AD=A085 006 NAVAL OCEANOGRAPHIC OFFICE NSTL STATION MS F/6 8/}
MARINE ENVIRONMENTAL PLANNING GUIDE FOR THE HAMPTON ROADS/NORFO=-=ETC(U)
MAY 74 R 6 BEAUCHAMP

UNCLASSIFIED NOO=-5P-250




P
bl X!

&

== Jle




e AN S I o TN .55 ¥, sl s Vo T 0

NAVAL OCEANOGRAPHIC OFFICE SPECIAL PUBLICATION NO. 250

LEVEL, (7

MARINE ENVIRONMENTAL

PLANNING GUIDE
FOR

G AREA

Nopg e
M R

VIRV E N, X5 LSRN R
&3 RN Ure Ry R SA N LI AT
i TR AN PR L R E R e e

ves: ALL DOC
ORIGINAL CONTAINS coLonr PLA
REPRODUCTIONS wiLL S8E IN BLACK AND WHITE.

APPROVED FOR PUBLIC RELEASE;
DISTRIBUTION UNLIMITED.

501 o 9 08

DEPARTMENT OF THE NAVY
WASHINGTON, D.C. 20373

ARt e S T
v PR s

100C e copy,

t
)i
\
|
!
|

et




M Tk - - SR O

t
ERRAT -~
Page 2, Line 3 fram bottom: "entrace" shculd eed “entrance."
Page 16, Line 1 fram top: "categores" sir .i¢ read "categories."
Page 75, in Legend: "NON-F DERAL PUBLIC sh-uld read "NON-FTFFERAL PUBLIC."
Page 82, Line 21 fram top: ‘“expecially" should read "especially."
Page 98, Line 16 fram bottcm: "is" should read "are."
Page 101, Number 6. "Osciliatoria" should read "Oscillatoric.”
. Page 126, Line 21 fram bottom: “concentrations" should read "ccnc::ntratbrs."
Pagde 133, Line 18 from = pr: "halogentated" should read "halogenated."
. Page 138, Line 26 fram top: "upmost" should read "utmost."
Page 163, 4th reference fram top: “"menhade" should read "menhaden.”
3w 261, "cucumber” should read "sea cucumber.™
Accession For
NTIS @RARI
DDC TAS
Unannounced
Justification____
By,
_Distritetien/
Avritanility fefns
‘ Acald e dior
N Dist | speotal
. ‘ \
W- - - v




NOO SP-250

e, o

MARINE ENVIRONMENTAL
* PLANNING GUIDE
FOR
THE HAMPTON ROADS/NORFOLK
1: NAVAL OPERATING AREA 1

ROBERT G. BEAUCHAMP, EDITOR

{
| MAY
1 ‘i 1974 i
1
g
o
|
t -
. — A
e ﬁ
o E
: . U.S. NAVAL OCEANOGRAPHIC OFFICE _ //
| : WASHINGTON,-D-€: 20373
? .‘ M = k\ ‘ "\ ' ' ) \", ;




e . - - - ————— -

FOREWORD

The data presented in this document for the Hampton Roads/
Norfolk Naval Operating Area provide a single envirornmental
reference source for Navy operational planners. This Marine
Envirommental Planning Guide will enable civilian and military
marine activity planners to estimate and minimize the impact of
their operations upon the marine envirorment. The quide will
permit selection of the best locations and proper timing to
conduct marine operations in order to limit the envirormental

stress caused by many of man's activities at sea.

J.JEDVARD SMNYDER, JR.
:LNavy
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A. Introduction

In November of 1971 the Assistant Secretary of the Navy for Research and
Develomment requested initiation of studies of the envirommental impact of
naval operations and maritime—generated pollution orn coastal waters. The Office
of the Oceanographer of the Navy tasked the U.S. Naval Oceanographic Office
to prepare this report as a prototype marine-envirormental plamning guide.

A team of oceanographers examined the Hampton Roads/Norfolk Naval Operating
Area (fig. S1).

i
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FIGURE S1. LOCATOR CHART HAMPTON ROADS/NORFOLK STUDY AREA

Explicit quidelines are necessary for the control of pollutants which
degrade or endanger human health; jeopardize marine life, wildlife populations,
or other econamic resources; and impair recreational and aesthetic values.

Two major approaches were implemented in developing the planning guide.
The first is a detailed description of the enviromment with emphasis an the
physical, biological, and geological processes operative in the Area. The
secand deals with the interactions of possible pollutants with these processes,
and interpretations and applications of this information as it relates to
good envirormental quality control practices.

The planning guide is intended primarily for use by naval at-sea commands,
district caomands, and Chief of Naval Operations (CNO) levels responsible for
initiating sound operational and disposal practices and for evaluating
practicality and/or the validity of future disposal standards. The guide may
be utilized by Army Corps of Engineers, U.S. Coast Guard, the Envirommental
Protection Agency, and other agencies which are responsible for the surveillance,
control, amd cleanup of pollutants. State and local agencies, as well as
private corporatians, which are engaged in marine disposal operations or
oil exploration, will find this planning guide valuable for assessing possible
effects on the physical and biological regimes of the Area.




B. Envirommental Summary

The planning guide incorporates detailed descriptions of the physical ‘
and biological re imes, including their interactions, of the Hampton Roads/ Iy
Norfolk Naval Operating Area and provides tentative models for the
prediction of material dispersion on tle sea-surface and over the seabed.

The findings are useful to agencies concerned with envirormmentally
acceptable marine disposal practices and coastal zone maritime planning.

Generally, the factors responsible for the dispersion of material in
the marine realm include winds, wave currents, and tides.

Surface winds play an important role in the transport and dispersal
of pollutants. Floating, dissolved, or suspended materials may be transported
landward or seaward by the actions of the wind on the water. Additionally,
mixing of materials in the water by the downward transport of momentum can be
initiated by the surface flow.

In the Hampton Roads/Norfolk Area prevailing winds are predominantly
offshore during sumer and winter. An exception is in the autumn (Septeamber
and October) when onshore winds prevail. The cambination of waves generated
by the wind (sea) and wind stress generates a wind drift current which, in
the Area, is usually parallel to or away fram the coast approximately two-
thirds of the time in all months but September and October. During most of
the year, any offshore surface pollutant will eventually be forced into the -
Gulf Stream at same point along its course; the rate of transport increases
from northwest to southeast. During September and October, the wind-induced ’
flow tends to move surface pollutants toward the coast more rapidly as
distance to shore decreases.

On a short-term basis, wind stresses are directed shoreward ahead of
rorthward-moving coastal lows. These extratropical cyclones are particularly
frequent from late autum through early spring, many of them originating in
the region near Cape Hatteras.

The prevailing direction of seas generally coincides with that of the
surface winds. Swell is more likely to be directed onshore than seaward during
winter and usually emanates from intense extratropical cyclones located
in the north and northeast. During summer, swell frequently originates fram
the persistent southerly to soutlwesterly winds of the subtropical high.

The Gulf Stream is present in the eastern part of the Area and sets
strongly toward the northeast (fig. S2). Materials on the sea-surface or in
suspension likely will be transported toward the northeast and out of the Area
if entrained within the stream. Over the continental shelf in the Area,
the southward flow of the Labrador Current Extension also influences the
dispersal directions of material.

The tidal currents are rotary and weak over the Continental Shelf
whereas at the entrace to Chesapeake Bay they are strong and reversing
(U.S. Naval Climatic Center, 1972). Disposal is not advisable at or near
the Bay entrance.







Breakers thoroughly mix all suspended matter and pollutants, and longshore
currents subsequently transport this material laterally. There is no pre-
dominant direction of flow at beach A. The currents throughout the year flow
predaminantly northward at beaches B, G, and H, and soutlward at beaches Cl,
C2, D, E, and F (fig. S3). This information can be used for locating cleanup
equipment in the event of a nearshore oil spill.

A S .
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FIGURE S3. BEACH INTERCEPT LOCALITIES OF CLOSE INSHORE DUMP MATERIAL

A model has been constructed for predicting dispersion directions of
surface or suspended material in the Area. The data are used as input to
a vector analysis program provided by Yergen (1962), and surface drift ellipses
are derived for winter and sumer (fig. S4). The ellipses are closely related
to the surface currents and are elongated in the direction of prevailing flow.
The ellipse technique designates an axis of regional search for free drifting
abjects or contaminants such as o0il spills and wastes, under average corditions,
based on the percent probability desired and time fram initial point of pollutant
discharge. For example, if an oil spill occurs in the Area, the closest
ellipse can be moved over the spill site to determine dispersion paths the oil
may take and approximately how much time remains before the coastline is
threatened.

Orbital motions of long-period waves generated by distant winds often
extend to great depths. In general, the greater the period and height, the
greater the depth of penetration with a resulting greater likelihood that
the bottum will be disturbed. The percent frequency of waves touching bottom
is shown for months representative of each season in figure S5. These
isolines are a measure of the seasonal variations in the depth of wave
penetration. Waves penetrate deepest in winter and are more likely to disturb
bottom material during this season than at any other time. This subsurface
wave motion also causes increased vertical mixing and a more rapid dispersal
of pollutants.
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A tentative model was constructed to predict the dispersion of dredge
spoil or contaminating deposits over the seabed. Resuspension of bottom
material can occur whenever wave orbital motion (po) close to the seabed is
appreciable (see Appendix B). Once the bottam material is in suspension
1tcanbetransportedbyfomarddnft (z) (see Appendix B). The campetency
dlagran in figure S5 indicates the orbital velocities required to resuspend
various sediment size materials. For example, orbital velocities close to the
seabed must exceed 37 aw/sec, 48 an/sec, and 54 an/sec to resuspend medium sand
(0.24 mm), fine sand (0.062 mm), and silt (0.052 mm), respectively. In order
to transport the material after it is suspended, the forward drift velocity
must exceed 37 aw/sec, 2.4 ay/sec, ard 1.0 an/sec, respectively.
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The above orbital and forward velocities are frequently equaled or
exceeded on the Continental Shelf in the Area during autum, winter, and
spring. Therefore sediment, such as dredge spoil, deposited on the shelf
is subject to erosion and transportation much of the time (fig. S7).
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The direction in which bottam material is transported is also an important
consideration when selecting disposal sites. Harrison, et al. (1967) determined
from bottam drifters that transport in the Area is predominantly toward the
coast regardless of the season (fig. S8). While silt and sand on most of the
shelf can theoretically be transported during autumn, winter, and spring,
wave action in the summer is minimal and silt and fine sand are confined to
within 20-30 nautical miles of the coast in the Area. Silt and fine sang,
such as dredge spoil, depodited on the Continental Shelf, ultimately will be
transported toward the coast. The rate of transport is not known and cannot
be determined without on-site measurements. Dredge spoil containing sand and
silt which is deposited seaward of the Continental Shelf, should eventually
be incorporated with deep-sea sediments and not be entrained within the
westward bottan drift present on the shelf.

i AT e i L R
‘.a‘—»' e — e -




1440 WOLIO8 QIWA3INI '8 S ANOIY

LIS

N
T

LY
T

{13 .
—!it:. MO GIDVEIND B

v35 1Y QIHAOOR
1080 4O ABOLDN VML

W00 03 vIS 31Oms  {
¥ 40 ABOLINVEL SUYION

SRBOLINVY (A

w0 d

10 OreNOID ININIWOSRS

1SOW 30 ABOLIN VML
NYIW SLUVIRON MOBEY

SRNOLON VL
1230 N IHDAVILS
N QYRS SHVOKIN

SISV wIwwng

=
|
|

NG

i

T

SNaanel ST

LES

yEer— e -

u‘.,ﬂ”&_..&,’,‘”_ Py

» o,

- T

SISV :%N

rd

. e a ) BOs v
HOIIBON T MOMBIVE B LSRG K Y
10U Bhve TN OB MO YRISIOY §1 0

NI Bni LiS BEC W LD e R, TR

(L T
WY7 S0 LA B N BNV WOLIOS 0 B0 EBONS 400
MY OLSEOONS Seei Ty CHIAODM WOQTS AM SVEILTR
WY 0O SV 80M O LSVT Bia 04 GISYITEE S83. 000 TISVIS «
SEew VLNV OF MU
SLVID CIONYLIC Y BONSI0 SONML SV WOLOS 40 MO
Bu TR SLY RAN S LDINON 1S B 5O 1DQT I BTN
AYIY % 03IV S81,680 CIEVIS 4O SHEIAODM W ¢
APNS OGNV Orabes te ISV HOWS
FOHVE By WO QHIEA Jliea O MwNY M GIST I
SELARC QYIS HC LuN0 G 1R Dei BdhEne SNeS B
SLOBIY LNYLINGT JON Sve SELSEG CMYIS 4O Qibes B €
ABNIN MV 6O SVBUNOS ST
TOLAYR CL SV AP A Y SEONYISIG WOBS VS SRV IVEIND
WYMOL LaBG WLOE LIS ImBON OIS 1M ¥ SYa
WBU IDEVHONC BL VM IR WOWIIYR 4G SO0 ONENG ¥
AVE I3VIeTSIND GhiNd D1 Nis) ONS  OEveROL Tanwas
OF SHUSIC GNYIS 804 4 NI0NE CIDNAONOBe v SYm 3y
IBOMENG 2 VW 81 SOM el NBa SNOSYIS N S8 IWON
B8 N nOmE ONYes O CINNGNDD SB1:ed JIVIS
QIVVA10g L0rm IBOWH0 MMM B1iNM DR 0NN 330
SHBIAC 1IN 0. MBC TIOVIS 0C SIWNN 1S EE de, WONOMLIY T
OSER 'Te JeaEng
SAMMUNCS Baes Gy HIOWS GEVMO L ON MG Q3 WNNONOS ¥ SVa
WU SROUVIEYA IS LUWSIC  AVE INVIIVS D 40 mNOS
SELVA JBOWSEVIN M ONY 90 HIBOM SYIRY N ONREEA R
AWYINS W, v PNTAYA MO ONNO, SV L 08C WOLOE dma
V.70 slama
QWYL 4 S5 TVNY WORY DD 1M SV MO VB0 s Dhen O 108 By

UL G4 IO W Ose
QOO vy MO QBTG MO Ne INTOASAE Ll ¥ wm sV ey O,
IMYRING B, iDOMONGBR, S18 87 WO DeO8iS Toos B Cu STV aaw
1B0MH Bes N GINMOUNIM LON MO TEV M B, 304 NOST I BOTYW
¥ OSOMM DMINVAIGE TTROITIS ONT IOEVIONG RIAS M SIONTRO
Di CLYIE M Os SEvies¥ WO spaODI 4800 ONVIS wOR
OBEMINIIO WD IITRVEMD Dum S4BT WOLOR QREIN W oC
NOWOMIG by 1ML STV BTG 0 i PRLavel0 § 0 ey 48 MG
INIDIE MO 3OVAENS I MO IING Il ONY ST S B0 4O A1 1eR

W LSIMHLAOL Iei CEVAROL SOWIL I SNONMVIEYA 4 UOW Qv
WY SMONS (Dl IBVIETSIn) M DALY $Yhees oC L0 OO Ny

10

. (\‘\l"rf_' i %

e

s




A pronounced salinity gradient occurs off Chesapeake Bay, and a surface
pollutant (e.g., oil) may collect at the seaward interface parallel to the shore-
line, especially during summer when the change in mean surface salinity is
greatest (Kennedy and Wermmund, 1971) (see fig. 14).

The northern boundary of the Gulf Stream is a sharp thermal gradient
(front) that is most intense during winter. The occurrence and relative
strength of this front may inhibit the spread of surface pollutants and
may also influence the direction in which they move. For example, a
pollutant introduced in winter in the coastal region of Cape Hatteras,
where the general direction of flow is south, may travel as far as the
cape and then be impeded by the strong thermal gradient. If such an
incident occurs, collection equipment could be positioned near the cape to
arrest the spread of surface contaminants.

Changes in seasonal density stratification may affect vertical move-
ment of pollutants. In any region, regardless of season, that exhibits a
strong density gradient, density layers in the upper water column will be
shallower than in regions with weaker gradients. This density layer may
act as a "false bottan" where material accumulates, migrates, and can
possibly surface elsewhere. If the water column is hamogeneous, pollutants
lighter than the ambient density may easily reach the surface. However,
pollutants premixed to the water density at the point of introduction may
mix and spread within that density layer amd not reach the surface.

The resence of same pollutants within the water column may also deplete
ambient oxygen through oxidation processes.

Instability, the decrease in density with depth in the water column,
will increase the possibility of mixing materials within the surface layers
and cause more rapid sinking to the layer of equal density. This phenamenon
is observed in the vicinity of the Gulf Stream during April and December,
and probably is caused by temporary near-surface temperature invarsions.
Instability is more persistent in the coastal region and near the Continental
Shelf edge, especially off Cape Hatteras.

Where unstable water is present at mid-depth, convective mixing occurs,
and a pollutant at these levels may dissipate more rapidly. Instability in the
coastal region suggests that mixing and dispersion of materials occurs and
distinct layering is less likely. Summer appears to be the only season during
which instability does not occur in the coastal region. Disposal plans
should include consideration of stability, which can be determined by analysis
of a thermal profile.

The study of density stratification with regard to pollutant dispersal
can be highly useful, however, the reliability of dispersion predictions is a
function of the amount and quality of oceanographic data. The density data
available in the Area are limited.

The waters of the Hampton Roads/Norfolk Operating Area support an
abundant biota which contribute significantly to the econamy of Marylard,
Virginia, and North Carolina. With the exception of Georges Bank, the area
between Cape Cod and Chesapeake Bay contains larger volumes ot phytoplankton
and zooplankton than any other tomperate coastal area on either side of the
Atlantic. The abundance, diversity, and biamass of the benthic organisms on
the Continental Shelf in the Area are also impressive.




A wide variety of cammercially valuable fishes and shellfish are taken
annually in the Area. In 1971, the catch amounted to approximately
280 million pounds with a market value of nearly $34,000,000. Marine
sport fishing is a large recreational activity and $183,000,000 is spent
annually for equipment, transportation, ard fees (Bureau of Sport Fisheries
and Wildlife, 1970). Figures and charts outlining the fisheries are presented
in the "Fisheries" section.

Currents are respansible for providing the necessary nutrients and oxygen
to marine organisms, thereby controlling the location and abundance of
herbivores and carnivores (including cammercially valuable fishes). Currents
also disperse and transport pollutants, thereby producing potential
hazards to marine organisms.

For example, oil, pesticides, heavy metals, industrial wastes, and dredge
spoils introduced in the nearshore waters off Maryland and Delaware will be
transported southwestward along the Delmarva Peninsula, and Virginia and North
Carolina coasts and endanger the biota of these areas. Material sinking
near the entrance of Chesapeake Bay may be swept by bottam currents into
the bay. Pollutants spilled or dumped off Cape Hatteras will be transported
northeasterly by the Gulf Stream, where pelagic organisms may be contaminated.

Surface, subsurface, and bottam currents probably ieast affect introduced
pollutants seaward of the Continental Shelf (100 fm contour) fram 38°00'N,
73°30'W to 38°00'N, 72°30'W and fram 36°30'N, 74°00'W to 37°00°N, 72°30'Ww. In
this region, depths are great and the relatively slow currents produce a net
northeast drift out of the Area.

Additions of highly acidic or highly basic materials may create physioloyical
stresses upon same organisms, especially if a pH stress is accompained by
some other simultaneous and/or synergistic stress. Basic pH conditions increase
the precipitation of heavy metals and thereby possibly increase the exposure
of benthic animals to these metals.

Dumping of dredge spoils and other activities adjacent to shellfish beds
and centers of primary productivity increcase the turbidity of surface water layers
and the amount of suspended material which together can lower productivity by
reducing the penetration of sunlight into the water and by interfering with
filter-feeding activities of benthic and planktonic organisms. The detrimental
effect on productivity can be worsened if the water is already turbid due to
meteorological effects.

Stresses that reduce the biamass of autotrophs or cause a loss in their
production efficiency will tend to decrease the productivity of the entire
ecosystem. Decreasecs in primary productivity in the cuphotic zone will be
reflected after a time lag; in the fish, mammal, and invertebrate population
size. Therefore, populations which are not thamselves directly exposed to
pollution may be affected by a disturbance of productivity in a distant part
of the food chain. !
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ENVIRONMENTAL ANALYSIS

A. Introduction

In November of 1971 the Assistant Secretary of the Navy for Research amd
Develomment requested initiation of studies of the envirommental impact of
naval operations and maritime-generated pollution on coastal waters. The Office
of the Oceanographer of the Navy tasked the U.S. Naval Oceanographic Office
to prepare this report as a prototype marine-envirommental planning guide.
A tean(1 of oceanographers examined the Hampton Roads/Norfolk Naval Operating
Area (fig. 1).
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FIGURE 1. LOCATOR CHART OF HAMPTON ROADS NORFOLK STUDY AREA

Explicit guidelines are necessary for the control of pollutants which
degrade or endanger human health; jeopardize marine life, wildlife populations,
or other econamic resources; and impair recreational and aesthetic values.

Two major approaches were implemented in developing the planning guide.
The first is a detailed description of the enviromment with emphasis on the
physical, biological, and geological processes operative in the Area. The
second deals with the interactions of possible pollutants with these processes,
and interpretations and applications of this nformation as it relates to
gocd envirommental quality control practices.

The planning guide is intended primarily for use by naval at-sea cammands,
district camards, and Chief of Naval Operations (CNU)} levels responsible for
initiating sound operational and disposal practices and for evaluating
practicality and/or the validity of future disposal standards. The guide may
be utilized by Army Corps of Engineers, U.S. Coast Guard, the Envirommental
Protection Agency and other agencies which are responsible for the surveillance,
ocontrol, and cleanup of pollutants. State and local agencies, as well as
private corporations, which are engaged in marine disposal operations or
o0il exploration, will find this planning guide valuable for assessing possible
effects on the physical and biological regimes of the Area.




B. Physical Processes Affecting Surface and Subsurface Dispersion

1. Introduction

The major physical processes important in formulating acceptable, s
routine disposal practices or in determing remedial steps to control
accidental or planned spills (i.e., o0il spills, industrial waste, sewage,
etc.) in the Hampton Roads/Norfolk Operating Area include wind effects,
currents, waves, and breakers.

The wind generally prevails fram the south and southwest during June,
July, and August, fram the north and northeast during Septamber and October,
and from the north and nortlwest fram November through March; it is variable
in April and May. Wind waves (sea) and wind stress generate a wind-drift
current which is usually parallel to or away from the coast approximately
two-thirds of the time in all months but September and Octcober. The wind-
induced flow converges on shore during these two months.

Three distinct areal regimes were delineated by the application of Ekman's
wind drift theory (1905): A wind-drift regime which covers most of the
Continental Shelf and is most extensive in winter, an offshore regime con-
sisting of a layer of uniform motion between surface and bottam layers of
frictional influence, and a transition regime separating the wind-drift and
offshore regimes.

All the major types of currents occur in the Area. The Gulf Stream
sets strongly toward the northeast. On the Continental Shelf north of Cape
Hatteras, there is a permanent south-setting nontidal current with very little
seasonal change, although reversals occur at times. The tidal currents .
are rotary and weak. In the entrance to Chesapeake Bay, reversing tidal
currents predominate with net flow outward at the surface and inward fram
middepth to bottam. The subsurface currents at intermediate depths appear
to be permanent and flow in the same direction as surface currents. Bottam
drift tends toward the southwest. Surface current ellipses will aid planncrs
in determining search areas for free drifting objects and contaminants such
as oil spills. The ellipses provide a 70 percent probability of detection
under average conditions.

The prevailing direction of seas in the Area gencrally coincides with
that of the surface winds. Swell tends to be fram the north and northeast
from autumn through spring and fram the south and soutlwest during summer.

During winter the depth of wave action increases as the wave period and
height increase. Material on the floor of the Continental Shelf is therefore
more likely to be disturbed and transported during this time. In addition,
increased vertical mixing resulting from subsurface wave motion may cause
more rapid dispersal of pollutants.

Along the coast, breakers and longshore currents also contribute to
the transport of suspended matter, including possible pollutants,
throughout the year.

Storm surges associated with intense cyclones and hurricanes can
raise the sea level appreciably along the shore and force water pollutants
into low-lying coastal regions. This hazard is intensified by concurrent
high tides and onshore winds.
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Of fshare pollutants may also be diffused laterally into the surface
tongue of low-salinity water that flows out of Chesapeake Bay. This
process is most pronounced near the southern entrance to the bay ard during

spring.
2. Wind effects

a. Surface winds--Surface winds play an important role in the
transport and dispersal of pollutants. Airborne particles may be transported
in any direction by the wind. Floating, dissolved, or suspended pollutants
may also be moved by the action of wind on the water. Contaminants may be
mixed into the water to various depths by the downward transport of
momentum initiated by the surface flow.

Figure Al (Appendix A) shows the monthly distribution of surface winds
for eight directions and five speed categories. These roses, constructed
from wind data available at the U.S. National Climatic Center (1972), provide
an indication of the direction and speed of transport of airborne particles
such as harmful dusts and contaminated sprays. For example, the probability
of coastal contamination can be deduced fram the frequency of onshore winds.

In the Hampton Roads/Norfolk Operating Area, surface winds generally
prevail from the north and nortlwest from Novenber through March, fram the
south and southwest fram June through August, and from the north and northeast

. during September and Octaber. The direction is most variable in April and

May. Airborne particles are thus more likely to float seaward than coastward
in all months but September and October. However, the frequency of landward
winds is at least 15 percent even during winter. For example, during
February, the month of strongest winds, the flow is directly offshare
(northwest and west) 37 percent of the time along the northern beaches.
During August, these values are respectively 11 and 21 percent.

Figure Al also gives the frequency of various speed categories.
Thus, gale-force winds (=34 knots) are most likely fram Octaber through
March and are usually directed seaward. Such winds are usually associated
with intense coastal storms between late autum and midspring, and with
tropical storms in summer and early autumn. The roses also give the
frequency of calms. In this Area, this "stagnation index" is greatest in
summer and least in winter.

Wind stress, an important parameter in meteorological and oceanographic
investigations, is a measure of the force exerted by low-level winds on the
sea surface. It is one of the variables entering in the calculation of wind
drift. The wind stress relationship is expressed by the following quadratic
resistance law:

T=PCGV2

Where T is the wind stress in dynes/am?
p is the air density in gm/cm3
Cq4 1is the drag (or resistance) coefficient (dimensionless)
V is the horizontal downstream wind velocity in cm/sec

The drag coefficient is usually assumed to be a function of wind

velocity. The following simple relationship was chosen fram anmong the many
available because it best suited the available wind data (i.e., according to
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Beaufort speed categores) :

For V < 670 an/sec (Beaufort 0-3), Cq = 0.8 x 1073
V = 670 cn/sec (Beaufort 4), Cyq = 1.7 x 1073
V > 670 an/sec (Beaufort 5-12), Cq = 2.6 x 1073

The mean air density (1.22 x 1073 gm an™3) was calculated fram the following
equation (Hellerman, 1967):

p = (0.0022 ¢+ 1.136) x 1077
Where ¢ is the latitude in degrees.

The calculations, which were performed according to the method cutlined in
the literature (Scripps Institution of Oceanography, 1948), yielded a field
of vectors for each month (fig. A2).

The resultant wind stress direction is generally eastward or southeast-
ward fram November through April, variable in May, and north or northeastward
during June, July, and August, with increasing magnitude toward the southeast.
The wind stress is southwestward during September and southward with magnitude
increasing shoreward in October. Thus, the resultant wind stress is onshore
only during September and October, and only in September is the resultant
stress directed toward the coast along its entire length.

It should be amphasized that the wind stresses depicted here represent
vectorial summaries of all observed stresses. Although deflected away from
the shore much of the time, the surface water may nevertheless be directed
shoreward for several days in a row by the winds of stagnating pressure systems
(e.g., the March 1962 "Great Atlantic Coast Storm"). The longer a low-pressure
system remains in or south of this Area and the greater its size, the nore
likely that the surface waters and therefore any pollutants will be forced
trward the beaches.

On a short-term basis, wind stresses are directed shoreward "ahead" of
northward-moving coastal lows. These extratropical cyclones are particularly
frequent from late autumn through early spring, many of them originating in
the region near Cape Hatteras. The likelihood of coastward and seaward wind
stresses can be deduced fram the wind roses in figure Al.

b. Wind drift-The wind sweeping over the surface of the sea
generates a drift current which cambines the transport due to the wind stress
and that resulting fram wind waves ("sea"). This wind effect, or "wind
drift current," is additive to any existing current.

Since continuous wave and wind data were not available, the wind drift
current was determined graphically from historical wind data (James, 1966),
under the assumption of fully developed conditions (i.e., that the current has
reached its maximum attainable speed). Thus, the speeds shown con the drift
roses (fig. A3) represent the maximum possible wind drift, a criterion met
only when both the fetch and wind duration exceed certain thresho!d values.
The higher velocities occur only if the duration of the wind and the fetch are
long enocugh to generate maximum canditions. For this reason, the magnitudes
of the wind drift current along the coast were attenuated to reflect the
shortened fetches resulting fram the brief over-water trajectory of offshore
winds.




The directional frequency, which is independent of speed (i.e., the
length of the rose ams), remains constant whatever the wind speed. Thus,
when wind speeds are not sustained over the required period, drift current
will be less than indicated in figure A3.

The angle of drift was assumed to be 35° to the right of the wind
direction, probably 10° to 15° too far in the clockwise direction. The
selection of this value resulted from the coarseness of the original data.
The maximum wind drift values, determined by the above method, were plotted
in figure A3 as current roses whose arms indicate the direction toward which
the current is flowing.

The following categories were used to determine the values of wind-drift
currents:

Wind speed, Maximum wind drift Required Required
Beaufort current (knots) duration (hours) fetch (miles)
1- 3 >0 - 0.19 4-6 15-- 25
4- 5 0.20 - 0.49 6-14 25~< 125
6- 0.50 - 0.89 14-28 125~- 375
8-12 = 0.90 28-50 375~-1000

In general, the wind-drift current is predaminantly southward to
southwestward fram November through March, northeastward to castward fram
April through August, and southwestward to westward in September and Octaber.
Trus, the current is usually directed parallel to or away from the ccast about
two-thirds of the time in all months but September and Octaber. During most of
the year, any surface pollutant will eventually be forced offshore into the
Gulf Stream at same point along its course; the rate of transport increases
fram northwest to southeast. During September and Octaber, the wind-induced
flow tends to move surface pollutants toward the coast nore rapidly as distance
to shore decreases.

c. Ekman elamentary model--Surface winds are a determining factor
in the layering of coastal waters. 1In general, this region consists of
three distinct regimes whose horizontal and vertical extents are delimited by
the mean wind speed and its resultant depth of frictional influence. A
hamogeneous wind-drift regime within the southward extension of the Labrador
Current extends seaward fram the shore; beyond this boundary, a transition zane
leads into a fully developed offshore regime that is daminated by the Guif
Stream (fig. 2).

The wind—drift regime is a relatively shallow region whose circulation
at all depths is generally determmined by the mean surface winds. In the
presence of other currents, as in this region, the wind drift is added
vectorially to the permanent circulation, reinforcing it when the directions
ooincide, weakening it when the directions are opposed. The wind-drift zone
is defined as that region where the total water depth (d) is less than one-
half the depth of influence (D).

The offshore regime is a threc-layered region whose depth is more than
twice the frictional depth (fig. 2). This regime consists of a geostrophic
layer whose flow is generally constant, samdwiched between surface and bottam
frictional layers whose flows are detemmined by the Ekman theory.
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The transition regime, bounded by water whose depth lies between ;
D/2 and 2 D, separates the wind-drift regime fram the offshore regime. -

The depth of frictional influence, D, is represented by the following
general equation (Neumann and Piersan, 1966):

/_ A
D=w pw5m$

Where A is the coefficient of eddy viscosity in gm am™' sec-!
p is the density of sea water in gm/am3
w is the angular velocity of the earth
(7.2921 x 107% rad/sec)
¢ is the latitude in degrees.

Because of the difficulty in determining the variables in available
ajquations, Thorade (1914) derived the following expression for wind speeds
in excess of 6 meters per secord:

7.6 V

D= (Sm$)‘/2

Where D is the depth of frictianal influence in meters
V is the mean wind speed in meters per second
¢ is the latitude in degrees.

Thorade (1914) established a different relationship for low wind speeds .
(- 6 meters per secord):

3.67 V2

D:Té.fn$)/2 .

Where: D is the depth of frictional influence in meters

V is the mean wind speed in meters per second.

Mean and maximum depths of frictional influence were calculated from
the wind data (U.S. National Climatic Center, 1972). Average scasonal
conditions, which are most likely during prolonged periods of high winds,
vere derived fram the 50th-percentile wind specd; maximum seasonal
conditions, which are most likely during prolonged periods of high winds,
were derived from the 95th-percentile wind speed.

The surface limits of the three regimes discussed above are delinecated
in figqure 2 for four months representative of each secason. This illustration
shows that the boundaries of the wind-drift regime fluctuate widely during
the year owing to the relative shallowness of the water over the Continental
Shelf. The wind-drift regime is most extensive in winter, when it covers
much of the Continental Shelf, and least extensive in summer, when it is
restricted to a narrow coastal strip.

The boundary between the offshore and transitian regimes fluctuates
only slightly during the year, fram just shoreward of the 100-fatham contour
in summer to a short distance beyond it in winter. Thus, the three-layered
system is assumed to be fully established at the 100-fatham iscbath.

The transition zane, whose structure also is determined to a large extent ]
by the surface wind, is widest in summer and narrowest in winter. Thus, the
surface wind plays a major role in establishing the vertical circulation of
the water within the 100-fatham isabath, particularly during winter.
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\ 3. Currents

a. Surface currents

(1) Nontidal--The surface currents in the southeast part of
the Area (Boisvert, 1967), east of a line connecting 38°N, 74°W and Cape
Hatteras, are part of the Gulf Stream which sets northeast throughout the
year with minor changes in direction (fig. 3). The speeds vary slightly
seasonally and are higher during summer than in the other seasons. Highest
speeds, generally ranging between 2.0 and 3.9 knots, are in an 8- to 10-mile-
wide axis.

The mean axis of the Gulf Stream passes through 34°36'N, 75°05'W,
according to surface ship drift odbservations recorded along a straight-line
track between the Bahamas and Cape Hatteras. The axis changes position daily
(Fisher, 1973), but seasonal changes occur; from March through August it is
located at about 34°34°'N, fram Septeamber through November at about 34°35'N, and
from December through February at 34°40'N, with sets between 031° and 070T.

Observations for the 1° quadrangle 34°-35°N, 75°-76°W show only a slight
secasonal change in direction. In summer, mean speed is higher by 0.2 knot,
and the frequency of the northeast flow is greater by about 4 percent than
during winter. During all months, the current in this quadrangle sets northeast

77 to 95 percent of the time; mean speed is 2 knots and maximum speed nore
. than 5 knots.

The surface currents in the northwest portion of the Area set southwest
along the coast (fig. 3). This coastal current originates from a branch
* of the Labrador Current which flows clockwise around the southeast tip of
Newfoundland and generally is referrcd to as the Labrador Current Extension.
Speeds are fairly constant throughout the year and average about 0.6 knot.
The greatest scasonal fluctuation appears to be north of the Area; south of
38°N to Cape Hatteras, the current shows very little seasonal change.

Surface currents are also shown by seasonal roses (fig. 4) comprised of
ship drift data (U.S. Naval Occanographic Office, unpublished data) summarized
for nearly hamogencous regions. The roses define the percent frequency of
flow by specific speed categories in ecach of eight campass directions.

(2} Tidal--Over the Continental Shelf north of Cape Hatteras,
the tidal currents are rotary and weak as described in figure 5. The currents
in the entrance to Chesapeake Bay mainly are strong reversing tidal currents
(sce tabulations, figure 5). The curronts exhibit a net outward flow at the
surface and a net imward flow fram middepth to the bottam.

(3) Model of dispersal trajectories--Surface current data also
are used to derive surface drift ellipses (fig. 6). The ellipses arce used
primarily as a first order approximation of scarch areas for free drifting
objects and contaminants such as oil spills, wastes, ctc. The input data
consist of sumarized surface current cbscrvations depicting variability of
flow. The methads are programmed according to Pritchard (1947), Burns (1965),
and Yergen (1962).

The ellipses are closely related to the surface current roses (fig. 4)

and are elongated in the direction of prevailing flow. The ellipse technique
designates an axis of regional scarch under average metcorological conditions
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for 24 or 48 hours in order to effect a 70 percent probability of detection.

Recent information concerning surface currents and meteoroloyical
conditions should be used in planning search operations; however, 1f such
information is not available, figure 6 may be used. To use ellipses, a
tracing of the ellipse for the appropriate region is placed on figure 6 with
the dot over the point fram which the search is to beyin. When local wind
conditions are known to differ greatly from the mean wind conditions in any
region, the region of search should be extended in the direction of the local
wind current.

b. Subsurface currents

(1) Intermediate depths--On the basis of sparse data, subsurface
currents appear to have permanent features similar to surface currents.
Current speeds are probably higher during summer than during other seasons.

Although current measurements have not been cbtained ncar the bottam
directly beneath the axis of the Gulf Stream, decp obscrvations indicate
that the current flows in essentially the same direction fram the surface to

bottom; and camputations show that the current speed at the bottam is
probably as high as 0.2 knot. For example, in 1960 direct measurements
obtained outside the Area near 38°30'N, 74°30'W at depths of about 3,000
meters show the flow to be about 0.2 knot in the same direction as the
surface current.

Data obtained in 1962, indicate a deep southwest flow near the bottam
along the continental slope at depths below 800 meters with speeds up to
0.4 knot (fig. 7). There appears to be a well-defined boundary between
this current and the northeast-flowing Gulf Stream a few miles to the cast.
The observed southwest set does not appear directly beneath the Gulf Stream
axis but is probably part of the coastal Labrador Current Extension that
frequently sets southwest past Cape Hatteras. In the vicinity of 35°00'N,
74°30'W, below 2,300 meters, there is also evidence of southwest flow near
the bottam.

(2) Bottam drift--Inferred bottom drift (Harrison et al.,
1967) is shown in figure 8. Seabed drift bottles were released from Junc
1963 through October 1964 over the Continental Shelf to make estimates of
bottom drift trajectories between shore and the 183-meter isobath. Recovery
of the drifters indicated that bottam drift exhibits areal and monthly varia-
tions but tends southwest, irrespective of the season and direction of surface
flow. The inferred bottam drift toward Chesapeake Bay is probably related to
changes in river discharge and seasonal prevailing winds. The speed of bottam
drift, estimated to be highest when the water column is not thermally strati-
fied, increasecs offshore to the edge of the Continental Shelf.

4. Waves and breakers

a. Sea and swell--The action of the wind on the sea generates
waves. "Sea" refers to waves that are formed locally and "swell" to waves
that travel into this Area fram distant storms. Because of the variety of
observing and coding practices over the years, the data are available in
several forms. For cxample, the sca and swell information discussed bhelow
are less accurate but more numerous than the wave data (U.S. National
Climatic Center, 1972) which are presented later.
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(1) Sea—-The following approximations may be used to determine
the anticipated height (vertical distance fram crest to trough) of a sea from
observed wind conditions:

wind speed Sea height Wind speed Sea height
(knots) (meters) (knots) (meters)
1 0 28-33 4.3
1- 3 0.1 34-40 5.5
4- 6 0.2 41-47 7.0
7-10 0.7 48-55 8.8
11-16 1.2 56-63 11.3
17-21 1.8 64-71 13.7
22-27 3.1

In general, seas begin to break at a height of about 0.6 meter, eject spray

at about 1.8 meters, and frequently became covered with whitecaps at 3.0 meters.
Windblown streaks of foam which first appear when seas exceed 4 meters, steadily
thicken with increasing height. Above 7 meters the cambined foam and spray
severely restrict visibility. Various sources provide more accurate methods

for determining coastal wave heights and periods fram the wind speed, duration,
and fetch (e.g., Darbyshire and Draper, 1963; U. S. Army Coastal Engineering
Research Center, 1966).

The sea conditions are illustrated in fiqure 9 as two sets of roses. In
the offshore (east of 75°W) region each rose arm shows the percent frequency
of seas from the quadrant centered on the cardinal direction. For example, in
the southecast, 35 percent of all observed scas have a northerly camponent
{i.e., directed southward) during January. Also included in the rose is
the mean height (1.1 meters), which approximates tho median height through-
out the Area, and the frequency of calm seas (1 percent).

In the nearshore region, the roses are rotated to conform with the
coastal configuration in order to provide a better measure of the relative
frequency of onshore, offshore, and longshore scas. Thus, along the
southern Virginia becaches during January, the frequency of secas with an
of fshore camponent is 27 percent and that of seas with an onshore camponent
is 16 percent. 1In general, seas are lower nearshore than of fshore.

The prevailing direction of seas generally coincides with that of the
surface winds: north to nortlwest from November through March, variable in
April and May, south to southwest fram June through August, and north to
mortheast in September and October.

(2) Swell--Median swell conditions are summarized in figure 10.
To avoid repetition of figure A4, which includes many swell adbservations,
figqure 10 was simplified to depict only the prevailing (modal) direction,
an envelope encompassing 50 percent of the directions, and the mean height.
Thus, off Cape Hatteras, northeast swells, with an average height of 1.3
meters, are most frequent during January (17 percent of the observations).
Half of the observed swells originate from the offshore directions of
northwest through southeast. The remaining 50 percent, besides encampassing
the remaining directions, also include chservations of negligible and no swell.

Swell, which by definition is generated outside the arca, is nore
likely to be directed onshore than seaward. During winter, swell usually




emanates from intense extratropical cyclones located to the north and northeast. s
During sumer, swell frequently is derived fram the persistent southerly to

southw2sterly winds of the subtropical high. However, it is often refracted .
shoreward in the region north of Cape Hatteras. Swell is highest during .{
autum and winter. Mean height during the period September through February
increases from about 0.9 meter in the nortlwest to about 2.0 meters in the
southeast. {

b. Waves--When no distinction is made between sea and swell, the
resulting observation is categorized as a "wave." The resulting wave data
(U. 8. National Climatic Center, 1972) were analyzed for height, period, and
direction.

The relation between wave heights and periods is depicted in figure 11.
These diagrams reveal a prepornderance of low waves of short period and a
corresponding low frequency of long waves in this Area. This condition is
characteristic of locally generated waves. The superimposed curves of wave
steepness (ratio of wave height to wavelength) provide an index of the
relative frequency of developing waves (sea) versus diminishing waves (swell).
For example, the frequency of developing waves, with a steepness ratio
equal to or greater than 1:20, is greatest in the southeast and least in the
northwest, whereas the frequency of diminishing waves, with a steepness ratio
less than 1:60, is greatest along the Virginia beaches and least in the
southeast. Waves also became increasingly steep as height (H) approaches
depth(d) and begin to break at H = 1.3d. Breaking waves resulting fram strong .
winds generally accelerate the horizontal mixing of foreign particles.

The height-direction relationship of waves is shown in figure A4. These
eight-directional roses generally reflect the predominant wind field: northerly .
to northwesterly fram November through March, variable in April and May,
southerly or southwesterly from June through August, and northerly to
rnortheasterly in September and October. As a result, waves tend to be of fshore
in all months hut September and October.

Surface waves are highest fram January through March. About 4 to 7
percent of all waves exceed 3.75 meters in the eastern part of the Area during
winter compared with about 2 percent along the coast. Waves are lowest
during summer when heights in excess of 3.75 meters are rare and confined
to deep-water regions. A theoretical study (Tham, 1971) based on 13 years of
North Atlantic data shows that significant wave heights as high as 9.1, 11.0,
12.2, and 13.1 meters may be expected at Ocean Weather Station (OWS) "E"
(35°N, 48°W) about once in 2, 10, 25, and 50 years, respectively. For the
same recurrence intervals, extreme heights of 16, 20, 22, and 24 meters are
theoretically possible. However, the only reports of mountainous waves
(exceeding 12 meters) in this area were associated with the "Great Atlantic
Coast Storm" of March 1962. During this prolonged storm, the SS "Texaco
California" (37.8°N, 74.5°W) was pounded by 13.7-meter waves from the north-
northeast in 50-knot winds and Chesapeake Lightship (36°59'N, 75°42'W)
was damaged by a 15.2-meter wave (Cooperman and Rosendal, 1962).

High waves may persist for several days, particularly during winter.
The analysis for 4 years of continuous wave data for Chesapeake Lightship
and Diamond Shoals Lightship (35°05'N, 75°20'W) indicates that waves may :
exceed 3.7 meters, 2.7 meters, and 1.8 meters for as long as 60, 90, and o
110 hours, respectively (Kipper and Joseph, 1963). Such persistent high
waves will rapidly disperse pollutants, both horizontally and vertically.
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Long-period waves generated by distant winds often extend to great
depths. In general, the greater the period and height, the greater the depth
of penetration, with a resulting greater likelihood that the bottam will
be disturbed. This subsurface wave motion also causes increased vertical
mixing and a more rapid dispersal of pollutants. The percent frequency of
waves touching bottam is shown seascnally in figure 12. This illustration
indicates that the deepest penetration occurs in winter.

c. Breakers ard longshore currents--Waves approach the coast with
varying steepness characteristics, as shown in figure 13. Breakers form
when this steepness exceeds a certain threshold. Plunging breakers are
abserved in regions of rapidly shoaling bottams which can be hazardous to
swimmers and damaging to boats and marine structures. Spilling breakers
also occur along this coast but are less dangerous. In this Area the
median depth of the breaker zone (i.e., the depth at which waves begin to
break 50% of the time) is close to the beach in depths of 0.9 to 1.3 meters.

Breaking waves produce longshore currents which flow parallel to the
ooust and inside the breaker zone. These currents are usually less than
30 an per sec, but may exceed 100 am per sec. Characteristic values of
breaker heights and their associated longshore currents were calculated
for nine coastal locations and two conditions, i.e., those leading to
"southward”" and "northward" longshore currents, respectively. ("Southward”
and "northward" currents refer to flows that are directed, respectively, to
the left and to the right of an observer facing the shore.) These results
are tabulated in figure 13.

As an example of the use of the table, Beach A with a relatively gentle
slope of 1:180(0.0056) has during January a characteristic southward longshore-
current speed of 33 am per sec which is excceded 6 percent of the time.

This current is generated by 78-am breakers. The maximum longshore—current
speed of 44 am per sec is associated with a breaker height of 244 an. The
maximum speed of any longshore current in the Area is 189 cm per sec at
Beach C2 during August, and the maximum breaker height is 439 am at Beach F
during January. At Beach A longshore currents flow norttward and southward
with cqual frequency in all months except July through September at which
time they are primarily southward. The currents throughout the year flow
predominantly northward (to the right) at Beaches B, G, and H, and southward
(to the left) at Beaches Cl1l, C2, D, E, ard F.

Breakers thoroughly mix all suspended matter and pollutants; longshore
currents subsequently transport this material laterally. The cambination of
current velocity, beach gradient, and breaker height also determines the
amount of beach erosion and the rate of particle deposition on submarine ridges,
shoals, and other underwater obstructions. Any realistic prediction of rate
and quantity of transported material depends on further research.

d. Storm surges~-The storm surge that usually accampanies intense
storms may appreciably raise the sea level, especially when reinforced by high
tides and onshore winds. Storm surges often flood low-lying coastal areas
leaving water-borne pollutants in their wake, and damage ocoastal structu es
and beaches. The height of a storm surge increases with increasing wind stress
and decreasing water depth. During hurricanes it may be further increased by a
sharp decrease in atmospheric pressure. In this Area one hurricane or near-
hurricane, attended by a storm surge, can be expected every 2 or 3 years,
usually between August and Octaber (Cry, 1965).
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Studies of the basic properties of storm surges and on methods of fore-
casting their severity include Bodine, 1971; Harris, 1959 and 1963; Graham
and Nunn, 1959; Nickerson, 1971; ard U. S. Army Coastal Engineering Research
Center, 1966. Storm surges as high as 4.8 meters (Jelesnianski, 1972) are
theoretically possible alaong this coast; however, actual measurements are e |
more conservative. For example, sea level rises of about 1.7 meters occurred
at Norfolk, Virginia, during the March 1962 storm (Cooperman and Rosendal, 1962),
and at Nags Head, North Carolina, during Hurricanes Diane (August, 1955) and
Ione (Septeamber, 1955); and a l.3-meter water-level increase was recorded
along Virginia Beach during Hurricane Donna in September 1960 (Harris, 1963).
Higher values have been reported inside Chesapeake Bay amd in local waterways.

5. Eddy diffusivity

The horizontal coefficient of eddy diffusivity (k) is a measure
of the lateral exchange of dissolved matter. It is expressed, in its
simplified form as:

Vds/ x
k = 32s5/3y?

| Where: V is the mean speed of the surface current

39s/dx 1is the gradient of the property in the direction of flow

ds/3y 1is the change in the gradient of the property in the direction
perpendicular to the flow.

Calculations based on observed gradients of salinity near the entrance to

Chesapeake Bay yield values of k that range between 0.6 to 1.4 x 10% an? sec-!
in summer and 1.2 to 2.6 x 10% an? sec-! in spring. These estimates are
comparable in magnitude to those determined by Neumann and Stammel (Neumann
and Pierson, 1966) for the highly dispersive waters of the Gulf Stream
(respectively, 2.3 x 10% and 5 x 108 am? sec-'). It is therefore apparent

' that concentrations of dissolved matter introduced in local waters will
be rapidly dispersed by the eddying action of the Chesapeake Bay outflow.
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SOUTHWARD LONGSHORE CURRENT DI
REFERENCE SPEED OF | % OF TIME
BEACH BREAKER ASSOCIATED |REFERENCE
BEACH LATITUDE SLOPE HEIGHT CURRENT SPEED
(cm) (cm/sec) EXCEEDED
A 37°30° .0056 78 33 6
B 37°07" .0059 69 30 20
Cc, 36°50" .02 74 37 15
C, 36°49' .04 81 57 15
| JANUARY D 36°30' .013 78 39 15
E 35°58" .012 74 38 15
F 3536’ .011 78 33 20
G 35°23° .009 81 30 16
H 35°10°' .022 7 51 3
A 37°30" .0056 55 24 7
B 37°07" .0059 39 18 3
C, 36°50° .02 7% In 18
C; 26°49" .04 81 57 18
FEuUARv:I D 36°30" .013 74 44 18
3
E 35°58" 012 69 48 18
F 35°36" .011 69 42 15
G 35°23' .009 71 37 8
H 35°10° .022 69 52 5
A 37°30' .0056 69 24 5
B 37°07" .0059 69 30 2
C, 36°50" .02 74 39 13
C, 36°49" .04 81 60 13
MARCH] D 36°30' .013 74 45 13
E 35°58°' .012 69 4 13 .|
F 35°36" .011 69 42 15 .
G 35°23° .009 74 34 3
{ H 35°10' .022 55 48 4
A 37°30° .0056 69 30 ?
1
REGION LOCATOR CHART 8 o7t | 0059 60 2 ’
C, 36°50" .02 74 39 17
C, 36749" .04 81 60 17
APRIL j D 36°30" .013 74 45 17
E 35°58" .012 69 44 37
F 35°36" .01 69 42 15
G 55723 .009 74 38 A
H 15°10" .022 69 45 3
*RELATIVE TO OBSERVER FACING LAND
FIGURE 13. BREAKERS Al
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“OUTHWARD LONGSHORE . ( PabExn:

——

L& CTED TO LEFT®

NORTHWARD LONGSHORE CURRENT DIRECTED TO RIGHT*

REFERSCE SPEED OF | X OF TIME[ MsviMIM SPEED OF REFERENCE SPEED OF | I OF TIME MAXIMUM | SPEED OF
BREAKER ASSOCIATED |REFERENCE| Bk A#ER | ASSOCIATED BREAKER ASSOCIATED | REFERENCE BREAKER | ASSOCIATED
HEIGHT CURRENT SPEED HEIGHT CURRENT HEIGHT CURRENT SPEED HEIGHT CURRENT

(cm) (cm/sec) EXCHEDED (cm) (cm/sec) (cmy {(cm/sec) EXCEEDED (cm) (cm/sec)
1 31 ) 244 44 63 22 7 125 33
69 30 20 158 57 62 24 10 162 39
74 3 15 183 61 42 33 1 101 55
81 57 15 201 92 51 46 1 113 83
78 39 15 1 58 42 27 1 107 46
74 38 15 280 63 69 39 3 155 58
8 33 20 439 80 78 33 1 104 43
81 30 16 405 63 76 21 7 125 36
71 51 3 155 69 71 Y 10 158 66
55 24 7 165 48 66 26 6 146 39
39 18 3 98 3 62 24 9 131 39
74 In 18 182 74 74 42 2 101 75
81 57 18 201 e 81 63 2 113 113
74 YA 18 271 59 74 35 2 107 60
69 48 18 280 68 69 33 5 98 63
69 42 15 405 85 69 42 2 183 57
71 37 8 232 63 74 13 3 204 50
69 52 5 155 78 69 48 11 158 78
69 24 5 101 19 66 26 4 146 39
69 30 2 91 40 62 24 10 131 39
74 39 13 162 "% 74 47 2 152 75
81 60 13 180 12 81 71 2 168 13
74 45 13 247 64 4 45 5 143 60
69 44 [ 259 68 69 39 5 155 58
69 42 15 290 62 19 25 1 183 57
74 34 3 204 50 57 27 5 192 40
55 48 4 155 70 69 35 10 152 78
69 30 7 165 8 66 22 1 155 19
69 24 3 98 40 62 21 18 140 39
74 9 17 162 % 42 33 3 155 82
81 60 17 180 132 46 1] 3 170 67
74 45 17 247 64 42 22 3 155 36
69 44 17 259 68 55 36 8 170 51
69 62 15 34l 73 78 13 3 183 57
% 38 4 256 0 n 1 14 206 49
69 45 3 98 | 78 44 ) 19 91 8

——— i e




I
i
1
SOUTHWARD LONGSHORE CURRENT DIRECTED TO LEFT+ NORTHWARD LONGSHORE CURRENT DIRECTED 10|
REFERENCE SPEED OF [T OF TIME{ MAXIMUM SPEED OF REFERENCE SPEED OF |X OF TIME] MAX
BEACH LATITUDE BEACH BREAKER ASSOCIATED |REFERENCE| BREAKER | ASSOCIATE: BREAKER ASSOCIATED | REFERENCE | BREAKER,
SLOPE HEIGHT CURRENT SPEED HEIGHT CURRENT HEIGHT CURRENTS SPEED HE1CH?
Cem) (cu/sec) EXCEELED (cm) (cm/sec) (cm) (cm/sec) EXCEEDED (cm)
A 37°30" . 0056 92 19 12 177 40 18 39 12 1
8 37°07" .0059 69 20 ? 110 40 18 37 17 152
C, 36°50" .02 74 39 17 161 7% 33 42 4 101
C, 36%49° .04 81 60 17 180 112 51 46 4 113
I MAY j 0 36°30° .013 74 45 17 247 64 27 42 4 107
E 35°58° .012 69 44 17 259 68 27 39 4 98
F 35°36" .011 69 42 16 265 67 42 69 4 183
G 35°23' .009 74 34 6 204 50 27 n 16 192
H 35°10" .022 69 49 7 232 8 39 69 20 1711
A 37°30° .0056 55 24 8 165 48 18 39 12 155
] 37°07° .0059 39 18 1 158 48 18 37 17 140
C, 36°50° .02 74 35 1 143 74 33 42 4 152
C, 36°49° .04 81 54 11 158 112 51 46 4 168
I JUNE ] D 36°30' 013 74 19 11 201 59 45 120 A 183
E 35°58° .012 69 42 11 L% 58 27 39 9 155
F 35°36° 011 69 42 13 265 67 42 69 3 183
G 35°23' .009 74 38 5 232 63 27 57
L} 35°16’ .022 69 55 7 201 78 35 55
A 37°30' .0056 69 20 12 116 39 16 66
8 37°07' .0059 69 62 5 110 152 19 62
C, 36°50" .02 74 55 7 140 13 30 74
C, 36°49' .04 81 83 7 155 112 45 4¢
| JULY ] ] 36°30" .013 74 45 7 177 74 217 42
[ 3 35°58" .012 69 44 7 174 74 24 55
F 35°36' .011 74 36 8 207 53 26 69
G 35°23" .009 81 30 4 204 45 27 57
H 35°10° .022 69 13 5 119 78 35 55
A 37°30° . 0056 69 30 14 177 65 16 66
] 37°07° . 0059 69 30 14 165 66 15 62
C, 36°50° .02 74 56 11 143 124 33 74
C, 36°49' .04 74 84 11 158 189 51 81
AUGUSY] o} 36°30" .013 74 45 11 201 100 45 74
E 35°58' .012 69 8 11 226 58 19 69
F 35°36" .011 69 42 12 265 67 39 69
‘ G 35°23" .009 74 18 5 174 60 19 n
it H 35°10° .022 69 46 6 168 8 19 69

*RELATIVE TO OBSERVER FACING LAND
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DIRECTED TO RIGHT* SOUTHWARD LONGSHORE CURRENT DIRECTED TO LEFT* NORTHWARD LONGSHORE {
MAXIMUM SPEED QF REFERENCE SPEED OF |[X OF TIME] MAXIMUM SPEED OF REVERENCE SPEED OF
BREAKER | ASSOCIATED BEACH LATITUDE | BEACH BREAKER | ASSOCIATED | REFEREWCE| BREAKER | ASSOCIATED BREAKER ASSOCIATED
HEIGHT CURRENTS SLOPE HEIGHT CURRENTS SPEED HEIGHT CURRENTS HEIGHT CITRRENTS
(cm) (cm/sec) (cm) (cm/sec) | EXCEEDED (cm) (cm/sec) (cw) (c-/uc;‘*
171 27 A 37°30° .0056 7% 26 14 265 40 39 18
152 25 [ ) 37°Q7" .0059 69 27 8 183 40 37 18
101 55 C, 36°50" .02 7% 37 17 183 74 74 4
113 83 C, 36°49° .04 81 57 17 201 112 81 62
107 46 I sentmn] D 36°30" .013 7% & 17 271 59 74 40
98 43 E 35°58" .012 69 44 17 280 63 69 33
183 57 F 35°36" .011 78 kk} 19 265 67 69 36
192 49 G 35°23° .009 81 30 9 256 5S 7 by
171 78 H 35°10° .022 69 51 10 226 18 69 39
155 29 A 37°30° .0056 69 30 12 283 51 66 16 7“
140 27 [} 37eo7! ,0059 69 10 5 158 66 62 21 |
152 62 C, 36°50" .02 74 37 21 183 1 42 33 ’(
168 % C, 36°49° .04 81 57 21 201 112 4“6 51 i
183 101 OCToser | D 36°30' .013 74 44 2 271 59 42 27 :
155 51 € 35°58° .012 9 4 21 280 63 55 6
183 57 F 35°36" .011 % 36 23 372 68 69 39
192 40 G 35°23" .009 81 30 9 256 55 n 33
152 64 H 35°10" .022 71 47 7 168 67 n 45
13 39 A 37°30° .0056 55 20 9 116 32 66 22
152 39 ) 37°071 0059 69 20 2 110 40 62 21
140 44 c, 36°50° .02 74 36 18 188 74 7% 4“7
2 13 67 c, 36°49" 04 81 57 18 201 118 81 n
2 134 16 ‘NOVEM“IJ D 36°30" 013 74 u 18 71 59 4 45
6 119 47 E 35°58" 012 69 4“4 18 280 63 69 41
3 1 56 F 15°3' | Lom 69 62 17 290 62 69 28
12 192 40 G 35°23° .009 7% 38 4 186 5Q n 29
20 152 64 H 35°10" .022 69 53 U 155 8 69 19
10 113 39 A 3730 0056 69 30 7 369 4«2 66 26
10 101 9 B 17%07" L0059 69 30 3 326 40 62 21
o 1i0 4] C, 36°50° 02 81 29 16 162 52 7% 4]
4 119 3 C, 36°49° 04 81 60 16 180 112 81 62
4 183 60 | DECEMBER | D 16°130° 013 74 45 16 247 64 74 40
9 155 58 € 15°5R" 012 69 44 16 259 68 69 35
3 201 56 F 1574 011 69 42 9 341 7 8 33
11 192 -5 G 150y 109 74 18 7 256 3 " n
16 140 8 L [, ] ASEY i n b 3 168 [} 69 L33
*RELATIVE TO OBFRVER Fa( ING T AND
FIGURE 13. BREAKERS AND LONGSHORE CURRENTS (CON
' -
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S

ARD LONGSHORE CURRENT DIRECTED TO LEFT*

NORTHWARD LONGSHORE CURRENT DIRECTED TO RIGHT®

SPEED OF | OF TIME| MAXDIIM SPEED OF REFERENCE SPEED OF | X OF TIME | MAXIMUM SPEED OF
ASSOCTIATED | REFERENCE| BREAKER | ASSOCIATED BREAKER ASSOCIATED | REPERENCE | BREAKER | ASSOCIATED
CURRENTS SPEED HEIGHT CURRENTS HEIGHT CURRENTS SPEED HEIGHT CURRENTS
(cm/nec) EXCEZEDED (cm) (cm/sec) (cm) (cm/sec) EXCEEDED (cm) (cm/sec)
26 14 265 40 39 18 11 171 27
27 8 183 40 37 18 10 91 23
37 17 183 74 74 41 4 165 75
57 17 201 112 81 62 4 183 113
4 17 mn 59 7% 40 4 201 60
44 17 280 63 69 35 12 171 58
3 19 265 67 69 36 4 223 56
30 9 256 55 7n 37 8 168 82
51 10 226 78 69 39 12 140 18
30 12 283 51 66 16 5 113 39
30 1 158 66 62 21 8 140 39
37 21 183 7% 42 33 3 110 [

57 21 201 112 46 51 3 119 67
4% 2 2 59 42 27 3 119 39
44 21 280 63 55 36 9 201 54
36 23 372 68 69 39 3 201 56
30 9 256 55 7 33 8 158 49
47 7 168 67 7 ) 8 31 66
20 9 116 32 66 22 9 155 39
20 2 110 40 62 21 13 140 39
36 18 188 74 74 47 3 152 75
57 18 201 118 81 n 3 168 113
44 18 271 59 74 45 3 183 60
44 18 280 63 69 41 7 201 58
42 17 290 62 69 28 5 116 56
38 4 186 50 7 29 7 174 4“9
53 7 155 78 69 19 9 140 78
30 7 369 42 66 26 6 146 39
30 3 326 40 62 21 9 140 39
29 16 162 52 74 41 2 165 75
60 16 180 112 81 62 2 183 113
45 16 247 64 74 40 2 201 60
44 16 259 68 69 35 5 1mn 58
42 9 341 73 78 33 2 183 57
38 7 256 55 74 L} ? 204 o
46 3 168 67 69 YA 9 158 78
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C. Seawater Properties Affecting Dispersion
1. Introduction

* In this quide, the coastal (Continental Shelf) region is bounded by
the 100-fatham (183-meter) isadbath; the offshore region is seaward of this
isobath. Bays, inlets, and sounds are not included in the data presentations.

Temperature is presented in degrees Celsius (°C), salinity in parts per
thousand (0/00), density* in units of sigma-t (0t), and axygen in ml/l.
Seasons used here are defined as: winter (January through March), spring
(April through June), summer (July through September), and autumn (Octaber
through December).

The water column is oconsidered to be isothermal, or to have a mixed layer,
when the vertical temperature gradient is equal to or less than 2.5°C per
100 meters; a column of water is said to be isochaline when it is nearly of
uniform salinity. Vertical density structure is isopycnic, i.e., of uniform
density, if the change in 0f gradient is equal to or less than 0.65 per
100 meters. A pycnocline, or vertical density gradient, exists when the
change in density with depth exceeds the stated isopycnic limits.

Mean sea surface temperature for all months is presented in figure A5
of the Appendix. Monthly variability of sea surface temperatures at selected
locations is presented in figure A6 of the Appendix. Mean axygen traces are
presented by season in figure A7 of the Appendix.

2. Description of seawater properties

a. Winter

February, when cold (6°C) water flows south to about 36°20'N (although same
‘ 6°C water remains in March just south of Chesapeake Bay). Water of 9°C extends
‘ slightly south of Cape Hatteras during March. Generally, the water column in
the shallow part of this region is isothermal. Farther offshore a mixed layer
within the upper 50 meters becames evident (figs. 14 and 18).

———

o o~

Mean sea surface salinity generally ranges between about 30 o/oo and
34 o/00, except near Chesapeake Bay where winter values moy be as low as 24 o/co
and near the Continental Shelf edge south of Cape Hatteras where values are
slightly greater than 36 o/oo. At most locations on the Continental Shelf,
the water column is either ischaline or has a shallow mixed layer; however,
the vertical salinity structure near the entrance to Chesapeake Bay is
characterized by a sharp increase in salinity with depth.

-

(1) Coastal--Mean sea surface temperatures are lowest during
]

* Density as used in this publication is equivalent to specific gravity and
represents the ratio at atmospheric pressure of the weight of a given volume
of seawater to that of an equal volume of distilled water at 4°C. It is
conveniently expressed as sigma-t, an abbreviated form wherein water whose
density is 1.0240 has a sigma-t value of 24.0 (Neumann and Pierson, 1966).
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Mecan sea surface density is lowest off the bay (0f=18) and increases
seaward as water becomes more saline. Density in the water column closely
parallels the salinity structure; i.e., it is either isopycnic to the bottam
or has a shallow mixed layer, except off the bay, where the vertical gradient
is sharp fram surface to bottam. Instability within the water column may
occur.

Dissolved oxyyen at the surface generally ranges between 4.7 and 7.6
ml/1, with lowest values occurring off the bay. At bottam on the Continental
Shelf, values range between 3.1 and 7.2 ml/1, with lowest values occurring
south of Cape Hatteras.

vValues of pH range between 7.90 and 8.40 at the surface, and between
8.10 and 8.30 at the bottam. Lowest surface and bottam values occur off
Chesapeake Bay.

(2) Offshore--The horizontal surface temperature gradient
marking the Gulf Stream is most evident during winter. South of the Gulf
Stream, surface tamperatures vary only slightly. Vertical temperature
structure north of the Gulf Stream generally is characterized by a mixed
layer in the upper 100 meters; south of the Gulf Stream the water column
is isothermal to depths of at least 500 meters. During winter, the vertical
discontinuity at the northern edge of the Gulf Stream is strongest.

Surface salinity ranges between 34.0 o/oo and 36.5 o/00, with highest
values in the southeast. North of the Gulf Stream the water column is

characterized by a shallow mixed layer, a weak positive salinity gradient, and

a slight salinity maximum at a depth of about 150 meters. South of the
Gulf Stream the water colum is essentially ischaline to about 500 meters.

Surface density shows relatively little variation, ranging only between
about 25.0 and 26.507 . Vertically, in the northern part of this region, the
pycnocline occurs fram the surface to about 30 meters before a slow constant
increase with depth occurs. In the south isopycnic conditions prevail in the
upper 600 meters.

Mean dissolved oxygen at the surface ranges between 5.0 and 5.5 ml/1.
The oxygen minimum (3.4 ml/1 is present in the northern part of this region
at a depth of about 250 meters; in the southern part, the minimum (3.5 ml/1)
probably occurs at about 700 meters.

February pll data indicate a surface range of about 8.20 to 8.25, and
necar-bottam values of about 8.15.

L. Spring

(1) Coastal--During April and May, a transition fram winter
to near-summer conditions occurs. In April, north of Chesapeake Bay, 9°C
water still is present; by May this is replaced by 13° to 15°C. Also, in
May warmer water flows out of Chesapeake Bay. By June, tamperatures in the
coastal region have risen about 5° to 10°C higher than April values. North
of Cape Hatteras temperatures tend to decrease from the surface *o a depth
of about 15 meters (i.c., no mixed layer), then became isothermal; however,
ncar the odge of the Continental Shelf, a shallow mixed layer may occur.
South of the cape the water may be isothermal (figs. 15 and 18).
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Mean surface salinity generally ranges between 30 o/oo and 33 o/00,
but nearshore values may be lower (about 26 o/oo) south of the bay, and
higher (36 o/oo) south of Cape Hatteras. Salinity increases only slightly
from the surface to depths between 10 and 25 meters, then remains constant
to the bottam, except near Chesapeake Bay where a strong gradient occurs in
the upper 10 meters.

Mean surface density ranges fram about 20.50f near the bay to slightly
greater than 24.0 07 south of Cape Hatteras. Vertical density structure
resembles salinity structure. In most of this region, density increases
slowly with depth; however, near Chesapeake Bay strong density gradients in
the upper 10 meters and vertical instability may occur.

In spring, surface dissolved oxygen ranges between about 4.4 and 7.8 ml/l.
The lowest value and greatest range of values occur off Chesapeake Bay in
April; during May and June, the ranges generally are smaller. Oxygen concentra-
tions at the bottam range between 3.3 and 7.7 ml/1. Lowest bottam values
occur south of the bay in June; highest values are found off the bay.

The surface range of pH for this season is about 8.00 to 8.55; at the
bottom, values range between 7.80 and 8.55. Lowest values occur near the bay.

(2) Offshore--The Gulf Stream is still noticeably warmer than
those waters to the west during April and May, although the difference is not
as great as during winter. June conditions approach those of summer, with
surface temperatures warming quickly throughout this region. Vertical temperature
structure generally is characterized by a mixed layer within the upper 100
meters, except in the northeast, where no mixed layer occurs, and in the
southeast, where the water column is isothermal to depths of at least 600 meters.

Mean surface salinity ranges between about 33.0 o/oco and 36.5 o/oo during
spring, with highest values in the southeastern part. The horizontal salinity
gradient around Cape Hatteras is strongest during this season. Salinity in
most of this region increases fram the surface to depths of about 100 to 200
meters, then decreases with depth. However, in the southeast the water
ocolumn is isochaline to depths of about 450 meters.

Mean surface density ranges between 23.0 and 26.5 0f . The water column
is characterized by increasing density from the surface to the bottam (i.e.,
no mixed layer) except in the southeast where the vertical structure is
isopycnic to depths of 600 meters. Instability near the surface may occur
in the Gulf Stream.

Mean dissolved oxygen at the surface ranges between 4.8 and 5.5 ml/l.
The cxygyen minimum in the northern part of this region is about 3.3 ml/l at a
depth of 250 meters; in the south a minimum of 3.4 ml/l occurs at about
850 meters.

In April, surface pH values range between about 8.40 and 8.50; in May
and June values are lower, varying between 8.15 and 8.25. Near-bottam pH
values during spring range between 8.05 and 8.25.

Cc. Summer

(1) Coastal--Mean surface temperatures are highest during
August and are several degrees cooler in Septamber in most of this 1agion.

47




A mixed layer occurs to depths of about 10 meters in much of the region north .
of Cape Hatteras, except near Chesapeake Bay where there is no mixed layer.

South of the cape a mixed layer may not occur (figs. 16 and 18). Upwelling may

occur along the coast just north of Cape Hatteras (Wells and Gray, 1960a).

The lowest mean surface salinity (about 23 o/oo) occurs off the bay;

hut the nomal secasonal range for most of this region is between 29 o/oco ard
33 o/oo and high values of about 35 o/oo occur south of Cape Hatteras. The
horizontal change in salinity near the bay may be as great as 6 o/oo in about
20 kilameters. Except near the bay, the water colum is ischaline to depths
of about 10 meters; salinity then increases with depth. Near the bay, the
vertical salinity gradient is strong from the surface to the bottam, with no
mixed layer.

Mean surface density is lowest ncar the bay (0f=16) and increases seca-
ward. Vertical density structure is characterized by a shallow (l10-meter)
mixed layer, except near the bay where the outflow of low-salinity water
causes a strong vertical gradient. Instability in the water colum is
most likely to occur near Cape Hatteras.

Dissolved oxygen ranges between 3.6 and 6.0 ml/1 at the surface and
between 3.6 and 5.5 ml/1 near the bottam. lowest surface and bottam values
are near the bay and occur in July.

Surface pH values near Chesapeake Bay range heiween 7.65 and 8.60; . |
ncas-bottam values range between 7.10 and 8.55.

(2) Offshore--Surface tamperature variation is least during ‘
summer, especially in August when there is only about 3°C range throughout .
this region and thermal boundaries of the Gulf Stream are least distinct.
Vertical temperature structure is characterized by a mixed layer in the upper
30 meters, cxcept in the northeast where there is no mixed layer. Generally,
temperature decreases steadily below the mixed layer; however, in the
northecast a slight increase is noted between 50 and 100 meters.

Mean surface salinity during sumer ranges between 33 o/oo and 36 o/00,
and highest values occur in the south. The horizontal surface salinity
gradient around Cape Hatteras is weakest during this season. Vertical
salinity generally increases from the surface to depths between 50 and 200
meters. In the northeast a minor salinity minimum occurs at 50 meters before
salinity increases to a maximum at 150 meters, then decrcases below.

Mean surface density ranges between 23 and 24 0 . Generally, no mixed layer
occurs, and density increases rapidly fram the surface to depths between j
50 and 150 meters, then gradually increascs to the bottam. The strongest
vertical density gradients occur during summer.

Mean dissolved oxyyen at the surface ranges between 4.5 and 4.9 ml/l.
The oxygen minimum in the north is about 3.3 ml/1 at a depth of 200 mcters;
in the south a minimum of 3.5 ml/1 occurs at 700 meters.

No pi data are available for this region. L

d. Autum .

(1) Coastal--Mean surface temperatures in the coastal region
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- decrease during autumn. By December, temperatures less than 15°C covar most
of the Continental Shelf north of Cape Hatteras; temperatures of about 9°C
occur north of 37°N and off Chesapeake Bay. The water colum is isothermal in
most of this region; however, near the bay, surface temperatures are slightly
cooler than those at depth (figs. 17 and 18).

Mean surface salinity varies from about 31 o/oo to 33 o/oo, but near the
bay is about 29 o/oo and south of Cape Hatteras probably is as high as 36 o/00.
The water column in most of this region is ischaline, but ncar the bay there
is a strong vertical salinity gradient with increasing values to the bottam.

Mean surface density is lowest off the bay, where salinity is low. The
water colum is isopycnic except near the bay, where a strong vertical gradient
occurs. Instability may occur on the Continental Shelf during autumn.

Surface dissolved oxygen ranges between 3.7 and 8.4 ml/l. Lowest
values occur in October north of the bay; highest values occur in Decomber
off the bay. Near-bottam oxygen values near the bay range from 3.4 ml/l in
October to 8.0 ml/1 in December.

The surface pH range near Chesapeake Bay is about 7.40 to 8.50. Near-
bottam values range between 7.25 and 8.40.

(2) Offshore--Mean surface tomperatures during autumn decrease
as a result of seasonal cooling, and the horizontal gradient marking the Gulf
Stream is stronger. A shallow mixed layer occurs within the upper 50 meters
throughout this region.

Mean surface salinity generally ranges belween 33.0 oo/o and 36.5 o/00,
with highest values located in the south. Vertical salinity structurce is
characterized by increasing values from the surface to depths between 100 and
200 meters, then decreasing values with depth below 200 meters.

Mean surface density ranges between 23 and 2507 . A mixed layer to a depth
of about 50 meters occurs only in the south. FElsewhere the pycenocline extends
from the surface to at least 100 meters. Vertical density gradients are
strongest near the northern edge of the Gulf Stream. Instability may occur
near the surface in this region.

Mean surface dissolved oxygen ranges {rom 5.2 ml/1 in the northern part
of this region to 4.8 ml/1 in the southecast. The oxygen minimum (3.6 ml/1)
occurs at a depth of about 300 meters in the north and at about 750 meters
south of the Gulf Stream.

No pH data are available for this region.
3. Discussion

a. Effects of seawater properties at the surface--A major
influence on the spread and dispersion of a pollutant is the presence of
fronts (boundaries or interfaces) which may be caused either by sharp salinity
or temperature differences. Tn this Arca frontal regions occur off Chesapeake
Bay and near the Gulf Stream.

- Although low salinity values are camon throughout the coastal rogion,
they are particularly noticeable near Chesapeake Bay where the horizontal
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change with distance is probably greater than elsewhere on the Continental
Shelf. A surface pollutant (e.g., 0il) may collect at the seaward interface
where a pronounced salinity gradient occurs (Kennedy and Wermund, 1971).
Concentration at this interface is most likely during summer when the mean
surface salinity gradient is about 6 o/oo in 20 kilameters.

Surface contaminants may also concentrate along the northern boundary of
the Gulf Stream. This is primarily a thermal boundary which is strong during
late autumn through early spring and is most intense during winter. "Surface
float" may tend to collect at zones of convergence (fronts) such as this one
(Garber, 1960). The occurrence and relative strengyth of these fronts may
inhibit the spread of surface pollutants and may also influence the direction
in which contaminants move. For example, a pollutant introduced in winter in
the coastal region north of Cape Hatteras, where the general flow is south, may
travel as far as the cape and then be impeded by a strong thermal gradient.
This effect is contingent upon the physical characteristics of the pollutant
and on local real-time conditions. The presence of pollutants on the surface
also may inhibit air-sea interchange of oxygen or deplete surface dissolved
oxyygen and many pollutants may produce temporary changes in surface pH.

b. Effects of seawater properties in the water column --If pollutants
introduced at the sea surface are heavier (more dense) than the surface
water they will sink either to a layer of similar density or to the bottam.
Those heavy enough to reach bottom quickly generally will not be influenced
by density variations of the water column. However, stratification within the
water column will affect lighter pollutants. Vertical diffusion is greatest
when the water column is hamogeneous, i.e., isopycnic. However, if density
discontinuities exist, vertical diffusion is inhibited or halted. Mean density
structures of the Area are discussed in "Description of scawater properties”
section.

Regions where density stratification may theorctically affect vertical
movement of pollutants may be inferred from figure 19, which depicts changes
in vertical density for a unit of depth.*

In any region, regardless of season, that displays a strony density
gradient, density layers in the upper water column will be shallower than
in regions with weaker gradients. Pollutants heavy enough to sink may
ocollect and spread along layers of similar density (false bottam). In regions
where strong gradients occur, entraimment of contaminants could be closer to
the sca surface than in regions where the gradient is weaker (compare figures
18 and 19, Section 7, September, Stations B and F). Contaminants which collect
along these "false bottams" may also surface elsewhere.

Pollutants introduced below the surface may behave similarly. If the
water column is homogeneous, pollutants lighter than the ambient density may
casily reach the surface. However, a pollutant promixed to the density at
the point of introduction may mix and spread within that density layer and
is not likely to reach the surface. The more stable the water column, the
less likely is vertical diffusion to occur, although same slow diffusion will
occur with time.

* Fijure 19 is included to supplement the density sections in figure 18, is
based on real-time data, and may not reflect average conditions.
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Instability, or decrease in density with depth, may affect dispersi.n and
distribution of contaminants. Instability is obser-.d near the Gulf Ccrcam
during April and December, and is probably caused by temporary near-.urface
temperature inversions. In the coastal region, however, these instabilities
are more persistent and occur throughout the water column. Wherc near-surface
instability occurs, contaminants introduced at the surface are nore likely to
mix within the surface layers and sink more rapidly to the layer of equal
density. Near-surface instability is most prominent necar the Continental
Shelf edge, especially off Cape Hatteras.

Where unstabla water is present at middepth, convective mixing occurs, and
a pollutant may dissipate more rapidly. Instability on the bottam in the
coastal region may produce an unusual distriburion of pollutants which arc
introduced on or reach the bottom; mixing and dispersion of the pollutants
may be increased, and distinct layering of pollutants is less likely. Summe:
is the only season during which bottom instability does not occur in the
coastal region.

The presence of same pollutants within the water column may deplete
ambient oxygen through oxidation processes. 1t may also cause small chanues
in pH, although this property is fairly conservative.

4. Data sources

Sea surface temperature presentations are based on all available
merchant marine dbservations taken in the past 100 years as collected at the
Environmental Data Service, National Climatic Center, and cumpiled by this
Office by 6-minute quadrangles. Most of the observations tahulated are
injection temperatures that may contain inaccuracies (e.g., approximation of
readings, faulty thermometers, or heat contamination fram ship engines and
boilers). However, because the data coverage in the Arca is good, these
errors are minimized. Monthly variability of sea surface temperatures is
based on data taken reqgularly and recorded in U.S. Coast and Geodetic Suvvey
Publication 31-1 (1968).

Vertical traces of temperature, salinity, density, and oxygen are
based on oceanographic station data provided by the National Oceanoyraphic
Data Center (NODC) and stations cited in Pollak, 1952. These regional
presentations are determined by cambining all available data for 30-minute
quadrangles by trimonthly periods according to similarity of structure.
Data distribution is indicated for each region. Other values (oxygen and pH)
presented in the text also are derived fram oceanographic stations, although
data on these parameters are generally sparse.

Vertical sections 1 through 4 of tamerature, salinity, density, and
«radients are derived from data taken by the R. V. Dolphin during 1965-66
lark, et al. 1969). Vertical sections 5 through 8 are derived from
“tations taken by R. V., Atlantis during 1932 and retained at NODC.
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D. Marine Geology
1. Introduction

The Cantinental Shelf is 20 to 65 nautical miles wide in this Area,
the 100-fatham isobath closely approximating the shelf break. Sard is the
predominant surficial sediment on the shelf and is often found mixed with mud
or gravel in localized zones. The grain-size distribution of most shelf and
slope sediments is skewed toward fine-grained material. Coarse material is
concentrated in nearshore areas arnd scattered on the shelf. During the autum,
winter, and spring, sediments on the entire shelf are subject to wave erosion
and transportation, whereas in summer these processes are less extensive.

North of the Chesapeake Bay entrance, most of the coast is privately
owned and commercially undeveloped. To the south, the beaches are owned by
federal and nonfederal public agencies and are used for recreational and
nonrecreational purposes.

2. Bathymetry

The Continental Shelf is 20 nautical miles wide off the coast of
North Carolina, increasing in width to 65 nautical miles off the entrance to
Chesapeake Bay (fig. 20). A bathymetric profile A to A' is shown on figure 21.
The 100-fatham isobath approximates the shelf break. Seaward of the shelf,
the continental slope varies in width fram 5 nautical miles in the south to
25 nautical miles in the north. The shelf edge is incised by the Norfolk and
Washington Canyans between 37°00' and 37°30'N. Each canyon averages 2 nautical
miles in width and 12 nautical miles in length with about 700 fathams of
relief. The 1,100-fatham isabath approximates the base of the continental
slope. The continental rise lies seaward of the slope.

3. Bottom materials

The distribution of surficial bottom sediments (fig. 22) is based
on approximately 1,800 bottam samples as shown in figure 23 (U.S. Naval
Oceanographic Office, unpublished). Five bottam material types, based on
the average diameter of the particles, are distinguished:

TYPE GRAIN SIZE RANGE
Md 80% of the grains less than 0.062 mm.
Mud-sand More than 20% of the grains between

0.062 and 2.000 mm, and more than 20%
of grains less than 0.062 mm.

Sand 80% of the grains between 0.062 and
2.000 mm.

Gravel 80% of the grains between 2 and 256 mm.

Rock Boulders larger than 256 mm.

Sediments on the Continental Shelf consist of predaminantly arkosic* to
subarkosic** fluvial sand. Mud or gravel is often found in cambination with
sand in localized zones. The shelf sediments were deposited in shallow water

* > 25% feldspar
** 5- 25% feldspar

65
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during the last lower stands of Pleistocene (continental glacial epoch) sea
level and post-Pleistocene reworking has removed most fine-grained sediment
(silt and clay) leaving only fine to coarse sand (fig. 24). The surficial
sediments of most of the Continental Shelf ard slope have frequency-distribution
curves skewed toward finer material (positive) with the exception of the
sediments in three extensive nearshore zones which have frequency-distribution
curves skewed toward coarser material (negative) (fig. 25).

Modern sediments which consist of mud-size grains are accumulating only
in estuaries and on the continental slope. These fine—grained fluvial sediments
escape fram the estuaries during floods and storms. The fact that most shelf
sediments are relict sands indicates that most modern river—-derived sediment
does not remain on the shelf. It is either recycled back into the estuaries,
or it crosses the shelf and is deposited on the continental slope or rise
(Milliman, Pilkey and Ross, 1972). Mud is the daminant sediment type on the
continental slope and rise.

4. Transport of materials

Sediment transport as a result of forward drift (@) (Appendix B) is
generated by wave action and presented in figure 26. Waves act on sediment
distribution both by resuspending (reintroducing into water column) and by
transporting sediments.

Resuspension of bottam material can occur whenever there is sufficient
orbital wave motion (u,) (Appendix C) close to the scabed. Once the bottam
material is in susupension it can be transported by the forward drift. On the
basis of a modification of Sundborg's campetency curves (Allen, 1965) (fig. 27),
orbital velocitics close to the bed must exceoed 37 aw/sec, 54 aw/sec, and
60 an/sec to resuspend medium sand (0.24 mm), fine sand (0.062 mm), and silt
(0.052 mm) , respectively. In order to transport the material after it is
suspended, the forward drift velocity must exceed 37 awsec, 2.4 an/scc, and
1.0 aw/sec, respectively.

These principles are applicable to the construction of a model for
predicting the dispersal of dredge spoil deposits over the seabed. For example,
during autumn, winter, and spring, the above orbital and forward velocitics are
frequently aqualed or exceeded, and dradge spoil deposited on the shelf would be
subject to erosion and transportation. As shown by bottam drifters (Harrison
et al., 1967) transportation is predaominantly toward the coast. Silt and fine
sand can theoretically be resuspended and transported within 10 nautical
miles of the shelf break over nuch of the above period (fig. 26). In sumer,
wave action on silt and fine sand is confined to within 20 nautical miles of
the coast in the southern half of the Area and to within 30 nautical miles of
the shelf break in the northern half.

5. Shoreline ownership and usage

Shoreline ownership and usage are shown in fiqure 28 (U.S. samy Corps

of Engineers, vol. 1 & 2, 1971). On the Delmarva Peninsula, most of the

coast is privately owned and cammercially undeveloped except tor that portion
of federally owned shoreline used as a wildlife refuge and NASA facility.

South of the Chesapeake Bay entrance, along the Virginia coast, shoreline
ownership is both federal and nonfederal public, and is used for recreational
and nonrecreational purposes. Along the coast of North Carolina the land is
for public recreation.
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E. Marine Biology
1. Plankton distribution

a. Introduction--The plankton biamass present in the Hampton
Roads/Nar folk Operating Area camprises numerous species. The waters between
Cape Cad and Chesapeake Bay, with the exception of Georges Bank, contain
larger volumes of phytoplankton and zooplankton than any other temperate or
boreal coastal area on either side of the Atlantic. For example, the volume
of production for May averages 800 mg C/m3*, about twice that of the productive
Icelandic Coast (450 mg C/m3) (St. John, 1958).

The Operating Area has four distinct water regimes (fig. 29) based on
temperature, salinity, and nutrients: the entrance to Chesapeake Bay, Continental
Shelf (Virginia and North Carolina), Carolina Coastal, and Gulf Stream - Florida
Current. However, the boundaries of these regimes fluctuate with seasonal
changes. Likewise, the quantities and number of species of plankton also
change. The phytoplankton and zooplankton of the bay entrance are tolerant of
large ranges in salinity and temperature, as are the many eggs and migrating
fish larvae that are spawned in the estuaries of Chesapeake Bay or in the
adjoining ocean.

The nutrient-rich Continental Shelf regime extends south from Delaware to
between 35°30'N and Cape Hatteras depending on the season. Generally, in cold
seasons zooplankton here consists almost entirely of boreal-temperate species.
However, in warm periods, a variety of warm-water forms prevails.

Volumes of winter zooplankton along the Carolina coast are only about
one-half those in the Continental Shelf regime. The Gulf Strcam - Florida
Current plankton population is even more sparse, with only meager quantities
in any season.

~——

b. Bay entrance .. Primary production in this regime is high; daily
output is about 500 mg C/m2** (Moiseev, 1969).

Phytoplankton bloams in the bay entrance in spring and autumn, with
population maximums at these times. Diatams are daminant in the winter, whereas
dinoflagellates are more mumercus during spring and summer and late autumn.
Greater diversity of species appears to spread from the sea toward the inner
bay during cold seasons, and seaward fram rivers and estuaries during warm
seasons. Principal phytoplankton oryanisms are listed in figure 29. The
prominent species are Skeletonema costatum, Chaetoceros affinis, C. campressus,
and Cerataulina bergonii.

Influx of low-salinity water fram rivers and sharp changes in tamperature
greatly influence organisms in the bay entrance. Plankton without a tolerance
for these variables may not survive. For example, the copepod Centropages
typicus enters the bay from the ocean but usually cannot adapt because of low
salinity (Deevey, 1960).

The copepod Acartia tonsa is the most abundant zooplankter in Chesapeake
Bay. It dominates the 2zooplankton in all seasons, but reaches its greatest
abundance near the bay entrance in spring. Another zooplankter, the chaetognath
Sagitta enflata, is most abundant in summer and autumn and has an average density
at the bay entrance of 6.2 specimens/m3.

* Milligrams of Carbon per cubic meter.
** Milligrams of Carbon per square meter.
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Close interrelationships occur in this regime between fish and plankton.
Fish eygs are part of the plankton biamass; however, the hatched fry feed
on the zooplankton. For example, juvenile croaker (Micropogon undulatus) and

menhaden (Brevoortia tyrannus) larvae, which move into the lower bay fram the
open ocean where spawning has occurred, and Atlantic herring (Clupea harengus
harengus) and American shad (Alosa sapidissima), which spawn in the bay
estuaries with fry passing through the lower bay to the ocean, all feed heavily
on zooplankton.

c. Continental Shelf--This is the largest and most camplex regime
of the study Area. Primary production ranges fram 250 to 500 mg C/m2/day
on the continental slope and tapers to a lower level in the Gulf Stream (Moiseev,
1969). This range compares with 400 mg C/m2/day on the Continental Shelf
off New York (Ryther and Yentsch, 1958).

Be, et al. (1971) report high plankton volumes exceeding 100 ml/1000 m3
north of Cape Hatteras. However, plankton volume may reach 700 to 800 ml/1000 m3
in summer and 400 ml/1000 m3 in winter. Van Engel and Eng-Chow (1965) set the
displacement volume of the total zooplankton for the period October through
July at 9.5 ml/20-minute half-meter net haul.

The envirommental parameters of this regime fluctuate widely, thereby
affeccing the quantities and species of plankton inhabiting these waters during
any one season. Tamwerature appears to be the primary influencing factor,
directly limiting the existence of zooplankton ‘in co~stal waters during winter
months. However, temperature, turbulence, and reduced solar radiation in
winter months also act to reduce the production of phytoplankton, the basic
food supply of herbivorous zooplankton. With reduction of the phytoplankton
standina crop fram spring to winter, there is a consequent terdency for
reductiun of the zooplankton population in winter (fig. 30) (St. John, 1958;
Clark, et al., 1969).

Six species of the dinoflagellate Ceratium are abundant in summer ard
autumn (fig. 31). These warm-temperate or tropical species are members of
a camunity that is most abundant in autum and especially so in offshore
waters, i.e., toward the Gulf Stream.

During the first half of the year, the zooplankton population consists
almost entirely of boreal-temperate species, whereas during the second half
a variety of warmwater species is present (fig. 31). Four species of
ocopepads, Centropages typicus, Pseudocalanus minutus, Labidocera aestiva, and
Eucalanus pileatus-subcrassus, are found in the largest numbers over the
broadest areas for the greatest periods of time (fig. 32). C. typicus,
unguestionably the dominant form, is present every nonth in surface waters.
It and C. hamatus occur in greatest abundance in winter and spring. Copepods
of tropical origin are relatively scarce and occur only in sumer and autumn.

Grant (1963a, b) identified Sagitta serratodentata as the most abundant
chaetognath over the middle Atlantic shelf during midwinter. Another chaetognath,
S. enflata, occurs in offshore waters throughout the year and is concentrated
in the sumer and autumn.

Other less significant plankton forms include the coelenterate
Aglantha digitale and the annelid worms of genus Tamopterid, both occurring
fram Delaware socuth to Chesapcake Bay. The tunicate Oikopleura dioica is
a warm-water species found on the Continental Shelf off the Bay. The shrimp
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like mysid Neomysis americana is present throughout the year and is dominant
during April through September. It is the most cammon mysid inhabiting
northeastern coastal waters (Wigley and Burns, 1971). Numerous other
invertebrates also are represented in the zooplankton population, e.g., the
larvae of coelenterates, ctenophores, and tunicates, which abound especially
in July through September.

Fish eggs and larvae are praminent additional camponents of the
zooplankton in this regime. The Continental Shelf is the spawning region
and migration route to spawning grounds for many species of fish. Generally,
'fish eggs are present in all seasons except winter, with peak abundance during
May through July. A notable exception is the eggs and fry of croaker
(Micropogon undulatus) , which occur offshore in late summer and through winter
and spring. Menhaden (Brevoortia tyrannus) eggs and larvae have been collected
to 40 miles offshore during December through March. Fourspot flounder
(Hippoglossima dblonga) larvae occur in coastal shelf waters south to North
Carolina in depths greater than 20 fathams (36.6 meters).

d. Carolina coastal--Zooplankton in this regime reaches maximum
abundance in summer and autum and is minimal in winter. However, in contrast
to the other regimes, the midwinter minimum of zooplankton volumes is not
pronounced. Volumes in January are maintained at 70 percent of the summer
average This slight variation in seasonal volumes, expecially near
Cape Hatteras, may be attributed to relatively warm winter water temperatures
with good solar radiation; hence, the zooplankton population is assured of
a moderate standing crop of phytoplankton food supply. The close proximity of
the Gulf Stream also supplies shelf waters with reproducing populations of
oceanic plankton (St. John, 1938).

The zooplankton volumes in the regime are at maxinmum concentrations
ncar the midshelf regyion. Least volumes are in shallow coastal areas and
in offshore Gulf Stream - Florida Current water. The zooplankton population
in May has a mean volume of 0.29 cc/m3; in June, 0.28 cc/m3; and in January,
0.20 cc/m3 (St. John, 1958). Be, et al. (1971) reported total plankton
displacement volume along the Continental Shelf south of Cape Hatteras to be
0.28 cc/m3,

The winter zooplankton of this regime, compared with that from Cape Cod
to Chesapeake Bay, is only about one-half that in the richer waters to the
north.

Plankton populations in the shelf area are influenced by other water
masses. Occasionally in winter, Virginia coastal water may be transported
by storms southwestward around Cape Hatteras. The Virginia coastal calanoid,
Centropages typicus, invades the mid-North Carolina Coast along with these
cold-water intrusions. The Gulf Stream - Florida Current occasionally
penetrates shoreward and carries many oceanic species into coastal waters.

In contrast to the waters to the notrth, the majority of species south
of Cape Hatteras are of tropical origin, e.g., the three chactognaths Sagitta
tenuis, S. helenae, and S. enflata. These species have an average abundance
of -3 specimens/m3 of water (Pierce and Wass, 1962). Copepods in these waters
are also mainly warm-water species. Prominent in slope waters is one species

of pteropad, Limacina retroversa, with 10 specimens/m3 of water (Chen and

Hillman, 1970).
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e. Gulf Stream - Florida Current--The waters of the Gulf Stream {
have been shown to carry meager quantities of plankton campared to coastal
waters. Be, et al. (1971) report 114 mg/m3 wet weight of total plankton for
the region of the Gulf Stream - Florida Current between 35° and 37°N.

The following chaetognaths are indicative of Gulf Stream - Florida Current
waters, although their aburdance is low: Sagitta hexaptera, 0.1 to 0.9
specimen/m3; S. lyra <0.1/m3; and Krohnitta subtilis, << 0.1/m3 (Pierce and
Wass, 1962).

Other forms present include the pteropods Limacina inflata, 5 specimens/m3
of water, and L. trochiformis and Creseis virgula conica, 3.5/m3 of water
{Chen and Hillman, 1970).

However unproductive and undiversified the Gulf Stream - Florida Current
may seem in number and quantity of species present, its proximity to the coast
results in an increase in water temperature on the shelf in the southern part
of the study Area. In the region off Cape Hatteras, considerable mixing of
the Gulf Stream - Florida Current and cold waters fram the north occurs.
Plankton species and quantities, therefore, may vary considerably ard be of
cold water, boreal-tamperate origin or of warm water, temperate-tropical
origin.

f. Discussion——-With the influx of Chesapeake Bay estuarine water,
cold water from northern curreats, and warm Gulf Stream water, plus seascnal
changes, the Area is a constantly changing and very fertile environment for
plankton and higher forms on the food pyramid.

Primary production compares with that of the highest productive areas in
the Atlantic Ocean. The largest total plankton concentrations are located
primarily in waters of Chesapeake Bay and the Continental Shelf. The Gulf
Stream ~ Florida Current, in camparison, has meager quantities of plankton.
Highest plankton counts can be expected in carly summer and late autumn over
the mid- to outer Continental Shelf. Plankton production is lowest from
midwinter to early spring.

Generally, copepods dominate the zooplankton carmunlty, with Acartia
tonsa and Centropages typicus being the principal speciecs. The dominant
phytoplankton genera are the dinoflagellate Ceratium and diatams Skeletonema
and Chaetoceras. These, plus numerous others as well as eggs, larvae of fishes,

and other marine forms, comprise the total plankton population.
2. Benthos

a. Introduction--The marine benthos is those plants and animals
that live in, upon, or in close relationship with the ocean bottam. In the
shallow lighted zones algae and epifauna (attached animals) that occur upon
bottem substrates are comonest, decreasing samcwhat in numbers with depth.
In deeper water most of the organisms burrow through the bottam sediments or
live just beneath the sediment surface (infauna).

b. Cawmnity camposition

(1) Estuaries--The nmost characteristic benthic organisms in the
estuarine reqgions of the study area are the alqae Fucus vesiculosus and
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Enteromorpha intestinalis, marsh grass Spartina alterniflora, the bryozoan
Biflustra tenuis, the snail Littorina irrorata, the oyster Crassostrea virginica,
the clam Mya arenaria, the barnacle Balanus improvisus, and the blue crab
Callinectes sapidus (fig. 33) (Andrews, 1956; Boesch, 1972; Shaw and Merrill,
1966; Stephenson and Stephenson, 1952; Taylor, 1957; Tenore, 1970; Wulff and
Webb, 1969; Zaneveld, 1972).

Many of the organisms camonly found in the bays and estuaries are also
common in coastal and oceanic waters. Many planktonic forms, commercially
important benthic invertebrates, and fishes have been found both in Chesapeake
Bay and offshore, or during part of their life cycle move either into or out
of Chesapeake Bay in large mumbers (Cowles, 1930). The estuaries serve as
nursery grounds for many important fishes. Many of the algae observed on
coastal intertidal and subtidal surfaces off Delaware also occur in estuaries
and bays (Zaneveld, 1972). Large numbers of dislodged terrestrial and marsh
plants have been found far offshore where they are considered to be important
contributors of organic material to the ecology of deep benthos (Rowe and
Menzies, 1969). Many of the fouling organisms found at Hampton Roads are also
found at locations offshore (Daugherty, 1961; Shaw and Merrill, 1966).

Large volumes of suspended particulate matter are flushed out of Chesapeake
Bay (Schubel and Biggs, 1969), thus becaming available to coastal trophic
cycles. Terrestrial dissolved humic substances (gelbstoff) originating from
the biodegradation of trees, plants, marsh grasses, and estuarine algae are
transported out of the streams and estuaries of the Carolina - Virginia coast
(Culliney, 1972). The phenolic and carbohydrate campounds of gelbstoff are
used directly and indirectly by coastal organisms and in sawe areas may
be more abundant than those available from phytoplankton (Seiburth and Jensen,
1968, 1969). Thus, it is clear that the estuaries of this Area contribute
significantly to the maintenance of the coastal and offshore ecosystems. For
further information on the estuaries, readers can refer to a camprehensive
review of biol- ‘cal and ecological data collected in Chesapeake Bay, including

descriptions and checklists of many benthic groups (McErlean, Kerby and Wass,
1972).

(2) Intertidal zone--The coastal intertidal zone of the
Hampton Roads/Norfolk Operating Area is divided into two very distinct types:
rocky intertidal, including rock jetties, groins, navigation aids, pilings, and
other manmade objects; and sandy intertidal, which includes the extensive sandy
beaches of Virginia and North Carolina. The rocky intertidal benthos is
dominated by sessile filter-feeding organisms and attached algae usually of
microscopic size. The sandy intertidal benthos is dominated by microscopic,
interstitial organisms, which are filter feeders, detritus feeders, and
scavenders, and relatively few large animals. Attached plants are rare in
the sandy intertidal zone. They may appear on the beach after dislodgement.

'The rocky intertidal zone is typified by distinct horizontal zones of
organisms (fig. 33). These zones contain organisms of similar tolerances and
preferences for temperature, salinity, desiccation, and extremes of submergence
and exposure. Depth zonation is common in benthic communities, but nowhere
more distinct and clear cut than in the rocky intertidal zone.

Typically the uppermost zonc, which is rarely submerged and receives
moisture mostly in the form of spray and wave splashing, is occupied by
gl molluscs such as snails and by small blue~green and qreen algae
(fig. 33). This 2zone is usually sparsely populated.
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The second deeper zone receives a great amount of breaking wave action
and is uncovered by most low tides. It is often dominated by the green algae
Ulva lactuca and Enteramorpha intestinalis, the bryozoan Bugula neritina, the
snail Littorina littorea, the mussel Mytilus edulis, and the acorn barnacles,
Balanus trigonus and B. improvisus (Cowles, 1930; Gosner, 1971; Zaneveld, 1972).
Cametition for space in tEIs and the other lower zanes is keen. Clean
surfaces are readily fouled by attaching organisms. As the intertidal
community develops and :individuals grow, crowding and overgrowth occur,
since space, not nutritional requirements, is the limiting factor.

The third deeper zone is influenced greatly by the orbital motion of
waves and to same extent by breaking waves, and is submerged during most
low tides. This zane is cammonly dominated by the brown algae Fucus vesiculosus
wnd Ectocarpus confervoides, the nudibranch Acanthodoris pilosa, the oysters
Os“rea equestris and Crassostrea virginica, the barnacle Chthamalus fragilis,
the tunicates Styela plicata, and numerous grazing and predatory crabs and
fishes (fig. 33) (Cowles, 1930; Gosner, 1971; Marcus, 1961; McDougal, 1943;
Shaw and Merrill, 1966; Stephenson and Stephenson, 1952; Wulff and Webb, 1969;
Zaneveld, 1972). The lowest tidal zone which is uncovered only during the
lowest low tides is commonly occupied by the red algae Gracilaria verrucosa
and Ceramium rubrum, the sponge Microciona prolifera, various sertularid and
plumlarid hydroids, the bryozoans Schizoporella unicornis and Hippoporina
arericana, and many grazing and predatory crabs and fishes (fig. 33) (Cowles,
1930; Gosner, 1971; McDougal, 1943; Stephenson and Stephenson, 1952; Wulff and
Webb, 1969). Below the lowest zone the orgyanisms characteristic of the
intertidal zones integrate with those common to littoral depths and gradually
disappear with increasing depth.

Few published reports exist on the community composition, ecology, and
diversity of sandy beach intertidal zones. The North Carolina sarndy beach
community is typified by low diversity ard low density (Dexter, 1969).
Daninants are the bivalve Donax variabilis, small copepods, the haustoriid
amphipod Neohaustorius schmitzi, the mole crab Emerita talpoida, the polychacte
Scololepis squamata, and the sand dollar Mellita quinquesperforata (fig. 33)
(Dexter, 1967, 1969; Pearse, 1942). Most of the organisms such as the
awphipods, molluscs, and copepods are suspension or filter feeders. Others
such as the crabs, amphipods, and polychaetes are scavengers and
detritus feeders (Dexter, 1969). Though vertical zonation exists in the
sandy intertidal benthos, it is less distinct than in the rocky communities,
the dominant organisms having wider ranges of depth distribution.

(3) Continental Shelf--The sediments of the Continental Shelf
are generally sands with occasional mud and gravel beds and submerged rock -
coral reefs. Most benthic organisms are adapted to crawl over these fine
sediments without sinking or to burrow through or dig into them. The benthic
community typically is diverse and abundant. Cammon groups of animals with
examples of each are: scallop (Placopecten magellanicus), clams (Arctica
islandica and Mercenaria mercenaria), polychaetes (Hyalinoecia artifex and
Pamatoceros caeruleus), crabs (Cancer borealis), sea stars (Asterias forbesi),
and demersal fishes (Paralichthys dentatus) (fig. 33).
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Numerous benthic samples have been gathered by Woods Hole Oceanographic
Institution (WHOI) off the east ocoast of the U.S. (fig. 34). The biological
components of the shelf sediments collected by WHOI consisted of a mollusc-
dominated infauna, echinocderm-daminated epifauna, and many species of
crustaceans and polychaetes (Hathaway, 1971; Milliman, 1972) Samewhat north
of the study Area but within a biologically similar environment, benthic
animal abundance increases fram 6,000 individuals/m? near shore to 13,000
individuals/m? at the shelf edge reaching a minimm of 25 to 100 11'\dlv1d1‘1als/&n2
at 5,000 meters depth. Molluscs, polychaetes, sipunculids, crustaceans, ard
echinoderms constitute 85 percent to 100 percent of the fauna (Sanders et al.,
1965; Sanders and Hessler, 1969). The cammon molluscan macrobenthos cbserved
by underwater photography off the northeast coast from Maine to Cape Hatteras
includes numerous crustaceans, annelids, and echinoderms whose geographic
distribution covers adjoining sections of the Middle Atlantic Shelf (Cowles,
1930). Many bivalve molluscs occur in nearshore sediments off Assateague
Islard, decreasing in mubers offshore (Henderson and Bartsch, 1915). Ocean
quahogs (Mercenaria campechiensis) occur in abundance in sandy-shell and
sandy-silt sediments off Assateague Island and in smaller numbers in 10m to
30m depths off Maryland, Virginia, and North Carolina (Merrill and Ropes, 1967).
The lobster Hamarus americanus and the crabs Cancer irroratus, C. barealis,
and Munida iris are the most cammon decapods along the shelf edge from Delaware
to North Carolina (Musick and McEachran, 1972).

Several benthic surveys have been conducted in the vicinity of Cape
Hatteras, partly because of its significance as a faunal boundary. The sea
star Astropecten americanus, rock crabs Cancer borealis and C. irroratus,
galatheld shrimp, and sea anenames were the most cammon of 211 species collected
in depths less than 200m off Cape Hatteras (Cerame-Vivas and Gray, 1966).

About 241 species of bryozoans and 5 species of entoprocts were collected in

a survey of shelf sediments from Florida to New Jersey (Maturo, 1968). Same

110 species of polychaetous annelids have been found in inshore waters off

Cape Hatteras and Pamlico Sound (Wells and Gray, 1964). Same 70 species of
marine sponges have been found in the inshore waters of North Carolina

(Wells, 1960a). The shallow water (50-500m) meiofauna consists of

animals smaller than 0.500 mm daminated by nematodes, numerous copepods,
ostraccds, foraminiferans, polychaetes, gastrotrichs, and others, while the
fauna below 500m is mostly made up of nematodes and foraminiferans (Tietjen, 1971).

Data from the many benthic surveys conducted south of Cape Hatteras
generally are applicable only to the waters south of Cape Hatteras because
environmental conditions have established a faunal boundary in the cape vicinity.
The benthic populations of the shelf edge and upper slope south of Cape Hatteras
occur in restricted ribbons or zones parallel with depth contours (Rowe and
Menzies, 1969). Coralline algae (Lithothamnion) and corals are cammon on
the shelf and shelf edge south and southeast of Cape Hatteras. Lithothamnion
growths often form submerged reefs, which host a diverse and abundant fauna.

The upper reef sandy fauna is daminated by the bivalve Glycymeris undata.
Hydroids, gorgonians, bryozoans, and echinoids dominate the epifauna! assemblage
of the reefs. The lower reefs sandmud assawblage is dominated by the gas-
tropod Polystira florencae and the brachyuran crustacean Acanthocarpus alexandri.
The epifauna of these reefs is an important nutritional element of the
cammercially important demersal fishes of the Carolinas (Menzies, 1966).

Same 112 species of invertebrates attach to calico scallop (%
gibbus) shells 30 to 40m deep off Core Banks, North Carolina.
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Balanus amphitrite and B. calidus daminate the epifauna of these shells (Wells

et al., 1064). More than 240 species of molluscs are coincident with A;x_;_u_%%
inc

gibbus 20 to 30m deep off Cape Lookout (Porter, 1971). Many molluscs,

the scallops, are eaten by the starfish Astropecten articulatus (Porter, 1971,
1972). Four cammercially important molluscs are common in the vicinity of Cape
Hatteras. The Atlantic deep sea scallop Placopecten magellanicus occurs north
of Cape Hatteras in water deeper than 40m; the bay scallop Argopecten irradians
occurs in bays, sound, and inlets; and the calico scallop A-gopecten gibbus

is found in 20 to 40m of water off Cape Lookout (Porter, 1971;. The southern
quahog Mercenaria campechiensis is common between Cape Lookout and Beaufort
Inlet in 10 to 20m depths (Porter and Chestrnut, 1962).

The invertebrate fauna associated with Oculina coral heads at Cape Lookout
is very diverse (more than 300 species) and abundant. The inshore coral
community, which is exposed to heavy surf and orbital motion of waves, is
dominated by the boring bivalve Lithophaga bisulcata, the oyster Ostrea
equestris, the sipunculid Paraspidosiphon parvulus, the polychaetes Syllis

acilis and Nereis occidentalis, and tanaid and cirripede crustaceans.
Forty kilameters offshore, where envirommental conditions are relatively
stable, Oculina oorals are less abundant than inshore, and are accampanied by
sponge-octocoral hydroid epifauna. The camunity associated with the offshore
Oculina heads is dominated by the anemone Aiptasia pallida, the polychaetes
Syllis spongicola and S. gracilis, tanaid crustaceans, the amphipod Erichthonius
Sp., and the isopod Jaeropsis coralicola. The camposition of the coral
commnities changes as the coral heads mature and undergo degradation by the
boring bivalve Lithophaga bisulcata (McCloskey, 1970).

(4) Continental slope--The literature is sparse on the benthic
fauna of the slope between Delaware and Cape Hatteras. Most studies have been
oconducted by WHOI just north of the Area and by Florida State University and
Duke University off Cape Lookout and South Carolina.

The benthic fauna of the northern section of the Area is dominated by
polychaetes, crustaceans, bivalves, and sipunculids (Hathaway, 1971; Sanders
et al., 1965; Sanders and Hessler, 1969). As many as 365 species occur at a
depth of 1,400 m on the slope. The abundance of benthic organisms generally
decreases and the community camposition changes with increasing depth (Sanders
and Hessler, 1969).

South of Cape Hatteras similar generalizations apply to the benthos of
the slope, i.e., changing camunity composition and decreasing abundance with
increasing depth (Grassle, 1967). Here, the benthic commnities occur in
ribbonlike horizontal zones. The upper slope (200-1,000m) population is
characterized by the polychaete Hyalinoecia artifex, the sea stur As ten
americanus, crabs Cancer borealis and Munida valida, and the hermit cr
Catapaqurus sharreri and Parapagurus pilosimanus. In the deeper (1,000-3,000m)
portions of the slope the fauna changes markedly because of the influence
of bottam currents flowing southward. At these depths the benthic population
is characterized by the polychaete Hyalinoecia artifex, the urchin Phormosama
placenta, the brittle stars Ophianusium lymani, Ophiocantha simulans and
Bathypectinura heros, and the hermit crab Parapagurus pilosimanus (Menzies, 1972;
Rowe and Menzies, 1969). The distribution and aburdance of these organisms
appear to be influenced by temperature fluctuations and sediment size which
in turn are related to the movements and proximity of the Gulf Stream (Rowe
and Menzies, 1969). Because of the indurated (hardened) type of sediments,
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the benthic macrofauna of Hatteras Canyon is markedly different from that of
nearby shelf and slope areas (Rowe, 1971).

(5) Slope bottam - abyssal plain--Data are not available
on abyssal-benthic populations within the Area. However, data collected north
and northeast of the Area (Sanders, et al., 1965; Sanders and Hessler, 1969) and
southeast of the Area (Rowe and Menzies, 1969; Menzies, 1972) should apply to
the fauna that occurs north and south of Cape Hatteras, respectively. The
northern abyssal-benthic fauna is typified by a diverse, low-density community
dominated by species of polychaetes, crustaceans, bivalves, ard sipunculids.
Also common are pogonophorans, ophiuroids, anemones, solenagastres, gastropods,
scaphopods, and various demersal fishes. The daminance of polychaetes tends
to decrease seaward as the importance of crustaceans simultanecusly increases
(Sanders, et al., 1965).

South of Cape Hatteras the abyssal-benthic macrofauna is typified by
the sponge Buplectella suberea, the soft coral Anthomastus glandiforous, the
sea pens Pennatula aculeata and Umbellula lindahli, the holothurians Euphronides
depressa and Pilopatides gigantea, and the hermit crab Parapagurus pilosimanus
(Rowe and Menzies, 1969). This population is similar to the upper abyssal
fauna found farther to the south off South Carolina (Menzies, 1972).

c. Abundance and biamass--The abundance and biamass of benthic
fauna generally increase fram near shore to the shelf edge and decrease from
the shelf edge to the abyssal plain. Along the Gay Head, Massachusetts-
Bermuda Transect, abundance increases fram a maximum of 6,000 organisms/m?
iear shore to a maximum of 23,000/m2 at the shelf edge, then decreases
to 500/m? at the bottam of the slope and 25 to 100/m? on the abyssal plain
under the Sargasso Sea (Sanders and Hessler, 1969). Between depths of
23 and 507m, on the shelf between Cape Cod and Delaware the range of biamass
is 2 %0 1,057 g/m?, averaging 156 g/m2 (Emery et al., 1965). The decrease
in abundance in the deep benthos is attributable to a gradual decrease in
availability of food originating in the euphotic zone (Sanders and Hessler,
1969).

Available data on intertidal and inshore abundance and biomass of benthos
are scarce. Fauling accumulates on exposed surfaces in the mouth of
Chesapeake Bay at a maximum rate of 162 g/cm?/yr (Daugherty, 1961). Oysters
occur in concentrations up to 115 per buoy in the mouth of Chesapeake Bay
(Shaw and Merrill, 1966). Approximately one larva per 130 am? of surface set
on plates exposed for 3 months at Beaufort, N.C. (McDougal, 1943). North
Carolina sand beach amphipoads occur in an average density of 100 individuals/m?
(Dexter, 1967).

Six species of shellfish occur in numbers sufficient for commercial
axploitation in the area: Mercenaria campechiensis, Arctica islandica,
Spisula solidissima, Placopecten magellanicus, Argopecten irradians, and A.
gibbus (Merrill and Ropes, 1967; Porter, 1971; Porter and Chestriut, 1962;
Wigley and Emery, 1968). Cammercially harvestable lobsters and crabs
occur in concentrations of up to 30 animals per station at depths of 70 to
270m (Musick and McEachran, 1972).

On the southern continental slope the cammon polychaete Hyalinoecia
artifex and the ophiuroid Ophiamusium lymani have been photographed in
concentrations of 15 organisms/m? and 10/m2, respectively. On the continental
rise the epifaunal assemblage is camposed of scattered sea pens (Urhellula
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lindhali), and in deeper water on the Hatteras abyssal plain a sparse cpifaunal .

population of ophiuroids (Amphiophiura bullata) exists (Rowe and Monzies, 1969). ‘
Anll.Skm-long megatrawl tow south of the Arca at 2,300 to 2,500 meters revealed ‘
57 species of animals weighing 22,665 grams (average biomass of 0.8g/m®) ?

(Menzies, 1972).

d. Diversity--Diversity is camputed logarithmically or by organism
count to denonstrate relative numbers of orgyanisms in biological camunities.
A High diversity in a benthic community indicates that many species of organisms
L, are capable of surviving, thriving, and reproducing in the community and, in
' turn, that the community is "healthy."

Table I shows numerical faunal diversity for the benthos of the north- i
cast coast of North America. Studies of the shallow, pierside fouling ;
community at Beaufort, North Carolina, showed a numerical diversity of €9
species (McDougal, 1943). Sandy, intertidal cammunities have sancwhat lower
diversity (41 species) (Dexter, 1969). Littoral benthic camunities on
the North Carolina shelt are camposed of at least 211 species (Cerame-Vivas
and Gray, 1966). Approximatcely 170 specices were collected during a study
of a submerged reetf south ot Cape Lookout (Menzies, 1966). A total of
300 species was reported from reefs off South Carolina and southern North
Carolina (l'carse anxd Williams, 1951). At least 112 species of inver~
tebrates attached to scallop shells off Core Banks, North Carolina, were ;
identified (Wells, et al., 1964). In a later study, however, 241 species of
nolluscs alone were found assoclated with North Carolina scallop shells «
(Porter, 1971). More than 300 specles of animals occur in assoclation with
coral heads off Cape Lookout (McCloskey, 1970). More than 70 species of
invertebrates occur on cugquina substrate between Cape Hatteras and Cape
Lookout (Wells and Richards, 1962). Thus, the number of species found in the .
intertidal and littoral benthos is high, the actual number being dependent

i upon the specific location, type of substrate, and type of method of study.
) In deeper water, benthic community diversity remains high, similar to

that of a shallow, tropical marine cnvironmment such as in the Caribbean

(Sanders and Hessler, 1969). Just to the north of the Area 365 speciecs occur
at 1,400m, 257 at 2,496m, 208 at 2,864m, 310 at 2,8%9lm, and 196 at 4,680m
{Sanders and Hessler, 1969; Hessler and Sanders, 1967). Off Cape Lookout,
faunal diversity in slope samples exceeds that of shelf samples (Grassle, 1967).
The diversity of benthic foraminifera populations in the western North

Atlantic peaks at 35-45m, 100-200m, and below 2,500m, while generally increasing
with depth (Buzas and Gibson, 1969).

Benthic logarithmic (H') diversity values have been calculated by Boesch
(1972) for stations off the Virginia and North Carolina coast. These show
a trend of gradually increasinag diversity from the shallow shelf (4-30m) to
the outer shelf (100-200m) and to the upper slope {450-600m) (fig. 35). 1In
the mildly polluted waters of Hampton Roads and the oligohaline water of
the York River - James River area diversity is the least observed in the study
i areca (fig. 35) (Boesch, 1972). However, less diversity has been observed in
the highly polluted waters of Los Angeles, California, harbor.

D oA LDt e

i Several authors have proposed that H' diversity indices can be uscd
f as a criterion or measure of water quality and valuable indicators of the !
: influence of pollution on the benthos (Wilhem and Dorris, 1968; Armstrong, 4
i et al., 1971; Boesch, 1972). Numerical and H' diversity data calculated for
the benthos in this Arca and sunmarized in this report indicate that the

94

PRI




LEGEND

BENTHIC DATA COWECTION SITES

@ CERAME VIVAS AND GRAY, 1966 (BENTHIC INVERTEBRATE
STUDIES)

% ODAUGHMERTY, 1961 [NAVOCEANO FOULING STUDIES)

HATHAWAY, 1971, MILLIMAN, 1972 (WHOI BENTHIC
SEDIMENT AND BIOLOGY STUDIES. QUALITATIVE OMNLY)

RICHARDS, 1931 (INTERTIDAL AND LITTORAL NVERTEBRATE
OBSERVATIONS)

D VERNBERG AND VERNBERG, 1970 (BENTHIC ASSEMBLAGE

STUDIES)

A WELLS, WELLS AND GRAY, 1964 (CALICO SCALLOP
FAUNAL COMMUNITY STUDIES)

z%

FIGURE 34

95

BENTHIC DATA COLLECTION SITES

TN




TABLE I. NUMBERS OF SPECIES OF EACH MAJOR PHYLUM FOUND IN FIVE PRINCIPAL ZONES .
AS ENUMERATED BY VARIOUS AUTHORS
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27(19)

-

CONTINENTAL SLOPE (200 to <« 3000M)

No 6( 7) [ 16( 7) [ 4¢ 7) O 7y 91 7|80 70 84( 7)[167(¢ 7)J20( Y| S5( 7
Data | 6(11) 7(11) 2(1) 101D 4(11)| 16(11){12(11)| 8(11)
1(16) 6(16) 1(16) 3(16)] 9(16) 3

SLOPE BASE/CONTINENTAL RISE ( -3000M)

No 2(7) AC Y LCT] 110 47¢C |20 7)) 350 ) 84 ) 4 Y] 1t T
Data | 1(16) 2(16) 1(16)) 3(16)
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7. Hessler and Sanders, 1967 17. Wells et al, 1960

8. Maturo, 1968 18. Wells et al, 1964
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10. Mcbougal, 1943

EXAMPLE OF USE: 3 species of Porifera in the Lstuary Zone b4

-

5 (Gosner, 1971).

were identified by author No.
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of fshore waters hetween Delaware and Cape Lookout are "healthy." Diversity
values compare favorably with those of other yeoyraphic arcas, including
highly productive temperate reuions. Of the regions where diversity has
Ixen calculated, it is lowest only in the polluted Hampton Roads and York
River - James River regions (fig. 35) (Boesch, 1972).

e. Zoogeographic distribution--Though most animals are restricted
by temperature and other regimes, same are cosmopolitan and inhabit numerous
zoogeoyraphic provinces. In studies of marine benthos large yeographic arcas,
called faunal provinces, arc delincated by sharp temperature boundaries axd/or
prominent physiographic features of adjacent landmasses.

Cape Hatteras has lony been recogynized as an important faunal boundary
because of the sharp north-south tomperature change associated with it and the
position of the Gulf Stream relative to it. At Cape Hatteras, the northerly
flowing Gulf Stream, with 1its relatively warm water, canes into dynamic con-
tact with the southerly flowing colder water of the coastal current. Both
water masses bend to the cast and flow away from the coast (Vernbery and
Vernbery, 1970a). The marine area between Cape Cod and Cape Hatteras is
often called the Virginian Faunal Province; and the area from Cape latteras
to Cape Kennedy, Florida, the Carolinian Faunal Province (fig. 36) (Coumans,
1962) . The area offshore fram dorth Caroling and beneath the Gulf Stream
inhabited by warm-water organisms is called the Tropical Faunal Province
(fir;. 36) (Cerame-Vivas and Gray, 1966).

Although authorities disayree over delincation and naming the faunal
provinces north and south of Cape Hatteras, many of the species that
occur north of Cape Hatteras do not occur south of 1t and vice versa.  Por
example, less than 30 percent of the Carolinian decapod fauna occurs north .
of Cape Hatteras (Gosner, 1971). Less than 50 percent of the Virginian
molluse fauna ranges south of Cape Hatteras, and 42 percent of the molluscs
found at Beaufort occur in the Virjinian province (Coamans, 1962).

Opisthobranch molluscs are generally widespread in distribution except for $
tropical west Atlantic species, which are prevented from extending northward
Ixs Cape Hatteras (Franz, 1970). Ot 74 species of algac collected at Delaware, 1
all are known to occur north of Cape May, New Jerscey, and 47 are Known to

occur south ot Cape Hatteras (Table IT).  Thus, the algac of the Delaware area
is tampoerate-horeal and originate from cold northern waters (Zancveld, 1972).

In laboratory erperiments specics of invertabrates of the Cape Hatteras
arca, with southern affinity, survive hivher tamperatures than more northerly
displaced species. Many of the southern-affinity species could not survive
low tomperatures that are characteristic of cither the water mass north of
Cape Hatteras (Virginian) or the waters between the Gulf Stream and the shore
(Carolinian) (Vermberg and Vermboerg, 1970b).

Of the 107species of organisms found on a submerged reef southeast of
Cape Lookout, 97 (91 percent) have southern distributional affinities, 6
(5 percent) are cosmopolitan, and 4 (4 percent) are typical northern forms
(Menzies, ot al., 1966). Only 8 of the 211 specices found north, south, and
cast of Cape Hatteras are camon to all three faunal provinces (Virginian,
Carolinian, and Tropical) (fig. 36). Sixtcen percent of the Carolinian spocics
occur of fshore in the Tropical province. Ten percent of the Carolinian fauna
are found in the Virginian province. Species found in the Virginian
province were not found (n the Tropical province (fig. 36). Thus, the bottam




tomperature boundarices, which reach a maxunum ditterence ot 15°C in winter,
are tormidable barriers between these areas (Cerame=Vivas and Gray, 1966) .

Though Cape Hatteras 1s g well-known barrier to the distribution of
littoral benthic animals, same overlaps exist in distribution of specics north
and south of it, as indicatad in the pereentages given above.  Also, sawe
ot thern and southern species have overlapping themmal limits as determined
in laboratory oxperiments (Vernboery and Vernboerg, 19704 & b)) . Certain organisne
ot the benthos, such as polychactes, are curvthermal, and, though they display
northern and southern attinitics, s species occur in both the Virginian wd
Carolinian provinces (Wells and Gray, 1964) . the intertidal organisams at
Beautort and Cape Lookout have southorn attinitics, but many of thom also
occur porth ot Cape Hatteras or are cosnopolitar, prompt ing Stephenson and
Stephenson (1952) to call the Carolinian provinee the "Pransitional Faunal
Provinee. "

The blue nussel Mytilus qi_uli»:s, which 15 a typiceal northern cold-water
animal, occasional Iy is transportod in the larval stage southward arowsd Cogee
Hatteras by stom-ueneratod water currents. Thus, Mo odulis, which 1s killed
by 80°F water tenporatures, and another northern species Balanus balanoides,
oceur sporadical ly during the winter at Beautort and other Carolinian lacat ions
(Wells and Gray, 19604a) . These northern=attinity specics, heawever, are
transportod and survive transport only during the winter when water tamperatures
are tolerable and dic during the sumer (Cerame-Vivas and Cray, 19660,

to Discussion——As indicatod by the comnunity oviposition, distrabution,
diversity, and abundance data presentod above, the benthos ot the Hag ton
Rouds/Nortfolk Operating Arca is a very important part of  the marine woolagieal
systam. Cthe abundance and bromass ot the benthico orqani:ne: on the Cont inental
shell are high, decreasing gradual 1y down the continental sionse. The divarsity
of the benthic comumities at all depths 1s hioh, cxeept i polluted inshore
waters.,  Camercial ly amportant ol luses oaud crnustaceaness are abundant on the
shelf. Denth and distrmibution juttoermns of the bentlie cormunities are stable
and proedictable. The intluence of the warm Galt Stream, partrcularly oft
Cape Hat teras, increases the productivity and diversity ot the benthos ot the
Area.

In the ovent of thermal addition, cil spill, toxie dumgiing, sporls dunging,
or other larde-scale onvironmental stress, baseline data on the henthos are
suf ficient in nost parts of the Arca, particularly near Cype Hatteras ond
Chesapeake Bay, to assess damage to or change in the benthic cammunitices with
respect 1o abundance, biomass, conmunity composition, and diversity of the
benthic communitics.  For exanple, in the vicinity of large or active spotl
dumps on the shelt, benthic biomass, abundance, and diversity should decrease
and communi ty camposition should change as the organisms at toctad are killed
or driven away.  Because of the interdeponddence of the organisms on various
trophic levels and depth zones, onvirommental stress that results an changes
to the plankton population w 11 be retlected in subsoquent changes in the
boenthos.  Likewise, changes in the filter-fooding benthice population will
influence the abundance of predatory sca stars, crabs, tishes, and other
anirmals.  Finally, foad chaing and exchanges and transport of oryanic matter
between depth zones may result in stresses exertoed on one part of the ocosystan
to e retlectad in changes in conmunity conposition and abundance in another
part.
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- TABLE I. GEOGRAPHIC DISTRIBUTION AND SEASONAL OCCURRENCE OF PRINCIPAL LITTORAL ALGAE BETWEEN
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N R TR R AR e, - . - - - . . . . - - -
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3. Fisheries

a. Introduction—The waters of the Hampton Roads/Norfolk Operating
Area support a wide variety of valuable fishes and several camercially
important species of shellfish. Exploitation by U.S. and foreign fishermen
is fairly heavy. A cammercial (figs. 37 and 38) fishery for both human consumption
and industrial purposes (i.e., catch converted to meal and oil) is active,
with most of the catch taken within or along the 100-fatham contour. In
addition, a widespread and active sports fishery exists, mainly in protected
or nearshore waters.

A key feature of the fish population in the Area is the extent of
migratory activities by many of the species. Two basic migratory patterns are
discernible, namely, north-south and onshore-offshore. The major species
that migrate north-south include menhaden, bluefish, Atlantic mackerel,
Spanish mackerel, and striped bass. These migrations are essentially coastal ;
and seldom extend seaward of the Continental Shelf edye. The northward i
migration usually takes place in spring and the return migration in autumn.
Tuna migrate in the offshore waters of the Chesapeake bight.

The onshore-offshore migration pattern is primarily a response to
temperature conditions, away fram shallow waters as they rapidly cool in
autunn and toward them in spring, when temperatures rise and the supply of
food organisms also rises. Thus, many of the camercial species included in
this migratory pattern, such as flounder, spot, porgy (scup) (which also
moves samewhat northwestward in spring and southeastward in autumn), weakfish,
croaker, etc., exhibit seasonal catch patterns, i.e., largest catches of fshore
in winter and nearshore in summer.

’ In describing the fisheries of the study Area, the significance of the
. sourds, bays, and estuarine regions forming its shoreward fringe should not
) e overlooked. Same of the major ocean species spawn in these shallower,

less saline waters; others feed there extensively, taking advantage of the
enhanced productivity created by nutrients from land runoff. Especially vital
to the life cycles of many of the ocean species is the value of the fringing

! shore waters as protected nursery grounds where their young can feed and

grow, free fram oceanic turbulence (fig. 39). Most of the shellfish resources
also depend on the quieter, mnre productive inshore waters for their well
being. Brief reviews of the comercial, industrial, and sports fisherics of
the Area are given below.

b. Camercial fisheries

(1) Offshore~-The waters scaward of the 15-fatham curve arc
exploited in this fishery. Heaviest fishing occurs near the indentations along
the 100-fatham curve during the period Octaber through May. Using the otter
trawl, U.S. vessels of 50 feet or more in length catch up to 200,000 pounds of
fish per trip of 2 to 6 days. The catch is mixed in this bottom fishery;
major species include porgy, fluke, butterfish, harvestfish, and sea bass.
Shellfish taken offshore by dredges include surf clams and sea scallops
& (fig. 40). An offshore labster population is also currently being exploited
by U.S. fishermen.

Using samewhat modified methods such as midwater trawls and high-opening
otter trawls, foreign fishermen exploit Continental Shelf waters of the
study Area, seeking mainly herring and mackerel. 1In 1971, 201 Soviet and
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28 cther eastern European large stern and side trawlers fished in the Area
mainly during the period January through April (fig. 41). Other species such
as sea robin, hakes, and butterfish are sametimes taken; same of these may be
processed for industrial use. An estimated 91.1 million pounds worth $3.6
million were taken in this foreign fishery in 1971 (U.S. Dept. Camm,, 1972).
The Japanese also fish in the deeper waters of the Area, especially in autumn,
for tuna and swordfish. Their 1971 catch of these species, abtained by 11
longline vessels, was 462,000 lb., worth $143,000 (U.S. Dept. Camn., 1972).
U.S. longliners are also heginning to exploit offshore tuna concentrations, and
purse seines have also been used with variable results.

(2) Nearshore--Most of the U.S. fishing vessels fishing in the
area are small or medium-sized craft. They make daily trips during their
main season of May through November, staying largely within the 15-fatham
curve. The principal gear of the nearshore bottam fishery is the otter
trawl, which takes fluke, weakfish, porgy (scup), croaker, butterfish, harvest-
fish, and sea bass. Bottamdwelling shellfish such as clams and scallops
are taken in nearshore waters by a variety of scraping and grabbing gear
(see below), which also frequently take finfish species. Other gear operated
on the bottam include sea bass pots and the shrimp trawl (modified otter
trawl in North Carolina).

The purse seine is the principal upper water gear in nearshore coammercial
fishing operations. It is used in the menhaden fishery. Sametimes spotter
airplanes help to locate the fish. Drift gill nets catch other migrating
pelagic fishes, such as striped bass, in nearshore waters.

Chesapeake Bay catches are often regarded as a separate camponent in
the fisheries of this Area. Fishing gear used in the bay are also typical of
those used fram other shorelines along the Area; these miscellaneous gear
include set gill and pound nets, haul seines, fyke or hoop nets, small pots
and traps, and various drag and grabbing gear. The importance of bay and
estuarine waters in the life cycles of many ocecan species has already been
mentioned. The value of the bay catch far exceeds that of the ocean for
Maryland and Virginia (sce Tables III to VI).

c. Industrial fisheries--Between 40 and 50 percent of all fishery
products landed in the United States are reduced for industrial use. Two
major industrial fisheries are conducted by U.S. fishermen in the study Area.
The menhaden pursc-seine fishery catches enormous numbers of this schooling,
pelagic, migratory fish (see Tables III to VI). Numerous thread herring are
also taken incidentally with menhaden during the fall fishery off North Carolina.
The meal made from menhaden is used as a supplement in livestock feeds,
while the oil serves in a variety of commercial products. The menhaden
resource has been marked by large fluctuations in abundance. Figure 42 shows
the distribution of the major industrial fish species.

The trawl fishery incident to its reqular operation takes a wide variety
of edible and nonedible bottam fishes, most of which (91 percent) are used for
meal (poultry feed). The 1965 catch in Maryland was 12.5 million pourds,
mainly from summer trawling on inshore Atlantic grounds. Two million pounds
of Virginia's 4.5-million-pound catch were from pound nets in lower Chesapeake
Bay. Half of North Carolina's 8-million-pound industrial trawl catch came
from Pamlico Sound and coastal waters. Thirty-two reduction plants operated
in the Area in 1969, whose products had a value of $9,956,048 (U.S. Dept.
Comm., 1972).
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TABLE Hl.
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COMMERCIAL FISHERIES CATCH— MARYLAND OCEAN WATERS
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TABLE V. COMMERCIAL FISHERIES CATCH- VIRGINIA OCEAN WATERS
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Industrial trawl catches could be greatly increased by shifting the
location of major fishing effort to offshore gqrounds. Around the 100-fatham
contour alone a summer bottam trawl fishery could yield about 150 million
pounds, camprised mainly of three hake species, sea robin, and fourspot
flounder (Heald, 1970) (fig. 43). Soviet-bloc fishermen are beyinning to
«xploit this resource and already have done so heavily to the north. The
Continental Shelf between Delaware Bay and Cape Hatteras is estimated to be
capable of sustaining a total annual catch of 800 million pounds, of which
half would be spiny doyfish and sharks (Heald, 1970).

The National Marine Fisheries Service does not publish species breakdowns
of industrial fish catches, but the major constituents are belicved to include,
during the winter, goosefish, four skate species, two flounder species, the
spiny dogfish, sca robin, and hake (especially red hake) species mentioned
above and in figure 42. Principal summer catches include two skate species,
spotted hake, and sca robin. The results of a study conducted on the 1964
industrial catch by the North Carolina Division of Commercial and Sport Fisheries
(Brown and McCoy, 1969) is shown in Table VIL.

d. Marine sport fishceries--Marine sport fishing is a larye and
important recreational activity in the Areca. An estimated 1,250,000 people
participate in the sport yearly and spend in excess of $183 million per year for
aquipment, transportation, and fees (Burcau of Sport Fisheries and Wildlife,
1970) .

Sport fishing is conducted from charter and head boats (27 percent of
catch), small private boats (54 percent), shore (14 percent), and piers
(5 perecent) throughout the Area. Currently there are approximately 275
charter and head boats registered in the Area.  Larger sport fishing boats
fish of fshore mainly for billfish, tuna, striped bass, and bluefish in the
morthern part, and king mackerel, spanish mackerel, and bluefish in the
southern part of the Area. Small boats troll amd bottan-fish for a wide
variety of species.  Fishing from piers and fram the shore is principally for
channel bass, striped bass, bluetish, sea trout, flounder, and sca muallet.

In 1970, the estuarine and marine sport fishing catch was predaminantly
composed of spot, puffers, mackerel, bluefish, and striped bass. These five
species made up 65 percent of the total Middle Atlantic sport fishing catch of
110,600,000 fish.

Although sport fishing takes place all year, the most active period for nost
fishermen is fram May through October. Off North Carolina it usually runs from
April through November.

Figures 44 to 49 (Alexandria Drafting Co., 1972a, b) illustrate the sport
fishing grounds. These grounds are usually associated with shoaling areas
and wreeks. Appendix D provides data on the biology and fishery of the major
specics.

4. TInventory and possible effects ot contaminants

a. Intraduction--It 1s difficult to prodict the possible harmful
consequences to the biota fram the presence of any pollutants singly or in
combination. The President's Council on Environmental Quality recently
ooncluded that too little is known of the biolagical effects of toxic substances
to be able to qualify their total effect upon any single species (Council on
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Envirommental Quality, 1971). This is especially true for marine species, as
most past research has concentrated upon terrestrial and freshwater organisms.

The introduction of a contaminant into the ocean may effect either syner-
gistic or antagonistic relations. Species' tolerances for contaminants and
stresses differ and may vary with age, sex, and health. Eggs, larvae, and
juveniles of aquatic organisms generally are more susceptible to pollution
than the adults. Also, the different life stages of invertebrates and
vertebrates occupy different locations in the water colum ard extibit
different mobilities, both of which affect their possible contact with a
contaminant. The organisms at different life stages also require different
food organisms. Therefore, their survival is dependent not only upon their
own tolerance during developmental stages, but also upon the tolerance of
the different food organisms to pollutants.

b. 0il--Ships are the principal source of oil pollutants. When
tankers discharge oil cargoes, they ballast the discharged tanks with sea
water. Dry cargo and passenger ships also hallast their double-bottam fuel
tanks with seawater. When the water ballast is discharged into the sea it
carries with it part of the oil remaining in the tanks. The amount of oil
discharged by a single ship is generally small but the total for the world
naval and merchant fleets is a very significant quantity.

Pollution by crude (unrefined) petroleum is enhanced by the tendency of
such oils to form emulsions with salt water. These emulsions often originate
when oil in its natural state is found trapped with salt water. Same of the
0il and water form an emulsion as a result of turbulence fram pumping operations
and are loaded aboard tankers. A part of the emulsion, along with oil sludge,
settles to the bottam of the cargo tanks. Same of the sludge and @mlsion
remains after the cargo has been discharged and mixes with seawater ballast
when hot seawater is used to wash the empty tanks. This procedure produces
more water-oil emlsion which is discharged into the sea.

The oil-water residue in a tanker after its cargo has been discharged
contains recoverable oil ecual to about 0.3 percent of the cargo. About one-
third of the cargo capacity is filled with seawater ballast after discharge of
cargo. Cleaning the ballast tanks before ballasting wcuald recover about one-
third of the 0il recoverable by cleaning all the tanks, or 0.1 percent of the
cargo. However, discharging ballast fram uncleaned tanks would put about
half of the cil in the ballast tanks into the sea (about 0.05 percent of the
cargo) . The pollution potential of vessels in the crude o0il trade is more
than three times that of vessels which carry clean (refined) petroleum. The
estimated worldwide losses from tank cleaning and deballasting of tankers in
1963 were 2.5 million barrels of crude oil and 0.8 million barrels of refined
products. From these values should be subtracted an amount for oils recovered
aboard and discharged ashore.

Most petroleum products transported via tanker through this Area in 1970
originated in Gulf Coast ports and were northbound to the Port of New York
(640 million barrels), Delaware Bay (440 million barrels), and Chesapcake Bay
(190 million barrels). The tankers followed the 100-fathom contour scuth of
37°30'N. 0il from Caribbean ports camprises about 20 percent of the total,
and the tankers usually enter the Area east of 73°30'W and north of 36°N when
bound for refineries north of 38°N.

Maximum channel depths of 46 feet limit transiting tanker size to about
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60,000 deadweight tans (DWT). Less than 40 percent of the transiting vessels .
had drafts that exceeded loaded World War II vintage T-2 tankers (30-foot draft,

16,765 DWI') . More than 45 percent of the tankers were relatively small, with

drafts of 18 feet or less.

Although the bulk of the tanker traffic follows the routes shown in figure
50, the vessels are not limited to these lanes and tankers are often found
autside them. The coastal shipping canbined with the traffic entering and
leaving lower Chesapeake Bay make the Area one of the most heavily traveled
sealanes in the world with a high potential for oil pollution by deballasting,
tank cleaning, or catastrophic accident (U.S. Coast Guard reported one 20,000-
gallon spill caused by ship ocollision during the 1970-71 period).

Many cammercially important fish species have planktonic eggs and larvae
in the surface layers of the ocean where they may be exposed to oil. Crude oil
kills cod eqggs and causes fish eggs to hatch prematurely. It affects nutrition
in fish by blocking the taste receptors or by mimicking chemical messengers {
that predators use to locate their prey. Respiration in fish is affected by
physical clogying of the gills, precipitation of certain metals on branchial
epithelium, and action of certain hydrocarbons on the branchial cells, all of
which may lead to lethargy and possible death (Hufford, 1971).

The majority of shallow-shelf, bottam invertebrates at practically all
latitudes have pelagic larvae that form an important camponent of the neritic
plankton (Mileikousky, 1970). Brief exposurcs of zooplankton and planktonic
stages of benthic organisms to diesel oil in concentrations of about 1.0 ml/1
resulted in accelerated mortality rates (Hufford, 1971). O0il also taints the
flesh of fish and molluscs and may make them ummarketable. Studics have shown
that hydrocarbons assimilated by a marine organism are stored in its lipid pool
and may became a part of the entire food chain. Same crude oil fractions are
suspected carcinogens; also, the nonhydrocarbon fraction contains heavy metals

1 (see Section F4(h)) which may be a hazard to man as well as the marine biota.

Surface oil slicks have been found to be effective concentrations of
dissolved organics and inorganics. Oil slicks have indicated the presence
of pesticides, which were undctectable in the surrounding water, and they
even be agents of pesticide transport. Biological activity also is very intense
in the water immediately under slicks. These findings indicate that oil spilils
may have major deleterious consequences on the marine environment beyond their
intrinsic pollutant effects.

c. Industrial wastes--This is a very general term applied to a wide
range of chemical materials that provide an excellent opportunity for synergistic
and antagonistic interactions that affect the overall toxicity of the effluent
(Wilber, 1969). Of all categories of wastes disposed of at sea, industrial
wastes rank second behind dredge spoil in terms of tonnage and costs (Smith
and Brown, 1971).

The only sea disposal of industrial wastes in this Area has been the
operations at E. I. DuPont de Nemours and Campany of Wilmington, Delaware. They
were authorized in September 1966 by the U.S. Army Corps of Engincers, District
#5, to transport waste from their Seafort, Delawarc plant to a general arca
defined as 50mm cast of Cape Henry for ocean disposal (fig. 51). To date, they
have disposed of more than 13 million gallons of liquid wastes (see table in fiqure
51) described as calcium sulfate diluted with an organic solution. The
dunping locations utilized so far coincide with known cammercial shell,
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demersal, and pelagic fisheries. Taxicity studies for this particular waste
were performed by the DuPant Campany to establish the 24- and 48-hour TLys*
for bluegill sunfish, a fresh-water species, in a fraction of the mixture

of wastes (correspondence by Falk, 1967). Further studies and taxicity
tests involving marine organisms are needed to help assess the envirormental

impact of these dumping operations.

d. Dredge spoil-—-Dredge spoil consists of sediments (alluvial sand,
silt, and clay) and municipal or industrial waste sludges dredged to improve
and maintain navigation channels. The Army Corps of Engineers does most of
its dredging with seagoing hopper dredges and dumps the spoil in open coastal
waters, generally not more than 3 to 4 miles fram the dredging site (Smith and
Brown, 1971). Figure 51 identifies the two dredge spoil disposal sites located
in this Area, ane of which is currently being utilized. Their histories are
sumarized in Table VIII.

TABLE Vil. DREDGE SPOIL DISPOSAL

37°00'N, 75°40'W

DATE CUBIC YARDAGE
1 January to 27 August 1966 4,416,512
27 November 1966 to 1 March 1967;
7 March to 28 March 1967 546,264
21 June to 10 December 1967 4,173,016

TOTAL 9,135,792

36°48'N, 75°S54'W

10 December 1967 to 25 February 1968 1,042,000
3 March to 16 May 1968 1,977,161
30 July to 17 December 1968 2,435,964
3 May to 1 July 1969 587,750
I October 1969 to 5 May 1970 4,768,713
30 June to 31 July 1970 314,710
27 November 1970 to 6 January 1971 467,728
30 June to 5 September 1972 1,114,611

TOTAL 12,708,637

NOTE: All spoils, composed of sand, silt, clavy, snd shell, were
dredged from Thimble Shoal Channel.

{(US ARMY CORPS OF ENGINEERS NORFOLK DISTRICT)

* madian tolerance limit
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Biota in the environs of a dredge spoil disposal site may be harmed by
the rapid sediment build up and turbidity associated with these operations
(Smith and Brown, 1971). Both disposal sites are in cammercial fishing areas.
The fisheries include fluke, window pane flounder, porgy, herring, mackerel,
spotted hake, northern sea robin, and spiny dogfish. See "Fisheries" section
for additional data on fisheries in the region of disposal sites.

e. Mmnmitiaons dumping--Fram 1952 to 1964 the Navy routinely cumped
small volumes of unserviceable, absolete, and overage munitions products in
several disposal areas, two of which are located in this Area (fig. 51). From
1964 to 1970 the Navy disposed of mumnitions on a much larger scale by sinking
19 stripped~down surplus World War II cargo ships, loaded with up to 10,000 tons
each of wwanted cargo, in ocean sites off the east and west coasts of the
U.S. This latter disposal program at first was referred to as Operation CHASE
("Cut Holes And Sink 'Em") (U.S. Navy report, 1972) and later was changed to
the Deep Water Dump Program (DWD).

There are several small disposal areas and three CHASE disposal sites
located in the Area (fig. 51). All three of the CHASE vessels sunk in the
study Area detonated during sinking (Table IX). The previously cited report
by the U.S. Navy (1972) concludes that:

"Explosive munitions dumped in the deep ocean will affect the
envirorment to same degree. The specific effects are in part
related to the kinds and quantity of ordnance, and more importantly .
to whether or not detonation occurs during the scuttling process.
A DWD operation in which detonation of tl.e cargo occurs will result
in three separate envirommental influences: 1) a detonation
generated shock wave, 2) detonation of gaseous ard particulate products,
and 3) a residue of scattered debris on the seafloor. The two former
envirommental influences are relatively short term and transient,
whereas the latter influence is of long duration. If detonation of
the cargo does not take place, the presence of the hulk and cargo
on the seafloor is the only envirommental influence.

Consequently, a moratorium has been placed upon the disposal of munitions at
sea, and other means of disposal are being thoroughly investi