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ABSTRACT

A detailed description of the surface coastal

circulation for May, 1951, based on drift bottle re-

coveries and salinity-temperature data is presented.

The nontidal drift is traced from Block Island to

Cape Hatteras and described as a fluctuating current

meandering, forming eddies, and splitting during its

southward migration.
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INTRODUCTION
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To aid in the interrelation of local coastal investi-
gations along the northeastern coast of the United States,
a rapid hydrographic survey was made of the coastal water
5 between Block Island and Cape Hatteras within the 25 or 30
£ fathom curve, The surface circulation 1s described for the
; month of May, 1951, from data obtained during the survey
and from drift bottle recoveries in the area,

The coastal region between Block Island and Cape

Hatteras is characterized by a broad continental shelf
sloping gently from the coast to the 100 fathom contour,
Its seaward boundary roughly parallels the coastline except
near Cape Hatteras where the shelf is considerably narrowed.
The edge of the shelf is interrupted by several submarine
canyons, most notable of which is the Hudson Canyon. The
latter 1s concerned in this report only where its landward
extension, the Hudson Gorge, deeply indents the 30 fathoms
contour, The coastline of the area is that of a submergea
coastal plain and consists of numerous accessible beaches, spits,
and barrier islands with only a few headlands and backshore

o cliffs. Major river systems breach the coastline at Chesa-
peake and Delaware Bays and at the New York Harbor Entrance,.
Runoff from western and southern New England enters the

- coastal area by way of Long Island and Block Island Sounds.

Surface circulation may be determined directly from
L £ measuremenis of the surface movment of the water. Because
"t of tidal influences, such measurements over a wide area are

of little practical use for presenting a detailed pattern
] of surfeace circulation, Tidal oscillations complicate the
L § current measurements when the mean motion is sought. The
nontidal drif§ 1s interpreted as the net result of tidal
motion, and, from the rotary nature of tidal currents, the
nontidal drift may be only a small portion of the measured
current. Since the net result of the total motion of the
2 water 1s to shift water masses from one place to another,
L § circulation is usually determined indirectly from the dis-
| tribution of salinity and temperature.

i The distribution of salinity and temperature for the
region has been discussed at length by bigelow (1933) and
Bigelow and Sears (1935). Prior to spring freshets, the
salinity along the coast 1s at a maximum while the tem-
perature is at its minimum, As one of the basic year-
round features of the coastal distribution of salinity,
- isohalines run more or less parallel to the coastline, with
converging of the isohalines and increase in the range of -
salinity values south of Chesapeake Bay. The mean surface !
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salinity along the 200 meter (approximately 100 fathoms)
contour is 34.1 ©/oo (salinity values decreasing shore-
wards) with February representing the month nearest the
mean, The basic parallelism of the isohalines is broken
up by considerable variations in salinity about the mouths
of rivers and inlets, depending on the discharge of fresh
water, and also by compensatory indrafts of high salinity
water, There is a general southwesterly drift along the
coast which is borne out by “he fact that no major changes
in salinity occur lengthwise of the shelf.

The temperature distribution is more subject to change
in the coastal water than salinity, particularly during the
spring season. As the surface water is warmed, producing
a shallow thermocline, the vertical strata become increas-
ingly stable, inhibiting the turbulent transfer of heat
downwards., Stability of the vertical column is further
increased due to spring freshening. Thus, between April
and May, the surface water may absorb heat to the extent
of increasing the surface temperature as much as 4 to 6°C.

According to bigelow, the first three weeks in May
make up the transitory period in which winter-type water
(vertically homogeneous water with tendencies towards
increased temperatures near the bottom) changes to summer~
type water (vertically stable water, much colder on the
bottom). In addition to the local changes in the coastal
water, there are effects of transport in and out of the
area, Drifts from the east or northeast may act as chilling
or warming agents, the former if the drift is longshore,
the latter if the drift is from offshore., For example,
EBEigelow mentions recurrent cold surface intrusions spread-
ing west and south from Cape Cod but seldom, if ever,
passing the offing of New York,

DATA

In a region with a variety of hydrographic conditions
such as those described, considerable detailed observa-
tions are required. This requirement 1s stressed during
the transitory month of May, for, not only are detailed
data needed, but, in view of the rapidly changing state,
aata should be acquired synoptically. With this objective,
the cruise of the R, V., ALBATROSS III was planned toocbtain
as much detailed hydrographic information over a large area
as could be gathered in a short period of time,

Most of the hydrographic data were collected while
the ship was underway. Subsurface data (to be dealt with
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in a later report) were obtained with the Sea Sampler and
Bathythermograph, instruments designed to be used while
underway, interposed with a few standard hydrographic
stations. The surface data were acquired with the Salinity-
Temperature-Depth Recorder, a continuously recording instru-
ment which measures the temperature and conductivity of sea
weter, Drift bottles were released at periodic intervals
throughout the cruise.

The cruise plan is shown in Figure 1. The k, V,
ALBATROSS III followed a zig-zag course, more or less,
from near shore to the 25 fathom curve, At the end of
seven days at sea, the inshore work was completed and
investigations were carried out into deep water as far as
the Gulf Stream, Connected points during the cruise served
as checks on the synoptic character of the survey. In some
localities changes over a lapse of time were observed but
these were not sufficient to alter the general treatment of
the survey as a composite unit.

At any point along the track, measurements of salinity
and temperature at the surface were available from the STD
record. Whole values of salinity and temperature were
plotted over charts of the ship's track and were interpolated
wherever necessary to maintain continuous plots. The plotted
values were uncorrected for consistent errors and were some~-
what less than the actual values. The surface plots of
salinity are shown in Figures 2, 3, and l; surface plots of
temperature are shown in Figures 5, 6, and 7.

SALINITY AND TEMPERATURE

Perhaps the most striking feature of the salinity dia-
grams 1s the meandering of the isohalines, bBigelow attri-
butes the variance from parallelism of isohalines to indrafts
of salt water from offshore balancing the seaward migrations
of fresh water. Supposing this to be the case for May, 1951,
the coastal water is broken up into numerous offshore-
onshore drifts which, superimposed over the coastwise drift,
lead to a complicated pattern of surface circulation.

The 31 /oo isohaline can be traced at intervals from
Block Island to Cape Hatteras., It serves as a convenient
boundary between coastal water and water freshened by the
local river systems. In this report coastal water will be
defined as water having salinity values betwsen 31 ©/oo and
34 9/oo. The coastal area between Block Island and the New
Jersey coast 1s bounded by the 31 9/oo isohaline. The
gradient of salinity adjacent to this isohaline is weakest
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in an area east of the New York Harbor Entrance and in
another area south of the harbor, Well mixed river-
freshened water is apparently flowing out of block Island
Sound and spreading seawards in a southwesterly direction.
The spread of this low salinity water is limited and its
effect vanishes or becomes indistingulshable southeast of
Fire Island Inlet., Here a tongue of seline water, nearly
coastal in character, extends shorewards and enters the
western reaches of the Long Island shore where it meets
the effluent leaving New York Harbor. The Hudson River
effluent extends seawards for 20 to 30 miles to be confined
again by another indraft of coastal water from the sout-
east. South of 40°, freshened water appears in limited
amounts along the New Jersey shore until it disappears
completely at 39°30'.

North of Delaware Bay coastal water hugs the coast
and even encroaches upon the mouth of the bay itself. The
Delaware effluent is apparently well mixed and comparatively
small in volume, It extends seaward for a short distance
and also extends south aelong the shore. An indraft of
coastal water from the south tends to separate the seaward
and shoreward drifts. The 31 °/oo isohaline encloses a
relatively narrow band (20 miles wide) of freshened water
that extends from Cape May to Chincoteague Inlet.

At Chesapeake bay the water undergoes a distinct change.
The salinity of the effluent is as low as 19 9/oo and sali-
nities < 31 /oo are observed well to seaward. The effluent
is apparently split during its eastward migration by an in-
draft of coastal water. The river-freshened water is trace-
able northeast of the bay entrance, but is most prominent to
the south’ and southeast. Considerably freshened water of
£ 27 °/oo salinity extends south as far as Oregon Inlet.
An increase in velocity in this area is probable, due to the
constriction of fresh water flow resulting from the effects
of coastal water indrafts. At Cape Hatteras, the coastal
water becomes part of the oceanic circulation. Its off-
shore movement is marked by sporadic tongue-like extrusions
into regions of high salinity.

The continuity of the temperature distribution for May,
1951, is not as clear as the salinity distribution. In many
instances, isotherms have to be drawn as isclated pools. 1In
comparison with Bigelow's data, one might assume that vernal
warming was somewhat earlier than usual in 1,51. Generally,
surface temperatures were 2 to L°F, warmer than the warmest
chart of temperature presented by Bigelow for the month of
May.




In the New York area maximum temperatures were recorded
near the entrance to the harbor. This maximum coincided with
the indraft of saline coastal water already mentioned; how-
ever, the warmer temperatures are not continuously traceable
to the offshore regions, The coldest water in this area was
found along the Long Island coast. The fact that this water
is also saline suggests that ite origin is probably from the
bBlock Island area. The temperature distribution for the New
York area, although warmer than Ketchum's April survey,
corresponds closer to the observed winter distributions.
January and February surveys show wedges of warm water enter-

1n§ ?he area from the southeast (Ketchum, Redfield, and Ayers,
1951).

Off the entrance to Delaware Bay a pool of water colder
than S4°F, was observed. Further south, cool water from the
bay is interposed between 57°F, water. South of Chincoteague
Inlet there is a reversal in the horizontal temperature
gradient, Water 1s warmest near the coast, in contrast to
the New York area, where it is coldest near the shore.

The {warm water along the coastline continues as far
south as Currituck, below Chesapeake Bay, where another
gradient reversal takes place and the warmer surface water
lies offshore. In this area maximum inshore temperatures
lie just south of Chesapeake Bay Entrance. The indraft of
kigh salinity coastal water which contributes to the southerly
flow along the coast north of Oregon Inlet brings with it
chilled water from the north, In the Cape Hatteras region

the cold coastal water intrudes upon the warm oceanic cir-
culation.

In its most general aspects the distribution.of salinity
and temperature for May, 1951, is not much different from
previous May data. However, the detailed distribution shows
considerable meandering of the isohalines and isotherms and
allows a finer interpretation and delineation of the water
messes. The continuous naiure of the data permits an effec-
tive analysis of the probabic origins of the water masses
and thelr general movement during the time of survey. From
the combination of the salinity-temperature analysis and the
direct measurements from drift bottle data which are assumed
to represent the results of nontidal surface transport, a

reasonable pattern of surface circulation was developed for
the month- of May.

DRIFT BOTTLES

Drift bottle data, when applied to studies of the motion
of the surfece layer, are sometimes confusing because of
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apparently contradictory trajectories. In the Gulf of Maine,
Bigelow (1927) resolved conflicting data into rational order
by assuming curved drift bottle trajectories which traced

out the counterclockwise circulatory system of that area. J
Within the seeded area (Gulf of Maine) the drift bottle data

were sufficient to justify the manipulation of the trajec- 3
tories, It was more difficult to justify the adjustment of
drift bottles that left the area.

Bottles set adrift in the vicinity of Cape Cod (Bigelow,
1927) stranded along the shores of southern New Englend, New
York, Virginia, and North Carolina, more or less in that
order according to the distance they were set offshore, From
recent investigations (Redfield and Walford, 1951) a similar
order of recovery is to be expected off the entrance to New
York Harbor. Bottles set adrift 10 miles from the beach may
strand between Cape May and Cape Hatteras, while those within
the 10-mile 1imit may be beached locally., More recent data
(Powers and Ayers, 1951) show marked differentiation between
local and distant returns,

A closed circulation such as occurs in the Gulf of Maine
& is suited to the task of adjustment of trajectories. The i
coast to the west and south of Cape Cod is less suited, for,
within a short distance of the coast, bottles will usually
- drift out of the locel area, Once a bottle has left the |
seeded area, the difficulties in adjusting the drift of the |
bottles to rational order increase while justification for |
the manipuletion becomes vague, It is fortunate that, in
the present study, the entire coastal region from Block Island
to Cape Hatteras was well-distributed with drift bottle sta- .
tions., Thus, the recoveries supplemented one another in trac- {
ing the longshore surface circulation.

The chart in Figure 1 shows the positions of the drift
bottle stations. In all, 1,740 bottles were released in lots
of 12 at 145 stations. These were plain 12-ounce bottles
that were ballasted to float upright in sea water with only
a small portion of the neck appearing above the .surface. As
of August 30, 1951, 1478 bottles had been returned from 73
stations, that 1s, 27.6 % recoveries from 50% of the stetions,
This excellent return was compared with the distribution of
salinity and temperature.

RELATION OF DRIFT EOTTLE RECOVERIES TO SALINITY-TEMPERATURE |
DISTRIBUTION

The percentage of onshore drift bottle recoveries from
each drift bottle station is shown in Figure 8. As would be

f e a2t A PO 4 TN el R . 1 e, 18 I e S
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expected, stations with greater than 75% return are nearest

to shore, and diminishing returns are indicated progressively
offshore. Lower percentages are shown leading inshore to the
mouths of the estuaries., For instance, minimum return is
indicated well in toward the entrance of New York Harbor.

This agrees with similar indications in the area from other
experiments (Redfield and Walford, 1951). Lack of returns

is conspicuous off Delaware Bay; those bottles which were
recovered from this area beached in the vicinity of Cape
Hatteras. In contrast, practically all of the stations off
New York produced recoveries. The general correspondence of
the lines of recovery with the isohalines (30 /oo to 32 ©/co)
suggests a relationship of onshore surface drift with the dis-
tribution of salinity.

Figure 9 shows the latitude of release plotted against
letitude of recovery. The figure illustrates that very few
bottles drifted to the north and, in any case, only drifted
a few miles in that direction. It is apparent that the large
number of recoveries from the New York area is accounted for
through long distance drifts., The local recoveries were from
nearshore stations., The longest drifts of the recovered
bottles were from sets between 38°30' and 4O°N. Generally,
the bottles released in coastal water (>31 ©/oo) drifted
the greatest distance, while the short drifts were made by
bottles released in river-freshened water, Both long and
short drifts come ashore above Cape Hatteras with only a few
bottles rounding the Cape.

Rough computations of density (o t) were made for place
of recovery of each drift bottle in order to compare these
values with the density of release. The differences in these
density values were classed and averaged for intervals of 10
miles of distance trgveled. These differences are shown in
Figure 10 for recoveries during the first and second week
of being cast overboard. Within the first week, bottles
stranded in regions of greater density than release; within
the second week, bottles also stranded in regions of greater
density but with leas differences. The differences of den-
sity also decrease generally according to the distance traveled.
It is worthy of note that the average difference in density
(ot) between release and recovery was 2.4 during the first
week and 0,2 during the second week.

The above data indicate a tendency for the drift bottles
to float along lines of equal density and indirectly along
lines of similar salinities and temperatures. If the slope
of the sea surface were known and were associated with the
distribution of surface density, the above relation would
suggest surface flow in the geostrophic sense., In addition,
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there is probsbly a component of drift in the direction of | 3
greater density or downslope. Apparently, this downslope
component is small compared to the total drift, but it 1is
not known whether this is a general or local effect,

TRAJECTORIES OF THE DRIFT BOTTLES

If we are to obtain more detailed information of the
surface drift through the use of drift bottles, we must make
certain assumptions in order to adjust the minimum values.
The degree of certainty in which the actual drift is repre-
sented will depend on the validity of these assumptions.

The basic assumptions involved in this study are concerned
with velocity and distance. In general, velocities are
assumed to be approximately the same within a given area.

A trajectory is assumed to follow the shortest path between
place of release and recovery without conflicting with other
trajectories. It 1s assumed that the paths or trajectories
of the drift bottles are restricted to a minimum of cross-
ings and that, in no case, do paths cross normal to each
other,

In addition to these assumptions, two other factors were
taken into consideretion., First, it is not known how long a
bottle had been stranded on the beach. The time factor is
uncertain within 1limits, but due to the excellent percentage
of recoveries and the particular area which was surveyed,
the time of stranding was assumed to be within a day or two
of the time of recovery. Second, the question of wind effect
upon the individual bottles nhas been considered only as of
relatively minor importance. Previous experiments have shown
no appreciable affect due to wind (Webster and Buller, 1950).

The problem of adjusting trajectories to fit the basic
assumptions 1s essentially one of trial and error until all
criteria are fulfilled within reason and little or no incon-
sistencies remain. Paths were drawn, measured, and redrawn
using facts and inference, starting from the best known to
least known material, until the ultimate objective was
achieved,

The paths of bottles representing quick returns over
short dlstances were drawn first, then the paths of neigh-
boring bottles from nearby stations were tentatively adjusted
to fit the basic assumptions, either in rate of travel, or
distance traveled. Usually, when distance traveled was
changed by distorting the paths, the resultant rate of travel
for that particular bottle fell in line with those of the
initiel reference bottles, If recovered bottles from a line
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of stations apparently passed through another line from which
there were no returns, it was obvious that their trajectories
had to be detoured around the second line. In this way, the
paths were reconstructed.

It has been assumed that velocities within a given area
should be reasonably consistent. In other words, the presence
of a defineble current may be characterized by velocities
within a definite range. A frequency diagram, Figure 11,
1llustrates the minimum drift velocities before and after
ad justment, These velocities are classed according to dis-

i tance traveled. The number of initial minimum velocities

g are distributed at random over a wide range. Upon adjustment

| of the trajectories, definite maxima appear in the diagram.

This same tendency occurs if the diagram is again redrawn
and classed according to the area in which the bottles were

! set adrift (Figure 12). Characteristic model velocities

appear for the New York and Chesapeake area which were less

clear for the unadjusted minimum values.

Apparently reconstruction of the trajectories was

sufficient to satisfy the basic assumptions. While there

- is no assurance of the reality of the deduced paths, one
can assume a general correspondence to the actual drift,
The provisional interpretation of flow in the geostrophic

- sense served as a gulde for checking the interpolated paths
of the drift bottles., Figures 13, 1, and 15 show the deduced
trajectories. The arrows in the figures represent the direc-
tion of drift inferred from salinity and temperature., In this
way a consistent pattern of surface circulation was obtained
within and beyond the onshore drift pattern.

i ‘ THE PATTERN OF SUKRFACE CIRCULATION, MAY, 1951

{ Generally, the coastal drift is unmistakably southward
{ as far es Cape Hatteras but here the southward trend

1 immediately ceases and the drift turns east or northeast,

a The southerly drift 1s not direct or confined in the sense
H of a broad slow current., It meanders, divides, eddlies and
1 otherwise shifts as evidenced by the distribution of tem-

i perature and salinity., Since the nontidal motion appears
: to be a function of density, the effective drift due to
. fresh water contributors may be a large factor in their par-
! | ticular localities. Estimates of surface velocity in local
| § areas are limited to establishing an approximate minimum

: speed. From these estimates, one can expect the velocity
1™ of the surface drift to be as much as 20 miles per day south
of Chesapeake Bay and as little as 3 miles per day in the
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Off New York, the pattern of surface circulation showed
a somewhat confined current heading seawards from the eastern
end of Long Island in a southeasterly direction. Its pro-
bable velocity was 4 to 5 miles per day. East of the 73°
meridian this current had probably speeded up slightly with
an indraft of saltier end warmer water, At about the same
meridian the current diverged upon meeting the outflow from
the harbor. One branch led to the north of this outflow and
further split up into two eddies near Fire Island Inlet and
the lower reaches of Long Island. The southerly branch
joined the harbor outflow directly and was carried seaward as
part of the local current.

The effluent from New York Harbor extended seaward for
a distance of 20 to 30 miles and entrained cold, saline
water on the north., At the same time, the fresher water
was returned towards the coast westerly and southwesterly.
The return to the coast of the river effluent was split by
two large eddies which straddled the Hudson Gorge giving
rise to two distinct longshore currents. The first longshore
current more or less hugged the coast and came to an abrupt
end just south of Barnegat Inlet. Its minimum speed was from
3 to 4 miles per day, a figure that agrees very well with
observed nontidael drifts in that area (Ketchum, Redfield and
Ayers, 1951). The offshore current was less distinct with
probable velocities from )} to 5 miles per day. It was pro-
bably quite variesble, being alternately swelled by longshore
influx of saltier water and diminished by loss to seawards
of the fresher water,

Further south, off Delaware Bay, rates of travel increased

slightly, but these rates were uncertain because of the few
local recoveries in the area., Practically all of the bottles,
whether released or recovered in this area, drifted for con-
siderable distance. The released bottles either were not
heard from or stranded near Cape Hatteras. The recoveries
were from the offshore New York area and the initial stations
near Block Island, In contrast to the New York area, the
surface circulation in this vicinity appeared to be relatively
simple, although there were few recoveries to support this
view. The longshore current apparently split again just north
of Cape May, the seaward portion skirting the comparatively
small eftluent from Delaware bay and the landward branch
taking an active part in the circulation about the mouth of
the bay. The "well-mixed" effluent from Delaware Bay spread
in a wide arc whose center was Cape Henlopen and whose radius
was limited to 10 to 15 miles. The northern portion of the
arc returned part of the effluent in the landward branch of
the longshore current. Some of the effluent spread eastward
for a short distance and then became merged with a falirly
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well-defined longshore current., At Chincoteague Inlet there
appeared to be some sort of rotary motion which marked a
change in the southerly flowing current, for below the inlet
the current became somewhat divergent and ill-defined. This
transition also marked an increase in the speed of the current

from lj to 6 miles per day in the Delaware environment to 5 to
7 miles per day. §

The surface drifts off Chesapeake Bay were more certain b
than those of the previous areas because of the higher per-
centage of recoveries. The minimum rates of travel increased
considerably from 8 to as much as 20 miles per day. The
southerly flowing current was affected by the Chesapeake Bay i
effluent as far as J0 miles east of Cape Henry where it tended
to flow to the west perhaps compensatory to the eastward flow-
ing effluent mixture, This compensatory effect was most pro-
nounced near the mouth of the bay where an anticyclonic eddy
apparently was responsible for bottles being carried into the
bay itself and for driving some of the fresher water northeast
of Cape Charles. South of the 37° parallel the current con-
sisted of effluent water and coastal drift with a speed of 9
to 11 miles per day, the greater figure being more apparent
offshore. At 36°40' the current moved shorewards with a
consequent speed-up of drift, possibly 12 to 15 miles per day.
In an iscleted instance, 22 miles per day was recorded. The
accelerated drift appeared to be confined by a large cyclonic
eddy. It is worth noting that the greatest number of bottles
in the survey were collected along the stretch of beach just
south of this eddy (36°00' to 36°20').

At Oregon Inlet there wes an eddy of cool, saline water
which may have funnelled or directed the migration of several
bottles into Pamlico Sound similar in action to the eddy
further north, The longshore current here comprised residual
effluent from Chesapeake Bay combined with coastal drift.

The region about Cape Hatteras was very complex with wide
ranges of salinity and temperature. No bottles released in
this area were recovered in the immediate vicinity. At pre-
sent, two bottles have been heard from: one, released at a
sea buoy just north of Cape Hatteras, drifted to Bermuda in
50 days; the other, released in the Gulf Stream, reached
Rhode Island in 72 days. This last bottle suggests a great
eddy in which the Gulf Stream is a part, for it was repeated
in another instance where a bottle set adrift near Chinco-~
teague Inlet was recovered at Martha's Vineyard 96 days later.
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CONCLUSION

To reconstruct the surface coastal circulation in detail
from either the surface salinity and temperature data or the
drift bottle recoveries alone leaves much to pe desired. This
is also true, but less so, when the two types of data are com-
bined. In its general aspects the analysis is no doubt con-
vincing, but, as more and more details are deduced the analysis
becomes less authentic. In this sense, the pattern of circu-
lation as described here is assumed to be true. There are
strong indications that the surface drift was more or less
along lines of equal density. However, final estimates and
descriptions of the coastal circulation for time of survey
must walt for complete examination of the subsurface data.

In spite of the limitations, the surface data were well-
adapted for describing the surface circulation. The detailed
patterns which were developed from the drift bottle recoveries
and the salinity-temperature data show that the coastal drift
may be made up of several distinct currents or eddies with
branches and offshoots merging or breaking away from the
general drift., In particular, the influence of each fresh
water contributor to the coastal circulation appears to have
an appreciable effect upon the current pattern, Ketchum,
Redfield, and Ayers (1951) found that off the New York area
changing distribution patterns were to be expected when the
river flow was small and that a well-defined pattern was
developed when the river flow was great. Thus, the assump-
tion of a steady state was ephemeral depending on the con-
ditions. In this respect, the coastal circulation within the
30-fathom curve might be expected to be sensitive to seasonal.
and other changes. Consequently, the permanence of the
detailed pattern is doubtful and further investigation is
needed to determine the basic features of the coastal drift.
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