each pair of stations was obtained by
subtracting the appropriate hourly height records and then 1low pass
filtering.

Although this study concentrated on the overall effects and
mechanisms of meteorological forcing, the following is provided for
reference purposes. The NGVD can be considered as roughly equivalent to
Mean Sea Level (MSL) in the Tlower James River, however there is a
seasonal cycle in sea level relative to MSL as described by Boon et al.
(1978). This cycle peaks locally between September and October. The
average monthly MSL for September is about 9 cm higher than MSL, for
October 8 c¢m higher, and for November about 2 cm higher. These

differences have not been applied to the data.



IN DEGREES FROM TRUE NORTH

TABLE 4-1

AXIAL DATA

FOR CURRENT DATA FROM 28 OCTOBER THROUGH 11 NOVEMBER 1985

VECTOR AVERAGE AXES

PRINCIPAL
DEPTH AXIS
(METERS) A
1.2 119/299
3.1 123/303
6.3 107,287
8.5 102/282

AVERAGE 113/293

EBB
E
115
117
108
98
110

FLOOD
F
311
310
286
283
298

CHANNEL
C

120/300
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VECTOR AVERAGE

A-C

-1
+3
-13
-18
-7

- MINUS

CHANNEL
E-C
-5
-3
-12
-22
-10

FOR CURRENT DATA FROM 20 SEPTEMBER THROUGH 4 OCTOBER 1985

PRINCIPAL
- DEPTH AXIS
(METERS) A
1.2 122/302
3.1 136/316
6.3 108/288
8.5 102/282

AVERAGE 117/297

EBB
E
119
140
111
104
118

FLOOD
F
307
312
286
281
296

CHANNEL
C

120/300

F-C

+11
+10
-14
-17

VECTOR AVERAGE

A-C

2
16
-12
-18
-3

MINUS

CHANNEL

E-C

-1
20
-9
-16
-2

THE VECTOR AXES AT 3.1 AND 8.5 M ARE CORRECTED FOR COMPASS ERRORS

F-C

12
-14
-19
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V. RESULTS

A. The November Storm

Meteorological Data

Before the results of the analyses of the meteorological and
oceanographic data from 28 October through 11 November are presented, it
is relevant to review the major meteorological events that occurred
during this study period. Examination of the Daily Weather Maps (NOAA,
1985) and the Virginia Climate Advisory (State Climatologist, 1986)
revealed the history of a series of related events (Figure 5-1). At the
end of October as Hurricane Juan moved northward from the Gulf of
Mexico, its disturbance of the atmosphere resulted in 2 additional
storms which influenced the study area. The first low pressure system
moved eastward through North Carolina during the first 3 days of
November. This storm has also been interpreted as the remnant of
Hurricane Juan itself. The second and more damaging storm center formed
over the Gulf of Mexico at about the same time and moved northward over
western Virginia on 4 November. The combined effects of these storms is
evident in all the data plotted.

For example, the atmospheric pressure exhibited a general decline

from near the monthly mean of 1020 millibars during the first 5 days of

27
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the study period (Figure 5-2). After a slight increase during the next
2 days, ﬁhe pressure dropped sharply by about 12 millibars in 9 hours on
4 November. Later observations showed a generally smooth rise to normal
values and higher which then stabilized near 1028 millibars. The
passage of a cold front late on 7 November aided this return.

3

Total freshwater flow was constant at about 130 m s'1 for the first

5 days (Figure 5-3). However, by the end of 3 November this had
3.-1
s .

increased rapidly to about 800 m For the next . three days,

increases to near historic record flows were recorded with a peak in
excess of 6600 m?’s'1 early on 7 November. This extreme flow was largely
the result of the heavy rains which fell over the mountainous areas of
Virginia, so that the James River watershed was responsible for almost
all of the flow. From 7 through 9 November, flows decreased to about
1200 m3s'1 and then gradually fell to roughly 560 m3s'1 by the end of
the study period.

The combined circulation of the storms resulted in strong winds
blowing towards the southwest beginning on 28 October (Figures 5-4, 5-5,
and 5-6). For the next week these winds continued to blow at about 9
ms'1 while becoming increasingly westward in heading. Maximum winds

occurred on 4 November with observed winds averaging close to 15 ms'1

and peak gusts in excess of 20 ms™1.

On this day, the wind vectors
showed a clockwise rotation with diminished winds blowing to the
quadrant between north and east. By 6 November the winds had rapidly
decreased in magnitude and exhibited no prominent patterns for the
remainder of the study period. From inspection of the Daily Weather

Maps (NOAA, 1985), the winds observed in the coastal regions of
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Maryland, Virginia, and North Carolina were similar in headings and
occurrence during the period.

The Tow pass filtered winds along the estuarine axis display an
overall increase in up channel velocities from 29 October until Tate on
4 November when a rapid decrease occurred (Figure 5-7). Variations with
time scales of 2 to 3 days which peak on 1 and 4 November can be
observed to coincide with this period as well as the rest of the series.
From 5 to 8 November there was a pattern of weaker down channel winds,
followed by a period of 1light longitudinal component of wind for the
rest of the record.

The filtered component of wind across the estuary (positive toward
the south southwest) show a rapid increase on 28 October followed by
generally constant values for the next 5 days (Figure 5-8). Again,
fluctuations with periods of about 2 to 3 days occur with peaks on 28 to
29 October, 31 October, and 2 November. These 1lateral components
rapidly decline on 3 November, and then display a variable pattern of

negative values for the duration of the study period.

Oceanographic Data
Current measurements in the form of stickplots are presented for
all current meters (Figures 5-9a, b, ¢, d). The recorded velocities
were due primarily to semidiurnal tides. Tidal velocities were on the

! near the surface, but decreased to about a third of that

order of 1 ms~
value near the bottom. Averaged over the study period, the magnitudes
of ebb currents were greater than those of flood at the surface. The

reverse was true with increased depth.
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A deviation from typical patterns began about 1 November when flood
currents were reduced or suppressed entirely at all depths. This
continued until 9 November near the surface but only to 5 November at
increased depth. The portion of the tidal cycle from late 4 November to
the middle of 5 November is remarkable for almost no flood at any depth
between the 2 ebb tides. Another atypical flow occurred on 6 November
with ebbing reduced or absent near the bottom. For the remainder of the
study period, ebb flow at the surface remained strong, while deeper
currents had returned to more typical values. The 1ongitudiﬁa1 current
components (Figures 5-10a, b, ¢, d) are similar to the general
circulation pattern with the tidal modulation superimposed on Tower
frequency changes.

A detailed picture of nontidal circulation was revealed by low pass
filtering. Variations in the nontidal 1longitudinal flows are shown
separately for each depth (Figures 5-1la, b, ¢, d) and also presented in
a combined water column and a contour plot (Figures 5-1le, f). The main
features of the nontidal circulation started with the termination of a
typical water column velocity profile early on 28 October. From this
point, the general history at all depths was divided into 3 basic
events: 4 days of predominantly flood currents until 1 November;
followed by about 5 days characterized by ebb currents; and finally an
exaggerated estuarine profile which waned after 6 days. Further
resolution of these events showed that a switch in surface currents to
flooding occurred and bottom currents were flooding more strongly by
late 28 October. This was followed by a brief recovery during the next
day. From 30 to 31 October, average surface currents turned again to

flooding, while bottom currents remained relatively unchanged. A
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transition to all ebb currents throughout the water column began late on
31 October. During the 2 day interval of net outflow, the currents
peaked and weakened earlier in the deeper portion of the water column.
A short interruption between this and another period of all ebb started
during the latter part of 2 November when ebb currents weakened in the
surface water and some flooding returned near the bottom. The second
period of all ebb from 4 to 5 November is marked by maximum downstream
velocities at all depths, and again velocities peaked earlier in deeper
water. By 6 November, mean bottom currents had returned to flooding and
a 2 layer flow pattern was restored. From 6 to 9 November, ebbing
generally increased at the surface and flooding was reduced or variable
near the bottom, which resulted in a profile with strong downstream flow
except near the bottom. A second ebb maximum occurred on 9 November and
was followed by decreasing ebb currents at the surface and a return to
typical profiles.

Although the observed salinities (Figures 5-12a-c, and 5-13a-c)
vary with both depth and time, a common pattern is evident in the
salinity at all depths in both the 1low pass filtered data and the
observed data even with the tidal variations superimposed. The
prominent features of the records start with an increase in mean
salinities of a few parts per thousand (ppt) which culminated on 1
November. This is followed by a gradua] decrease which continues until
5 November when a dramatic decrease in salinities begins. The salinity
of the surface waters fell below 3 ppt on 9 November and then began to
recover while the salinity of deeper water began a slower decline, which
is punctuated by an increase about 6 November. The deep salinity

dropped below 12 ppt and no recovery had occurred by the end of the
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study period. The near surface salinity minimum was the result of river
discharge and occurred about 2 days after -maximum freshwater flow.
There was also a nontidal relationship of sa1inify response to advective
transport, where changes in salinity were the result of the transport
patterns, with current leading the salinity by about 8 to 12 hours. The
difference in nontidal salinities between the surface and near bottom
ranged from roughly 3 ppt during the early portion of the study, to 14
ppt when the water column was highly stratified on 7 November. A
contour plot of nontidal salinities is presented which summafizes these
changes with depth and time (Figure 5-13d).

Variations in surface elevation with time were very similar at all
3 locations and can be divided into 2 bands. Both are clearly evident
in the observed hourly heights where a high frequency signal is
superimposed over a low frequency change in elevation (Figures 5-14a, b,
c). The high frequency spectrum is largely a product of the semidiurnal
tides but included fluctuations due to passage of the storms. The
resulting changes 1in elevations were typically about 0.5 to 1.0 m.
Also, a low frequency variation with large amplitude was common to the
surface elevations of all locations. It began on 28 October and lasted
for 14 days, and is shown in the plots of the filtered or nontidal
heights (Figures 5-15a, b, <c). This regional deviation from NGVD of
almost 1 m was also recorded at Gloucester Point, VA and Wachapreague,
VA which are not shown. This fluctuation appeared at all locations as a
fairly constant rise in nontidal heights which peaked early on 2
November, when an overall decline began which ended on 11 November. In
addition, smaller amplitude events with periods of about 2 days were

observed, most noticeably on 4 to 5 November. These intermediate scaled
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variations are much reduced in the plots of surface elevations adjusted
for atmospheric pressure (Figures 5-16a, b, c). In the adjusted
elevations plots, the longer scaled event displayed a smaller rise and
fall, with peak values about 20 cm Tower when the direct atmospheric
pressure component was removed. This is due to the 1low atmospheric
pressure from 31 October through 7 November. Overall, increases in mean
surface elevation corresponded to the intervals of flooding flows, with
currents Teading by about 8 hours, except for the period between 2 and 4
November. These peaks were most noticeable in the James River surface
elevations and are probably the result of storm surge. The peaks were
centered at about the time of closest approach of both low pressure
centers and began and ended around the times when both were within 500
km of the area. These peaks were probably the result of propagation of
the direct atmospheric pressure effect on surface elevations as both
lows were moving at velocities comparable to those of shallow water
waves.

The nontidal difference in surface elevation over the 18 km between
the upstream site and Sewells Point was positive, or upstream higher
than the mouth, except for a short period on 28 October (Figure 5-17a).
Slope generally increased from 29 October to 4 November, when a distinct
increase and decrease occurred, and then remained relatively constant
until 11 November. This trend in the estuarine (or interior) slope was
modulated by small amplitude variations lasting from 1 to 3 days. The .
slope between Sewells Point and Kiptopeke Beach, which are separated by
approximately 40 km, displayed a complex pattern which was Tlargely the
result of fluctuations with periods of about 2 days (Figure 5-17b).

This difference in elevations was positive when Sewells Point was
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higher, and represents the surface slope in the Chesapeake Bay (or
exterior to the James River). Positive values peaked on 29 October and
2 Noveﬁber, when an overall maximum occurred, and also 4, 6, and 8
November. These peaks were separated by periods of lower slopes, which
occasionally were negative as was the case during the last 3 days.
Similar to the slope outside of the James River was the aggregate
difference in surface elevation between the upstream site and Kiptopeke
Beach (Figure 5-17c). However, both the increase in slope which began
31 October and the peak on 4 November were higher for the agg%egate as a

result of the positive values of the interior slope at those times.

B. Hurricane Gloria

Meteorological Data

The most conspicuous meteorological event during the period of 20
September through 4 October was the passage of Hurricane Gloria (NOAA
Daily Weather Maps, 1985). The meteorological effects became evident
early during 26 September as Hurricane Gloria approached eastern

| Virginia from the south (Figure 5-18). Her eye passed close to the
Hampton Roads area during the early hours of 27 September, and then
continued northward up the East Coast. Previous to Hurricane Gloria
there were two much weaker events, the passages of Tropical Storm Henri
on 23 September and a cold front on 25 September, both of which
displayed considerable less effect on the data. The meteorological and
oceanographic events during the whole period of study will be reviewed

briefly.
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The passage of Hurricane Gloria is clearly indicated in the
observed atmospheric pressure which fell about 35 millibars in the 18
hours before closest approach, and then climbed 45 millibars during the
next 30 hours (Figure 5-19). As Hurricane Gloria passed within 500
km of the area, the pressure quickly dropped by about 25 millibars and
then rebounded by a equal amount during the 15 hours centered of
transit.

Hurricane Gloria was accompanied by heavy rainfa1]A_which was
restricted mainly to the coastal regions. Freshwater flows at the fall
line for the James and the major tributaries did not exceed 130 m?’s'1
and is not shown.

Wind patterns were generally weak and variable except for a few
pronounced periods (Figures 5-20 through 5-24). A period of southward
winds occurred during 23 and 24 September and was followed by shorter
period of eastward winds. During 25 and 26 September strong winds were

recorded blowing towards the southwest, which then changed rapidly to

generally eastward winds.

Oceanographic Data
Currents stickplots show a pronounced period of weak flooding and
strong ebbing at all depths on 27 September (Figures 5-25a, b, ¢, d).
In addition, an overlay plot of the lTow pass filtered longitudinal
components disclose other atypical events (Figure 5-26a). The overall
trend is of a period of primarily flooding at all depths during 21
through 26 September. This period was marked by peak floods on 23 and

26 September which are separated by weakening flood at depth and some
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ebb near the surface. Following this period, the water column rapidly
switched to strong ebbing velocities at all depths, starting about 27
September and ending on 28 September when a near normal velocity profile
returns, shown in the velocity contour plot (Figure 5-26b).

During this study period, low pass filtered salinities exhibited a
difference of roughly 2 to 4 ppt between 1.2 and 6.3 m (Figures 5-27a,
b, ¢, d). Increases in salinity were associated with a flooding water
column, with currents leading the salinity by 6 to 10 hours. The rapid
decrease in salinity at all depths on 27 September appears to be the
result of both an ebbing water column and local rainfall. The intense
mixing of freshwater into the water column began at the surface and
progressed downward. Bottom salinities returned to normal during early
October but remains suppressed near the surface.

The Tlow pass filtered observed and adjusted surface elevations at
all sites were similar (Figures 5-28a, b, ¢ and 5-2%9a, b, «¢). Peak
values were observed on 23, 25, and late 26 through 27 September and are
associated with a flooding water column, with currents leading by about
6 to 8 hours. The last and largest observed peak is also a distinct
storm surge and is reduced considerably in the adjusted plots. The
large decrease on 27 September resulted from the strong ebbing flow and
also the movement of the storm center beyond 500 km from the area.

The nontidal dinterior slope within the James River was relatively
constant except for the period of 22 through 28 September (Figure 5-
30a). Slightly negative slope on 23 September is followed by a variable
period of positive slope which ended late on 25 September when negative
slope occurred during most of 26 and 27 September. The exterior slope

between Sewells Point and Kiptopeke Beach and the aggregate slope
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between the upstream site and Kiptopeke Beach are generally similar
(Figures 5-30b, c). The increases in both slopes that occurred around
25 and 27 September are the major deviations from typical values. The
slope on 25 September occurred when the elevations increased equally at
both of the James River sites, but on 27 September the Sewells Point
elevation was even higher than at the upstream location, with the result

that interior slope was negative and exterior or Bay slope was positive.

C. General Characteristics of Response to Meteorological Forcing

The circulation of the James River was modified by the
meteorological forcings examined in this  study. Some  general
characteristics were evident in the response to the intense forcings
encountered during these storms. These characteristics were consistent
with a hypothetical relationship by which meteorological forcing
generated departures from average estuarine conditions. The principal
elements of this vrelationship were the association between currents,
surface elevation, and salinity. In the James River, both surface
elevation and salinity varied as a result of the meteorologically driven
currents. Although this occurred during both storms it can be seen more
clearly in some specific examples, such as the relation between adjusted
surface elevation at Sewells Point and the currents at 1.2 and 6.3 m
during Hurricane Gloria (Figure 5-31). From 22 through 28 September,
the 3 peaks in increased sea level correspond to the peak values of
flood currents. Decreases in elevation occurred as the result of the

return of ebbing at the surface and weaken flooding at depth. Changes
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in currents led surface elevation, for example maximum flooding occurred
on 26 Sebtember and maximum elevation on 27 September.

Variations 1in surface salinity also followed changes in currents.
During the response to Hurricane Gloria for example, maximum salinity
occurred after maximum flooding and minimum salinity occurred after
strongest ebbing (Figure 5-32). This delayed response to changes in
mean flow also held for the smaller increases and decreases in salinity
between 23 and 26 September.

Variations in flow were largely the result of wind forcing and in
response to nonlocal effects, as there was 1ittle agreement between
winds along the channel axis and currents. A response to longitudinal
winds was not observed, and in particular strong ebbing throughout much
or all of the water column was underway during the two periods of most
intense but opposite longitudinal winds. Ebbing occurred on 27
September when winds were blowing downstream (Fiéures 5-23 and 5-26a),
but also on 4 November when winds were blowing upstream (Figures 5-7 and
5-11e). This apparent contradiction 1is resolved when the nonlocal
influence of wind is considered.

Primary evidence of nonlocal forcing was the estuarine response to
across channel winds. For instance, flooding throughout all or much of
the water column and increasing surface elevation occurred during strong
winds from the northeast, and ebbing flows and decreasing elevation in
response to winds from the opposite direction. This pattern occurred
during both periods of study and accounts for much of the variations in
currents. Apart from the effects of the other forcings, exceptions to
this pattern appear to to be the result of long periods of steady winds,

which is discussed later in this section.
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Examples of the response to nonlocal wind forcing occurred on 24
and 27 September with enhanced ebbing at the surface and feduced
flooding at depth as the result of negative across channel winds (Figure
5-33). Periods of stronger than normal flooding in response to positive
across channel winds occurred during 22 and 23 September and again on 25
and 26 September. This second period was marked by a return to ebb at
the surface and weaker flooding at depth late on 25 September, which
coincides with a period of reduced wind not evident in the filtered wind
component. |

At the end of October, the intial response to positive across
channel wind forcing was a generally flooding water column except on 29
October (Figure 5-34). A period of ebbing then occurred as the across
channel wind forcing persisted. Wind across the channel in the other
direction contributed to the strong ebbing on 5 November. The estuarine
response to nonlocal wind forcing was also evident in changes in surface
elevation (Figure 5-35). A clear relation between across channel winds
and elevation, which increased with positive wind and decreased with
negative wind, occurred during the November storm study period.

Additional support for nonlocal forcing was that variations in
water column transports were independent of depth (Figures 5-1le and
5-26a). This type of response resulted from the exchanges of volume at
the mouth of the estuary. Forcing of the waters of the Chesapeake Bay
probably accounted for most of these changes in boundary conditions.
The following discussion further extends this theory, that the response
in the James River during intense winds was a continuation of the

circulation in the Bay.
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The axis across the James River channel is basically aligned with
both the 1longitudinal axis for the 1lower Chesapeake Bay and the
alongshore axis for the regional coast to the north. This suggests that
both the direct wind stress over the Chesapeake Bay and coastal Ekman
transport were involved in the far field forcing. For instance during
winds from the northeast, the direct frictional stress on Bay and
offshore waters resulted in increased surface elevation and setup close
to the Bay mouth. These same winds also generated an Ekman transport
into the Chesapeake Bay system. Evidence for a combination of both
mechanisms during these winds was higher elevation towards down wind in
the Bay with increased elevation throughout the region. This
accumulation of water near the mouth of the James River resulted in an
influx of water and the flooding currents within the estuary. Wind
direction would have been important in determining the relative
magnitudes of these transport mechanisms. For example with winds from
the east, the direct effect of wind stress over the Bay and offshore
waters would continue, while the northward coastal Ekman transport would
not enter into the Bay. A summary of the influence of wind direction
and the currents that would be initially set in motion is presented in
Table 5-1. These flows would be consistent with the observed nonlocal
response except during longer periods of steady wind, as occurred in
early November.

The relationship between current and surface slope varied in
response to shorter and longer episodes of winds. Apparently the roles
of forcing and response function switched depending on the time scale.
For the fluctuations with periods of less than 2 days, slope was a

response to current. These current induced changes were contrary for
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the interior and exterior slopes. With wind from the northeast, this
resulted from the accumulation of water towards the mouth of the
Chesapeake Bay due to the direct wind stress over the large surface area
of the Bay and offshore environments. The restricted depth and width of
the James River mouth inhibited much of this volume from flooding into
the James River estuary. The continued accumulation of water at the
down wind boundary of the Bay resulted in increased surface elevation
near the mouth of the James River ‘(approximated by Sewells Point).
OQutside of the estuary, wind setup resulted in increased difference in
elevation between Sewells Point and Kiptopeke Beach, while within the
estuary, normal upstream slope was overridden by the volume addition at
the mouth of the estuary. Thus increasing Bay slope and decreasing
River slope both resulted from the wind driven transports in the
Chesapeake Bay. This resulted in a mirror image between variations in
the Bay and River slopes during the Hurricane Gloria period (Figure 5-
36). A clear example of contrary changes in slope occurred in response
to the strong flooding on 26 September. Ebbing out of the James River
resulted in the opposite response, as the stored volume of water was
reduced beginning at the mouth. The large down wind transport within
the Bay coupled with the restricted flow out of the James River resulted
in the elevation at Sewells Point decreasing faster than at the other
sites. This resulted in increasing slope towards the head and
decreasing slope in the Bay as occurred on 27 September.

The other type of current and slope response occurred during the
longer term fluctuations over periods greater than 2 days. This
component of the nonlocal response was probably the result of an

equilibrium between the slope and wind stress during longer intervals of
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steady wind. 1In this mode, currents were driven by slope with flow away
from the highest elevation, so that ebbing out of the James River
resulted from the higher upstream surface elevation relative to
Kiptopeke Beach. An example of this occurred when the aggregate slope
was greatest from 1 through 5 November, and accounts for thislperiod of
ebbing before the winds direction shifted (Figure 5-37). Before 1
November the changes in aggregate slope were in response to flow, with
increasing slope due to greater than normal flooding and decreasing with
strong ebbing. After this and during the next 5 days, changes in flow
were in response to the aggregate slope, with increasing ebb due to
increasing slope and a reduction in ebbing with decreasing slope.
Because 1long periods of steady wind were relatively rare, it is not
totally clear what influence wind direction would have on this relation
of slope and current and it is not included in the summary of wind and
transport (Table 5-1). The continuing rise in elevation towards the
head during this period was somewhat inconsistent with this mode,
although atmospheric pressure and other storm effects were probably
responsible. The lead by peak currents in deeper water occurred during
these periods, which is a characteristic of forcing by the hydrostatic
pressure gradient.

The meteorologically driven nontidal circulation in the lower James
River was primarily due to wind, but rainfall also had its effects. The
influence of freshwater inputs was in a manner somewhat analogous to
local and nonlocal effects. During Hurricane Gloria, intense local
rainfall on 26 and 27 September produced an almost immediate decrease
in  salinities (Figure 5-32). In contrast, increased river flow

following the November storm took two days to reach the lower James
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River (Figure 5-38). In both cases salinities remained depressed for
some period of time and the freshwater inputs did not effect surface
elevation. By comparison the effects of wind on currents, salinities,

and surface elevations disappeared quickly after forcing ended.
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SUMMARY OF INFLUENCE OF WIND DIRECTION ON THE INITIAL VOLUME EXCHANGES
BETWEEN THE JAMES RIVER AND NONLOCAL SOURCES

WITH WINDS

GENERALLY
FROM THE

NORTH

NORTHEAST

EAST

SOUTHEAST

SOUTH

SOUTHWEST

WEST

NORTHWEST

TRANSPORT OF
BAY AND COASTAL
WATERS DUE TO
DIRECT STRESS

TRANSPORT DOWN THE
BAY TOWARDS THE
JAMES RIVER

BOTH BAY AND COASTAL
TRANSPORTS TOWARD
THE JAMES RIVER

COASTAL TRANSPORTS
INTO THE BAY AND
THE JAMES RIVER

TRANSPORT UP THE
BAY AWAY FROM
THE JAMES RIVER

TRANSPORT UP THE
BAY AWAY FROM
THE JAMES RIVER

BOTH BAY AND COASTAL
TRANSPORTS AWAY FROM
THE JAMES RIVER

TRANSPORT OUT OF THE
BAY TO OFFSHORE AND
AWAY FROM THE JAMES

TRANSPORT OUT OF THE
BAY TO OFFSHORE AND
AWAY FROM THE JAMES

EFFECT ON
COASTAL
EKMAN
TRANSPORT

INTO THE BAY

INTO THE BAY

TO THE NORTH

SMALL TRANSPORT
AWAY FROM
THE BAY?

AWAY FROM
THE BAY

AWAY FROM
THE BAY

TO THE SOUTH

SMALL TRANSPORT
~INTO THE BAY?

INITIAL RESPONSE
IN THE JAMES RIVER
(OR DEPARTURE FROM

NORMAL PATTERN)

STRONGER FLOODING

STRONGER FLOODING

FLOODING

EBBING

STRONGER EBBING

STRONGER EBBING

EBBING

EBBING
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N 40

30

W0 | 70

Figure 5-1. Positions of Storm Centers at 7:00 AM EST from
31 October through 5 November 1985. Dates are
Indicated by Numbers.
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Figure 5-18. Positions of Hurricane Gloria on 26 and 27
September 1985.
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Figure 5-31.
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VI. DISCUSSION

In addition to Hurricane Gloria and the November storm, the effect
of Tropical Storm.Agnes on the James River has been examined (CRC,
1977). The passage of this storm was marked by a rise'in surface
elevation which began when the storm was about 500 kilometers away. The
deviation from predicted elevation 1in the lower estuary during Agnes
lasted 2 days and peaked at about 0.3 m. Freshwater input as river flow
abruptly increased to more than 40 times average flow and then decreased
to about 6 times normal flow, followed by a gradual decline. River
flows had no discernible effect on surface elevation in the lower
estuary but did overflow the banks upstream. Surface salinities reached
minimum values about 2 days after maximum flows. Prolonged ebbing at
the surface and increased vertical stratification occurred at the same
time. Stratification was greatly reduced when bottom salinities
declined, and surface salinities had increased by the time minimum
bottom salinity occurred.

The responses to Agnes, Gloria, and the November storm were all
similar in that the normal flow pattern was altered, surface elevation
was disturbed by storm center passages, and salinities were depressed.
Differences also occurred in each response as the result of the unique
nature of each storm. In particular, the distinct timing and magnitude
of winds during each storm influenced the wind driven currents and their

108
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effect on surface elevation and salinity. The response to nonlocal
forcing during the November storm was marked by variations in water
column transports over fairly 1long periods when compared to those
occurring during Gloria. Although the response during both storms was
the result of nonlocal forcing, wind direction and magnitude changed
more rapidly during Gloria. Wind intensity was important in determining
the magnitude of flow during both storms, while the duration of steady
wind in November played a role in altering flow direction at longer time
scales. The winds preceding storm passage contributed to a variable and
longer term change in surface elevation superimposed on the immediate
storm surge. The largest variation and over the longest period occurred
before the November storm as the result of the steady wind forcing in
advance of storm passage. The response to Gloria was similar but
neither as large nor as long term. The response to Agnes showed little
evidence of intense wind forcing before storm passage. The effects of
precipitation also showed similarities and differences. The magnitude
of freshwater flows at fhe fall line and subsequent salinity variations
were similar for Tropical Storm Agnes and the November storm. In
contrast, the response to Gloria contained no further reduction in
salinities after the heavy local rains.

The purpose of this study was to examine what happens in a coastal
plain estuary due to intense meteorological forcing. The response of
the lower James River was examined during two different periods marked
by intense storms which resulted in forcing by winds, freshwater inputs,
and atmospheric pressure fluctuations. The response to each storm was
composed of fluctuations in flow, surface elevation, and salinity. One

objective of this study was to determine if the overall response to
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storm events exhibited characteristic features. This was found to be
true, as the effects of each of the meteorological forcings were
consistent and did not result in singular responses. During these
storms, wind forcing caused variations in flow which led to changes in
elevation and salinity. The effects of freshwater inputs on currents
and salinity were immediate in the case of local rains, but were delayed
if due to increased flow from upstream. Atmospheric pressure changes
contributed to variations in elevation, especially during storm center
proximity. |

In addition to the characteristics of response, the mechanisms
responsible for wind driven flows was sought. This was determined to be
wind forcing over the Chesapeake Bay and the continental shelf. The
influence of nonlocal wind resulted in variations in currents that were
independent of depth. For example, northeast winds could reverse seaward
surface flow and increase Tlandward bottom flow resulting in upstream
transport at all depths. This response to extreme winds occurred
immediately after forcing began, as opposed to the previously observed
nonlocal responses which were delayed.

Important features of the wind driven circulation in the James
River were in contrast with findings of previous studies. A response to
local wind stress as expected from the work by Hansen and Rattray (1965)
was not observed. In addition, the response to nonlocal winds was
different when compared to the responses found by El11jott (1978) and
Wang (1979). In the James River, nonlocal forcing occurred at all time
scales and was associated with variations in slope. Neither of these
aspects apply to other instances of nonlocal forcing. The differences

between the response of the James and those in other estuaries'may be
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due to the following factors: 1) the intensity of wind, although wind
velocities were not much greater 1in magnitude than in some previous
studies; and 2) the location of the James River near two 1larger bodies
of water, the Chesapeake Bay and the coastal Atlantic Ocean. Even the
influence of relatively light winds might result in variations of larger
magnitude at the mouth than any response inside the estuary itself.

One suggestion for further study would be to examine the effects of
less 1intense wind forcing. If a response to local wind stress does
occur, it may be at low wind speeds. Future examination of storm
effects on the James River should be consistent with the findings of
this study. Important components in the response to any storm will
result from the sequence, timing, and magnitude of the forcings.
However, a priori ability to determine the effect of a storm on
currents, surface elevations, and salinity distributions will have
important benefits and more research should be focused on estuarine
responses to major meteorological events.

In summary, general characteristics were found in the James River’s
response to meteorological forcing. Current patterns were altered due
to the nonlocal effects of wind and to a Tlesser extent by freshwater
input and surface slope. Changes in salinity distribution were in
response to variations in advective transport and freshwater input.
Surface elevation varied as a result of advective transport but also
deviated in response to changes in atmospheric pressure. Differences in‘
elevation within and outside the estuary were initially in response to
wind driven flows but could force currents at longer time scales.

The storms covered in this study presented different combinations

of meteorological forcings, where the most important influences on the
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hydrodynamics of the James River were the result of freshwater input
during Tropical Storm Agnes, strong winds during Hurricane Gloria, and
both wind and freshwater during the November storm. The estuarine
response to each forcing was characteristic, and as a result, the
overall nature of response was determined by the timing and magnitudes
of the meteorological forces. Over the range of spatial and temporal
scales associated with storm events, meteorological forcing resulted in

significant variations in the circulation of the estuary.

"Now small fowls flew screaming over the yet yawning gqulf; a sullen
white surf beat against its steep sides; then all collapsed, and the great

shroud of the sea rolled on as it rolled five thousand years ago."

Herman Melville, "Moby Dick"
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