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STRACT

Landsat images are analyzed to investigate the causes
of turbidity wvariations in lower Chesapeake Bay surface
water. Visual analysis and image enhancement are wused 1in
association with optical film density data obtained along
selected Bay transects. The optical density data of all
images, inversely related to surface turbidity, are used to
produce residual turbidity profiles showing turbidity above
and below average conditions. Images with similar tidal or
meteorological conditions have their residual optical
density data averaged to identify probable causes of above
average turbidity levels.

Freshwater discharge does not directly contribute
suspended sediment to Chesapeake Bay, except from the
Potomac River during times of high freshwater flow. Much of
the detected surface turbidity is associated with
resuspension by tidal currents.

Flood currents cause higher surface turbidity along the
Eastern Shore from the Bay mocuth to off the Rappahannock
River mouth. High ebb-related turbidity occurs north of the
Rappahannock River and in the western half of Chesapeake Bay
south of Wolf Trap Shoals. Currents during spring tide
produce higher surface turbidity south of the Rappahannock

River than currents during other portions of the lunar



cycle.

Strong wind causes greater surface turbidity than low
wind except when wind direction opposes tidal currents. A
large fetch (20 km) parallel to wind direction results in
higher surface turbidity downwind.

A correlation exists Dbetween surface turbidity and
water depth. Surface turbidity is lower in deeper water due
to the weaker effect of tidal and wind resuspension.
Resuspension of bottom sediment affects surface turbidities

in waters as deep as 40 feet.
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LOWER CHESAPEAKE BAY SURFACE TURBIDITY VARIATIONS

AS DETECTED FROM LANDSAT IMAGES



INTRODUCTION

Most of the sediment within Chesapeake Bay is
transported as suspended 1load (Schubel and Carter 1976).
Suspended particulate investigations covering the entire Bay
have focused on sediment types, sources, heavy metal
adsorption, and sediment concentration, and have yielded
concentration and turbidity profiles (Bond and Meade 1966,
Schubel 1975, Schubel and Carter 1976, Harris et al. 1980)
and maps (Stroup and Wood 1966) based on cruise data. In
lower Chesapeake Bay, suspended particulate matter and
turbidity have been studied at the Bay mouth (Ludwick and
Melchor 1972) and the Rappahannock and James Rivers (Nichols
and Poor 1967, Nichols 1972).

Variations in suspended particulate concentrations
occur because of varying tidal scour (Schubel 1970, Nichols
1972) and seasonal factors which include biological
production (Burt 1955), freshwater discharge (Burt 1955,
Nichols 1972, Officer and Nichols 1980), and winds (Burt
1955, Ludwick and Melchor 1972),

Minor amounts of sediment are <contributed by fluvial
sources to lower Chesapeake Bay (Feuillet and Fleischer
1980, Officer and Nichols 1980, Ludwick 1981). The majority
of sediment is trapped in turbidity maxima and little passes
from the upper Bay, north of Annapolis, and tributaries to

the lower section (Schubel and Carter 1976). Only 9% of the



total sediment input to the middle Bay escapes into lower
Chesapeake Bay (Biggs 1970). Schubel and Carter (1976)
stated that sediment from shore &erosion was a small
contribution to the lower Bay though the importance of shore

erosion has been disputed by Eaton et al. (1980) and Byrne

t al. (1982).

The Atlantic Ocean has been recognized as the major
sand and clay source for lower Chesapeake Bay (Meade 1969,

1972, Meade et al. 1975, Ludwick 1973, 1981, Schubel and

Carter 1976, Firek et al. 1977, Feuillet and Fleischer 1980,

Byrne et al. 1982). The northerly extent of transport of
shelf-derived sediment is questionable. Movement of seabed
drifters and sediment petrology suggest a northern limit in
the Wolf Trap Shoals area (Norcross and Stanley 1967, Firek

t al. 1977, Carron 1979, Byrne et al. 1982).

The movement of suspended particulates depends on
circulation patterns in Chesapeake Bay. Chesapeake Bay and
its tributaries were the location of Pritchard”s early work
(1952, 1954) on estuarine circulation which resulted in a
classification system for estuaries. Tidal currents were

studied by Haight et al. (1930), who described tidal heights

and currents in the Bay and all 1its major tributaries.
Haight et al. (1930) and Hicks (1964) recognized the
advancing tidal wave as having semidiurnal progressive wave
characteristics in the lower Bay with a larger tidal range

on the weastern shore due to the Coriolis effect. Haight et

al. (1930) produced the earliest surface current vector maps



for one hour tidal phase intervals. Hicks (1964) produced
maps of co-tide, co-range, and co-current lines from a study
of tidal data throughout the Bay.

Through the years, as state—-of-the—art instrumentation
and sampling programs have improved, it has been realized
that the classic two-layer <circulation system (Pritchard
1952, 1954) is not adequate in all circumstances. Local
winds and associated Ekmanm transport are responsible for
pushing Bay water and setting up a surface water slope
within Chesapeake Bay (Pollak 1960, Elliott and Wang 1978,
Wang and Elliott 1978, Wang 1979a, 1979b). Chesapeake Bay
circulation varies from the classic two layer flow depending
on the Bay and shelf response to local and non-local
Atlantic Shelf winds. The two layer flow can be reversed or
change to a unidirectional flow throughout the water column.

Spring tides in the York, Rappahannock, and James
Rivers have also been found to alter the usual stratified
system by destratifying the water column. Haas (1977) and

Haas et al. (1981) hypothesized that a larger spring tide

tidal prism, having faster current velocities and more
turbulent mixing, could result in destratification.

The classic picture is distorted further by the fact
that circulation studies at the Bay mouth have shown tidal
currents to occupy separate ebb and flood pathways (Ludwick
1973, Boicourt 1981). These pathways are caused by fresh
and salt water miXing, basin configuration, and the Coriolis

deflection of net-non-tidal density currents.



Models have been used to study circulation in
Chesapeake Bay. All rely on data obtained by surface
investigations. The Chesapeake Bay hydraulic model (McKay
1976, Robinson 1977) and hydrodynamic model by Chen (1978)
are calibrated to average conditions with no meteoroloogical
effects.

Surface current vector maps derived from surface
investigations (Haight et al. 1930, U. S. Naval
Oceanographic Office 1965) and models (Chen 1978) show
currents moving up or down Chesapeake Bay depending solely
on the tidal phase. Areas on either side of slack water are
vague as to current direction. The vector maps are the
result of averaged tidal data and do not reflect
meteorological influences.

For an examination of Chesapeake Bay circulation at any
given time, referral to averaged conditions is not adequate.
Further information on local meteorological and hydrological

conditions is required.



SENSING OF BAY WATERS

BASIC MECHANISMS IN AQUATIC REMOTE SENSING

Electromagnetic radiation from the sun that is received
by earth-facing satellite sensors such as on Landsat must
pass through the earth’ s atmosphere twice. Water vapor or
dust particles in the atmosphere affect incoming wvisible
radiation by Rayleigh and Mie scattering. The scattering
causes radiation to be diffused and scattered in different
directions. Some of this radiation is reflected upward
where it is detectable by satellite sensors. High humidity,
which is typical for summer months around Chesapeake Bay, is
responsible for pronounced scattering of incoming radiation.
Satellites such as Landsat record the diffused radiation as
haze which reduces contrast and limits an image’s
usefulness. The longer wavelengths sensed by Landsat in the
red and infrared portions of the spectrum are less affected
by haze and offer better atmospheric penetration and hence
better target contrast.

The remainder of the incoming radiation reaches the
water” s surface where 1t is transmitted, absorbed or
reflected. Reflectance at the water’ s surface depends on
the solar angle and sea state <conditions. Some Landsat
images show substantial wave-induced specular reflectance of

radiation in offshore waters. Similar surface reflectance



has not been observed in available imagery.

Downwelling radiation not reflected at the surface 1is
transmitted into the water column. The degree of
transmittance depends on radiation wavelength and water
clarity. Blue-green wavelengths have a higher
transmittance, although the depth of penetration is
dependent on turbidity. Shallower attenuation depths occur
with longer wavelengths, until, in the infrared, radiation
is almost totally absorbed within a few micrometres below
the water surface. The different wavelengths, before they
reach their attenuation 1limits, <c¢can be reflected upward.
Radiation can be reflected off Dbottom sediment or by
suspended material which hinders 1light penetration and
causes scattering. Upward reflectance in the red wavelength
is caused more by inorganic suspended sediment than by
chlorophyll-bearing scatterers, because good <correlations
between chlorophyll cowncentration and Landsat red-band
signal are found only when there is already a good

correlation with inorganic suspended sediment (Bowker et al.

1973, 1975, 1976). Upward reflected radiation in the water
column is further absorbed and scattered before it reaches
the surface. After partial reflection at the surface, all
upward reflected radiation passes through the atmosphere a
second time, suffering scattering by atmospheric particles
before reaching any radiation sensors.

Chesapeake Bay waters exhibit a phenomenon termed

"Orange Shift" (Champ et al. 1980). This "shift" is the



ability of longer wavelengths to penetrate greater depths
when increased suspended sediment concentrations attenuate
shorter wavelengths. Under high concentrations, orange
light has the deepest penetration and blue 1light the
shortest. Near the Potomac River mouth the penetration
depth of orange light (600 nm) is 2 m, at the Pocomoke Sound
mouth 4.5 m, and between the Potomac and Rappahannock Rivers

6 m (Champ t al. 1980)., The study by Champ et al. (1980)

did not include red light, therefore no exact attenuation
depths can be given for red wavelengths. Laboratory tests

by Whitlock et al. (1977) were conducted to obtain upwelling

radiance spectra, not eXxtinction depths, of suspended
sediment under varying concentrations. The tested soils,
from the surrounding Chesapeake Bay area, have the highest
reflectance values 1in the red wavelengths. This is
important if the soils <contribute significantly to the
Chesapeake Bay suspended sediment load, because then the
red-band Landsat images are expected to reveal the surface
sediment load clearly.

The results of the Whitlock et al. (1977) tests were

important in showing the practicality of using Landsat red
band imagery for detecting Chesapeake Bay suspended
sediment. The attenuation depths obtained from the Champ et

al. (1980) study further showed that sensed radiance from

typical suspended sediment concentrations is all from a
depth of 1less than a few metres. This is important because

radiance variations would be due, not to bottom reflection,



but to bathymetric influences on near-surficial suspended

sediment concentrations.

USE _OF REMOTE SENSING FOR THE CHESAPEAKE BAY

Remote sensing has been realized as an inexXpensive
technique for obtaining data over a large area. The limited
Chesapeake Bay spatial coverage by aerial photography 1is
restrictive when near—instantaneous coverage of the larger
Chesapeake Bay is required. Although aerial observations of
the entire Bay system are quicker than shipboard
observations, aerial observations are still of limited value
due to the time required for complete <coverage. The time
required for 1low altitude observations of Chesapeake Bay
results in significant temporal variations during any one
flight. An 1increase in sensor altitude would reduce
coverage time, making it more synoptic. Near-synoptic
coverage 1is mnecessary because of dynamic water surface and
atmospheric conditions.

The advent of the orbiting satellite has added to
remote sensing the new dimension of synoptic coverage of
large areas. The first of the Landsat satellites was
launched in July 1972 as ERTS-1 (Earth Resources Technology
Satellite), while Landsats 2 and 3 were launched in January
1975 and March 1978 respectively. Landsat 4 was launched in
July 1982 but <contributed no imagery to this study because

of data unavailability during instrument calibration.
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Landsats 1-3 were ©placed in sun-synchronous orbits at a
nominal altitude of 900 km, taking 103 minutes to <complete
one orbit. Any one satellite takes 18 days to return to an
earlier point of coverage.

There are two remote sensing systems on each of
Landsats 1, 2, and 3. The return beam vidicon (RBV) is a
system of television-like <cameras which instantaneously
image a 185 km x 185 km area at 79 m resolution. RBV
imagery was not used in this study. The multi-spectral
scanner (MSS) senses in four wavelength bands: 500 to
600 nm (green), 600 to 700 nm (red), and in reflected
infrared at 700 to 800 nm and 800 to 1100 nm, designated as
channels 4, 5, 6, and 7 respectively. An oscillating mirror
in 25 seconds scans a 185 km by 185 km image at the ground
resolution of 79 m.

Regional studies in Chesapeake Bay have utilized
satellite data. Skylab conical scanner data were used in a
study of suspended sediment variations and movement in the
Rappahannock River (Nichols and Oberholtzer 1975). Landsat
has been used in an attempt to map sediment concentrations
in the Chesapeake Bay tributaries (Williamson and Grabau
1973), to examine correlations between radiance and

suspended sediment or chlorophyll (Bowker et al. 1973, 1975,

1976), and to study turbidity patterns and circulation in
the Potomac River (Schubert and MacLeod 1973, Kritikos and
Yorinks 1974) and Chesapeake Bay mouth (Munday and Fedosh

1980, 1981). A single HCMM thermal image of the lower
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Potomac River was 1included in a study on estuarine
circulation using thermal imagery (Wiesnet 1980). To date,
no study of suspended particulate transport or circulation
for the Virginian portion of Chesapeake Bay has been
reported using Landsat data.

The largest data sets used for Landsat studies outside
Chesapeake Bay were 36 (Klemas and Polis 1977) and 22
(Finley and Baumgardner 1980), while for the Chesapeake Bay
mouth, the most images wused were 50 and 81 by Munday and

Fedosh (1980, 1981) and 18 by Bowker et al. (1975). Caution

must be exXxercised when interpreting a limited Landsat data
set. Any inferred <circulation or turbidity pattern may be
due only to conditions present during the overpass which may
be limited to a small range of conditions.

This study concentrates on the Virginian portion of
Chesapeake Bay south of the Potomac River mouth. The lower
Chesapeake Bay has been the subject of various ship-borne
and localized remote sensing studies concerning sediments
and circulation. This is the first extensive Landsat study
of lower Chesapeake Bay, and it utilizes an image data set
with over triple the combined data total for <cruise and
remotely sensed data in the literature applied heretofore to

the lower Chesapeake Bay.



OBJECTIVES

Surface water turbidity is affected by temporal (tidal
and seasonal) and spatial wvariations (tidal scour, wind
mixing, depth, and river discharge). One of the purposes of
this study is to investigate the magnitude of change caused
by each determinant of surface turbidity. This study,
utilizing a large Landsat data set in conjunction with the
ship-borne results of ©previous studies, identifies the
various influences on surface turbidity in lower Chesapeake
Bay.

Another purpose of this study is to wuse suspended
sediment to trace overall «circulation in lower Chesapeake
Bay by filtering out the temporal and spatial changes. No
ground truth data are available for the 102 Landsat dates,
therefore, the Landsat "snapshots" are used only to infer
directional movement and not velocity over a tidal cycle.
Information from Landsat data is compared to <circulation
maps in the literature, to verify inferred movement or to
note circulatory features not represented in the maps.

Finally, Landsat data are examined for possible
suspended sediment pathways. Results from previous studies
of suspended sediment and lower Chesapeake Bay «circulation
are compared to Landsat tidal cycle turbidity variations.
The results of comparison are used to locate sediment

sources and sinks, providing new evidence for resolution of

12
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the Chesapeake Bay sediment budget problem. Data for the
previous suspended sediment studies were obtained from
cruises. The usefulness of data collected over a long time
period to represent a short term condition is determined by
comparing Landsat data with cruise data collected during the

operational period of Landsat.

LIBRARY
of the
VIRGINIA INSTITUTE
of
MARINE SCIENCE




METEODS

DATA ACQUISITION

Southern Chesapeake Bay, from the Potomac River to the
Bay mouth, 1is included in one Landsat scene: path 15, row
34 (Figure 1). Scenes with 30%Z and less <cloud cover were
inspected on microfilm at the United States Geological
Survey Users Center in Reston, Virginia, to determine their
suitability for the study. Eighty-one dates of Landsat
imagery were obtained from the United States Geological
Survey EROS Data Center, Sioux Falls, South Dakota. Some
imagery was on file at the Virginia Institute of Marine
Science Remote Sensing Center previous to this study, though
many images were cloud-impacted. Seventy-three images are
18.5 cm (1:1,000,000) positive transparencies of !MSS band 5,
sixteen images are 55.8 mn (1:3,369,000) positive
transparencies of MSS band 5 only, and thirty-two scenes are
55.8 mm positive transparencies of MSS bands 4 to 7.
Multiple format imagery exists for several dates.

Actual times of high and low water for Sewells Point,
Hampton Roads, Virginia, were obtained from the National
Ocean Survey, Rockville, Maryland. Each image was assigned
a time, in hours and minutes, according to whether the
overpass was before (-) or after (+) the most recent actual

high tide at Sewells Point. Figure 2 shows how the overpass

14
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overpass times and dates for Landsat span the diurnal tidal
cycle and months of the year.

Wind data were obtained from the Norfolk Regional
Airport weather station (Figure 3). The data were in
agreement with Patuxent Naval Air Station wind data except
for a shift of north winds to northwesterly winds. The
Norfolk wind data were presented at three—-hour 1intervals,
covering up to five days ©previous to each overpass. The
wind data were vector—averaged using an Apple computer
program for five-day and l2-hour periods terminating at the

overpass time.

FRESHWATER_DISCHARGE ANALYSIS

Turbid plumes were seen off the James River mouth in
the Landsat imagery. The general area of the James River
turbidity maXximum is present in all Landsat images. Most
images show a turbidity discontinuity boundary downstream of
the turbidity maximum. This distinct turbidity maximum
boundary is the only repetitive, turbidity-related feature
that is present irrespective of temporal and meteorological
variations. The only change in the turbidity boundary is
its location which is affected by freshwater flow and tides.
The boundary”s monthly presence and freshwater-related
location shift make it suitable for investigating freshwater
influences on Chesapeake Bay turbidity. The downstream

locations of the turbidity boundary compared to prior



A. Dates of Landsat images. Solid line: wind frequency. Dotted line: average
wind speed in knots.

B. The record for 1946 - 1970. Wind frequency only.

Figure 3. Wind Frequency at Norfolk Airport, Virginia.



19

freshwater discharges should help determine whether similar
discharges produced the turbid plumes observed at the James
River mouth. Prior freshwater discharges were used because
time is required for water to traverse the distance from the
discharge gauging station at Richmond to the general
turbidity maximum location near Hog Point.

Freshwater discharge was investigated to determine if
it had any relation to James River turbidity plumes or
whether the plumes were due to Hampton Roads tidal
resuspension. In cloud-free images, the downstream boundary
of the turbidity maximum was visually determined and its
location measured in kilometres from the river mouth. The
area of high, uniform reflectance across the James River was
chosen as the turbidity maximum boundary. Downstream of
this area there were spatial reflectance differences where
lower reflectance (lower turbidity) was seen over the James
River channel.

The daily volume of freshwater discharge at Richmond,
Virginia, was obtained from the United States Geological
Survey Water—-Data Report, Water Resources Data for Virginia
for the years 1972-1981. The daily discharge was averaged
for three weeks previous to a Landsat overpass. Each day’s
discharge was compared to the average to determine the
percent above or below average discharge. Multiple
regression analysis, using the SPSS package implemented on
the William and Mary IBM 370 Model 158 computer, was applied

to determine how lag time, freshwater discharge (compared to
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average discharge), and wind influenced the turbidity
maxXimum location.

An attempt to study freshwater discharge effects in the
Potomac River was not as successful due to the few dates of

notable turbidity in the river.

ENHANCEMENT AND VISUAL ANALYSIS

The imagery was visually inspected for turbidity
boundaries. A turbidity boundary 1is a linear or arcuate
feature which marks a wvisual spatial discontinuity in
turbidity levels. Turbidity boundaries, influenced by
suspended sediment concentrations, are detected by Landsat
and must be sharp enough to be visually detected along a
linear front.

From visual inspection of 18.5 ¢m Landsat images on a
light table, Landsat data were used to produce transparent
overlays with traced turbidity boundaries (Figure 4). A
Bausch and Lomb ZT4-H Zoom Transfer Scope was wused to
enlarge the MSS band 5 70 mm Landsat imagery to the Landsat
1:1,000,000 scale. Turbid boundaries were traced onto
transparent base maps.

The four-band 70 mm Landsat images were enhanced with
an International Imaging Systems (I2S) color additive viewer
and were photographed on color slide (35 mm) film. The
slides were projected onto a screen at 1:1,000,000 scale for

analysis. Turbid boundaries were traced onto screen mounted



Figure 4. Turbidity Boundary Tracing, 13 Feb 1973, 5:08. Light and Dark Areas,
Relative to Adjacent Waters, are Marked L and D Respectively.
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transparencies.

The 18.5 cm Landsat images were also enhanced with an
International Imaging Systems (I2S) 32-channel optical
density analyzer with a color-coded television display. A
black mask was used to cover land areas and focus attention
on water patterns. The enhanced 1image on the television
display was photographed on <color slide film for later
comparison with the visually analyzed transparencies (Figure
5). An acetate sheet was placed over each image on the I28§
light table for density contour tracing. The analyst
manipulated a pen on the transparency, while visually
following the pen on tﬁe television display, and thereby
produced the density contour overlay (Figure 6). This
overlay was the same scale as the image and did not have any
geometric distortions which result from the television or
photographic process.

The visual and enhanced analyses produced turbidity
boundary and photographic density contour maps respectively.
The turbidity boundary maps reflect the eye”s ability to
detect only sharp gradients. The eye tends to extend sharp
turbidity boundaries across weak gradients. Enhanced
imagery contains photographic density gradients which are
related to turbidity 1levels. Enhancement is sensitive to
weak density changes which reveal turbidity differences not
detected visually. Turbidity boundaries can be lost through
enhancement if they <cross weak turbidity gradients. The

associated photographic density gradients are Dbounded by



Figure 5. Color Print of an Enhanced Landsat Image, 13 Feb 1973.
Low to high turbidity in Chesapeake Bay: blue, violet, red, yellow, amber.
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density isopleths which would dissect and mask the visual
turbidity boundary.

The two analytical methods enhance different aspects of
the imagery. Visual analysis detects sharp, localized,
features that <can be broken up and lost in enhancement.
Enhancement can detect subtle changes and represent them as
continuous features, plus provide repeatability in detecting

the same features.

OPTICAL DENSITY ANALYSIS

TECHNIQUE--Optical density analysis was performed on 59
18.5 ¢cm Landsat images wusing a Brumac Industries Spot
Density Analyzer. A 1] mm square graph paper overlay was
used, each square corresponding to 1 km on the Landsat image
having a scale of 1:1,000,000, Sampling transects were
established by blackening a series of 1 mm sample stations
(Figure 7). The Chesapeake Bay shoreline was traced onto
the overlay, permitting shoreline matching on the overlay
and image, which insured a repeatability of transect station
locations. A station was registered for measurement of
optical density by moving an 1image with its graphical
overlay until the analyzer light beam passed through the
station square on the overlay. Folding back the partially
fastened overlay then allowed that station to be optically
sampled.

ANCILLARY DATA--Depth and percentage of bottom sediment



Figure 7. Sampling Transects for Optical Density Analysis. T-T': Bay Channel;
A-A’: Smith Point-Tangier Island-Pocomoke Sound;. B-B’: Wolf Trap Shoals-
Nassawadox Creek; C-C’: Poquoson Flats-Town of Cape Charles.
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(clay, silt, sand) data were acquired for each transect
station. The depths were taken from the base map used for
the published map titled Bathymetry of the Chesapeake Bay
(Goldsmith and Sutton 1977),. The transect stations were
enlarged to the base map scale on an overlay. The &enlarged
overlay, on a roll of graph paper, was placed on the acetate
base map consisting of handwritten depth readings. Four to
9 of the depth readings were averaged to obtain the depth at
each one-square-kilometre station (Figure 8).

Bottom sediment maps showing percentage of clay, silt,

and sand determined by Byrne et al. (1982) were matched to
the enlarged transect station overlay. The sediment
stations, at 1 kilometre intervals, provided the percentages
for the closest transect station.

SAMPLING TRANSECTS--Sampling transects were chosen to
provide maXimum geographic coverage and were located where
varying temporal and spatial factors can affect surface
turbidity. The almost perpendicular orientation of
transects made them either normal or parallel to the
dominant north and west winds. This orientation allows for
the investigation of downwind surface turbidity 1levels due
to different wind directions and fetch.

One of the sampling transects contained 120 stations
along the main Bay axis. The transect was placed over the
deep channel so that the <effect of bottom scouring on
surface turbidity would be minimal. The transect location

is similar to the surface turbidity profile used by Harris
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t al. (1980). The transect is normal to the Potomac River

and Chesapeake Bay mouths to give some 1indication of the
effect of fluvial and oceanic turbidity on Bay turbidity.
The transect begins north of the Potomac River and reaches
southward to Lynnhaven Inlet.

Cross Bay transects (Figure 7) were generally placed in
areas which have wide ranges in bathymetry, with significant
portions less than 6.6 metres (Figure 8). The bathymetric
variations allowed for study of bathymetric influences on
surface turbidity and for what depths Landsat is '"sensing"
the Bay floor.

The Smith Point to Pocomoke Sound (A) transect (36
stations) was chosen to show the effects which Potomac River
freshwater discharge and tidal currents have on Chesapeake
Bay surface turbidity. Shallow flats near Tangier Island
and Pocomoke Sound were included and the transect exXtended
across the Tangier and Pocomoke Sound mouths to determine
whether their waters influence Bay turbidity. The Potomac
River also provides a fetch for waves drivem by westerly
winds. The transect shows the reach of wind-driven Potomac
River water into Chesapeake Bay.

The Poquoson Flats to Cape Charles City (C) transect
(23 stations) was chosen to determine the magnitude of Bay
mouth tidal influences and whether Landsat was sensing
Poquoson Flats bottom sediment 1in water depths less than
3 m.

The Wolf Trap Shoals to Nassawadox Creek (B) transect
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(22 stations) was located away from freshwater and Bay mouth
tidal influences and was chosen to eXamine tidal and
meteorological causes of turbidity variationms.

The Bay channel and three <cross-Bay residual optical

density profiles were used to show the areas of above and

below average turbidity during different tidal and
meteorological conditions. Additional profile information
also showed spatial changes in suspended sediment

concentrations. Lower Chesapeake Bay maps of above and
below average turbidity levels were made by combining the
residual optical density profile and visual analysis
results. The maps showed general areas of above and below

average tubidity with no fixed boundaries.

IMAGE NORMALIZATION

Some areas, such as wunvegetated beaches, and low
turbidity waters of 1lakes and the offshore Atlantic Ocean,
should have relatively stable reflectance Jlevels throughout
the year. Landsat does not sense a constant reflectance
from these stable areas due to atmospheric variatioms, and
the images from the United States Geological Survey are not
uniform from date to date Dbecause of film processing
variations. The reflectance wvariations presented in each
photographic image need adjustment to normalize atmospheric
variations. A normalization ©process requires first the

selection of areas that should have stable reflectance
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values.

Numerous beach and water sites were sampled in each
image to locate stable maximum (dark) and minimum (bright)
optical density values. Most locations were eliminated
because of wide variations in measured density, while a few
produced small optical density variations for all dates.
Maximum and minimum optical density values for a given date
were similar at several sample sites. This similarity meant
that backup locations existed whenever cloud cover prevented
readings from being taken at the primary maXimum or minimum
optical density stations., Minimum density values were taken
from wide sandy areas on the Atlantic coast beaches, the
primary site being at False Cape, Virginia, with a backup at
Chincoteague, Maryland. The primary maXimum density area
was the offshore Atlantic Ocean, with other sites being
mid-channel Chesapeake Bay and Suffolk County, Virginia,
lakes and reservoirs.

In order to normalize the raw density values, an 1image
taken under ideal atmospheric <conditions and with sharp
photographic quality had to be <chosen whose wminimum and
maximum density values <could be wused as standards in the
normalization process. A standard image was selected which
had no features indicating underdeveloment, and which had no
dark halo around the gray scale due to overdevelopment. The
Chesapeake Bay Bridge-Tunnel was a good quality indicator of
the Landsat 80 m resolution. Meteorologically, the standard

image was chosen from late fall and winter cloud-free scenes
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with strong winds from the northwest or north. These
conditions are typical for a cold,. dry Canadian air mass
which offers the <clearest atmospheric conditions. After a
visual inspection of the 18.5 c¢m Landsat images, only two
met the above <conditions. Of those two, the 17 March 1979
image was chosen as the better. Its minimum and maxXximum
density values of 0.32 and 1.67 respectively were used as
standards in the normalization process.

Before each image was sampled, the densitometer was
calibrated for 1%Z accuracy with standard film densities.
During analysis, the densitometer was checked and corrected
for drift after each 25 readings. Before and after a
transect was sampled, the minimum and maxXximum density sites
were remeasured to verify lack of drift in the readings.
The optical density values that were recorded with the
densitometer were raw, unadjusted values. The raw optical

density data were transformed using:

Nnorm = ((Nraw - Nmini)/(Nmaxi - Nmini)) * (Nmaxstd

- Nminstd) + Nminstd

where Nraw is the raw optical density value, Nmaxi and Nmini
are the maXinum and minimum density values respectively for
the image wunder study. For the standard image, Nmaxstd and
Nminstd are the maximum and minimum density values
respectively, and Nnorm is the normalized optical density

value.
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Previous Landsat studies have shown the wusefulness of
reflected solar radiation in determining suspended sediment

concentrations. Bowker et al. (1975), studying suspended

sediment between the Chesapeake Bay and James River mouths,
obtained a 92% correlation between band 5 radiance values
and suspended sediment concentrations with only rough
atmospheric corrections. Munday and Alfoldi (1979) and

Munday et al. (1979) improved the relationship by performing

a chromaticity transformation to produce normalized radiance
ratios, and found a 96% correlation between
atnosphere-corrected ratios and 108 points of surface data
from nine Landsat overpasses for the Bay of Fundy.

The above Landsat studies showing the highly accurate
suspended sediment concentration~reflected radiation
relationship used ground data to calibrate the Landsat data.
This study, using normalized optical density data, did not
have any ground data for sediment concentrations.
Similarities between the optical density profiles and

turbidity profiles obtained from cruise data (Harris et al.

1980) indicate that the normalized optical density data are

sufficient in depicting general turbidity levels.

DATA SUBSETS FOR ANALYSIS

Following normalization of all optical density data,

graphical plots were made of the transect data from all

scenes., Afterwards an average data set and graphical plot
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were made for each transect (Figure 8). All the density
values from different dates were totalled for each transect
station individually. The sums were then divided by the
number of data points for each station., The numbers of data
points were not the same for each station because of clouds,
which occasionally prohibited sampling of some stations.

Further data reduction was done using the normalized
and averaged (normalized) data. The average transect data
set was subtracted from the data set for each image. The
result was a residual data set for each image with average
conditions removed.

The normalized residual data sets for each image were
arranged in a representative tidal <cycle and analyzed
sequentially. Meteorological conditions wunique for each
date produced turbidity 1levels which masked any tidally
related trends. Data were made more manageable by dividing
the tidal <c¢ycle 1into subsets and averaging the individual
data sets within each subset. Only four or eight subsets
then had to be analyzed instead of the fifty-nine dates of
profiles. By averaging the separate dates, the
meteorological effects were lessened and a turbidity profile
was produced that is more representative of tidal conditions
as the size of the data subset increases.

The data were divided into four subsets, each
representing three hours in the tidal cycle. The subset
time periods start with high, 1low, or mean water levels

which approximately coincide with the start of decreasing or



35

increasing tidal currrents according to the U.S. Department
of Commerce Tidal Currents Tables for the Atlantic Coast of
North America. The tidal cycle subsets were further divided
into a total of eight subsets each covering a 1.5 hour
period. This further subdivision narrows the time ©period
and associated tidal effects while still maintaining an
average of seven data sets for each subset.

The number of data sets in each averaged profile
appeared to affect <curve smoothness. There was a large
difference between curves averaged from two and three data
sets, the two-data set curves being more ragged. Some
curves averaged from 5 or 6 data sets were ragged, perhaps
due to high winds.

To determine whether a turbidity variation was tide- or
wind-related, the 3 and 1.5 hour tidal subsets were divided
according to average winds blowing greater or less tham 5
knots over the 12 hour ©period previous to the Landsat
overpass. According to the Beaufort wind scale, the water
surface remains smooth with only small wavelets when winds
are less than 5 knots. Dates with less than 5 knot winds
should therefore have optical density profiles with 1little
or no wind influence.

The complete set of optical density profiles was also
divided into wind quadrants based on the average wind
direction in the 12 hour period previous ¢to the Landsat
overpass. The four wind quadrants (3150-450, 450-1350,

1350-2250, 2250-3150) are centered around a north-south and
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east-west orientation which roughly parallels the
orientation of the Chesapeake Bay axis, and tributary
estuaries and Bay mouth respectively. These wind quadrants
were chosen to account for the effects of both fetch and
wind direction on increasing surface turbidity. The wind
quadrant data sets were then subdivided according to 12 hour
average wind speeds greater or 1less than 10 knots. The
division was made at 10 knots so that winds would be present
in each subset. At 10 knots, small waves with breaking

crests and wind-driven currents are created (Lavelle et al.

1975). The wind speed subdivision is meant to show how high
and low wind speeds affect turbidity levels.

The complete set of optical density data was also
divided into four seasons of three months each. The year
started with the winter months of December, January, and
February. The seasonal <division was to determine whether
seasonal variations in freshwater discharge and prevalent
winds affected surface turbidity.

To determine whether spring tide <conditions affect
turbidity levels, data sets falling within a four day period
around both spring tides (Haas 1977, Haas et al. 1981) were
averaged to form a spring tide class. The imagery included
in the spring tide <class fell within a four day span,
ranging from one day before to two days after spring tide.
The dates of spring tide were determined by plotting water
heights from the U.S. Department of Commerce Tide Tables for

the East Coast of North and South America. For simplicity,
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data sets in the other 20 of the 28 day monthly cycle were
averaged into a class termed '"non-spring”. The 1lack of
change in water column stability during neap tide (Haas
1977, Haas et al. 1981) did not justify a separate neap tide
data set class.

If there was a difference between spring and non-spring
tide classes, the spring tide data set was further
subdivided by water height and winds during the Landsat
overpass. A subdivision according to water heights above or
below mean water, with associated flood and ebb currents as
cited above, was to determine which —currents were more
influential. A wind subdivision into less than 5 knots,
5-10 knots, and greater than 10 knots, was to determine
whether wind influenced turbidity 1levels that appeared
associated with spring tide conditions.

The PRIME 750 computer at the Virginia Institute of
Marine Science was wused for producing the normalized,
averaged, and residual data sets. The PRIME computer via
the Houston Instruments 22-inch Plotter was used to produce
hard copy graphs of all the optical density data sets versus
station location in kilometres. The density values were
arranged from high (at the origin) to low on the ordinate
axis, so that from the inverse turbidity-optical density
relationship, the graph directly indicated turbidity levels
in the Chesapeake Bay surface waters. The plotter spaced
the transect stations at approximately 1 mm intervals along

the abscissa s0o that the graphs were produced to Landsat
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image scale.

The density plots were visually inspected for any
notable trends. The plots were arranged in order of a tidal
cycle relative to local high water. The adjustment for the
local tidal phase was made by subtracting the appropriate
tidal difference obtained from the Hicks (1964) cotidal line

chart (Figure 9A) from the actual Sewells Point tidal phase.

The plots were subdivided according to season, wind
direction and speed, tidal phase, and spring versus
non—-spring tide. Bay axis turbidity profiles by Harris et

al. (1980) were compared to Bay channel density profiles

from Landsat overpasses occurring during the one year data

collection period employed by Harris et al. (1980).

CIRCULATION ANALYSIS

To determine the effect of tidal «circulation, the
turbidity and density maps were compared to current vector
overlays. These vector overlays were United States Naval
Oceanographic Office (1965) Chesapeake Bay current charts,
which were enlarged to the Landsat scale with the Zoom
Transfer Scope (Figure 9B). Each chart, similar to the
imagery, referred to a time based on high tide at Sewells
Point. The <current overlays were at one-hour intervals,
providing a close temporal match to conditions in any image.

Current vector maps from the mathematical storm surge

model of Chen (1978) were also compared to the turbidity
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Figure 9A. Modified Hicks (1964) Cotidal Chart Showing Tidal Phase
Differences Relative to Sewells Point.
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maps (Figure 10). Construction of overlays was not feasible
due to the large quantity of vector arrows, so only a direct
comparison using the Zoom Transfer Scope was made. Chen ran
the model with an arbitrary starting time having no
reference to Sewells Point tidal phases. Model-produced
water height maps, in conjunction with the <current maps,
were used to determine when Sewells Point high water
occurred according to model time. The quantity of current
maps in the model publication (Chen 1978) is limited with a
48-minute interval between each map. Therefore, the time of
Sewells Point high water on the model time scale 1is only
accurate to within roughly 30 minutes. High water, as
determined from the water height maps, may not have
represented the actual time of high water.

The turbidity maps were also compared to a <circulation
map that was prepared based on confetti observations in the
Chesapeake Bay Hydraulic Model (Figure 11). The model, at
the time of these observations in July 1981, was undergoing
a calibration run using freshwater discharge data from water
years (October to September) 1970 to 1973 and a 28-day 1lunar
tidal cycle (McKay 1976). Confetti was thrown into small
areas of the model and tracked over successive tidal cycles.
Locations after ebb tide were visually estimated and placed
on a map; lines were drawn between start and end points
denoting observed surface water movement. Photography was
not utilized for these observations. The Zoom Transfer

Scope was used for direct comparison of the hydraulic model
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circulation map and turbidity maps.

MOTION PICTURES

Individual visual analysis of the forty-eight turbidity
boundary maps was mnot appropriate for trying to detect
turbidity movement through the tidal <cycle. Analysis of
separate images 1is limited to <comparison by overlaying
immediately adjacent maps 1in the tidal cycle. Also, daily
meteorological and yearly freshwater runoff variations
affect turbidity 1levels sensed for each Landsat image.
These non-tidal effects can mask tidally-related turbidity
and hinder detection of turbid areas following the movement
of maxXximum tidal currents through the representative tidal
cycle. Because of these difficulties, motion pictures were
constructed using sequences of the 18.5 cm Landsat
transparencies. The Landsat images, taken between 1972 and
1981, were arranged in a representative tidal «cycle for
analysis. The purpose for the motion pictures was
two-fold: to determine whether data collected over a nine
year period could be used to represent a tidal cycle, and to
create movement through animation to see vhether
tidally-related turbidity movement could be detected and
employed in analysis of circulation patterns.

After preliminary testing with 8 mm film, 16 mm film
was used because of the versatility of 16 mm cameras and the

larger variety of film types. A camera with a manual
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shutter was used to guarantee a constant number of frames
per image, and an adjustable f-stop for proper exposure.
Negative black and white film was used so that distracting
clouds became black and turbidity was highlighted. A white
acetate mask was used to block all land features, rendering
them black 1ike the <clouds. The dark clouds and land
features were thus less distracting when trying to observe
turbidity. The mask was attached to the underside of a
piece of glass which was used to keep the image flat during
filming. The <camera was positioned looking wvertically
downward onto a 1light table where the images were
photographed. Marks were made on the 1light table glass
corresponding with prominent features seen in the imagery.
Matching these marks and features registered each scene
relative to the camera.

A test roll was taken to determine the proper exposure
for each image. The camera was aimed at the darker offshore
Atlantic Ocean, away from interfering bright landforms,
where the light meter provided the correct f-stop setting.
For filming, the image was photographed at that setting and
one full f-stop on either side for three exposures of each
image. Examination of the trial movie determined the proper
setting for each image. Further adjustments were made such
as better side 1illumination of the land mask and the
covering of all metallic and bright objects which reflected
light off the glass into the camera lens.

After those refinements, a second movie was made. For
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this movie, 1images were photographed manually at 9 frames,
which when shown at 18 fps produced intervals of slightly
less than one-half second per image in the movie. The
entire lower Chesapeake Bay was filmed according to a tidal
cycles. Small areas were then filmed for better visual
concentration and centered mnear each cross-Bay optical
density transect. The areas <covered in this way were Bay
mouth-James River, Wolf Trap-Rappahannock River, and Potomac
River-Tangier Island. Remaining film was used to film the
lower Chesapeake Bay according to wind direction and the
Eastern Shore ocean inlets. A copy of the motion picture is

retained in the VIMS library.



RESULTS

VISUAL ANALYSIS

Turbidity boundary maps were made from thirty-six
18.5 cm Landsat transparencies and twelve 77.5 mm Landsat
transparencies. These maps are of boundaries between tonal
changes which represent the sharper turbidity variations in
adjacent waters. The transparencies were analyzed 1in a
sequence starting at low water.

Many images had an area of higher turbidity in the
western half of Chesapeake Bay (Figure 12). This area
usually reached from the Rappahannock River mouth to the Bay
mouth. The higher turbidity did not appear to coincide with
any specific wind direction or tidal phase. Turbidity was
close to the Eastern Shore from Pocomoke Sound to near
Nassawadox Creek, and appeared ©prevalent with northerly
winds (Figure 13). The Wolf Trap Shoals area off Mathews
County was one of the more turbid areas of southern
Chesapeake Bay. At times, those turbid waters appeared
around New Point Comfort and eastern Mobjack Bay (Figure
14). Poquoson Flats, in most images, was an area of high
reflectance. Low turbidity water was limited to the main
channel under high wind speeds and northerly winds (Figure

15)., In some images, turbidity was lower on the leeward
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Figure 12. Landsat Image Negative, 13 Oct 1980, —1:31.
Note the higher (dark) turbidity in the western half of Chesapeake Bay south of the
Rappahannock River.






Figure 13. Landsat Image Negative, 28 Oct 1979, —5:00.
Note the higher (dark) turbidity along the eastern shore southward from Pocomoke Sound.



g428&#0 " ]\K



Figure 14. Landsat Image Negative, 10 Oct 1972, —0:16.
Note the turbid (dark) water from Wolf Trap Shoals into Mobjack Bay.
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Figure 15. Landsat Image Negative, 26 Feb 1974, —1:15.
Note the lower (light) turbidity limited to over the Bay channel during 15 knot northerly winds.
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side of the Chesapeake Bay Bridge-Tunnel during both above
and below mean water conditions (Figure 16).

Turbidity patterns were different for each of the
western Chesapeake Bay tributaries. Turbidity off Smith
Point at the Potomac River mouth was higher than Bay water.
This turbidity suggested a relation to water levels below
mean water at the Potomac River (Figure 17) and to a lesser
extent, to high freshwater discharge in the Potomac River as
recorded at Washington, D.C. (Figure 18). The orientation
of turbid water beyond the Potomac River suggested an
influence by wind direction.

At their mouths, the Rappahannock and York Rivers were
less turbid than the adjacent Bay. For the Rappahannock
River, the <clearer river water was pinched off a few
kilometres beyond the mouth by more turbid water from around
Windmill and Stingray Points (Figure 19), Clearer water imn
the York River mouth was not always pinched off, but, at
times, was traceable as a continuous band to the Chesapeake
Bay Bridge-Tunnel (Figure 20). The band was overlying the
York River channel and divided the more turbid Wolf Trap
Shoals and Poquoson Flats waters. A turbidity boundary 1in
the lower James River eXtended from Craney Island through
the mouth and along Thimble Shoals Channel, out to the Bay
mouth (Figure 18). Water east and south of this boundary
was more turbid. This turbid water was farther eastward
when winds blew from the west and north. There was no

apparent tidal influence, except possibly for some turbid



Figure 16. Landsat Image Negative, 27 Jun 1980, 1:48.
Note the lower (light) turbidity on the leeward side of the Chesapeake Bay Bridge-Tunnel
during westerly winds.






Figure 17. Landsat Image Negative, 9 Mar 1977, —1:56.
Note the turbid (dark) water off the Potomac River mouth at Smith Point.






Figure 18. Landsat Image Negative, 17 Mar 1979, —1:26.
Note the turbid (dark) Potomac River water entering Chesapeake Bay and high turbidity
in Hampton Roads.






Figure 19. Landsat Image Negative, 3 Jul 1979, —5:35.
At the Rappahannock River mouth, less turbid (lighter) river water is truncated by turbid
Windmill Point and Stingray Point shoal water. Note turbid plumes off the Chesapeake Bay
Bridge-Tunnel islands during maximum ebb currents.
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Figure 20. Landsat Image Negative, 27 Dec 1976, —4:11.
Note the band of low turbidity (light) water extending from the York River mouth to
beyond the Chesapeake Bay Bridge-Tunnel. Note the turbid (dark) water at Wolf Trap
Shoals and into the eastern portion of Mobjack Bay.
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gyres off Willoughby Spit, which were present near mean

water (Figure 21).

VISUAL ANALYSIS OF ENHANCED IMAGERY

The 35 mm color slides of the density analyzer
television monitor, and the density contour overlays drawn
while the images were on the density analyzer light table,
were visually examined,

In general, the area off the Rappahannock River was the
dividing area of density contour orientation. North of the
Rappahannock River, the density contours were perpendicular
to the Bay axis. These contours, when <closer to Pocomoke
Sound, curved southward to nearly parallel the Bay aXxis
(Figure 22). In contrast, most images south of the
Rappahannock River had density contours parallel to the Bay
axis from the Rappahannock River to the Bay mouth. Between
the Rappahannock River and Bay mouth, there were low
density, bright areas found in the western Bay half
indicative of turbid water. These areas originated at the
shoreline just north or south of the Rappahannock River
mouth and extended southward just west of mid-Bay toward the
Bay mouth. The area from Poquoson Flats to Thimble Shoals
and the Bay mouth was one of equal density.

The above features were seen in many images and were
independent of tidal and meteorclogical <conditions. An

exception might have been caused by strong wind. During



Figure 21. Landsat Image Negative, 11 Jun 1978, —2:46.
Note the turbid gyre off the James River mouth and lower (lighter) turbidity on the leeward
side of the Chesapeake Bay Bridge-Tunnel during southeasterly winds.
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Figure 22 Landsat Image, 10 Oct 1972, —0:16, Enhanced for Film Density Coutours.
Note the contours are parallel and normal to the Bay axis south and north of the Rappahannock
River respectively. Note the turbid water in the eastern portion of Mobjack Bay.

High to low turbidity: blue, purple, red, green, black, amber, violet, yellow.
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strong northerly winds, density contours were parallel to
the southern Chesapeake Bay axis, even north of the
Rappahannock River (Figure 23). Equally turbid water
throughout southern Chesapeake Bay was reoriented into a
downwind direction.

Visual analysis of non—-enhanced imagery revealed
continuous boundaries only in shallow waters, and at the Bay
and tributary mouths. Turbidity boundaries in deeper water
were incomplete and could not be traced over long distances.
Downwind orientation of turbidity patterns was noted only in
small areas close to shore. In contrast, the enhanced
imagery had the advantage of providing a view of continuous
faint boundaries between 1low turbidity waters farther
offshore. Besides highlighting the wvisibly-detected high
turbidity areas, enhancement showed the extension of less
turbid water away from the turbid areas. Enhancement
permitted division of the entire southern Chesapeake Bay
into areas of equal density (turbidity) and showed Bay water

orientations that could not be visibly detected.

FRESHWATER_DISCHARGE

Multiple regression analysis was used to determine
whether the location of the James River turbidity maximum
was affected by freshwater discharge and wind. The results
were obtained to test whether turbid plumes off the James

River mouth were correlated with high freshwater discharges.



Figure 23. Landsat Image, 7 Feb 1976, —3:25, Enhanced for Film Density Contours.
Contours north of the Rappahannock River are parallel to the Bay axis during 14 knot
northerly winds. High to low turbidity: green, black, red.
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If the plumes were related to freshwater dishcarge, it was
necessary to find a lag time to determine how long it took
for the freshwater volume, recorded at Richmond, Virginia,
to traverse the distance to the river mouth. The turbidity
maXimum location between these two points could show the
freshwater discharge effects.

Figure 24 shows the regression coefficient values for
daily discharge volumes at Richmond preceding the
overpasses. All daily values were low, with 75 to 77 data
points used in the regression analysis. The highest
coefficient values were obtained for 12, 16, and 17 day lags
between above average discharge at Richmond and the location
of the turbidity maXximum. These higher values suggest that
above average discharge at Richmond may take 12, 16, or 17
days to reach the turbidity maximum and shift it less than
20 km downstream in the Hog Point vicinity.

The small extent of Landsat coverage of the lower
Potomac River and low frequency of turbid water exiting the
Potomac did not justify regression analysis. A review of
freshwater flow at Washington, D.C. revealed that turbid
Potomac River water beyond its mouth in about 12 images may
be due to extremely high discharges clustered around 10 and
20 days before an overpass.

The turbidity maximum-freshwater discharge analysis was
rudimentary. The lag time for a parcel of freshwater is
dependent on its volume. The volume will determine how the

freshwater will traverse the estuarine reach to the
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13 Feb
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3 Apr
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CORRELATION COEFFICIENT VALUES FOR JAMES RIVER

TURBIDITY MAXIMUM VS DISCHARGE

n 12 Hour Wind Avg.

77 0.157
75 0.142
76 0.064
76 0.139
76 0.142
76 0.332
76 0.150
76 0.147
76 0.159
76 0.189
76 0.232

DATES OF HIGH POTOMAC RIVER TURBIDITY

3 Week Average

Day Preceeding
Overpass With

Flow at Maximum Fresh-
Wash. DC (cfs) water Flow
30,200 9
10,270 9
14, 780 L
14, 300 7
17,160 10
13,300 16
9,100 20
12,550 17
12,910 9
3,010 20
980 18
8,010 20
46,000 12
71,000 19
14, 700 20
8,250 19
3-
24
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4 6 8 10 12 14 16 18

Distribution of Washington D.C. high fiow lag time in days.

5 Day Wind Avg.
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Figure 24. Freshwater Discharge Effects on Surface Turbidity.
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turbidity maximum location. The freshwater, upon entering
the estuary, will become mixed with the estuarine water.
Wind mixing and varying conditions in the 28 day tidal cycle
also affect the degree of mixXxing within the estuary. Mixing
dilutes the freshwater~borne suspended sediment
concentration while minimal mixing would make the suspended
sediment easier to detect as a more distinct turbidity
front. It was beyond the scope of this study to further
investigate estuarine flow dynamics in the tributaries.
However, the low James River coefficient values are still
significant in concluding that freshwater discharges as high
as recorded on the James River do not directly introduce

suspended sediment into Chesapeake Bay.

Confetti studies for southern Chesapeake Bay were done
by tracking surface water movement over successive tidal
cycles. Figure 1l shows the different pathways. For all
areas studied in the model, both cyclonic and anti-cyclonic
patterns were evident at slack water when water movement
changed direction with tide reversal. According to the
model, all areas exhibited net down-Bay movement with a
grossly elongated oval pattern. Over successive tidal
cycles confetti tended to move <closer to shore. The
circular deflection seen at the tidal <change would also

drive confetti into small creeks and rivers which could be a
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surface tension effect in the model. The circular motion of
confetti along the western and eastern shores was clockwise
and counterclockwise respectively. The applicability of
this circular water movement to real Bay behavior as seen in
the Landsat images is questionable. The Coriolis force,
caused by the earth”s rotation, can not be duplicated in the
hydraulic model (Harleman 1971).

Confetti observations for the James River starting at
Richmond showed steady downstream movement until the area of
the turbidity maximum. There, confetti remained trapped
over many tidal cycles with only the slow escape of a few

confetti particles during each ebb tidal phase.

OPTICAL DENSITY ANALYSIS

The normalized and residual normalized optical density
data for the Bay channel and <cross—-Bay transects were
inversely plotted to reflect overall turbidity 1levels 1in
Chesapeake Bay. Results were obtained mainly from analysis
of the residual data. For a more meaningful understanding
of the results, the optical density profiles hereafter will

be referred to as turbidity profiles or levels.

CRUISE. DATA COMPARISON

Seven Bay channel transects were from overpasses which

occurred during a suspended sediment study by Harris et al.
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(1980). Cruise data from the Harris et al. (1980) study
were used to make turbidity profiles for the entire

Chesapeake Bay length. A comparison of the optical density

profiles and suspended sediment concentration profiles
suggests similar overall turbidity trends (Figure 25). The
Landsat data, however, show more variations in local

turbidity levels than depicted in the cruise data.

BATHYMETRIC AND SEDIMENT

CORRELATION ANALYSIS

The averaged optical density profiles were compared to
transect bathymetry. Results of regression analysis (Figure
26) showed high correlations, r= 0.922 and r=0.937, for Wolf
Trap Shoals and Cape Charles transect water depths less than
35 ft. The Tangier Island transect had lower regression
coefficient values. The highest value of r (0.924)  was
obtained for depths 1less than 20 f¢t. The Bay channel
transect, with one-third of the station depths greater than
50 ft, had the lowest regression coefficient value. A high
value of r (0.726) was obtained for depths less than 40 ft.

Bottom sediment percentages were compared to the
averaged optical density profiles. For all transects, the
clay fraction had the lowest regression coefficient wvalues.
Though low, the silt fraction of the sediment classes had
the highest regression coefficient values of 0,125 and 0,284
for the Tangier Island and Wolf Trap Shoals transects. The

Cape Charles and Bay channel transects had the highest
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regression coefficient values of 0.525 and 0.520 for the
sand fraction. For «clay, silt, and sand, the Cape Charles
transect had the highest regression coefficient wvalues of

0.512, 0.516, and 0.525 respectively.

SEASONS

Fall (September, October, November) and winter
(December, January, February) turbidity increased toward the
south (Figure 27) while spring (March, April, May) and
summer (June, July, August) turbidity decreased toward the
south.

Along the Tangier Island transect (Figure 28) summer
turbidity was high over the Bay channel while fall turbidity
was high near Tangier Island. The Wolf Trap Shoals and Cape
Charles transects (Figures 29, 30) both had turbidity levels
rising from a spring low to a summer high.

In general, winter turbidity (Figure 31) was above
average south of Tangier Island while spring turbidity
(Figure 32) was below average in lower Chesapeake Bay.
Summer and fall turbidity (Figures 33,34) was above average
north of Wolf Trap Shoals and south of the Potomac River

respectively.
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WINDS

Classification of the optical density data by wind
quadrants showed north wind-associated turbidity to be above
average over nearshore shallow water and at the Bay mouth
(Figure 35). The north wind profile never had the highest
turbidity for all wind quadrants (Figure 36). For west
winds, above average turbidity was located off the Potomac
River and south of Cape Charles. During southerly winds,
slightly above average turbidity was located between Smith
Point and the Rappahannock River and at Wolf Trap Shoals.
South of the town of Cape Charles, turbidity during
southerly winds was the lowest for all wind directions.

Turbidity levels along the Wolf Trap Shoals tramnsect
(Figure 37) were the lowest during south winds and highest
during north winds. Above average turbidity occurred only
during north winds. Turbidity levels were the same for each
wind quadrant only over the main channel, while the levels
were variable over shallower water.

West wind-associated turbidity was above average at the
Bay mouth and off the Potomac River (Figure 36). When wind
speeds were divided at 10 knots, the greater than 10 knot
speeds were associated with the above average turbidity off
the Potomac River (Figure 38) and at the Bay mouth (Figure
39). Along the Wolf Trap Shoals transect turbidity, at

best, was average for all west-wind speeds (Figure 40). For
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Figure 37. Wolf Trap Shoals Turbidity Profiles for South, West, and North Winds.
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Figure 38. Tangier Island Turbidity Profiles for West-Wind Speed Comparison.
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Figure 39. Cape Charles Turbidity Profiles for West Wind Speed Comparison.
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Figure 40. Wolf Trap Shoals Turbidity Profiles for West Wind Speed Comparison.
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west winds with speeds greater than 10 knots, above average
turbidity was located south of New Point Comfort where it
increased to the south (Figure 41) and in the Smith
Point-Pocomoke Sound area (Figure 42). High north winds
were associated with above average turbidity off Cape
Charles (Figure 41). Above average turbidity associated
with greater than 10 knot west winds remained close to Smith
Point and on the windward side of the Tangier Island
shallows (Figure 43). High north winds were associated with
above average turbidity over the Tangier Island shallows and
off Pocomoke Sound. For greater than 10 knot wind speeds,
the Wolf Trap Shoals transect had above average turbidity
only for north winds with the main channel having below
average levels (Figure 44). At the Cape Charles transect
(Figure 45), above average turbidity occurred during high

west winds and over shallow water during high north winds.

TIDAL CYCLE

The optical density data for the Bay channel transect
were divided 1into four three-hour average tidal subsets
based on conditions at Sewells Point (Figure 46),. Any
mention of tidal ©phases along the Bay channel transect
refers to local conditions according to the Hicks (1964)
cotidal chart (Figure 9A). Stable turbidity levels through
the tidal cycle were located north of the Potomac River

(stations 0-20) and adjacent to the Bay mouth (stations
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105-120). Immediately off the southern Chesapeake Bay
shore, turbidity 1levels were above average near low water.

Between the town of Cape Charles and the Bay mouth
(stations 90-105), turbidity was highest during early
falling water (0:00 to +3:00) and dropped sharply during
late falling water (+3:00 to +6:00). The lowest turbidity
level occurred during early rising water (-6:00 to =3:00)
but became higher toward high water (-3:00 to 0:00).

Between Cape Charles and the Rappahannock River
(stations 45-90), turbidity was highest during early falling
water and remained stable through 1late falling water.
Turbidity levels became lower toward late rising water.

Off the Potomac River mouth (statioms 20-25), turbidity
was highest during rising water and 1lowest during early
falling water (early falling and late falling waters
respectively in Figure 46). Between Smith Point and the
Rappahannock River (stations 25-45), high turbidity occurred
during late rising water and low turbidity occurred during
late falling water.

Along the Tangier Island transect (Figure 47), above
average turbidity occurred during local late rising (-3:00
to 0:00) and late falling water (3:00 to 6:00) conditions
preceeding high and low water. The Bay proper west of
Tangier Island had above average turbidity only during 1late
rising water <conditions with a late falling water exception
adjacent to Smith Point.

The Wolf Trap Shoals transect (Figure 48) had the
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Figure 47. Tangier Island Turbidity Profiles for 3 Hour Tidal Phases.
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highest above average turbidity for the tidal cycle during
early falling water (0:00 to 3:00) conditions with 1lower
turbidity over deeper water. After wearly falling water,
there was a rough trend of decreasing turbidity levels
through the tidal cycle until the lowest levels during late
rising water were reached.

The Cape Charles transect (Figure 49) had above average
deep water turbidity and turbidity off the east and west
shores during 1late rising and late falling water
respectively. Early falling water turbidity, though below
average, increased eastward while turbidity increased
westward to above average levels during early rising water.

During late rising water (Figure 50), above average
turbidity was located at the Bay mouth and eastern shore and
off the Potomac River where local early rising water
conditions occurred. Above average turbidity for early
falling water (Figure 51) was located from the Potomac River
south to the northern half of the Bay mouth. Only the
western half of 1lower Chesapeake Bay had above average
turbidity during late falling water (Figure 52).

The optical density data were divided 1into 1.5 hour
subsets., Along the Tangier Island profile, the beginning
and end of above mean water (Figure 53) were associated with
turbidity increasing and decreasing respectively eastward.
The highest turbidity for the tidal cycle occurred during
late rising water (~-1:30 to 0:00). For below mean water

(Figure 54), above average turbidity occurred during late
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Figure 49. Cape Charles Turbidity Profiles for 3 Hour Tidal Phases.
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falling water (4:30 to 6:00) and was higher over shallower
water.

The Wolf Trap Shoals turbidity level <changes did not
have any strong trends over the tidal cycle. The highest
turbidity for the tidal cycle was during early falling water
(1:30 to 3:00) (Figure 55) while high water turbidity was
higher toward the east. For below mean water (Figure 56),
turbidity was above average over deep water, but was higher
over the west and east shores during mid-falling (3:00 to
4:30) and early rising water (-6:00 to =-4:30) phases
respectively.

The 1.5 hour tidal subsets for the Cape Charles
transect show that for above mean water conditions (Figure
57), above average turbidity occurred during late rising
(-1:30 to 0:00) and early falling (0:00 to 1:30) water.
Late rising water had the highest turbidity for the entire
tidal cycle with the highest levels off Poquoson Flats. For
below mean water conditions (Figure 58), turbidity was
generally above average except off the eastern shore and
showed a rough increase to the west.

A combination of the high water (0:00 to 1:30) optical
density data show above average turbidity in the eastern
half of lower Chesapeake Bay (Figure 59). The subsequent
early falling water (1:30 to 3:00) tidal phase (Figure 60)
shows a change in turbidity levels. Above average turbidity
was limited to the area between Smith Point and the town of

Cape Charles.
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Figure 55. Wolf Trap Shoals Turbidity Profiles for Above Mean Water 1.5 Hour
Tidal Phases.
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Figure 56. Wolf Trap Shoals Turbidity Profiles for Below Mean Water 1.5 Hour

Tidal Phases.
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Figure 57. Cape Charles Turbidity Profiles for Above Mean Water 1.5 Hour
Tidal Phases. -
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Figure 58. Cape Charles Turbidity Profiles for Below Mean Water 1.5 Hour
Tidal Phases. '
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Figure 59. Turbidity Map for High Water (0:00 to 1:30).
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Figure 60.

Turbidity Map for Early Falling Water (1:30 to 3:00).
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TIDAL CYCLE WITH 5 KNOT WIND FILTERS

The three~hour tidal subsets were further divided and
averaged into profiles with winds 1less than 5 knots (in
effect, no significant wind) and greater than 5 knots over a
12-hour period. When there were no winds (Figure 61),
falling water had the highest above average turbidity levels
between Cape Charles and the Potomac River compared to
rising water conditions. Comparison of no-wind and windy
conditions during late rising water (Figure 62) showed windy
conditions to be associated with higher turbidity levels
which were above average only at the Bay mouth. Higher
above average turbidity occurred with no-wind under falling
water conditions (Figures 63, 64), Exceptions were high
turbidity levels for winds adjacent to the Bay mouth, where
the no-wind profiles decreased, and at VWolf Trap Shoals
during late falling water conditions. During early falling
water, above average turbidity was between the Potomac River
and the town of Cape Charles for no-wind conditions, yet was
limited to the Wolf Trap shallows when winds blew (Figure
65). For early rising water conditions (Figure 66), no-wind
turbidity was above average between Wolf Trap Shoals and
Cape Charles, and off the Potomac River. Adjacent to the
Bay mouth, turbidity 1levels during both wind conditions
increased southward.

The 1.5 hour tidal subsets were also divided into wind
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Figure 63. Bay Channel Turbidity Profiles for Early Falling Water (0:00 to 3:00) Wind

Speed Comparison. -
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speed classes. The Cape Charles transect with no winds
(Figure 67), had above average turbidity off the eastern
shore during high water and early falling water, when
turbidity levels increased eastward. There was a trend,
more prominent off the eastern shore, of turbidity levels
rising from mid-rising to early falling water. During below
mean water conditions with no winds (Figure 68), turbidity
levels fell off the eastern shore and increased over
Poquoson Flats, resulting in a turbidity profile change from

a positive to a more negative slope.

SPRING TIDE - NON-SPRING TIDE

A comparison of spring tide and non-spring tide optical
density profiles (Figure 69) showed a turbidity nodal point
off the Rappahannock River. Turbidity was higher, above
average, south of the Rappahannock River during spring tide
conditions (Figure 70). Spring tide turbidity at the Wolf
Trap Shoals and Cape Charles transects was above average and
higher over deeper water (Figures 71, 72).

When spring tide data were divided into above and below
mean water classes, above average turbidity during above
mean water conditions was limited to an area along the
eastern shore between New Point Comfort and Cape Charles
(Figure 73). For below mean water conditions, above average
turbidity was located south of the Rappahannock River except

for a small area against the eastern shore near Cape



-0. 408

© Mid-Rising Water (-3:00t0 -1:30) n=2
= X Late Rising Water (-1:30t0 0:00) n=1
19 & High Water (0:00 to 1:30) n=2
(%;_4 Y Early Falling Water (1:30t0 3:00} n=3
w E
(o]
N
=
{
(o]
>
M
-
PN
=
d
()
=
T o
O
—
—
Q_
O
=2
—
@‘-—4
[
o™
&‘—
[\
o
o T T 1
Q.22 15.09 38. 020

KILOMETERS

Figure 67. Cape Charles 1.5 Hour Tidal Phase Turbidity Profiles for Above Mean
Water Levels with Winds Less Than 5 Knots.
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Figure 68. Cape Charles 1.5 Hour Tidal Phase Turbidity Profiles for Below Mean
Water Levels with Winds Less Than 5 Knots.
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Figure 69. Spring Tide and Non-Spring Tide Bay Channel Turbidity Profiles.
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Figure 70. Turbidity Map for Spring Tide and Non-Spring Tide Conditions.
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Figure 71. Spring Tide and Non-Spring Tide Wolf Trép Shoals Turbidity Profiles.
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Figure 72. Spring Tide and Non-Spring Tide Caf:;e Charles Turbidity Profiles.
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Charles. The below mean water turbidity had the highest
levels at Wolf Trap Shoals and south o¢f Thimble Shoals
channel (Figure 74) and was higher over deeper water along
the Wolf Trap Shoals and Cape Charles transects (Figures 75,
76).

The spring tide data were subdivided into wind speed
classes (Figure 77) which showed high turbidity during
no-wind conditions between Wolf Trap Shoals and Cape Charles
(Figure 78) and concentrated along the eastern shore (Figure
79). Spring tide turbidity along the Tangier Island and
Wolf Trap Shoals transects (Figures 80, 81) was higher when
winds blew while the Cape Charles transect (Figure 82) had

high turbidity off the eastern shore during no winds.

MOTION PICTURES

The 16 mm movie of the Landsat images over a tidal
cycle was analyzed by repeating the film numerous times and
concentrating on small areas of lower Chesapeake Bay.

Off the James River mouth, turbid gyre-like ©patterns
were at and just after mean water level. Thimble Shoals and
Poquoson Flats were turbid for above mean water levels while
the Poquoson Flats turbidity spread with falling water
levels. Bay waters near Cape Charles were turbid during
higher water levels and were concentrated south of the town
of Cape Charles along shore. This same area during lower

water levels, was not as turbid, the turbidity being mainly
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Figure 74. Bay Channel Spring Tide Above and Below Mean Water and Non-Spring
Tide Turbidity Profiles.
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Figure 75. Wolf Trap Shoals Spring Tide Above and Below Mean Water and
Non-Spring Tide Turbidity Profiles.
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Figure 76. Cape Charles Spring Tide Above and Below Mean Water and Non-Spring
Tide Turbidity Profiles.
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Figure 77. Spring Tide Bay Channel Turbidity Profileé’ for Wind Speed Comparison.
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Figure 78. Spring Tide, No Wind Spring Tide, and Non-Spring Tide Bay Channel

Turbidity Profiles.
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Figure 80. Tangier Island Spring Tide Turbidity Profiles for Wind Speed Comparison.
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Figure 81. Wolf Trap Shoals Spring Tide Turbidity for Wind Speed Comparison.



































































































































































































