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ABSTRACT

The higher frequency of hypoxic observations in the Rappahannock
than in the York or James Rivers was shown in previous analyses to be
partly attributable to weaker gravitational circulation and possibly to
importation of water with diminished water quality. To study the Bay-
tributary circulation effects on spatial and temporal distribution of
hypoxia, eulerian current velocities were measured in the Tower
Rappahannock and coordinated with DO (dissolved oxygen) and salinity
surveys in the river and adjacent Bay during late summer 1986. Subtidal
flow was predominantly baroclinic: averaged over a month and over
shorter periods of several days, lower layer flow was directed upriver
and upper layer flow was directed downriver. Lower layer water in the
adjacent Bay was hypoxic from early July to mid-August. A continuum of
anoxic waters in the central mid-Bay trough briefly extended as far
south as the Rappahannock in late July. The temporary presence of the
large anoxic water source in the Bay at the depth range of subtidal
inflow at the mouth of the Rappahannock coincided with the initial
build-up of anoxic bottom waters in the deep trough of the river. A
temporary: upriver intrusion of higher salinity bottom waters was also
observed. The intrusion was followed by a 5-day period of strong winds,
abnormally high subtidal sea level fluctuations and overall subtidal
outflow at the river mouth. The water column in the river became
vertically homogeneous and bottom waters were reoxygenated. Several
days after winds subsided, two-layer sub-tidal flow and stratification
resumed. ‘Lower layer DO in the river declined briefly, then increased,
as DO in the adjacent Bay increased and the anoxia phenomenon retreated
northward in the Bay. The results of the month-long field study
demonstrate that long-term Bay-tributary estuarine flow at the
Rappahannock mouth is weak. In the Tower Rappahannock the higher
subtidal velocities, on the order of non-tidal currents at the Bay
mouth, were altered by strong winds. The subtidal circulation patterns
and correlations of bottom water DO and salinity fluctuations in the
Rappahannock with those in the central mid-Bay demonstrate that the
chronic hyoxia which temporarily exceeded the confines of the deep
central Bay trough provided a reservoir of anoxic source waters to the
Rappahannock but not to the York or James Rivers. ’



HYPOXIC WATER TRANSPORT
BY SUB-TIDAL CIRCULATION
FROM
CHESAPEAKE BAY TO THE LOWER RAPPAHANNOCK ESTUARY



INTRODUCTION

Oxygen-poor waters in Chesapeake Bay have received much attention
in recent studies which cite declining water quality and fisheries in
the estuary as a result. Low dissolved oxygen concentration in water is
known to stress most marine organisms, and prolonged anoxia (no oxygen)
can be fatal, particularly to sessile organisms that are unable to move
away to waters with higher oxygen concentration. Since there are no
universally accepted values that define Tow dissolved oxygen in
estuaries, the term "hypoxia" in this study will refer to concentrations
below 4 mg/1 which, at typical summer temperatures in mesohaline waters,
are below 75% oxygen saturation. To further categorize dissolved oxygen
(DO), concentrations below 2 mg/1 (30% saturation) will be referred to
as "near-anoxic."

Variable spacial and temporal distributions of hypoxia have been
observed on a seasonal and annual time scale. Early measurements showed
hypoxic waters only in deep channels in the central Bay during late
summer. (Newcombe and Horne, 1938), but more recently, hypoxic and anoxic
waters have also been detected in shallower regions, from as early as
April to as late as September.

In partially-mixed estuaries such as Chesapeake Bay, tidally-
averaged circulation patterns consist of a two-layer flow system in

which the fresher water in the upper layer flows toward the sea, while



the saltier bottom water travels from the sea to the limit of salinity
intrusion in the estuary. This circulation is commonly referred to as
gravitational or non-tidal circulation. It follows, therefore, that Bay
bottom waters are transported upriver in the estuarine portions of
tributaries of the Bay. The lower tributary would then be affected by
the water quality of the adjacent Bay. Some tributaries may import
hypoxic or anoxic waters.

In this study, dissolved oxygen (DO) and salinity along the mid-Bay
axis over the summer 1986 season were examined to compare the relative
quality of Bay water that could be advected into each Virginia
tributary. vCircu]ation was measured in the lower Rappahannock River, a
tributary of the lower Chesapeake Bay, in late summer 1986 along with
dissolved oxygen and salinity distributions in the lower Rappahannock
and adjacent Bay to determine if hypoxic waters from the mainstem of
Chesapeake Bay were transported to the Rappahannock River by non-tidal

circulation.



BACKGROUND

An increase in the volume of hypoxic waters in the Bay in recent
years was speculated to have resulted, in part, in the decline in stocks
of striped bass through the Toss of deep-water habitat for adults (Price
et al., 1985). Some fish kills and the blue crab "wars" or "jubilees"
reported in the Chesapeake and in Mobile Bay are attributed to seiching
of anoxic water from the deep channels onto shoal regions of the Tee
shore after sustained cross-channel winds forced surface waters to set
up on the windward shore (May, 1973; Carter et al., 1978). Anecdotal
evidence from commercial crabbers in the central Chesapeake Bay region
include reports of dead crabs in pots when DO was < 2 ml/1 below depths
of 7 m, and the scarcity of crabs in the deep water where a thriving
industry existed before 1965 (Officer et al., 1984). Officer reported
that no crabs were caught at depths greater than 4 m in 1982, and that
there was no longer any deepwater crabbing in the central Bay. Anoxia
is believed to cause the "black bottoms" in the lower Rappahannock
reported by Virginia watermen in Tate summer of some years where
sediments are black and foul-smelling, and oysters and other benthic
biota are dead (Officer et al., 1984).

Roger Newell (1988) demonstrated how summer anoxia in deeper waters
of the Bay may have resulted from the intense harvest of oysters
throughout the Bay in the late 1800’s. He showed how the pre-Colonial
oyster population had the capacity to filter the entire volume of the
Bay every three days. As harvesting depleted aboriginal stocks, this

natural filtering mechanism was greatly diminished, Teading to



phytoplankton blooms, subsequent die-offs, increased turbidity, and
accumulation of organic matter (Newell, 1988). Oxidation of organic
matter is believed to be an important DO sink along with benthic oxygen
demand in the Virginia estuaries, and oxygen consumption is assumed to
be approximately equal throughout Virginia tributaries (Kuo and Neilson,
1987). Longitudinal advective transport is thought to replenish the
oxygen supply in the Virginia estuaries, in addition to vertical
transport of DO (Kuo and Neilson, 1987).

The recent public concern over declining finfish and shellfish
harvests, disappearance of submerged aquatic vegetation, and other
indicators of the decline of the formerly healthy, productive estuary
have prompted officials to identify problems and recommend appropriate
corrective strategies (Flemer et al., 1983). Many states have adopted
water quality standards which require a 5 mg/1 daily average dissolved
oxygen §oncentration with no observation below 4 mg/1 in estuarine
waters, which is about 50% of the oxygen saturation value for summer
periods (Kuo and Neilson, 1987). Measurement of the transport
mechanisms affecting the spacial and temporal distribution of dissolved
oxygen will provide more complete information for management of living
resources and give a broader perspective of local or Bay-wide controls
on anthropogenic inputs to the estuary.

Reported as early as 1917 in Chesapeake Bay, low oxygen
concentration was also detected in the lower Potomac estuary in 1912
(Sale and Skinner, 1917). Studies on the physical and chemical
properties of Chesapeake Bay waters during the summer of 1936 gave

evidence of a definite oxygen-poor layer below 12 m depth (Newcombe and



Horne, 1938). The seasonal decline in oxygen concentration in deep
bottom waters was recorded from investigations during 1936 through 1938
in the central Bay (Newcombe et al., 1939). Bottom water in the central
;ain Bay channel was oxygen-rich in April, declined to almost no oxygen
in late July, and was reoxygenated by October (Newcombe et al., 1939).

The sequence of events related to seasonal oxygen depletion in
Chesapeake Bay is described by Taft et al. (1980) and Officer et al.
(1984). The anoxic water is generally bounded laterally and
longitudinally by the deep portion of the Bay channel (Officer et al.,
1984) and on the top by the pycnocline. The more saline, anoxic bottom
waters are not usually advected into the tributaries because the depth
of the sills of the major tributaries are relatively shallow (Seliger et
al., 1985).

Bay-wide sampling between 1949 and 1969 by the Johns Hopkins
Chesapeake Bay Institute showed that the anoxic layer was primarily
limited to the deep main Bay channel north of the Potomac River which
extends to the upper Bay near the Chester River mouth. After 1969, the
anoxic layer was more extensive, was detected closer to the surface,
lasted from as early as April to as late as September (Seliger et al.,
1985), and spread over a greater lateral and southerly extent in the
Bay. Esfimates of hypoxic water in the Bay from annual surveys between
1950 and 1980 during late summer (Flemer et al., 1983) showed an overall
increase of the area and volume of < 0.5 ml/1 DO waters in recent years.
When hypoxic waters extended closer to the surface and thus were no
lTonger confined to the mid-Bay channel, the increase in horizontal area

affected by hypoxia was significant, evident in the plan views of



hypoxic waters (Figure 1) in 1950 and 1980 (Flemer et al., 1983). The
greater horizontal area and volume of the hypoxic waters in the Bay
(Flemer et al., 1983) provided a reservoir of hypoxic waters that
extended laterally and southward. More recent monitoring throughout the
Chesapeake Bay has shown that the depth range of hypoxic waters
continues to fluctuate during the summer and at times is close to the
surface (CBP, 1989). With the Tateral expansion of hypoxic waters near
the surface in the Chesapeake Bay, poor quality water could be advected
by estuarine circulation and therefore could be a factor in the
incidence and persistence of hypoxia in nearby tributaries.

Analysis of DO data from monthly surveys over the past 15 years in
three Virginia estuarine tributaries indicates that the spacial and
temporal occurence of hypoxia was greatest in the Tower Rappahannock
River, intermediate in the lower York River, and negligible in the lower
James River (Kuo and Neilson, 1987). Kuo and Neilson (1987) attribute
the higher frequency of hypoxia observed in the estuarine portion of the
Rappahannock and York Rivers to weaker gravitational circulation in
those tributaries than in the James River.

The longitudinal salinity gradient is the forcing function for
gravitational circulation; the stronger the gradient, the stronger the
net circulation. Salinity records show the weakest Tongitudinal
salinity gradient in the Rappahannock and the strongest in the James
(Kuo and Neilson, 1987). The patterns,in hypoxia frequency and
longitudinal salinity gradient of the three tributaries were inversely
correlated. This indicated to Kuo and Neilson (1987) that the relative

movement of bottom waters may be a significant factor controlling bottom
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Figure 1. Plan views of Chesapeake Bay in 1950 (a) and 1980 (b) showing
horizontal area of water affected by hypoxia and anoxia
(from Flemer et al., 1983).



water hypoxia and that non-tidal circulation, driven by the salinity
gradient, replenishes oxygen to the bottom waters (Kuo and Neilson,
1987).

Kuo and Neilson (1987) went on to suggest that the higher frequency
of hypoxic conditions in the Rappahannock compared to the York and James
Rivers may also be due to the local properties of water advected from
the adjacent Bay. The James and York Rivers are closer to the Bay mouth
and have higher average salinities, therefore contain a higher
concentration of ocean water, which is generally associated with higher
DO concentration. The Rappahannock is farther from the Bay mouth, and
so contains a lower concentration of ocean water and a higher
concentration of upper Bay water. The upper Bay has beeh shown to
experience a much higher frequency of water quality problems, including
eutrophication, hypoxia and anoxia (Flemer et al., 1983).

A shallow sill at the mouth of the Rappahannock (7 m average)
separates the deep trough of the Tower Rappahannock from the deep trough
of the adjacent Bay. A natural channel (11 m deep) cuts across the
sill, forming a connection between the lower Rappahannock trough (14 -
22 m deep) and the main Bay trough (14 - 50 m deep) which, in mid-Bay,
extends 100 km north to the upper Bay from a point adjacent to the
Rappahannock mouth. Hypoxic water in the main Bay trough may extend
above the bottoh of the natural channel and be advected into the lower
Rappahanock. If non-tidal circulation is weak, the resulting long
residence time of advected hypoxic water in the oxidizing environment of

the sub-pycnocline deep trough of the Tower Rappahannock should lead to
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even lower DO concentrations. This is in contrast to the effect of non-
tidal circulation in the James, where residence time is short and
incoming Bay water is believed to be relatively oxygen-rich (Kuo and
Neilson, 1987).

Non-tidal circulation and dissolved oxygen concentration
distribution may also be affected by the destratification phenomenon
described by Haas (1977) and others (Ruzecki and Evans, 1987). With the
destratification following high spring tidal ranges, Webb and D’Elia
(1980) observed increased vertical diffusion of DO and nutrients.

The physical processes driving circulation and stratification in
the Chesapeake Bay can be classified according to three time scales
(Brandt et al., 1986): (1) seasonal processes (time scale longer than a
month), (2) short-term processes (time scale between a tidal period and
a month) and (3) short-period, small-scale mixing processes (time scale
Tess than a tidal period). Seasonal and short-term processes, driven by
non-tidal circulation, control horizontal distribution, transport and
diffusion of water properties (Itsweire and Phillips, 1988). Small-
scale mixing processes, driven by tidal currents or strong winds, for
example, dominate the vertical exchanges of properties across the
pycnocline (Itsweire andtPhi111ps, 1988).

To examine non-tidal circulation and the associated salt balance,
Pritchard (1952) derived tidally averaged velocity profiles from current
and salinity measurements in the James River which demonstrated the two-
Tayer circulation and diffusive salt flux. Later current studies in
Chesapeake Bay tributaries verified the classical two-layer circulation

on time scales greater than 13 days (Pritchard et al., 1979; Vieiri,
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1985), but daily averages of non-tidal velocity showed substantial
variability in current distribution and strength. In the Potomac River,
two-Tlayer circulation occurred only 43% of the time (E1liot, 1978).
Variations from typical two-layer circulation, including three-layer and
reversed two-layer circulation, were observed over the remainder of the
study in the Potomac River. Three-layer circulation was also detected
in the Patuxent (Sanford and Boicourt, 1986) and Patapsco Rivers
(Carpenter, 1960). It is evident that the depth range and transport
rates of water from the Bay to the tributaries are subject to the

varying short-term non-tidal circulation patterns.
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METHODS

Field surveys were conducted in the lower Rappahannock River
estuary and adjacent Chesapeake Bay over a one-month period from August
to September 1986 to providé data for analysis of non-tidal circulation
patterns and dissolved oxygen distribution in the lower Rappahannock.
Meteoro1o§ica1, tide height, current velocity, temperature,
conductivity, and dissolved oxygen (DO) data were collected. Sampling
was scheduled over a lunar cycle (August 9 - September 9) during which a
large variation in daily tide range was predicted (see Figure 2).

DO and salinity data from semimonthly and weekly surveys in the Bay
and in the Rappahannock were analyzed in conjunction with subtidal
circulation, streamflow, and meteorological records for the period to
determine the re]ationshib of circulation patterns on the distribution
of DO and salinity in the lower Rappahannock during the annual hypoxia
period. Sea level and current fluctuations due to semi-diurnal tidal
fluctuations were removed from the record using a lTow-pass filter. The
filter allowed sea level fluctuations and velocity components of non-
tidal currents with periods greater than the 12-hour semi-diunal tidal
cycle, or at subtidal frequencies, to be retained. The resulting
subtidal fluctuations of sea level and current allowed examination of

subtidal circulation over periods ranging from one to 34 days.
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Other data sources used in this study include:
Meteorological records - National Weather Service (NOAA)
USGS Streamflow records at Fredericksburg, Virginia
- Water Quality Monitoring Programs:
- Chesapeake Bay Program (CBP) Monitoring Data
- Virgina State Water Control Board (SWCB) Slackwater Survey
for the Rappahannock

- Virgina Institute of Marine Science (VIMS) Slackwater

Survey for the Rappahannock

Meteorological and Streamflow Data

Climatological data were obtained from NOAA’s National Weather
Service Office (NOAA, 1987) for Norfolk International Airport (360 54°
N, 76° 12° W), including wind velocity, barometric pressure, and
precipitation. Average daily wind velocity was computed as the mean of
the 2-hour averages reported. Barometric pressure was reported as daily
averages and precipitation was a cumulative daily value (NOAA, 1987).
Monthly and daily streamflow rates at the fall-line of the Rappahannock
River (Fredericksburg, Virgina) were obtained from US Geologic Survey

records for the period October 1985 to September 1986 (USGS, 1986).
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Tidal Height Measurement

Two tide gages were in operation on the Rappahannock during the
study. Tidal height was recorded every six minutes from August 1 to
October 1 at the mouth (Stingray Point 37° 32.9° N, 76° 17.0° W), and 40
km upriver near Urbanna (37° 37.5° N, 76° 31.5° W). Positions of gages
are indicated in Figure 3.

Hourly tidal heights were computed from the average of five
consecutive tidal height data points centered on the hour. Tide range
is the.difference between maximum and minimum tide heights on each tidal
cycle. Mean daily tide range was computed by averaging the observed
ranges of consecutive tidal cycles which occurred each day. Deviation
of observed tide range from predicted was also computed.

To examine subtidal sea level fluctuations, hourly tidal heights
were subjected to a Tow pass filter (Godin, 1972) with a cutoff period
of 36 hours. A filter cutoff period of 36-hours was found to
effectively remove semi-diurnal fluctuations and retain non-tidal sea
level fluctuations (Hepworth and Kuo, 1989).

Observed and predicted tide range and sea Tevel were compared.

Tide range and subtidal sea level fluctuations were compared with DO and

salinity stratification, currents and wind for possible correlations.



Figure 3.
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Bathymetric chart of lower Rappahannock estuary and adjacent
Chesapeake showing positions of current meter moorings and
tide gage locations (depth contours in feet).
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Current Measurement

Data collection:

Locations for current meter moorings were chosen to provide
representative velocity data for the lower Rappahannock river. Three
strings were moored laterally across the mouth, and two moored 20 km
upriver at lateral positions. Coordinates of moorings and vertical
spacing of each current meter are listed in Table 1. Positions of
moorings are indicated in Figure 3.

Three types of current meters were used: "S4’s", electromagnetic
current meters manufactured by Interocean; "GO’s", General Oceanics,
Inc., Model 6011 inclinometer-type; and "Ruzmeters", modified Braincon
histogram-type meters which use a savonious rotor to measure current
speed and vane-oriented meter position to measure direction. A1l three
types of instruments store data in solid state memory and are
programmable with respeét to frequency and duration of measurement. The
S4 meters were programmed to sample north and east components of
currents twice a second over a ten minute period every thirty minutes,
then compute and store the vector-averaged values. The GO current
meters measured a burst of 8 samples every 15 minutes. Each burst
lasted for about 10 seconds with 1.32 seconds between successive
samples. ‘The eight samples within a burst were vector-averaged to
represent current magnitude and direction every 15 minutes. The data
were further vector-averaged over every 2 data points to arrive at half-
hourly current magnitude and direction, which were stored internally.
Ruzmeter current meters measured rotor revolutions for 32 seconds,

instantaneous direction at the end of this period and temporarily stored
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Table 1. Current meter mooring locations and vertical spacing of current
meters (August - September 1986).

Station Mooring Total Depth  Instrument Instrument Spacing
Location at MLW (m) Type -below -above
Surface (m) Bottom

A 37 34.44°N 3.1 RUZ 267 1.5 1.5

76 17.82°W

B 37 35.22°N 7.8 GO 1.6 6.2
76 17.72°W S4 5.7 2.2

C ‘37 35.89°N 9.2 RUZ 316 2.0 7.2
76 17.65°W RUZ 258 4.3 4.9

RUZ 318 6.2 4.2

RUZ 165 8.0 1.2

D 37 37.21°N 6.5 S4 2.2 4.3
76 30.27°W RUZ 259 3.8 2.6

RUZ 189 5.8 0.6

E 37 37.88’N 18.5 S4 1.1 17.4
76 30.26°W S4 4.8 13.7

RUZ 268 7.8 10.6

S4 11.0 7.4

RUZ 314 14.6 3.8
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both values during the succeeding 32 second "rest" period. Values were
vector-averaged over every 32-minute period. Machine units were

transformed to standard engineering units using computer programs.

Current Analysis

Current vectors for each half-hour period were displayed as stick
plots, with orientation and length of sticks representing the current
direction and magnitude, respectively, over time. The accuracy of the
data recorded by each current meter was judged by examining current
vector patterns in stickplots and scatterplots. Outlying values,
principly at the beginning and end of each record, were removed from the
data. Principal axes used to differentiate velocity components for each
current meter were computed from average directions of flood and ebb
velocity for the period of record, and generally corresponded to the

channel axis.

Tidal current analysis:

Flood and ebb tidal currents in a narrow channel are essentially
bidirectional. Semi-diurnal tidal currents have velocities of nearly
equal magnitudes, but opposite direction approximately every six hours.
Tidal currents exceed non-tidal current by an order of magnitude in

Chesapeake Bay, and thus were represented by unfiltered velocity.
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Subtidal current analysis:

Subtidal currents in the Tower Rappahannock were determined by
first resolving velocity at each current meter into longitudinal and
transverse components. The longitudinal component of velocity was
transformed into subtidal longitudinal velocity using a low-pass filter
(Godin, 1972) to eliminate motion with time scale of one day or less. A
filter cutoff period of 36-hours was found to effectively remove semi-
diurnal fluctuations and retain non-tidal velocity (Hepworth and Kuo,
1989). Subtidal velocity at each current meter was plotted for the
period of record.

Longitudinal components of subtidal velocities were averaged over
the entire period of record, and over periods which corresponded to the
2 to 10 day intervals between slackwater sampling and to significant
wind events. Velocities from each current meter location were linearly
interpolated across lateral profiles of the mouth and 20 km upriver to
show qualitative cross-sectional characteristics of subtidal currents

over the various time scales.

Transport Analysis

Patterns in current velocity indicate direction and distance of
transport. Unfiltered current velocity was integrated over time to
determine tidal excursion by tidal currents, and subtidal velocity was
integrated over time to determine net transport by subtidal currents.

Tidal excursion by semi-diurnal flood tidal currents, or the
distance a water parcel is transported upriver over a 6-hour flood tide,

may differ slightly in magnitude from the downriver excursion by the
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following ebb tidal currents, but the net transport at the end of the
12-hour semidiurnal tidal cycle is typically small relative to the total
distance traveled. Semi-diurnal ebb or flood tide excursion distances
may become unbalanced following strong meteorological events or
freshwater inflow, with differential currents resulting in greater net
transport. Directions and distances of net transport were computed for
those events.

Net transport rates and distances from subtidal currents were
estimated by integrating subtidal velocity over the time scales of

intervals between field sampling and strong wind events.

Temperature, Salinity, DO, and Depth Measurements

Data collection:

Water temperature, conductivity, pressure, and DO were measured at
2 m depth intervals on cruises. Instruments used for in-situ profiling
-were the App]ied.Microsystems CTD (conductivity, temperature and
pressure) and Yellow Springs, Inc. (YSI) DO meter. Salinity was
computed from conductivity using the UNESCO (1981) algorithm which
corrects for in-situ temperature and pressure. The DO meter was
corrected in the field for water temperature using an internal
thermistor. Water samples were collected with a submersible pump.
Results from laboratory analyses of water samples were used to verify or
correct field DO and salinity data.

Field data from six slackwater cruises at 5 to 10 day intervals
between August 14 and September 9 produced a total of 93 vertical DO and

salinity profiles. Locations of stations are indicated in Figure 4.
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Figure 4. Lower Rappahannock estuary and adjacent Chesapeake Bay
showing locations of slackwater stations from intensive

surveys (August - September 1986).



23

The schedule for sampling specific stations on each cruise was based on
varying objectives. A preliminary cruise (Cruise I) was conducted on
August 14 to determine the range of DO and salinity at stations along a
longitudinal transect from mid-Bay to 35 km up the Rappahannock. The
next cruise, on August 20 (Cruise II), was conducted for the State Water
Control Board Slackwater Survey and included stations at approximately
10 km intervals from the Rappahannock mouth to the head of tide near
Fredericksburg, 175 km upriver.

DO and salinity were measured in the lower Rappahannock and
adjacent Bay on three cruises August 21, 31 and September 4 (Cruises
IIl, IV and V) at stations located along a transect in the natural
channel from the Rappahannock mouth, out 10 km to the main Bay trough.
The final cruise on September 9 (Cruise VI), was conducted to measure
Tateral and longitudinal distribution of DO and salinity throughout the
lower Rappahannock. The last four cruises were conducted over a
complete flood tidal cycle, beginning at slack-before-flood (SBF),
through maximum flood (FLD), and ending at slack-before-ebb (SBE).

Supplemental DO and salinity data from the EPA-funded Chesapeake
Bay Program (CBP) monitoring cruises and the Virginia State Water
Control Board (SWCB) Slackwater Surveys were acquired to provide greater
temporal and spacial coverage for the period from May through September
1986. Semimonthly sampling in the Bay for CBP by VIMS and in the
Rappahannock by SWCB provided 88 water quality profiles. Locations of

stations are indicated in Figure 5.
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Instrument calibration:

DO was determined for 58 water samples processed by Winkler
titration in the laboratory, and used to calibrate field instruments
(Appendix I). Results expressed by the following equations were used to
transform observed DO to corrected DO for each of the two different YSI
DO probes used, PROBE I (Cruises I and III), and PROBE II (Cruises II,
IV, v, VI).

PROBE 1 : Corrected DO
PROBE 11 : Corrected DO

0.63 * Observed DO + 0.59
0.82 * Observed DO + 0.29

Field salinity was calculated from in-situ temperature,
conductivity; and pressure using the 1981 UNESCO algorithm. Salinity of
12 water samples was determined in the Taboratory using the Beckman
Sa11nometér. Field salinities were within an acceptable range of lab
salinities of water samples (+0.30 ppt) to permit use of uncorrected

field data in analyses (Appendix II).

Data analysis:

A computer graphics program called SURFACEII (Sampson, 1984) was
used to create cross-sectional profiles of DO isopleths and isohalines
along vertical planes of the mid-Bay transect from the Potomac River to
Wolftrap Lighthouse (37o 55.0° to 37° 25.0’) and along the mid-channel
transect from mid-Bay to the upper Rappahannock River. Time-series
profiles of DO and salinity at the mid-Bay and upriver stations were

also plotted.
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RESULTS

Meteorological and Streamflow Data

Meteorological conditions during the one-month sampling period were
highly variable. Two significant "north-easters" occurred, with
sustained high winds lasting five and seven days. The resulting heavy
seas caused the shallow water current meter string (Station "A") at the
Rappahannock mouth to break away from mooring tackle during both storms
and postponed one scheduled slackwater sampling cruise.

Mean daily wind velocity is presented in the stick plot (Figure 6).
Peak instantaneous winds were generally twice the daily mean values.
Significant features in the stick plot are two periods of sustained
northeast winds (August 13 - 17 and August 29 - September 4). The
highest daily mean wind and peak instantaneous wind (10 and 20 m/s,
respectively) occurred on August 17, from the northeast. Wind activity
for the period is summarized in Table 2. Winds from the northeast
prevailed (44% of days) at an average speed of 5.6 m/s. Southwest winds
were the second most prevalent (26%) at an average of 5.7 m/s.

Northwest winds were observed on 12% of the days. The mean of the daily
average wind speeds for the period was 5.0 m/s.

Barometric pressure for the period is shown in Figure 7. The low
for the period (1015.6 mb) was on August 17, which coincided with the
highest winds and highest mean daily sea level for the period.

Daily rainfall is presented in Figure 8. A total of 12.65 cm of
rain fell during the 34-day period of record. Rainfall occurred on
August 11 to 12 (4.01 cm), August 17 - 21 (3.78 cm) and on August 27 to
28 (3.81 cm), the greatest in 24 hours for the period.
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Table 2. Summary of average daily winds for period August 7 - September 9,

1986

AVERAGE DAILY PERCENT AVERAGE DAILY WIND SPEED (m/s)

WIND DIRECTION  OF RECORD  (mean) (+sd) (max) (min)
NE 44 5.6 2.0 11.5 3.5
SW 26 5.7 1.6 7.5 2.7
NW 12 5.7 1.7 7.7 3.5
SE 6 4.0 0.3 4.2 3.7
E 6 5.6 1.3 6.4 4.9
S 3 4.0 0 4.0 4.0
N 3 5.0 0 5.0 5.0

Summary of daily means 5.0 0.8 11.5 2.7
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Figure 7. Mean daily barometric pressure (millibars) at Norfolk
International Airport, Virginia: August 1 - September 9,
1986.
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Streamflow at the fall-Tine near Fredericksburg is shown in Figure
9. Flow was low from June through September 1986, with several small-

scale peak flow events on June 1 - 6, July 24 - 27, and August 22 - 24.

Tidal Heiqht Measurement

Unfiltered tidal heights at Stingray Point and Urbanna plotted over
time emphasize large semi-diurnal fluctuations (Figure 10). Tidal
height records were low-pas filtered to remove semi-diurnal
fluctuations. The lower frequency (subtidal) mean sea level
fluctuations which remained were plotted (Figure 11).

Mean sea level, tide range, and deviation from predicted tide range
were overlaid in a composite plot (Figure 12). Observed mean sea level
was significantly greater than predicted sea level by as much as +0.40 m
for periods of several days to a week on two occasions during the month
and a half sampling period. The highest observed daily mean sea level
for the period occurred one day before the August 19 predicted maximum
spring tidal range. The second highest observed daily mean sea level
for the period also preceded the predicted September 4 maximum spring
tidal range. Both observed periods of high mean sea level occurred in
conjunction with sustained high winds. The composite plot (Figure 12)
reveals peak sea level and peak tide range at Stingray Point occurring
at approximately the same time around August 17 - 19 and September 4.
The two periods of Towest sea level preceded minimum tide range by

approximately four days.
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Observed tide range did not deviate greatly from predicted, except
on August 17 (+0.14 m). Peak tide range for the period occurred on
August 17 (Stingray Pt: 0.76 m, Urbanna: 0.79 m): the minimum tide range
was 0.15 m on August 27. The average of all mean daily tide ranges for

the month and a half period was 0.34 m.

Current Analysis

Current records ranging from 10 to 34 days duration were obtained
from eleven of 15 current meters deployed. No data was produced from
the Station "A" current meter which broke away from mooring tackle in
heavy seas, and was later retrieved with no data. Three current meters
failed, and some current records were incomplete due to various
technical problems including dead batteries and marine fouling
(barnacles, tunicates, "hair"). Several Ruzmeters produced shorter
periods of record due to incorrect switch settings, or due to marine
fouling which slowed and, in some cases, stopped savonious rotors. The
only current meter retrieved with no marine fouling was a Ruzmeter
deployed in 15 meters of water at Station "E". S4 and GO data appeared
unaffected by fouling throughout the entire 34 day deployment period.

The periods of record for each current meter are listed in Table 3.
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Table 3. Current meter period of record (AUGUST 7 - SEPTEMBER 9, 1986)

STATION METER ID  DEPTH PERIOD TOTAL FILTERED
(/D) OF RECORD DAYS DAYS
X RUZ 267*
"B" GO 0.2 AUG 7 - SEP 9 34 30.4
s4 0.7 AUG 7 - SEP 9 34 30.1
new RUZ 316%
RUZ 258 0.5 AUG 7 - AUG 31 23 21.4
RUZ 318 0.7 AUG 7 - AUG 31 23 19.9
RUZ 165%
npn s4 0.3 AUG 7 - SEP 9 34 29.9
RUZ 259
RUZ 189 0.8 AUG 14 - AUG 31 16 13.6
ngn s4 0.1 AUG 7 - SEP 9 34 30.0
s4 0.3 AUG 7 - SEP 9 34 29.9
RUZ 268 0.4 AUG 7 - AUG 27 20 18.2
S4*
RUZ 314 0.8 AUG 7 - 18 11 10.6

* malfunction: incomplete data
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Tidal current

Velocity was depicted in stickplots and scatterplots to determine
data accuracy. Velocity records for all current meters exhibited semi-
diurnal bidirectional current periodicity for most of the period of
record. An example is presented for the S4 current meter 1.1 m below
the surface at Station "E" (Figure 13). Principal flood, ebb and
average longitudinal axes were computed from each current record (Table
4). Direction of the Tongitudinal velocity component for each current
meter was upriver or downriver, depending on the dominant tidal current
at that location. Peak current magnitudes fluctuated accordingly with
spring and neap tidal ranges. Unfiltered longitudinal currents ranged
from -53 cm/s to +47 cm/s in bottom waters, and from -79 cm/s to +66
cm/s in near-surface waters (negative values indicate flood direction,
positive values indicate ebb direction). Highest maximum flood and ebb
current speeds were recorded from August 8 - 11, August 17 - 21, and
September 3 - 5. The latter two periods corresponded to peak mean daily
tide ranges. ‘Lowest maximum flood and ebb current speeds were recorded
from August 12 - 14, August 25 - 30, and September 6 - 9, which
corresponded to the Towest mean daily tide ranges. Flood and ebb
current magnitudes were lowest from August 27 - 29, coinciding with the
lowest predicted tide range for the year and lowest observed tide range
during the study.

Unfiltered tidal records showed approximately symmetric tidal
oscillations over all except a few tidal cycles during strong wind
events. Upriver-directed flow persisted over at Teast one tidal cycle

in surface waters at Station "D" on August 17 and 20, at Station "C" on
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Table 4. Channel orientation and computed average axes at each current
meter.

CHANNEL FLOOD EBB  LONGITDL
STATION METER ID ORIENTATION  AXIS  AXIS  AXIS
A RUZ 267*

"B GO 106° T
S4 106° T 294 115 115
mer RUZ 316*
RUZ 258 106° T 301 113 117
RUZ 318 106° T 315 122 126
RUZ 165*%
"D" s4 90° T 271 90 91
RUZ 259 90° T 265 86 85
RUZ 189 90° T 260 81 80
"E" sS4 90% T 282 101 101
sS4 90° T 285 106 105
RUZ 268 90° T 279 92 95
S4*
RUZ 314 90° T 270 99 96

* malfunction: incomplete data
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August 17, and in bottom waters at Station "D" on August 15. Downriver
flow persisted over at least one tidal cycle in near-surface waters at
Stations "B", "D", and "E" on August 26 - 27; and in bottom waters at
Station "B" on August 28 - 29. Bottom flow continued in the upriver
direction for 30 hours at Station "B" on August 28 - 29 at an average
6.1 cm/s.

Diurnal inequality of mixed tides was more pronounced in near-
surface records than in mid-depth or near-bottom records. Near surface
records showed irregular periodicity and decreased magnitudes on August

17 and August 27 - 28, when strongest winds were recorded.

Subtidal current

Periodic semidiurnal tidal fluctuations in current meter data were
removed by f%]tering. Time series of subtidal longitudinal flow for
each current meter string at Stations "B", "C", "D", and "E" in relative
positions of each current meter in the water column (upriver direction
is negative; downriver direction is positive) are shown in composite
plots (Figures 14 - 17).

Velocity distribution in the vertical plane resembled typical
estuarine flow at Station "E" (Figure 17). Typical estuarine
circulation patterns were not conspicuous in the fluctuating subtidal
velocity distribution at other stations.

Typical estuarine circulation patterns became evident when subtidal
velocities were averaged over time periods of several days or more and
then interpolated in all directions to show qualitative characteristics

of velocity distribution plotted in lateral cross-sectional profiles at
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positive is downriver, negative is upriver (August 7 -
September 9, 1986).
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the mouth and 20 km upriver. Subtidal velocities averaged over the
total period of record of each current meter operation are presented in
Table 5. The resulting 2-dimensional perspective in both cross-
sectional profiles showed the lower layer flowing upriver and the upper
layer flowing downriver (Figure 18). At the upriver cross-section, the
upriver-flowing lower layer was concentrated in the deeper channel
closer to the northern shore, and the downriver—f1owing upper layer was
concentrated closer to the southern shore. The highest subtidal upriver
velocities over the entire period of record were observed near the
bottom of Station "C" and near mid-depth at Station "E". Maximum mean
subtidal velocities for the 22-day period from August 7 through August
30 at the mouth (Station "C") and upriver (Station "E") were upriver-
directed at 0.4 cm/s and 2.4 cm/s, respectively. At laterally adjacent
positions near the surface closer to the southern shore, maximum mean
subtidal velocities at the mouth (Station "B") and upriver (Station "D")
were downriver-directed at 3.1 and 2.7 cm/s, respectively.

The range of longitudinal subtidal velocities in the lower layer
was from -13 to +7 cm/s at the mouth and from -12 to +8 cm/s twenty
kilometers upriver in the deep trough: the highest upriver velocities
were at Stations "C" and "E", closer to the northern shore (Table 5).
Longitudinal subtidal velocities in the upper Tayer ranged from -13 to
+13 c¢m/s at the mouth and from -11 to +12 cm/s twenty kilometers
upriver: the highest downriver velocities were at Stations "B" and "D",

closer to the southern shore (Table 5).
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Table 5. Subtidal velocity (cm/s) statistics at current meters, positive is
downriver, negative is upriver (August 7 - September 9, 1986).

STATION METER DEPTH DAYS MEAN +SD MIN MAX
(z/D)

B GO 0.2 30.4 +3.08 4.04 -13 +13
S4 0.7 30.1 -0.27 2.16 -7 +4

C RUZ-258 0.5 21.4 +0.39 1.61 -3 +5
RUZ-318 0.7 19.9 -0.23 4.09 -13 +7

D S4-TOP 0.3 29.9 +2.67 4.09 -11 +12
RUZ-189 0.8 13.6 +2.70 4.10 -9 +9

E S4-TOP 0.1 30.0 +0.80 2.21 -6 +6
S4-MID 0.3 29.9 -0.65 2.03 -6 +5

RUZ-268 0.4 18.2 -2.39 4.04 -12 +7

RUZ-314 0.8 10.6 -2.64 4.21 -9 +8
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The total length of record was not consistent for each current
meter due to malfunctions, therefore a more representative comparison
was accomplished by averaging velocities over shorter periods when
current meter record lengths were equal. Shorter time periods were
chosen to correspond to periods between each slackwater cruise and to
periods of contrasting wind conditions (Table 6). Mean subtidal
velocities at each current meter averaged over each of the six periods
of operation are presented in Table 7. Subtidal velocities averaged
over 3 to 7 day periods indicate some short-term variability in current
distribution and strength, however, typical 2-layer estuarine flow was
observed over 70% and 78% of the time at mouth and upriver cross-
sections, respectively (statistical summaries in Appendix III). Lower
layer current magnitudes fluctuated proportionally with
upper layer current magnitudes at both the mouth and upriver stations
during each period, indicating longitudinal, transverse, and vertical
symmetry of non-tidal flow (Figures 19 - 24).

The boundary between upriver and downriver flow, or the no-net-
motion interface, was located at the mean depth of 5 m in mid-channel at
both locations. Averaged over the 30-day period, the positions of the
mean no-net-motion interface was horizontal across the mouth, and at the
upriver cross-section was tilted upwards towards the northern shore.
Over 3 to 7-day periods of typical 2-Tayer flow, the positions of the
mid-channel no-net-motion interface ranged from 5 to 7 meters below the

surface.
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Table 6. Date and Duration of Periods Between Cruises
(August 7 - September 9, 1986).

PERIOD DATE TOTAL DAYS
| AUG 7 - 14 7
II AUG 14 - 21 7
ITT AUG 21 - 25 5
v AUG 25 - 31 6
) AUG 31 - SEP 4 4
VI SEP 4 - 9 5

Date/Duration of Periods Before (A), During (B), and After (C) Strong Winds
IT-A AUG 14 - 17 3
IT-B AUG 17 - 19 2
II-C AUG 19 - 21 3
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Table 7. Mean subtidal velocity (cm/s) at current meters, positive is
downriver, negative is upriver.

PERIOD-DURATION

(days)
I (3.7)
II (7.5)
IT1 (4.8)
IV (6.5)
v (4.2)
VI (3.4)
AVERAGE
I (3.7)
IT (7.5)
ITI (4.8)
v (6.5)
v (4.2)
VI (3.4)
AVERAGE

D (0.3) D (0.8) E (0.1)

MOUTH STATIONS-DEPTH (z/D)

C (0.5)

B (0.2) B (0.7)
+8.24 -1.44
+0.21 +0.29
+3.88 +0.38
+4.63 -1.96
+1.19 +0.95
+2.31 +0.61
+3.08 -0.27

+0.39*

UPRIVER STATIONS-DEPTH (z/D)

E (0.3)

E (0.4)

39 * +1
.66 +0.48 -0.
.27 +3.63 +1.
.28 +5.02* +1.
40 * -0
92 * +1

.67 +2.70* +0.

note: Incomp]ete record *
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Sub-tidal velocity (cm/s: positive is downriver, negative is

upriver) profiles facing upriver at upper Rappahannock
cross-section (upper) and at the mouth (lower): Period I

(August 9 - August 14, 1986).



0 v 57 T ? om % \ 5 0
-2} 4 -2
.4} 1 .4
el {1 s
‘gt 1 '8
10 4-10
2t 1-'¢
\4: {14
16} 6
18t 4-18
- 4
20} 4{1-20
—~ + -
2 22t {22
=3 u 4
S 24 4-24
z [- A i A 'S A J A . A 1 A
~—"
DISTANCE FROM SOUTHERN SHORE (KM)
> 0; —T T T T T T T T T T 0
3 ' ~
[S2] L J 4 -2
a er ]
b —_—]
-4t @ - ° g 1 4
r >/—‘ 7 ) R
5t P08 17
[ { -8
.8r_
]0: {-10
-12: {12
r- ~
el 4-14
L -
el {18
18: {-18
20: {-20
g -1
22t 4-22
24: 1-e4
¢ &

Figure 20. Sub-tidal velocity (cm/s: positive is downriver, negative is
upriver) profiles facing upriver at upper Rappahannock

cross-section (upper) and at the mouth (lower): Period II
(August 14 - 21, 1986).



DEPTH (METERS)

Figure 21.

54

X T 7 A 0
-2t { -2
.4: : -4
sl 1 s
10: :”10
12: ':-13
14: :.14
\6: :-16
18i :-18
2ot ]-20
aei :~aa
-84; :-24

DISTANCE FROM SOUTHERN SHORE (KM)

0
] 2
] s
1 s

J
41 -8
10
12
1ha
16| 116
18: :-18

80: :-80
ea: :-ae

2af q-e4

o V2 3% 4 T 5 s
Sub-tidal velocity (cm/s: positive is downriver, negative is

upriver) profiles facing upriver at upper Rappahannock
cross-section (upper) and at the mouth (lower): Period III

(August 21 - 25, 1986).



r v LE L4 1 LS 0
-2t { -2
4l 4 -4
u B
- "\ -4
-8r { -8
- -+
10} 4-10
“YeF 4-12
14} i 4-14
S 16¢+ {-16
18: 4-18
.20t 4-20
. e2ar 4-22
2 1 ..
m 24 A A A i 1 1 1 ’
E:] e 4 A 1
E DISTANCE FROM SOUTHERN SHORE (KM)
= P \\'\ ‘ J | ] .
E—.. -
D 1.
moer \xé‘q%\'—"rj : °
Q -
c4r —-——_—’O\—g 4 -4
- (———‘—‘—_ ] ‘8
Er 63 °
L , ) 4
Bt {1 -8
10} 4-10
18' = 12
L
14} {14
16¢ {-186
18¢ 4-18
- 1
-20}F 4-20
: 4
22t 1‘88
~24[ l 4-24
T 3 % ¢ 5

Figure 22. Sub-tidal velocity (cm/s: positive is downriver, negative is
upriver) profiles facing upriver at upper Rappahannock

cross-section (upper) and at the mouth (Tower): Period IV
(August 25 - 31, 1986).



DEPTH (METERS)

Figure 23.

10+

12

20+

et

10}

-12f

14

-16

-18

-20

-a2e

-24

14}
16}

18t

A A A {0 A A A ; A A -'s A

DISTANCE FROM SOUTHERN SHORE (KM)

T T T

rr T o r T v v v 1t ¥

v

T

1 4. 1 '

1

N}
N
v

.- 10

12

14

-18

-20

-a2e

-24

-12

-14

-16

-18

-20

-22

-24

56

Sub-tidal velocity (cm/s: positive is downriver, negative is

upriver) profiles facing upriver at upper Rappahannock
cross-section (upper) and at the mouth (lower): Period V

(August 31 - September 4, 1986).
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Sub-tidal velocity (cm/s: positive is downriver, negative is

upriver) profiles facing upriver at upper Rappahannock
cross-section (upper) and at the mouth (lower): Period VI

(September 4 - 9, 1986).
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The greatest spacial resolution of velocity records was during
Period I (August 9 - 14), when the maximum number of current meters were
functioning (Figure 19). Wind interference during this period was
minimal. The subtidal velocity of the Tower layer at the mouth (Station
"C") and ZQ km upriver (Station "E") was in the upriver direction at 5.5
cm/s and 4.7 cm/s, respectively. The upper layer velocity was
downriver-directed on the same order of magnitude at laterally adjacent
stations, at the speed of 8.2 cm/s and 4.4 cm/s, respectively.

The highest mean bottom flow of Period I (August 9 - 14) was
upriver at 5.5 cm/s. During Period II (August 14 - 21), flow direction
was temporarily reversed at the time of strong upriver winds, after
which normal flow resumed: the highest resulting mean bottom velocity
for the period was 3.0 cm/s in the downriver direction (Figure 20). The
highest mean bottom flows for the remaining Periods III, IV, V, VI were
upriver-directed, at 3.1 cm/s, 10.83 cm/s, 1.3 cm/s, and 0.5 cm/s,
respectively (Figures 21 - 24).

Brief departures from two-Tayer circulation were observed when an
extreme rise and fall of mean daily surface elevation between August 14
- 21 (Figure 12) effected a net outflow at all depths across the mouth,
and 3-Tayer flow at the upriver section (Figure 20). These circulation
patterns were compounded by strong winds blowing upriver which

temporarily reversed the direction of 2-layer flow (Figures 25 - 27).
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cross-section (upper) and at the mouth (lower): Period II-A
(August 14 - 17, 1986).
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Sub-tidal velocity (cm/s: positive is downriver, negative is

upriver) profiles facing upriver at upper Rappahannock
cross-section (upper) and at the mouth (lower): Period II-C

(August 19 - 21, 1986).
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Transport Analysis

Water was advected to the Rappahannock by fida1 and subtidal
currents. Subtidal flow varied in direction and strength over periods
of several days, resulting in significant net transport even though
subtidal velocities were an order of magnitude less than tidal

velocities.

Tidal transport:

Tidal current velocities integrated over 6-hour flood or ebb tidal
cycles yielded maximum tidal excursion distances of 6.0 km in upper
layer waters, and 4.6 km in lower layer waters. Net transport over
tidal periods occurred when normal tidal fluctuations were distended by
sustained strong winds. Lower layer water flooded for 12 hours at
Station "D" on August 19 - 20, resulting in net upriver flow a distance
of 12 km. Upper layer flood excursion persisted over two tidal cycles
at the time of strong winds on August 17 and 26 - 28, but was
compensated for by greater ebb excursion when winds abated. Lower layer
flow at Station "B" continued to ebb for 30 hours on August 28 - 29,

resulting in net downriver flow a distance of 6.5 km.

Subtidal transport:

Maximum upriver transport computed from mean subtidal Tlower layer
currents over the 23-day period of record averaged 1.7 km/day near mid-
depth at Station "E" (Table 8), which accounted for a cumulative upriver
transport distance of 38 km (Table 9). Averaged over shorter time

scales, from 3 to 7 days, lower layer transport rates ranged from
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Table 8. Mean daily transport rates (km/day) at current meters, positive is
downriver, negative is upriver.

PERIOD-DURATION MOUTH STATIONS-DEPTH (z/D)

(days) B (0.2) B (0.7) C (0.5) C (0.7)
I (3.7) +7.09 - 1.25 - 1.19 - 5.00
11 (7.5) +0.18 +0.25 +1.02 +2.78
III  (4.8) +3.35 +0.33 +0.72 - 0.50
IV (6.5) +4.00 - 1.69 + 0.08 - 0.65
v (4.2) +1.03 + 0.82 * *
VI (3.4) +2.19 + 0.53 * *
ToTAL {3874} RISPRRMILTES RFYSCIPPIPIL [RELFEPRMBLEPS i

UPRIVER STATIONS-DEPTH (z/D)
D (0.3) D (0.8) E (0.1) E (0.3) E (0.4) E (0.8)

I (3.7) + 3.80 * 4+1.07 +1.50 - 3.53 - 4.35

11 (7.5) +0.57  +0.27* -0.05 -0.99 +0.14 - 0.10%
111 (4.8) +4.54 +3.33 +1.42 +0.15 - 2.85 *
IV (6.5) +2.84 +2.11 +1.10 +0.30 - 1.85 *
v (4.2) +1.21 *  -.0.44 - 1.14 * *
VI (3.4) + 1.54 *  +1.48 - 0.47 * *
oAl B0 e e e e e e e

note: Incomplete record *
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PERIOD-DURATION

64

Cumulative transport distances (km/period) at current meters,

positive is downriver, negative is upriver.

MOUTH STATIONS-DEPTH (z/D)

B (0.2) B (0.7) C (0.5) C (0.7)
+25.81 - 4.56 - 4.34 -18.20
+ 1.37 +1.87 + 7.65 +20.94
+16.13 + 1.58 + 3.47 - 2.41
+25.92 -10.97 + 0.51 - 4.22
+ 4.35 + 3.47 * *
+ 7.44 + 1.79 * *
................ O e ek T s

(days)
I (3.7)
11 (7.5)
IT1 (4.8)
v (6.5)
v (4.2)
VI (3.4)
TOTAL (30.1)
I (3.7)
I1 (7.5)
ITI (4.8)
Iv (6.5)
v (4.2)
VI (3.4)
TOTAL (30.1)

UPRIVER STATIONS-DEPTH (z/D)
D (0.3) D (0.8) E (0.1) E (0.3) E (0.4) E (0.8)

+13.83 * 4+ 3.91 + 5.45 -12.86 -15.83
+ 4.29 + 2.06* - 0.39 - 7.47 + 1.03 - 0.72*
+21.82 +16.00 + 6.83 + 0.70 -13.69 *
+18.42 +13.70 + 7.13 + 1.97 -11.98 *
+ 5.12 * -1.86 - 4.82 * *
+ 5.25 * +5.03 - 1.59 * *
............ a0 A e e e R eI ek e b

note: Incomplete record *
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5.0 km/day in the upriver direction to 3.3 km/day in the downriver
direction; upper layer water transport ranged from 1.1 km/day in the
upriver direction to 7.1 km/day in the downriver direction. The highest
mean daily bottom inflow rate, 5.0 km/day, was observed during Period I
(August 9 - 14). Lower layer water inflow over that 5 day period
resulted in upriver net transport a distance of 18 km. Flow direction
was temporarily reversed by strong upriver winds during Period II
(August 14 - 21), resulting in net Tower layer water outflow a distance
of 21 km over 7 days. Upriver-directed lower layer flow resumed for the
remaining periods, averaging 0.5 to 2.9 km/day. Net transport due to
lower layer water inflow from August 21 to September 9 was approximately

32 km.
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DO and Salinity Distribution in the Bay

To examine characteristics of the Bay waters which could be
advected into tributaries, DO and salinity were plotted for the period
from May through October 1986 for the varying bottom depths and 12 m
depths at mid-Bay stations adjacent to the Potomac, Rappahannock, York,
and James River mouths. Both the bottom and 12 m plots indicate a
correlation of DO and salinity fluctuations between Potomac and
Rappahannock waters, and between York and James waters (Figures 28, 29).

DO remained high (5 to 9 mg/1) for the entire period at stations
adjacent to the mouths of James and York Rivers. DO declined slightly
at all stations in May. The decline of bottom DO was more rapid for the
Rappahannock and Potomac. The decline continued in the first half of
June at all stations and was followed by a rapid increase in the 12 m
depth DO at all stations in the second half of June. Bottom DO
increased in late June at all except the Potomac station, which
continued to decline and ranged between 0 and 2 mg/1 from June 26
through August 14. At 12 m, DO declined to 2 mg/1 at the Rappahannock
station by July 16 and was in the anoxic to near-anoxic range from July
28 to August 14. A1l mid-Bay stations, including the Potomac and
Rappahannock, were rapidly reoxygenated to > 4 mg/1 by August 19
following strong winds. Potomac DO at 12 m again declined slightly in
September while the Rappahannock, York, and James stations remained
relatively high (4 - 6 mg/1).

DO and salinity distribution along the mid-Bay transect between the

Potomac and Rappahannock Rivers (37o 55.0° to 37° 25.0°) during the July
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to September DO-depletion period are presented in mid-channel
longitudinal profiles (Figures 30 - 32). Upper layer DO exceeded 5 mg/1
at all stations throughout the summer. The greatest vertical area of
hypoxic waters along the mid-Bay transect was observed on July 28 - 29
below 5 to 8 m depth (Figure 30). Water was anoxic below 9 - 11 m depth
at mid-Bay stations extending south from the Potomac to the point
adjacent the mouth of the Rappahannock, where anoxia extended upwards to
within 7 m of the surface. No anoxia was detected in the Bay south of
the Rappahannock mouth.

Velocity cross-sections at the Rappahannock mouth indicate the
greatest bottom water inflow from the Bay typically occurred between 6
and 10 m depth (Figure 19). Hypoxic waters (below 5 mg/1) persisted
below 5 meters depth in mid-Bay adjacent to the Rappahannock from early
July through mid-August and below 9 meters depth until the end of August
(Figures 30 - 31). Therefore one must conclude that hypoxic and anoxic
Bay waters were advected into the Rappahannock by subtidal inflow.

The continuum of anoxic waters which penetrated south from the
Potomac River to the Rappahannock River below 9 meters depth on July 28
- 29 (Figure 30) provided a severely oxygen-poor source of inflow into
the Rappahannock. This southern penetration of anoxic waters was short-
lTived, and DO steadily increased at the mid-Bay point of inflow to the
Rappahannock after July 28 (Figure 30). On August 11, depth-averaged DO
adjacent to the mouth (Figure 31) between 6 - 10 m depth had increased
to 4.0 mg/1 (2.0 - 5.0 mg/1 range). On August 25, the average
concentration had increased to 6.0 mg/1 (5.0 - 7.0 mg/1 range), and to
7.0 mg/1 (5.0 - 8.0 mg/1 range) by September 9 (Figure 32).
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DO _and Salinity Distribution in the Rappahannock

DO and salinity distributions along the lower Rappahannock to mid-
Bay transect during the July to September DO-depletion period are
presented in Tongitudinal profiles (Figures 33 - 39). Upper layer DO
exceeded 5 mg/1 at all stations throughout the study. Below the average
no-net-motion interface at 5 m depth from the Rappahannock mouth to at
least 20 km upriver, periodic DO fluctuations reached hypoxic and anoxic
concentrations (Figures 40 - 41). Below 10 m depth, hypoxic DO
concentrations < 4 mg/1 were periodically observed at the Rappahannock
mouth and 20 km upriver. The greatest vertical area of near-anoxic
waters, < 1 mg/1 DO, was observed on August 5 (Figure 34). Bottom DO at
each station was hypoxic for most of the period from June 15 to
September 1, and became near-anoxic from the last week of July to the
first week of August (Figure 42).

Bottom water DO in mid-Bay adjacent to the Rappahannock and at the
Rappahannock mouth reached the lowest concentration at the end of July
(Figure 42). At stations in the Rappahannock, the lowest concentrations
for the season were observed when sampled one week later. A pattern of
fluctuating salinities in the Bay appeared to correspond to fluctuations
observed at upriver stations at progressively later dates with
increasing upriver distances. Lower layer DO from July 21 to August 5
decreased at the rate 0.21 mg/1/d in the Rappahannock trough and
increased at the rate 0.04 mg/1/d in the adjacent Bay. From August 5 to
14, the rate of increase in the Rappahannock trough was 0.04 mg/1/d and
0.27 mg/1/d in the Bay.

An intrusion of higher salinity bottom water in the Rappahannock
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Figure 33. DO (upper) and salinity (lower) profile along lower
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depth in meters).
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Rappahannock mid-channel longitudinal transect on August 14,

1986 (x-axis: distance downriver of mouth in km, y-axis:

depth in meters).
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Rappahannock mid-channel longitudinal transect on September
9, 1986 (x-axis: distance downriver of mouth in km, y-axis:

depth in meters).
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trough coincided with the August 5 maximum of hypoxic water which
extended from mid-Bay, across the sill, and upriver 30 kilometers to "R-
30" (Figures 34, 40, 41). After August 14, higher salinity bottom
waters appeared at the mid-Bay station during succeeding neap periods,

but did not extend across the sill or upriver into the Rappahannock.
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DO and Salinity Stratification/Destratification

More intensive sampling along the Tower Rappahannock to mid-Bay
transect from August 5 to September 10 provided finer spacial and
temporal resolution during the period when mid-Bay bottom water DO
ranged from anoxic to saturation concentrations. Vertical DO
stratification and DO concentrations below the no-net-motion interface
at all upriver stations fluctuated on a time scale which appeared
correlated to.the spring-neap tidal cycle and strong winds (Figures 6,
40, 41).

Three neap and two spring phases of tide were encompassed by the
August 5 to September 10 sampling period. During neap tidal phases when
there were no appreciable winds, there was vertical DO stratification
and bottom waters at all stations were hypoxic. Various degrees of
destratification were observed on August 20 - 21, several days after
maximum spring tidal range and strong winds occurred. Bottom waters at
all stations were reoxygenated by higher DO waters following peak spring
tides and strong winds. Around the time of mean tidal range (between
spring and neap tide), August 25 and 31, and up to the time of peak
spring tidal range, September 5, DO concentration and stratification
were intermediate.

Along the transect from the Rappahannock mouth to 30 km upriver on
August 5, bottom water DO’s ranged between 0.1 and 1.0 mg/1 (Figure 34).
Higher salinity bottom waters extended from the Bay trough, across the
sill, and upriver 30 kilometers to Station "R-30". On August 14, during
the Period I neap phase, bottom water DO in the Rappahannock trough
remained Tow, ranging from 1.4 to 2.2 mg/1. After August 14, higher
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salinity bottom waters appeared at the Bay trough station during
succeeding neap periods, but did not extend across the sill or upriver
(Figures 40, 41).

A1l stations were destratified ( < 1 mg/1 DO difference from
surface to bottom) three days after peak tidal range during the first
spring tidal phase (Period II), which coincided with the strongest winds
of the 34-day period (Figure 36). DO at all depths was high at all
stations. At the mid-Bay trough station on August 21, the higher
salinity bottom water layer was relatively thick, and came within 6 m of
the surface (Figure 40). Salinity stratification there and at one
upriver station ("R-20") remained at the comparatively high Tevel seen
on August 14 during the preceding neap period.

No hypoxic waters were detected between the Rappahannock mouth and
the adjacent mainstem Bay after August 21. Salinity remained vertically
homogeneous in the lower Rappahannock after August 21. Moderate DO
stratification and hypoxic bottom waters were detected at the upriver
Station "-15" on September 4. On September 9, moderate DO
stratification and hypoxic bottom waters were present in the deep trough

of the lower Rappahannock.
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DISCUSSION

The earliest measurements of dissolved oxygen in Chesapeake Bay
from 1917 showed the annual late summer accumulation of hypoxic water in
the central portion of the deep mid-Bay trough that extends from the
upper Bay near the Chester River mouth to the lower Bay near the
Rappahannock River mouth. The annual DO cycle in the deep Bay trough
measured in 1936 and 1937 (Newcombe and Horne, 1938) showed oxygen-rich
bottom water concentrations between fall and early spring, followed by
the decline to anoxia by late July and subsequent increase by September.
Annual monitoring along the length of the Bay from 1950 to 1970 showed
that anoxia was confined below the pynocline in the deep trough and
extended from the central to the upper Bay in late summer (Flemer et
al., 1983). DO concentration increased towards the surface. Typical
late summer dissolved oxygen concentrations between 8 m to 12 m depths
were 2 mg/1 and reached only 5 mg/1 near the surface. Since the depths
of the sills of the major tributaries are relatively shallow, the more
dense, saline bottom waters that become anoxic are not usually
horizontally advected into the tributaries (Seliger et al., 1985). An
increase in the volume of hypoxic water in the Bay could, however,
penetrate into the depth range that is advected across the shallow sills
into tributaries, depending on non-tidal current characteristics.

In more recent years, anoxic waters in the mainstem Bay have been
measured higher in the water column, with a consequent lateral spread of
anoxia and hypoxia to shallower regions (Flemer et al., 1983). Seiching

of deep anoxic waters onto shoals following sustained cross-channel
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winds has also been documented in the Chesapeake Bay (Carter et al.,
1978). In either case, an influx of hypoxic or anoxic water from the
Bay to the tributary is possible.

From July to mid-August 1986 in the central mid-Bay waters below 8
m depth, a continuum of water with DO concentrations < 4 mg/1 extended
south from the Potomac to the Rappahannock. In early July, anoxic
waters were confined below 13 m depth in the central Bay deep trough,
but by July 28 were within 7 m of the surface and penetrated southward
to the Rappahannock River mouth. The extreme decline of Tower layer DO
to near-anoxia at the upriver stations in the Rappahannock was not
observed until after the southward penetration of anoxic water was
observed in the Bay. The southward penetration of anoxic waters in the
lower Bay was short-lived and followed by consistently increasing bottom
DO: by August 13, minimum DO concentrations in the mid-Bay adjacent to
the Rappahannock were greater than 4 mg/1, and by September 9 were
greater than 6 mg/1. The increase of bottom DO concentrations in the
Bay and at the Rappahannock mouth began after July 28, but the increase
at the upriver stations was delayed until after August 14. DO in the
Rappahannock consistently increased after August 14.

The bottom DO concentration was lower in the Bay (0.5 mg/1) on July
21 than in the Rappahannock trough (1.8 mg/1 near the mouth, 3.2 mg/1 at
the upriver end of trough). Salinity profiles in the lower Rappahannock
indicated almost vertical homogeneity. The anoxic layer from the
central Bay trough penetrated southward, and on July 28 was detected
near the Rappahannock mouth. As the anoxic layer in the Bay retreated

northward, bottom DO in the Bay increased to 1.0 mg/1 by August 5, while
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bottom DO in the Rappahannock deep trough subsequently declined to near-
anoxia (0.2 mg/1). The rate of DO increase in the Bay from July 21 to
August 5 was 0.04 mg/1/d. In the nearby Rappahannock trough during the
same period, however, the DO decreased at 0.21 mg/1/d, which is on the
order of the rate attributed to water column and benthic respiration
throughout the Chesapeake from observations by Taft (1980), and
reiterated by Officer (1984). The contrasting rates between the two
nearby locations and the positive DO change in the Bay indicates that
the balance of oxygen demand and supply differed in the two basins.
There is no evidence to suggest that water column and benthic oxygen
demand differs at the two Tocations, nor would vertical exchange by
diffusion or wind mixing at the nearby stations be expected to differ.
Advection must therefore be at least partially responsible for the DO
change. Horizontal advection of the anoxic water from the Bay to the
Rappahannock trough can account for the decreasing DO. The 0.04 mg/1/d
DO increase observed first in the Bay from July 21 to August 5, and then
in the Rappahannock from August 5 to 13 is further evidence of water
with similar characteristics in a background of changing conditions
being transported upriver from the Bay. The combination of other
factors observed in the Rappahannock trough, including the decline of
bottom water DO to anoxia, increased upriver vertical salinity
stratification, and increased bottom salinity at the 30 km upriver
station, are further indications of upriver advection of more saline,
anoxic bottom water from the Bay. Current meter records beginning

August 7 support the existence of a strong upriver flow of bottom water
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at the Rappahannock mouth (13 cm/s), and at the 20 km upriver station
(12 cm/s) that translate to transport rates on the order of 11 km/d.

DO measurements in this study confirmed speculation by Kuo and
Neilson (1987) that hypoxia in the mainstem Chesapeake Bay affects
Virginia tributaries unequally. Anoxic lower layer waters were detected
within 8 m of the surface in the Bay near the mouths of the Rappahannock
and Potomac Rivers, but not near the York or James. The depth range of
inflowing subtidal currents at the Rappahannock mouth regulated the Bay
water which was advected into the tributary. The 12 m deep sill at the
mouth of the Rappahannock did not prevent hypoxic water inflow from the
Bay to the tributary, since the DO below 8 m in mid-Bay remained < 4
mg/1 from July to mid-August. Similarly, anoxic water below 7 m depth
in mid-Bay during late July was not restricted from entering the lower
Rappahannock across the the sill. The interaction of net upriver flow
at the Rappahannock mouth with the persistent summer hypoxia
distribution in the Bay and the temporary southward penetration of
anoxic water from the central Bay trough resulted in a rapid DO decline
and prolonged hypoxia in the lower Rappahannock while the adjacent Bay
DO was reoxygenated.

The distribution and strength of observed subtidal currents during
August-September 1986 in the lower Rappahannock exemplified typical
estuarine circulation in partially-mixed estuaries. The distribution of
flow features derived from average subtidal velocities measured at the
mouth and at the upriver end of the deep trough in the Tower
Rappahannock indicate a persistent longitudinal two-layer subtidal

current exchange with the adjacent Bay. The upper layer flowed
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downriver and the Tower Tlayer flowed upriver, with the no-net-motion
interface at 5 meters depth. Upper layer velocities averaged over 23
days were downriver-directed at both the mouth and the upriver location,
at 4.2 cm/s and 3.4 cm/s, respectively. Lower layer velocities were
upriver-directed at 0.2 cm/s and 2.4 cm/s at the respective locations.
The Tow magnitude of average lower layer velocity at the mouth may have
resulted from impaired rotor operation due to marine fouling on the
current meter after the second week of deployment. Maximum Tower Tayer
inflow velocities were 13 cm/s at the mouth and 12 cm/s at the upriver
station.

As a comparison, earlier residual current measurements at the
Chesapeake Bay mouth showed strong inflows in the deep channel (10 cm/s
in May-June 1982, and 15 cm/s during June-July 1980), and even stronger
outflows in the near surface water over 23 days and 38 days (Goodrich,
1987). The vector-averaged flow features were qualitatively similar to
the mean subtidal current features at the Rappahannock mouth in August
1986. Goodrich cites the bottom inflow and surface outflow in the Bay
mouth measurements as manifestations of the gravitational circulation,
with outflow on the right-hand-side (facing seawards) the result of both
Coriolis and centrifugal accelerations. The greater magnitudes of
current averages at the Bay mouth may be partly due to typically higher
streamflow in spring and early summer than during the late summer of
1986 when this study was conducted, which was a drought year.

Subtidal current averaged over 2 to 7 days showed flow features
that persisted for the shorter periods between slackwater surveys and

before, during and after the strong wind event. This permitted current
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features to be related to DO and salinity distributions, and also
allowed separation of current features at the beginning of the
deployment from those at the end of the deployment, when some current
meters were impaired by marine fouling. The most complete
representation of currents was during the first 2 weeks of deployment,
when the maximum number of current meters were operating, and marine
growth was minimal.

The strongest average subtidal velocities were observed during the
first week, before high winds temporarily reversed the direction of two-
Tayer flow. After strong winds subsided, typical two-layer flow
resumed, but at Tower average subtidal velocities than during the first
week of deployment.

Similar sequences of bottom water characteristics (fluctuations
between higher to lower salinity and DO concentrations) appeared to
occur first in the Bay, and later at upriver stations. The maximum
volume of anoxic water was observed in the Bay on July 28, and in the
Rappahannock trough on August 5 with increasingbottom DO towards the
mouth. Bottom DO in the Bay continued to increase as the anoxic layer
retreated northward after July 28, and bottom DO concentrations in the
Bay after August 14 exceeded those in the Rappahannock trough. Bottom
DO also increased in the Rappahannock trough between August 5 and August
14. An apparent shift of anoxic bottom water from the Bay position of
late July to the Tower Rappahannock and then upriver is consistent with
an initial anoxic water inflow followed by higher DO inflow from the Bay
at the observed mean subtidal velocities as DO concentration in the Bay

increased. Transport of anoxic Bay bottom water from a position 10 km
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from the Rappahannock mouth to 20 km upriver over the one week period
between surveys is on the order of the 18 km tranport distance computed
from observed currents for the period August 9 - 14. The increasing
bottom DO’s indicate an oxygen source that exceeds benthic and water
column demand, which can only be attributed to advection, as in the
speculated reoxygenation of bottom waters in the James (Kuo and Neilson,
1987). The switch from decreasing to increasing DO over the short
period is not likely to have resulted from a change in water column and
benthic respiration, nor does the vertical salinity stratification
indicate that vertical advection contributed to the rapid DO change
until after the August 17 wind event. The increase of bottom DO in the
Rappahannock trough by horizontal advection is supported by subtidal
current observations.

Bottom inflow velocities decreased from August 7 to August 14, but
during that 5-day period of optimum current meter operation preceding
strong winds, mean 2-layer estuarine circulation persisted at the
Rappahannock mouth and at the upriver station. Lower layer inflow
velocity means at the mouth and upriver stations for the period were 5.5
cm/s and 4.7 cm/s respectively. Upper layer outflow velocity means were
8.2 cm/s and 4.4 cm/s, respectively. The no-net-motion interface was
approximately mid-depth at the mouth and upriver locations, and was
slightly inclined upwards toward the northern shore, possibly due to the
action of Coriolis or centrifugal force on net longitudinal flow. Lower
layer subtidal flow from August 7 - 14 accounts for a cumulative upriver

transport of at 18 km.
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Strong northeast winds during the second sampling week (August 14 -
21) produced extreme vertical velocity shear at all current meter
stations which obscured the 2-layer circulation pattern. Initial
downriver flow at all depths associated with a sea level drop was
followed by very strong upriver flow and an extreme sea level rise
during peak winds. After strong upriver winds abated, subtidal currents
at all depths were downriver at the mouth, and sea level rapidly
dropped. At the upriver cross-section, a reverse 2-layer flow structure
continued for several days. DO and salinity profiles along the
Rappahannock transect on August 21-22 indicate that strong vertical
mixing extended to the bottom, including the greatest depths (19 m). DO
concentrations in the Bay and throughout the lower Rappahannock
increased to 5 mg/1.”

Typical two-layer estuarine circulation resumed at both mouth and
upriver cross-sections three days after peak upriver winds abated, and
persisted to the end of current meter operation. A second period of
sustained moderate northeast winds in the third week of sampling again
altered the typical flow pattern, and lower mean subtidal current speeds
were observed. Lower layer inflow velocities from August 21 - 31
exceeded those from August 31 to September 9, which may account for the
Tow bottom DO concentrations and increased DO stratification in the
Rappahannock observed on September 4 and September 9. The rate of
bottom DO decline observed (0.18 mg/1/d) may have resulted from a longer
residence time of the lower layer in the oxidizing deep environment
during this period and, in fact, may be due to the water column and

benthic respiration observed by Taft (1980). Advection of low DO from
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the Bay was not indicated as the source of hypoxia at this time, since
hypoxic DO concentrations were not observed in the Bay after August 14,
horizontal advection was weak in the Rappahannock, and salinity profiles
were vertically homogeneous. DO concentrations observed after September

9 exceeded 5 mg/1 at all depths, possibly due to the annual fall

overturn of the water column.
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CONCLUSIONS

DO and salinity concentrations and fluctuations in the lower
Rappahannock indicated closer association with the central Bay than with
the southern Bay. Subtidal current characteristics and similarity of
bottom and mid-depth DO and salinity fluctuations in the Bay and at
upriver Rappahannock stations demonstrated that Tower layer waters were
advected up the Rappahannock River from the Bay.

The 11 m deep channel which extends from the mid-Bay trough across
the shallow sill between the Rappahannock mouth headlands provides a
natural pathway for upriver-flowing bottom waters. Typical 2-layer
estuarine flow that persisted in the Tower Rappahannock River appeared
to channel water below the pycnocline from the adjacent Bay. Subtidal
velocity observations over a month in the lower Rappahannock supported
the existence of net horizontal advection from the Bay which ranged from
moderate to weak strength.

Over shorter time periods, subtidal current strength fluctuated
from strong to weak in partial response to strong winds that temporarily
reversed the direction of net flow. Lower Tayer water in the Bay ranged
from anoxic to high DO concentrations during the survey. As the volume
of hypoxic water increased in the Bay trough north of the Rappahannock,
the deeper anoxic water mass appeared to overflow the confines of the
trough, and briefly penetrated southward into shallower waters adjacent
to the Rappahannock mouth. The temporary presence of anoxic water near
the Rappahannock mouth coincided with strong lower layer inflow in the

Tower Rappahannock, and was followed by a rapid increase in the volume



97

of hypoxic waters in the lower Rappahannock that appeared to be
transported upriver at the rate of subtidal velocity.

Strong winds which followed the anoxic water intrusion resulted in
vertical homogeneity of DO and salinity from the surface to the bottom
of the deep Rappahannock trough. Moderately stratified conditions
resumed several days later as typical 2-layer estuarine flow was
reestablished. DO concentrations in the Rappahannock remained
| relatively high, however, because the Bay water continued to increase in
| DO conceﬁtration. Some hypoxic waters detected in very deep portions of
the Rappahannock trough during periods of very weak subtidal circulation
may be attributed to water column and benthic respiration.

The proximity of the Rappahannock to the large hypoxic water mass
in the central Bay, and the persistent subtidal transport of bottom
waters from the Bay to the Rappahannock supports speculation by Kuo and
Neilson (1987) that the high frequency of hypoxic waters in the
Rappahannock compared to that in the York and James is due, in part, to
the difference in the quality of inflowing waters. The inflow to the
Rappahannock was hypoxic over an extended period of the summer, and
hypoxic conditions in the Rappahannock trough were exacerbated by
temporary intrusions of anoxic water from the deep trough of the central

Bay.
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APPENDIX I1I
STATISTICAL SUMMARIES

Subtidal Velocity Statistics: (AUGUST 9 - SEPTEMBER 7, 1986)

velocity (cm/s) : flood -
ebb +

STATION METER MEAN SD MIN MAX N
B GO +3.08 4.04 -13 +13 1460
S4 -0.27 2.16 -7 +4 1444
C RUZ-258  +0.39 1.61 -3 +5 971
RUZ-318 -0.23 4.09 -13 +7 901
D S4-TOP +2.67 4.09 -11 +12 1433
RUZ-189 +2.70 4.10 -9 +9 615
E S4-TOP +0.80 2.21 -6 +6 1438
S4-MID -0.65 2.03 -6 +5 1436
RUZ-268 -2.39 4.04 -12 +7 824
RUZ-314 -2.64 4.21 -9 +8 481
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Subtidal Velocity Statistics: PERIOD I (AUGUST 9 - AUGUST 14, 1986)
velocity (cm/s) : flood -

ebb +
STATION METER MEAN SD MIN MAX N
B GO +8.24 2.62 +3 +13 174
S4 -1.44 1.93 -4 +2 176
C RUZ-258 -1.30 1.49 -3 +1 175
RUZ-318 -5.45 4.82 -13 +3 175
D S4-T0P +4.39 2.90 0 +8 175
RUZ-189 na na na na na
E S4-TOP +1.24 2.30 -2 +6 175
S4-MID +1.73 0.56 -3 -1 175
RUZ-268 -3.856 2.59 -9 -1 175

RUZ-314 -4.74 2.84 -9 -1 175
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Subtidal Velocity Statistics: PERIOD II (AUGUST 14 - AUGUST 21, 1986)
velocity (cm/s) : flood -

ebb +
STATION METER MEAN SD MIN MAX N

B GO +0.21 4.52 -13 +4 362
S4 +0.29 1.43 -3 +4 358

C RUZ-258 +1.11 1.88 -2 +5 361
RUZ-318 +3.04 2.05 -2 +7 361

D S4-TOP +0.66 5.13 -11 +12 361
RUZ-189  +0.48 4.82 -9 +9 225*

E S4-TOP -0.06 2.51 -6 +5 361
S4-MID -1.15 2.60 -6 +5 361
RUZ-268 +0.15 2.90 -6 +7 361
RUZ-314 -0.15 3.65 -3 +8 253
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Subtidal Velocity Statistics: PERIOD IIA (AUGUST 14 - AUGUST 17, 1986)
velocity (cm/s) : flood -

ebb +
STATION METER MEAN SD MIN MAX N
B GO +2.40 1.06 0 +4 185
S4 +0.53 0.50 -1 +1 185
C RUZ-258 +0.25 1.43 -2 +3 185
RUZ-318 +3.97 1.53 +1 +7 186
D S4-TOP +1.75 2.33 -3 +5 186
RUZ-189 +0.79 3.53 -5 +5 50*
E S4-TOP +0.36 0.92 -3 +2 186
S4-MID -1.01 1.54 -4 +2 186
RUZ-268 -0.11 1.07 -2 43 186

RUZ-314 -2.14 0.78 -3 0 186
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Subtidal Velocity Statistics: PERIOD IIB (AUGUST 17 - AUGUST 19, 1986)
velocity (cm/s) : flood -

ebb +
STATION METER MEAN SD MIN MAX N

B GO -7.16 4.28 -13 0 81
S4 +1.05 2.04 -1 +4 80

C RUZ-258 +1.56 2.30 -2 45 . 83
RUZ-318 +1.44 2.59 -2 +5 82

D S4-TOP +2.83 7.25 -7 +12 81
RUZ-189 +2.49 3.07 -4 +7 79

E S4-TOP -1.30 3.96 -6 +4 83
S4-MID -1.73 2.89 -6 +2 81
RUZ-268 -1.61 3.04 -6 +3 80
RUZ-314 +5.39 2.59 0 +8 67*
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Subtidal Velocity Statistics: PERIOD IIC (AUGUST 19 - AUGUST 21, 1986)
velocity (cm/s) : flood -

ebb +
STATION METER MEAN SD MIN MAX N
B GO +2.19 0.75 0 +3 96
S4 -0.84 1.40 -3 +2 93
C RUZ-258 +2.41 1.24 0 +4 96
RUZ-318 +2.59 1.25 0 +4 96
D S4-TOP -3.16 4.94 -11 +6 96
RUZ-189 -1.33 5.82 -9 +9 96
E S4-TOP +0.27 2.66 -3 45 96
S4-MID -0.94 3.69 -5 +5 96
RUZ-268 +2.12 3.91 -3 +7 96

RUZ-314 na na na na na



Subtidal Velocity Staistics: PERIOD III (AUGUST 21 - AUGUST 25, 1986)

STATION

velocity (cm/s)

METER

GO
S4

RUZ-258
RUZ-318

S4-TOP
RUZ-189

S4-TOP
S4-MID
RUZ-268
RUZ-314

MEAN

+3.
+0.

+5.
+3.

+1

+0.
.12

na

88
38

.79
.55

27
63

.65

17

: flood -

ebb +
SD MIN
2.21 0
1.08 -2
0.47 0
1.17 -3
4.41 -9
2.70 0
2.02 -2
1.98 -3
3.04 -12
na na

MAX

+7
+2

+7

+1

+12
+9

+5
+5

na

231
231

230
230

230
231

230
230
230

na
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Subtidal Velocity Statistics: PERIOD IV (AUGUST 25 - AUGUST 31, 1986)

velocity (cm/s)

STATION METER

B GO
S4

C RUZ-258
RUZ-318

D S4-T0P
RUZ-189

E S4-TOP
S4-MID
RUZ-268
RUZ-314

MEA

+4.

+3.
+5.

+1
+0
-10

na

N

63

.96

.13
.64

28
02

27
.35
.83

SD

: flood -

+

.53
.12

.50
.44

.24
.41

.22
.03
.65

MAX

+13
+3

+1

+11
+9

+6
+3

na

311
311

205
135

312
143*

312
312
58

na
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Subtidal Velocity Statistics: PERIOD V (AUGUST 31 - SEPTEMBER 4, 1986)
velocity (cm/s) : flood -

ebb +
STATION METER MEAN SD MIN MAX N
B GO +1.19 1.61 -1 +4 203
S4 +0.95 0.94 -1 +2 203
C RUZ-258 na na na na na
RUZ-318 na na na na na
D S4-TOP +1.40 0.47 0 +3 203
RUZ-189 na na na na na
E S4-TOP -0.51 1.10 -2 +2 203
S4-MID -1.32 1.14 -3 0 203
RUZ-268 na na na na na

RUZ-314 na na na na na



Subtidal Velocity Staistics: PERIOD VI (SEPTEMBER 4 - 9, 1986)
: flood -

STATION

velocity (cm/s)

METER

GO
S4

RUZ-258
RUZ-318

S4-TOP
RUZ-189

S4-TOP
S4-MID
RUZ-268
RUZ-314

MEAN

+2.31
+0.61

na

na

+1.92

+1.78
-0.57
na

na

ebb +

SD

1.48
0.49

na

na

2.82

na

0.70
0.92
na

na

na

na

MAX

+10

+1

na

na

+5

na

+3
+1
na

na

179
163

na

na

152

na

157
155
na

na
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