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Mid-Level Intrusions at the Continental Shelf Edge 
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Observations across the continental shelf offshore from New Jersey in late summer 1976 show an intru- 
sion of saline water at the mid level of the water column across the shelf edge front, which appears in 
density only as an offshore thickening of the pycnocline. This internal density field produces horizontal 
pressure gradient forces within the pycnocline in the onshore direction. These forces, in the linearized 
equation of motion with a constant eddy viscosity, drive a circulation which resembles a double Ekman 
spiral for internal pressure vertical distributions which are thin with respect to the Ekman depth. For 
thick pressure distributions, the circulation is geostrophic. The resulting flow pattern has no net cross- 
shelf transport. For the continental shelf edge in the example, a northward geostrophic mid-level jet is 
predicted by the theory. Ekman depth, and thus the vertical coefficient of eddy viscosity, can be deter- 
mined from hydrographic data describing an intrusion. 

1. INTRODUCTION 

The east coast of the United States north of Cape Hatteras 
is characterized by a broad, shallow continental shelf, over 
which an identifiable water mass called shelf water forms 

[Bigelow, 1933]. At the seaward edge of the shelf, the ocean 
depth increases abruptly by a factor of 10. Nearly coincident 
with this depth increase, a water mass boundary is observed 
between the shelf water, freshened by runoff, and the saltier 
slope water. Often this boundary, the shelf edge front, is den- 
sity compensating, the horizontal temperature and salinity 
gradients having compensating effects on density so that iso- 

tances in temperature-salinity space while maintaining a 
monotonic increase in density. These patterns, usually associ- 
ated with the shelf edge front, have been reported along the 
North American east coast off the Scotian Shelf [Horne, 1978], 
in the vicinity of Georges Bank lEG&G, 1978], offshore from 
New York [Posmentier and Houghton, 1978], New Jersey [Ru- 
zecki et al., 1977], and Maryland [Boicourt and Hacker, 1976], 
to the North Carolina shelf edge just north of Cape Hatteras 
[Curtin, 1979]. The mid-level intrusions thus appear to occur 
at times along the entire shelf edge front during the stratified 
season. 

In the northern part of the Middle •tlantic Bight, particu- 
pycnals through the front are relatively level. During the 
warm season of the year, this density compensating condition ß larly in the spring, the shelf edge front is evident in density 

cross sections as well as temperature and salinity patterns. Ex- 
is often met even though a substantial summer thermocline 
forms on both sides of the front. On occasion, fresh water 
from the shelf is found in mid-level lenses on the seaward 

side, and slope water is found on the landward side of the 
front. The purpose of this paper is to report observations of 
this cross-frontal exchange in the Middle Atlantic Bight, to 
present a hypothesis concerning one cause of the exchange, 
and to examine some consequences of the hypothesis. 

2. PREVIOUS WORK 

amples are shown in the works by Cresswell [1967], Beardsley 
and Flagg [1976], and Voorhis et al. [1976]. Frontal structure 
in such cases is consistent with a horizontal shear in the 

geostrophic current [Voorhis et al., 1976], and current mea- 
surements have indicated shear in the fight sense, although 
with diminished magnitude, when compared with the geostro- 
phic calculations [Beardsley and Flagg, 1976]. Further to the 
south, offshore from New York, Gordon and Aikman [1981] 
have noted a persistent salinity maximum during summer and 
late autumn at mid depth associated with the shelf edge front 
when a range of isopycnals crossing from slope water into 

The phenomenon of shelf water in isolated patches offshore shelf water is present. Posmentier and Houghton [ 1981] show 
and oceanic water over the continental shelf, named 'calving' that the cross-shelf shape of the front is consistent with Mar- 
by Cresswell [1967], has received attention for several reasons. gules' relation for geostrophic frontal slopes on the assump- 
The resulting layers always produce regions in which salt fin- tion of a 5-cm/s horizontal difference in front-parallel cur- 
ger instabilities can occur [Turner, 1967; Posmentier and rents across the front, an assumption consistent with 
Houghton, 1978]. In addition, the structure has been used to conclusions of Beardsley and Flagg [1976]. The Posmentier 
examine oceanic mixing rates and shelf-ocean exchanges and Houghton [1981] August 1979 section shows not only iso- 
[Joyce, 1977; Voorhis et al., 1976; Home, 1978]. Various inves- pycnals continuous across the front, but a range of depths for 
tigators have called similar features 'lenses,' 'laminae' [Stom- which isopycnal surfaces crossing the front are nearly level, a 
mel and Federov, 1967], 'intrusions' [Bigelow and Sears, 1935], density balanced condition. Further to the south, off the coast 
and 'interleaving' [Home, 1978]. These descriptive terms in- of Maryland, Boicourt and Hacker [1976] have shown an ex- 
dicate that the anomalous water parcels can appear to be con- tensive density balanced salinity intrusion crossing much of 
tinuous with their sources or detached, as observed in a by- the shelf. They interpret the intrusion as a compensatory flow 
drographic section. In all instances, the presence of these in response to offshore Ekman transport caused by strong 
parcels is indicated by a specific pattern of temperature-salin- southerly winds. In summary, cross-frontal intrusions are as- 
ity correlation at a vertical station. The pattern consists of a sociated with a variety of density structures from steeply slop- 
sequence of zigzag lines which traverse relatively large dis- ing density fronts with few isopycnals crossing the front to- 

'ward the north and in the spring to density balanced fronts 
Copyright ¸ 1981 by the American Geophysical Union. toward the south and later in the summer. 
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Fig. 1. Temperature (in degrees Celsius) salinity (in parts per thousand), and density (in o, units) in a cross-shelf section 
offshore from Atlantic City, New Jersey, September 1976. Data are from Ruzecki et al. [1977]. 

3. A DENSITY BALANCED EXAMPLE 

The following example [Ruzecki et al., 1977] indicates a 
mid-level intrusion and the surrounding cross-shelf hydro- 
graphy. Figure 1 shows a composite cross section of temper- 
ature, salinity, and density along a transect offshore from New 
Jersey during late summer (September 1976). The intrusion is 
evident in the sections of temperature and salinity between 
station E-3 and the shelf edge. The isopycnals associated with 
the intrusion are smooth, the principal feature being that the 
pycnocline shoreward of that point is much thinner than that 
further offshore. The temperature-salinity correlation at sta- 
tion E-3 with points plotted at «-m intervals exhibits the zig- 
zag character associated with similar intrusions (Figure 2). 
The thickness of the intrusion is 13 m. The intrusion is also 

evident in the station soundings for temperature and salinity 
at station E-3 (Figure 3). A feature of interest in this example 
is the coincidence of the intrusion with the region in which the 
vertical density gradient varies horizontally, changing from 
large values in the shelf summer pycnocline to smaller values 
in the deep water offshore. In what follows, the horizontal 
change of vertical density gradient is considered to be an es- 
sential condition for the occurrence of mid-level intrusions 

through density balanced fronts. 

4. HYPOTHESIS 

Shelf mixing processes produce a density field which in turn 
produces a mid-level onshore-directed relative pressure gradi- 
ent force. This force drives a relative motion governed by fric- 
tion and Coriolis acceleration. The shelf mixing processes pro- 

duce a nearly two-layer density structure over the shelf. At the 
Middle Atlantic Bight shelf edge, the layers are the surface 
mixed layer and the cold pool. The region between these lay- 
ers is quite thin. Observed pycnoclines less than 10 m thick 
are common in the mid-shelf region during the summer. The 
hypothesized sheff mixing processes are absent or less effec- 
tive in the vertically less confined deep water offshore from 
the sheff edge. Hence the pycnocline is thicker offshore. Off- 
shore thickening of the summer pycnocline is also frequently 
observed. Under hydrostatic conditions, this density structure 
implies a relative horizontal onshore-directed force at the mid 
level in the region of transition between the two pycnocline 

33 34 35 
SALINITY (ppt) 

Fig. 2. Temperature-salinity correlation at station E-3. Station loca- 
tion is shown in Figure 1. 
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Fig. 3. (a) Temperature and (b) salinity versus depth at station E-3. 
Station location is shown in Figure 1. 

thicknesses, shown schematically in Figure 4. In Figure 4a, 
the hypothesized isopycnals are illustrated in a section cross- 
ing the sheff edge. Two vertical lines, A and B, are chosen for 
calculation of relative hydrostatic pressure, the pressure which 
results from the assumption of a level sea surface. An addi- 
tional pressure field, having a constant horizontal gradient 
with depth, is associated with a surface slope. Figure 4b shows 
density as a function of depth at the two analysis stations, 
with Figure 4c showing the corresponding hydrostatic pres- 
sure difference. The pressure difference, divided by the dis- 
tance between the stations, gives the average horizontal pres- 
sure gradient between the analysis stations, and the resulting 
force (Figure 4d) is directed onshore at only the mid levels of 
the water column. In the next section, the motion driven by 
this pressure gradient force is assumed to be governed, to a 
farst approximation, by steady rotational horizontal flow with 
vertical frictional shear stresses, i.e., Ekman dynamics. 

5. MATHEMATICAL FORMULATION 

The assumption is made that the adjustment time of the 
flow to the pressure field is much shorter than the time re- 

quired to change the pressure field due to the rearrangement 
of mass as a consequence of the flow. Under these conditions, 
the flow field is nearly described as a steady state balance with 
an unchanging density field, and so the pressure field associ- 
ated with the density field can be considered as an external 
force. Following Hidaka [1955], the horizontal momentum 
equations are written as 

02u 10p 
0z 2 p Ox 

02/2 

fu-v 0-•-'-0 

(1) 

Here, u and o are the velocity components in the x and y (off- 
shore and alongshore, e.g., east and north) directions, respec- 
tively; z is positive upward measured from the maximum of 
the pressure force; p is the water density; f is the Coriolis pa- 
rameter (f -- 2gt sin • where gt is the magnitude of the angular 
velocity of the earth and • is the latitude); and v is the dy- 
namic eddy viscosity of the water, assumed constant here. As 
the pressure gradient force is assumed to act only in the x di- 
rection (normal to the coast) and is constant in time, let it be 
replaced by an arbitrary function. 

1 Op -h(x,z) h.-•O as x,z.-• +oo 
p Ox - 
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Fig. 4. (a) Schematic density structure in a cross-shelf section at 
the continental shelf edge. Vertical profiles A and B are selected to il- 
lustrate horizontal differences in (b) density and (c) pressure resulting 
in (d) an onshore pressure gradient force. 
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Following Hidaka [1955], (1) reduces to a single second-order 
complex equation with the introduction of a complex velocity 
variable 

resulting in 

w = u + io (2) 

O•w if__w = h (S) Oz 2 v v 

Defining an inverse length scale, the Ekman scale, 

a = (4) 

the solution to the homogeneous part of the equation is 

wn = C•e (•+ø"• + C2e -('+ø• (5) 

These are the two Ekman layer solutions. For the in- 
homogeneous case, the C can be treated as functions of depth 
which yield, under the given assumptions, 

1 h(x, Oe -('+ø'• d• 
2(1 + Oat, 

1 2(1 + Oar 

(6) 

In particular, a very thin pressure disturbance at a level of Zo 
can be represented as 

h(x, z) = ho(x)&(z- Zo) 

T = w(z) dz = • h(y)G(z - y) dy dz 
Changing the order of integration gives 

T = • h(y) G(z- y) dz dy (11) 

With a translation of variables, the inner integral becomes the 
transport for the Green's function velocity, which has zero 
real (onshore) part so the outer integral will also have zero net 
onshore transport. Thus, the flow for an arbitrary onshore 
pressure gradient limited to mid depth can cause cross-shelf 
exchange of water, but not net cross-shelf transport. 

For a pressure gradient force remaining nearly constant 
over a depth range much larger than the Ekman depth, the 
governing equations (equations (1)) reduce to the geostrophic 
balance, as the z derivative term becomes negligible. The solu- 
tion of the equations also reduces to the geostrophic velocity 
in such a region, verified by integrating (7) with a vertically 
constant h and substituting into the solution form. Thus, with 
a thick layer of driving force, an interior geostrophic region is 
produced with flow in the alongshore direction. For the east 
coast of the United States, this geostrophic, mid-level flow 
would be toward the north for an onshore pressure gradient 
force, corresponding to a pycnocline thickening offshore. 

6. A CONCEPTUAL FLOW MODEL 

With the Green's function, the internal flow field associated 
with a given hydrographic section can be calculated except 
that the value for kinematic viscosity remains undetermined. 
A conceptual model for the relative flow field at the shelf edge 

where/•(z - Zo) is the Dirac delta function and ho has units of can also be formulated given only that the perturbing pressure 
h x length, or (velocity) 2. The corresponding complex velocity gradient occupies a vertical extent greater than the Ekman 
function is the Green's function for the general solution, G(z) depth on its seaward side and less than the Ekman depth on 
[Hidaka, 1955]. The Green's function has the additional prop- its shelf side. This density field and the accompanying flow 
erty that the solution of w for an arbitrary h can be expressed field are illustrated schematically in Figure 7. The flow field 
as has a geostrophic core on the seaward side of the region of 

pycnocline thickening with an interleaving pattern on the 

w(z) = • h(y)G(z- y)dy (7) landward side. The geostrophic core of current forms a con- tinuous band along the entire length of the shelf edge over 
which the shelf mixing processes tend to sharpen the pycno- 

Evaluating the Green's function as the velocity field resulting cline. The interleaving flow tends to thicken the pycnocline on 
from a very thin pressure perturbation at level Zo gives its shoreward side, thereby reducing the relative pressure gra- 

ho 
C-(z) = - exp [(1 + 0-(z - Zo)] z < Zo 

2(1 + Oar 

ho 
G(z) -- - exp [-(1 + 0a(z - Zo)] z > Zo 

2(1 + Oar 

or 

(1 - Oho 
G(z) = - 4av exp [-(1 + 0a Iz- zol] 

The real (offshore) and imaginary (alongshore) pans of this 
solution describe Ekman spirals extending above and below 
the level of the pressure perturbation (Figure 5). Figure 6 il- 
lustrates the corresponding plan view of the resultant velocity 
as well as the net transport associated with this particular so- 
lution. The net transport is in the alongshore direction. 

The net transport due to a general onshore pressure gradi- 
ent force is also directed alongshore. This can be seen by in- 
tegrating (7) vertically to calculate the transport. The result is 

dient which drives the flow. 

Because the flow is entirely a response to the internal pres- 
sure field, it is of interest to estimate the velocity in the 

(8) geostrophic core, for it may be so small that the entire flow 
pattern is negligible. Considering summer conditions, the pyc- 
nocline in the Middle Atlantic Bight can have a density con- 
trast of 4 ot units. Using a 4 ot pycnocline with a thickness of 
10 m at the shelf edge increasing to 50 m on the ocean side 
over a width of 10 kin, an estimate of the maximum pressure 

(9) gradient in the center of the pycnocline can be made. The esti- 
mate from the hydrostatic equation using, as an average, half 
the maximum density difference (Ap) over half the difference 
of the offshore-onshore thermocline thickness (7) is 

• •xx = • g •xx dZ --- -- (12) 
or 

I Op[ cm •xx =2X10-3 s 2 
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Fig. 5. Real (offshore) and imaginary (alongshore) components of the Green's function, G(z). The Green's function can 
be interpreted as the velocity hodograph due to a very thin onshore pressure gradient force at z = 0. 

This estimate yields a geostrophic velocity of 20 cm/s (•-20 
km/day), using 10 -4 s-' for the Coriolis parameter. Such a ve- 
locity would transport material from south of Cape Hatteras 
to the latitude of Chesapeake Bay in about 10 days. 

In the left part of Figure 7, indicated as a thin layer, the so- 
lution approaches the Green's function. From (9), the maxi- 
mum and scale value of the speed is 

2,/2ho 2'/2 f_• (1/P)V•d • dz 
I•z0)l -- 4a•--- 4(fv/2) '/2 (13) 

Scaling the integral as the product of the maximum pressure 
gradient and the thickness (D) of the layer, a modest over- 
estimate, and denoting as v s the geostrophic velocity (1/ 
p)(X7•dJf) and as L the Ekman scale depth 1/a or (2v/f) u2, 
the result is 

IC,(zo)l- 2-'/2vsD/L (14) 

This indicates that the velocity in the thin part of the pattern 
has a maximum value of v s times the ratio of the layer thick- 
ness to the Ekman scale d6pth. This ratio is less than unity if 
the thin layer approximation is valid. Thus, the flow field can 
be visualized as geostrophic 'pipeline' extending slightly off- 
shore from the shelf edge with an Ekman-like 'vane' with 
lower speeds extending onshore, developing an interleaving 
pattern as the pycnocline thickness becomes less than the Ek- 
man depth (Figure 7). 

7. APPLICATIONS TO MIDDLE ATLANTIC 

BIGHT DATA 

Several inferences can be based on the conceptual flow pat- 
tern. The first is an estimate of v, the vertical eddy viscosity at 
the continental shelf edge when intrusions are present. The 
most convincing reason for the absence of Ekman spirals in 
the surface and bottom boundary layer observations is that 
the vertical turbulent transfer of horizontal momentum is so 

complex and changes character over such a short length adja- 

of the fluid, a slowly varying viscosity coefficient is more plau- 
sible because transitions in the medium as abrupt as a free 
surface or bottom boundary are not present. Thus, spirals can 
be expected in the interior having a vertical scale which de- 
pends on the viscosity coefficient; hence, the value of this coef- 
ficient (v) can be determined from the scale length of the spi- 
ral. If the spiral current structure crosses a density 
compensated front in temperature and salinity, the resulting 
frontal sheet will be deformed into a vertically wavy pattern 
corresponding to the offshore displacement. Because turbulent 
viscosity implies turbulent diffusivity, the water extruding 
across the initially vertical boundary will tend to mix with the 
receiving water mass. Between the intrusions the receiving wa- 
ter will tend to remain relatively unchanged. A vertical sta- 
tion, taken slightly shoreward of the initial frontal position, 
will show relatively homogeneous segments of the initial wa- 
ter mass broken, at regular intervals, with rounded intrusions 
of entering water. This salinity pattern is seen in Figure 3b for 
the central intrusion only. The limits of intruding water are 
located at a depth interval of a quarter Ekman spiral (Figure 
5), so that S(f/2v) u2 = •r/2, which gives 

v = 2fS2/• (15) 

where S is the vertical spacing between intrusion limits. The 
value of 13 m for S, from Figure 3b, produces a value for v of 

+1 

-1 
-1 o +1 

cent to the boundaries that relating it to mean shear with a co- Fig. 6. View from above of vectors for pressure gradient force (F), 
efficient of viscosity, let alone one of constant value, simply velocity at the level of the force (Vo), velocity hodograph (o), and net 
does not describe the momentum transfer well. In the interior transport (T) for the Green's function. Relative scales are used. 
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Fig. 7. Conceptual flow pattern for the continental shelf edge as discussed in the text. Solid contour lines represent 
isotachs of northward velocity, while arrows denote cross-shelf exchange. The pycnocline is contained within the dashed 
lines. 

30 cm2/s, a value within the range of previously quoted val- 
ues. 

In another application, the flow pattern of Figure 7 contains 
a northerly oriented geostrophic core in the relative current. 
Such a flow could be a conduit in which young fish are trans- 
ported from the region of Cape Hatteras to the latitude of the 
mouth of Chesapeake Bay. The young of some fish species 
thought to winter south of Cape Hatteras are found in the 
Chesapeake in the springtime before the migrating adults ar- 
rive (D. Haven, personal communication, 1980). In order for 
the relative flow pattern to transport the fish to the north, it 
must overcome the general southerly flow, which character- 
izes long-term averages of currents in the region [Iselin, 1955; 
Bumpus, 1973]. An examination of time series of observed cur- 
rents shows that periods of little current are interspersed with 
southerly flow events [Beardsley and Butman, 1974; Ruzecki et 
al., 1976; Boicourt and Hacker, 1976]. There appear to be few 
northerly flow events, although Bumpus [1969] has noted re- 
versals in the surface drift. As the value of mean current speed 
is about 5 cm/s, the mean speed between southerly flow 
events is somewhat less, and the relative northward flow 
speeds of up to 20 cm/s in the geostrophic core can easily 
overcome this flow. The previous speed calculation indicates 
that the northward travel between Cape Hatteras and the lati- 
tude of the mouth of Chesapeake Bay would require about 11 
days. A few more days would be required in the spring, with 

on Ekman dynamics, as expressed by Hidaka [1955]. The 
pressure forces driving the internal flow arise from horizontal 
variations in pycnocline thickness under hydrostatic condi- 
tions. If this interpretation is applied at the thermocline level 
by considering the fluid as infinite in extent vertically, the re- 
sulting flow has no net vertically integrated transport in the 
direction of greatest pycnocline thickness variation, but it ex- 
changes water horizontally in a manner to reduce the pycno- 
cline thickness contrast. A net transport is produced within 
the flow layer in a direction perpendicular to the greatest pyc- 
nocline variation. Applying the calculations to summertime 
conditions at the continental shelf edge of the Middle Atlantic 
Bight results in an interleaving pattern onshore and a geostro- 
phic shore-parallel core current offshore, the difference in pat- 
terns depending on whether the vertical scale of horizontal 
pressure forces is large (offshore) or small (onshore) with re- 
spect to the Ekman scale depth. Where an interleaving pattern 
is present at a density compensating front, an estimate of a co- 
efficient of eddy viscosity can be made from the vertical scale 
of the intedeaving pattern. Estimates for the maximum speed 
of the geostrophic core and the coefficient of eddy viscosity in 
the example yield values of 20 cm s -l and 30 cm 2 s -l, respec- 
tively. 
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