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Dynamic topography and recirculation of the North Atlantic 

by Henry Stommel,1 Peam Niiler,2 and David Anati3 

ABSTRACT 
Maps of the dynamic topography of the North Atlantic are used to show the baroclinic com-

ponent of the general circulation at different depths. The subtropical region of simple Sverdrup-
type circulation is delineated. A region of strong baroclinic recirculation, particularly at mid-
depth, is identified at the northwestern edge of the subtropical gyre. At higher latitudes, the mid-
depth topographic high of the recirculation regime fills the entire width of the ocean. A line of 
hydrographic stations across the western recirculation region is used to compute the vertical 
distribution of transport per unit depth. It is shown how the geostrophically balanced mass flux 
above 700 db in the Florida Current-Gulf Stream System balances the geostrophic flux across 
the ocean-wide subtropical gyre. The 100-700 db relative geostrophic circulation derived here 
shows remarkable consistency with the geostrophic transport maintained by winds (Leetmaa 
and Bunker, 1978). Below 700 db, the geostrophic transport of the Gulf Stream recirculates in 
a sub-gyre in the western North Atlantic. 

1. Introduction 

Recent direct measurements of the currents in the northwestern North Atlantic 
(Schmitz, 1977) reveal the presence of a persistent deep flow under the Gulf Stream 
which is in the direction of the surface flow. This deep flow increases the vertically 
integrated transport of the Gulf Stream several fold over that which flows through 
the Florida Straits. On both the northern and southern sides of the Gulf Stream 
circulation pattern, the deep flow is in the opposite direction. A dramatic description 
of the geographic distribution of this deep flow is given by Worthington (1977), 
based on hydrographic station data, using limited geostrophic calculations in the 
Gulf Stream and water-mass concepts over large areas of the North Atlantic. 
Worthington postulates that the apparent increase of the Gulf Stream deep transport 
is due to recirculation of water in a tight sub-gyre located to the south and west of 
the surface expression of the Gulf Stream. From eddy-resolving numerical models 
of the ocean circulation (Holland and Lin, 1975), the phenomenon of deep, baro-
clinic recirculation is also beginning to emerge as a predominant effect of eddy-
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Figure 1. Location of stations used in constructing the charts of dynamic topography. 

dynamics in mid-latitude. Leetmaa, Niiler, and Stommel (1977) show that the large-
scale, wind-driven recirculation in the subtropical Atlantic also contributes to the 
baroclinic circulation field. It is interesting, therefore, to construct a complete suite 
of dynamic topography charts for the North Atlantic and to examine these for cir-
culation patterns of various scales. 

2. Maps of dynamic topography 

Evidence for recirculation within the western boundary region can be found in 
the atlas of Wiist (the great green sigma-t sausage on Beilage LXXXI, 1936) even 
allowing for erroneous Bache station data, and also in Defant's charts of relative 
dynamic topography (Defant Beilage XVI, 1941). We present here some new charts 
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of relative dynamic topography of the North Atlantic, based on an earlier manuscript 
version by David Anati, and completely replotted and redrawn by Valery Lee, 
Aurelio Mercado, and Lee-Fueng Fu. The selection of data used is shown in Figure 
1; it is not exhaustive of the NODC file, but represents data where a stringent 
quality control on the salinity determination was possible.4 The data was obtained 
largely by oceanographers of Woods Hole and the British National Institute of 
Oceanography beginning in the International Geophysical Year. Some of it has 
been incorporated in various volumes of the Woods Hole Atlas series. 

Let us first examine Figure 2, the relative dynamic topography of 100 db-700 db. 
South of the 400 mm contour, the relative dynamic topography of the 100-700 db 
surface conforms satisfactorily to the wind-driven circulation of Sverdrup. Leetmaa 
and Bunker (1978) draw maps of the wind-driven geostrophic transport, the Sver-
drup transport minus the Ekman transport, from a new treatment of the North 
Atlantic surface winds. Like Leetmaa's and Burtker's Figure 4a, our Figure 2 shows 
a front-like "Gulf Stream" leaving the coast of North America. The front turns 
sharply north in the area of Grand Banks and spreads as a fan toward Iceland and 
northern Europe. South of the front, the circulation exhibits a large, clockwise 
pattern which encompasses the entire subtropical ocean. This subtropical geostrophic 
surface circulation fills the North Atlantic more uniformly than the circulation de-
picted in Worthington's (1977) Figure 42, which, in contrast, appears to be restricted 
to the western side of the ocean. The region of northeastward flow along the spread-
ing front toward Iceland has no counterpart in Worthington's scheme. 

Recent dynamical investigations of the relationship between the wind, the density 
structure, and the directly measured transport fields in the southern and eastern 
portions of this region (Niiler, Simco, and LaRue, 1971; Leetmaa, Niiler, and Stom-
mel, 1977; Stommel and Schott, 1977) suggest that linear Sverdrup dynamics apply 
there. From our new charts and Leetmaa's and Bunker's (1978) analysis, it is ap-
parent that the Sverdrup dynamics are also applicable in other regions. These new 
charts show that the surface expression of the frontal zone east of Cape Hatteras 
to Iceland and the geostrophic circulation above the main thermocline (here assumed 
to be at 700 db) in the entire western portion of the North Atlantic is congruous 
with Leetmaa's and Bunker's interpretation. When comparing these pictures quanti-
tatively or when inferences are made of the magnitudes of relative geostrophic flow 
patterns, it is important to remember that only the relative geostrophic flow at 100 m 
(in Fig. 2) is locally parallel to the dynamic height surfaces. The geostrophic stream-
line pattern, as defined by Leetmaa and Bunker (1978), on the other hand, indicates 
the direction of vertically integrated geostrophic flow with respect to an unspecified 
level of no motion. Stammel and Schott (1977) demonstrate that the geostrophic 
flow direction in the North Atlantic main thermocline rotates with depth, which in-
troduces further problems of quantitative intercomparison. Our observation that the 

4. It is known that the section at 28N has a salinity offset of -.02%a-
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Figure 2. Relative topography of 100 db relative to 700 db (dynamic millimeters). 

100-700 db surface appears to be congruous to the wind-driven geostrophic trans-
port surface confirms earlier quantitative studies of the Sverdrup balance in the 
southeastern portion of the North Atlantic main thermocline and suggests that this 
balance extends over a much larger area than previously recognized. In Sections 3 
and 4, we carry out a specific calculation of mass balance which shows how the 
Sverdrup regime breaks down below the main thermocline in the northwestern por-
tion of the basin. 

Examining the details in Figure 2, we see a very irregular appearance of the 



1978] Stommel et al.: North Atlantic typography, recirculation 453 

topography along the Gulf Stream front . manifested in, high and low knobs and 
valleys, The irregularity is presumabiy due to the presence of transient Gulf Stream 
rings, eddies, and meanders which cannot be smoothed out from this _ sparse data 
set. The dynamic topography maps· that can be drawn today are not truly repre-
sentative of the long-term mean on the small, eddy scale. However, in spite of the 
presence of eddies, the 100-700 db surface exhibits a narrow, high ridge aloog the 
western boundary, bounded by the 1000 mm (and 1100 mm) contours. This high 
is the first evidence of a mesoscale, persistent recirculation of the surface geostrophic 
flow with respect to lower levels. The lower levels exhibit somewhat different recir-
culation patterns. 

The difference in the topographic height of the 100-700 db dynamic t.opography 
across the narrow Gulf Stream (at 34N and 70W) is about 600 mm. The difference 
of this level across the eastern interior of the ocean at the same latitude (to the 
Straits of Gibraltar) is 400 mm. If the ocean below 700 db were at rest, and there 
was an identical decrease of the dynamic topography with depth over the ~cean 
basin to this hypothetical 700, db flat surface, there would be 50% mor-e water 
flowin~ northeastward above 700m along the western side of the ocean than would 
be flowing southward in the rest of the ocean. This net mass imbalance would have 
to be accomplished in a nongeostrophic or barotropic manner. Leetmaa, Niiler and 
Stommel (1977) show that at this latitude, the Ekman transport is much smaller 
than the geostrophic transport and that the return flow cannot be accomplished by 
this nongeostrophic mechanism. A fuller resolution will emerge as we develop a 
picture of the flow patterns below 700 db which, when considered together with 
the upper layer circulation and direct measurements under the Gulf Stream, suggests 
that a barotropic circulation component is needed to restore overall mass balance 
at 34N. 

To examine the baroclinic contribution to the circulation in deeper levels, con-
sider Figure 3, the map of relative dynamic topography of 100-1500 db. Qualita-
tively, the major features of the dynamic topography of the 100-700 db surface are 
mirrored in the 100-1500 db surface. Quantitatively, two major differences appear. 
At 34N and 70W, the dynamic topography difference across the Gulf Stream front 
increases from 600 to 800 mm, while between Bermuda and Gibraltar, the dynamic 
topography difference does not change with depth but remains at 400mm as in 
Figure 2. South of the Gulf Stream front, east of 65W, and north of 16N, the dy-
namic topography gradients are not substantially altered between 700 and 1500 m. 
The Sverdrup-type circulation which is shown in the 100-700 db chart appears in 
a nearly identical fashion in the 100-1500 db chart. Secondly, the large relative 
topographic high in the 100-700 db chart which is centered at 1 ON and 30W is 
much reduced in area in the 100-1500 db topography. This implies a reversal of 
geostrophic meridional shear below 700 db in the low latitudes of the North At-
lantic; a hint of this phenomenon can also be seen in Figure 3b of Leetmaa, Niiler 
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Figure 3. Relative topography of 100 db relative to 1500 db (dynamic millimeters). 

and Stommel (1977). Because the Coriolis parameter is small in low latitudes, a 
50 to 100 mm change in the dynamic topography at 16N is equivalent to a 150-300 
mm change in the Gulf Stream region and is dynamically important. 

The 1500-3000 db dynamic topography is substantially different from the 100-
1500 db surface. Figure 4 is the 1500-3000 db chart. In the area south of 32N and 
east of 65W, the topography is flat near 60 mm (660 mm absolute), so it appears 
that the deep shear is much smaller than above 700 db. There is a relative low, or 
trough centered at 25N, 58W where the topography falls below 40 mm (640mm 
absolute). There, a cyclonic relative geostrophic recirculation is implied. 

Figure 4 shows an irregular ridge of topography in the western region reaching 
heights of 140 mm (740 mm absolute) in isolated patches. This ridge is much 
broader than the width of the Gulf Stream, which as defined in Figure 2 runs on top 
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Figure 4. Topography of 1500 db relative to 3000 db (dynamic millimeters-600). 

of the northward slope of the ridge. As in the dynamic topography south of the Gulf 
Stream (Fig. 2), this extended ridge appears irregular, probably due to undersam-
pling of eddies and meanders. There is a noticeable break in the ridge to the south-
east of the Grand Banks at the point where Worthington suggests two western gyres 
of his model are separated and an isolated high in the region just east of the Banks 
where his northern gyre is located. We examined hydrographic data sets (Chain 
and Hudson, 1972) not included in this display, and the break in the ridge southeast 
of Grand Banks is also noticeable. Another isolated high is in the area southwest 
of Greenland. In fact, the topography north of 44N is all rather high, and there is a 
definite suggestion that the ridge tends to fill the ocean between 44N and 55N, and 
therefore cannot be regarded purely as a western boundary phenomenon. 

Figure 4 shows strong evidence of baroclinic recirculation. The 40-60mm (640 
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Figure 5. Topography of 3000 db relative to 4000 db (dynamic millimeters-400). 

mm absolute) contours bound the ridge on two sides over the entire North Atlantic, 
and the 80 mm (680 mm absolute) forms a closed loop south and east of the sur-
face expression of the extended Gulf Stream front. This picture suggests that there 
is no net relative deep circulation across a section from Gibraltar to Bermuda and 
north, across the Gulf Stream, and it is in sharp contrast with what Figures 2 and 3 
show in the upper levels. This mass balance is apparent because the Coriolis param-
eter changes only a few percent across these small recirculation patterns, and mass 
circulation can be approximately conserved within closed dynamic topography 
contours. 

Below 3000 db (in Figs. 5 and 6), the dynamic topography is fairly uneven and 
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Figure 6. Topography of 4000 db relative to 5000 db (dynamic millimeters-400). 

quite different on the two sides of the mid-Atlantic Ridge. In Figure 5, there are 
traces of the main dynamic-topographic ridge in the western basin, much broken up 
by eddy noise, and there is an isolated high east of the Banks. The topography is 
higher at the northern end than at the southern in the eastern basin. In Figure 6, 
which shows two completely separated basins between 4000 db and 5000 db, sys-
tematic slopes of the dynamic height within basins are not easily seen, but there is a 
systematic difference between basins because of the differences of water masses 
within them at these depths. The eastern basin is not as directly connected to polar 
water masses as is the western basin. Therefore, it is less dense, and the dynamic 
topography is higher. 
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Table 1. Transport relative to bottom on Section I, Sulg Stream '60. 

Depth of 

Station Lat. Transports bottom 

No. ON rel. to bottom (SV) (m) 

Atlantis 5873 40° 14' - 091} 185 

5874 40°00' - .27 
1880 

-12.53 
5875 39°41' - 8.07 

2700 

5876 39 °20' - 4.34 
2965 

A 5877 38 ° 59' + 6.26 
3325 

5878 38°40' 3.85 
3695 

5879 38 °20' 13.63 136.94 4060 

5880 37° 58' 45.71 
4310 

5881 37°40' 35.89 
4510 

5882 37°22' 31.60 
4810 

B 5883 37°00' -17.71 
4805 

5884 36°29' -22.25 
4920 

5885 36°01' +14.23 -55.25 4910 

5886 35°31' 0.40 
5095 

5887 34°59' -11.13 528-5 

5888 34°00' -18.80 5275 

C 5889 33°00' 
-19.43} --19.43 5170 

D Crawford 315 29°22' 5140 

3. Transport vs. depth across the recirculation 

In order to quantitatively examine the transport as a function of depth across the 
region of deep recirculation which is suggested by the dynamic topography contours 
in Figures 2, 3, and 4, we choose four stations, A, B, C, and D marked on charts 3 
and 4, and tabulate the entire section transport in Table 1. A, B, and C are in the 
ATLANTIS stations taken during the field program called "Gulf Stream '60." These 
three stations lie on Section I in Fuglister's (1963) article on the cruise, and the 
reader can refer to that paper for detailed presentation of the section. Station A lies 
in the slope water north (inshore) of the Stream. Station B lies on the offshore side 
of the Stream, on the top of the ridge of the 1500-3000 db dynamic topography map 
(Fig. 4). Station C is the southernmost station of Section I. In order to extend the 
calculations somewhat further offshore into the region of very flat deep topography, 
station D, a CRAWFORD station, somewhat south of Bermuda is also chosen. 

Table 1 presents the transports relative to the bottom between individual stations 
pairs as computed in a manuscript table of Fuglister's. As can be seen, the major 
relative transport of the Gulf Stream (136.94 Sverdrups) is between stations 5877 
(A) and 5883 (B). Direct observation of float tracks in deep water made at the time 
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Table 2. Dynamic topography in millimeters of selected hydrographic stations across Gulf 
Stream recirculation area. 

A B C D 
Ship Atlantis Atlantis Atlantis Crawford 

Station 5877 5883 5889 315 
Number (3327) (4766)m (5170)m (5140)m 

Lat 38°59'N 37°00'N 33°00'N 29°22'N 

Long 68°20'W 68°20-W 68°30'W 65°30'W 

0 0 0 0 0 
100 120 189 174 198 
200 219 360 344 386 
300 299 529 515 562 
400 360 699 686 732 
500 411 873 853 897 
600 -456 1041 1012 1049 
700 500 1194 1157 1183 
800 543 1338 1283 1296 
900 584 1475 1386 1385 

1000 625 1593 1466 1456 
1100 667 1691 1533 1516 
1300 749 1840 1641 1618 
1500 832 1955 1740 1713 
1750 936 2085 1858 1827 
2000 1040 2210 1973 1937 
2500 1245 2457 2200 2152 
3000 1444 2697 2421 2361 
4000 (1940)* 3151 2847 2782 

curve I = 1/f (A - B) 
curve 2 = 1/f (A - B) + 1/ / (B - C) 
curve 3 = I / / (A - B) + 1// (B - C) + 1/f (C - D) 

* extrapolated 

somewhat further east show a deep current of roughly 10 cm sec-1 • It appears 
reasonable to add a barotropic eastward transport of roughly 80 ± 40 Sverdrups to 
the relative goestrophic transport, but, of course, this number is not accurately de-
termined from direct measurements during "Gulf Stream '60." Further to the south 
(BCD), the transport relative to the bottom is mostly of opposite sign, totalling 
- 74.68 Sverdrups. As we shall see later, a negative barotropic recirculation of 
nearly the same magnitude as under the Gulf Stream should also be added to this. 

To examine the depth dependence of the mass flux, transports per unit depth are 
computed between each of the three contiguous pairs: AB, BC, CD. Next, transports 
per unjt depth are computed cumulatively in the fashion AB, AB + BC, and AB + 
BC + CD. These three curves are shown in Figure 7 as curves (1), (2), and (3) re-
spectively. In the absence of any information concerning the absolute velocity, the 
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Figure 7. Transport in Sverdrups/ 100 meters as a function of depth at sections across the west-
ern boundary gyre in the North Atlantic. The zero of the abscissa is arbitrary for all curves 
except curve 4, which is known absolutely from direct measurement. 

zero of each of these three curves is arbitrary. The upper portion of the curves 
are rather similar, and therefore, the zero is adjusted so that the upper 800 meters 
of each curve approximately coincide with the curve (4) where the absolute trans-
port per unit depth is known by direct measurement; curve (4) is the directly mea-
sured transport of the Florida Current at 30N latitude off Jacksonville in the sum-
mer of 1967 (Richardson, Schmitz, and Niiler, 1969). These authors already point 
out that the vertical shear of the transport downstream at Cape Fear is identical to 
that at Jacksonville. 

Because of the shallow bottom on the Blake Plateau at Jacksonville, there is no 
transport beneath 800 m indicated on curve (4). The area bounded by the solid lines 
(curve (4) and the two axes) amounts to 36.9 Sverdrups as reported. If we now con-
sider curve (1), which traverses what we usually define as the "Gulf Stream," we see 
that in the upper 800 m, this transport-shear corresponds to that observed in the 
Florida Straits section (4). If the transport across AB is computed relative to 800 m, 
it is 38.18 Sverdrups, which corresponds remarkably well with the directly observed 
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Florida Straits transport. Adding the transport relative to 800 m across BCD gives 
a total across ABCD of 32.97 (area under curve (3)). 

Below 900 m on curve (1), the transport-shear is less but extends all the way 
down to the bottom. This region of deep transport-shear corresponds to the inshore 
part of the deep topographic ridge in Figure 4. The transport associated with the 
shear below 1500 m recirculates because when the transport slope of the ridge is 
added-such as that between stations B and C added to that between A and B-
the net deep transport-shear is much reduced (curve (2)). As seen from the total 
transport curve of the section ABCD (curve (3)), further reduction of the deep 
eastward transport is achieved between stations C and D , beyond the end of Atlantis 
section I. 

A visual comparison of curves (3) and (4) assures us that directly measured, 
horizontal flow from the Florida Straits can match the relative geostrophically bal-
anced flow across the section ABCD at all depths. Curve (1) is often identified as 
the "wind-driven" "Gulf Stream"; however, in addition, it is now seen to include a 
recirculating portion below 800 m. Aside from our dynamic topography maps, there 
are reasons we believe that the deep flow recirculates close to the southern flank 
of the " Gulf Stream." Direct measurements indicate that there is no great under-
current under this "Gulf Stream," and the flow below 800 m in curve (1) is in the 
direction of the surface flow. This means that the deep flow must return westward 
and southward in the area southeast of station B and the eastern coast of the Atlantic. 
It can return in a baroclinic fashion as we suggest in previous sections, or it can 
return in barotropic patterns as well. Leetmaa, Niiler, and Stommel (1977) show 
that there is no southward, relative, geostrophic, or Ekman transport in excess of 
35 Sverdrups in the region between station B and the eastern coast. Also, the rela-
tive flow pattern as computed between 27N and 16N appears to be adequately main-
tained by the wind-stress pattern over the subtropical North Atlantic. There, of 
course, we have no direct measurement of the deep flow, and because Sverdrup 
dynamics appear so applicable to relative flow in the greater part of the sub-polar 
North Atlantic above 800 m, we have no good reason to postulate the existence of 
barotropic flow on a large horizontal scale. Because of the possible strong influence 
of higher order dynamics (e.g. eddies) on the circulation in the deep water in and 
around the Gulf Stream, a barotropic recirculation there is more likely . Therefore, 
the barotropic pattern which we assign to section AB (with respect to 800 m) will 

result in an opposite and equal transport in the pattern in section BCD. Both baro-
tropic and baroclinic deep flow recirculates. 

Once we recognize the possibility of recirculation, it is quite apparent to us that 
there need be no glaring discrepancy between the magnitudes of western boundary 
transports and interior flows as implied by Knauss (1969), Gill (1971) and Worth-
ington (1977). As Evenson and Veronis (1975) point out, the net transport of the 
western boundary region, including the deep circulation, can be very different from 
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the transport of short sections across the Stream as defined from upper level topog-
raphy. Thus much of the mystery surrounding an apparent increase of the "Gulf 
Stream" transport seems to reduce mostly to a matter of semantics, and there need 
be no abandoning of relative geostrophic balance in the circulation patterns 
(Wunsch, 1977). 

To reach a preliminary conclusion about the absolute magnitude of the barotropic 
components within the western recirculating region, we must introduce conservation 
statements on some other properties of the system. Since an infinite number of baro-
tropic flow patterns would conserve mass, these could be statements involving certain 
conserved quantities like temperature, salinity, or density, or dynamical quantities 
such as potential vorticity. If we choose temperature (Worthington, 1977), we see 
that for a mid-range of temperature (2.4 °C to 10°C), the thickness of the layers 
bounded by isothermal surfaces is nearly the same on both sections AB and BCD. 
Therefore, in these temperature ranges, the two opposing barotropic components 
tend automatically to conserve heat for any amplitude of barotropic circulation. We 
could attempt to make use of small deviations from constant thickness of individual 
thermal layers in this range, but the set of equations so obtained would be very ill-
conditioned. To obtain a useful, well-conditioned statement, we need properties 
where layer-thickness is markedly different on AB and BCD. 

The temperature layer deeper than 2.4 °C is of rather irregular thickness due to 
the bottom topography. The most striking difference of thickness, however, is for 
layers warmer than 10°C where there is about 800 m difference between l 0°C from 
one side of the Gulf Stream to the other on section I. We do not think that heat is 
conserved in layers warmer than 10°C; however, we will make use of this large 
difference of thickness and mass conservation to reach some conclusions about the 
magnitude of the barotropic recirculation. 

Our calculations so far show that the net northeastward transport of water rela-
tive to 800 mat section ABCD (note Dis approximately at 29N, 65N) is about 38 
Sverdrups, and the lower-layer relative flow recirculates within this section. Leetmaa, 
Niiler, and Stommel (1977) show that along 33N, from the longitude of D to the 
eastern boundary of the North Atlantic, the transport above 800 m is about 24 
Sverdrups. We propose that in addition to vertical circulation, there might indeed 
be a barotropic recirculation in the western portion of the North Atlantic to com-
pensate for the difference of 14 Sverdrups which flows northeastward in the upper 
layers of the "Gulf Stream" and that which returns southwestward in the eastern 
portion of the gyre. When using these sparsely sampled data sets to demonstrate 
this phenomenon, we are fully cognizant that there might be seasonal variations in 
the dynamic height patterns used in Figure 7, and section ABCD can have "eddies" 
imbedded in its transport structure. Nevertheless, it does appear from Figure 3 that 
at 33N, the large-scale, dynamic height supports more baroclinic mass flow to the 
northeast along the Gulf Stream front than is returned southwestward over the 
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eastern section of that latitude. (Recall our discussion of the 700 m dynamic topog-
raphy in Section 2). That portion of the net upper-layer flux which is not converted 
to lower-layer water in our model recirculates in a barotropic gyre in the western 
North Atlantic. With this simple model of the recirculation, we can explore the 
limiting factors in determining the amplitude of a westward restricted barotropic 
circulation. 

A more complete calculation in many layers is presented by Wunsch (1977). He 
uses a set of 47 station pairs on a closed section extending from the U.S. coast at 
Cape Henry across the Gulf Stream to Bermuda and then back westward again to 
the Bahamas and across the Florida current to Fort Pierce, Florida to set up tem-
perature conservation equations for five ranges of temperature. The system Wunsch 
solves (4 7 unknown barotropic components with 5 equations) is very underdeter-
mined, but Wunsch shows that a reasonable solution exists for the circulation which 
minimizes least-square bottom velocity. Because Wunsch is presently applying this 
method to the entire western North Atlantic, it would be fruitless for us to elaborate 
much simpler and limited budget calculations here. Therefore, the following dis-
cussion should be considered only an order of magnitude calculation of the implica-
tions to the western boundary region of the most striking feature of the transoceanic 
variation in thickness of the layer warmer than 10°C, which reveals itself in the maps 
of 100-700 db and 100-1500 db dynamic topography. 

4. Limits on the barotropic recirculation imposed by conservation of 

upper layer transport 

We expect that the transport in the volume of water warmer than 10°C is propor-
tional to the difference of the square of the thermocline depths across the Atlantic. 
This is because the magnitude of the Ekman transport in the latitude band 28N-
33N is much smaller than the geostrophic transport and because most of the trans-
port in the area southeast of the Gulf Stream is above the main thermocline and is 
geostrophic. If mass is conserved by relative baroclinic, horizontal flow alone, the 
thermocline depth should have roughly the same depth at both eastern and western 
coasts. However, this is not the case in the Atlantic as schematically shown in 
Figure 8i. This figure is a schematic of the thermocline in a section south across the 
Gulf Stream system (our section ABCD) and from station D along a line of constant 
latitude to the eastern boundary of the ocean. In this figure, no deep, baroclinic re-
circulation is represented. The thermocline is depicted by the inclined line segments. 
There are two regions of slope bounded by the dashed vertical. The broad eastern 
portion is the oceanic interior, in which the upper layer is driven by Sverdrup dy-
namics with geostrophic transport T;, whereas there is no transport in the lower 
layer. If we assume that there is no mixing of mass or heat across the thermocline, 
then the transport in the western boundary region (west of the vertical dashed line) 
is also confined to the upper layer. We denote it by T w • Since conservation of the 
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Figure 8. Schematic two-layer model of section across subtropical gyre, modelling the 32N 
Atlantic IGY section. 

upper-layer water mass is required, T w + Ti = 0. Moreover, since Ti is directed 
southward in the northern hemisphere subtropical gyre, the thermocline must be 
deepest at the dashed vertical and have the same depth at each coast. On the other 
hand, if the depth of the thermocline on the western coast indeed is, as observed, 
shallower than on the eastern coast, and if we demand overall mass conservation, 
then there will be a net transport of upper-layer mass northward and a deep counter-
current under the Gulf Stream. Presumably, there would have to be a conversion of 
upper-layer water to lower-layer water at latitudes north of the section to maintain 
the continuity of the circulation in the volume of the ocean north of 30N. 

The depth of the thermocline is very different on the two coasts of the North 
Atlantic. This can be dramatically seen, for example, on the 32N section of the 
Atlantic IGY data in Fuglister's atlas (1960). It can also be seen in our dynamic 
topography map (Figs. 2 and 3), where the topography along the coast of mid-
latitude America is much lower than that on the coast of Africa and Portugal. If the 
deep water were at rest everywhere on the section, this configuration would suggest 
that there must be a geostrophic net transport of the upper-layer water toward the 
north across the whole section. 

Let us now see the effect of introducing a barotropic recirculation near the eastern 
coast (Fig. 8(ii)). We draw two vertical dashed lines, the first through the deep-
est part of the thermocline, which embraces the conventionally defined "Gulf 
Stream" (with baroclinic upper layer transport T1 and barotropic transport B1) . The 
other is drawn at some distance further to the east and embraces the full western 
boundary region's recirculation (with barotropic transport B2 and negligible baro-
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clinic upper layer transport, T 2 = 0). Because the region containing B 2 is small 
compared to the whole width of the ocean, the interior baroclinic transport Ti re-
mains unchanged. We assume that there is no interior barotropic transport, Bi = 0. 
We denote the thickness of the upper layer as hw on the western coast, he on the 
eastern coast, and hm at the point of greatest depth. As shown, we expect h,,. > h, > 
hw. 

Geostropbically: 

T1 = c(hm2 
- hw2)/2 

Ti= c(h.2 - hm2)/ 2 

where c = + 6: and f:.p is the difference in layer-density. 

The statement that there is no net total mass transport across the section is: 

T1 + Ti+ B1 + B2 = 0 

(1) 

(2) 

(3) 

If we now specify the net northward transport of the warm layer, F, which is the 
upper layer water converted to lower layer water north of our latitude section, we 
can write the conservation law for upper-layer water as 

(4) 

The quantities Pi and p2 are the fractions of the full barotropic transports that occur 
in the upper layer. They depend upon the fractional cross-section areas of the upper 
layer in which there is a barotropic flow. Thus, if we define h1 as the mean depth of 
the thermocline in region 1 of the Gulf Stream, h2 as the mean depth of the thermo-
dine in the recirculation region, H 1 as the total oceanic depth over which B1 flows 
and H 2 as that over which B2 flows, then 

and because the region over which the flow B2 occurs has a small thermocline slope, 

This leads us to approximate forms of P1 and Pz as follows: 

P1 = (hw + h,,,)/ 2H1 

Pz = hm/ H2. 

(5) 

(6) 

We can now explicitly demonstrate how the barotropic recirculation B1, Bz is re-
lated to the observation that hw is smaller than h, by calculating B1 as a function of 
hw, with h. and h,,. given. Then we establish some limits on the size of the real baro-
tropic recirculation by using the parameters of the observed dynamic topography. 

Multiplying equation (3) by p2 and subtracting from equation (4) yields 
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Table 3. Relation of barotropic transports to thermocline depth at western coast. 

71 ,. B,! To(e=0) B2! To(e=0) B,ITo(e=0.05) B,/ To(e=0.I) 

0.0 2.00 -2.25 1.50 1.00 

0.1 2.13 -2.16 1.57 1.02 

0.2 2.00 -1.80 1.38 0.76 

0.3 1.82 -1.44 1.11 0.40 

0.4 1.20 -0.82 0.37 -0.46 

0.5 0.00 -0.00 -1.00 -2.00 

(T1 + T i) (1 - pJ + <P1 - Pz) B1 = F • (7) 

Introduce a scale of transport T 0 defined as ch,,,2 / 2, define T}w = hw! h.n, 7/e 
h./h,,., and define the small net upper layer flux northward as F = ETo. The above 
equation can now be rewritten in the following form: 

_ (-E + ( 1 - )(71/ - T}w
2
)) 

B1 - T o-'--------"--'----~---'---
h.n h"' (1 + T/w) 

(8) 

-yr;- - 2H1 

This should be regarded as a way of computing B1 (and B2) for various choices of 
T/w and E, the other quantities being fixed. We choose H 1 = H 2 = 5km, hm = 1 km, 
and h. = 0.5 km. The following particular equation then applies: 

(9) 

(10) 

So far as can be determined from direct measurement, the barotropic component 
B1 in the recirculation corresponds to a fairly large value: (1.5 - 2.0)T0 • The net 
transport of upper layer flow northward is eT0, and with E = 0.05 and T0 =" 38 sv, 
there is only a few Sverdrups of upper layer fluid converted to lower layer fluid. 
Larger values of net warm layer transport, such as given by the choice E = 0.1 imply 
inadmissably small values of B1/ T0• 

We see, therefore, that there is a close relation between the shallowness of the 
thermocline along the western boundary of an ocean, the barotropic recirculation, 
and the net, northward heat transport in the subtropical gyres. A more complete 
study, which involves the actual vertical thermal structure of the ocean rather than 
a simple two-layer model will encounter further complexities, such as the "warm 
core" on the surface of the Gulf Stream. 

The two-layer model can also be improved by inclusion of the baroclinic flow at 
mid-depth. The effect of this baroclinic component is to provide a uniform current 
in the upper layer, even in the absence of a barotropic component (relative to the 
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bottom). This means that a model which incorporates observed amplitude of baro-
clinic flow in the lower layer could require a smaller barotropic component to main-
tain the conservation of warm upper layer water in the system. Therefore, we ought 
to regard the figures obtained above for B1 and B2 as upper limits. 

A general conclusion is that the striking difference in dynamic height between the 
western and eastern coasts of the 150-1500 db map taken together with the idea 
that there is only a small net advective heat flux across the middle of the warm layers 
of the subtropical gyre, leads to a determination of the amplitude of the barotropic 
recirculation in the western boundary region of roughly 50-70 Sverdrups. 

5. Discussion 

The deductions in this paper sharpen the conclusions drawn by Leetmaa, Niiler, 
and Stommel (1977) about upper layer transports. Their paper shows that if the 
relative geostrophic transport above 800 m in the Atlantic interior were extended to 
the west coast with the same depth dependence as a least square fit produced in the 
interior, a general mass balance could be obtained in the upper layers between the 
F1orida Straits and the subtropical gyre. They simply multiplied the interior, least 
square transport curve by the ratio of the total ocean width to the width of the in-
terior hydrographic section. In this paper, we show that the interior has different 
horizontal and vertical scales of the relative geostrophic patterns in the western 
portion of the North Atlantic, and that separate least square fits should be carried 
out for the transport data across the recirculation region and the interior. The recir-
culation phenomenon as derived here makes up a 30-50% mass flux imbalance in 
the upper layers of the Florida Current/Gulf Stream system. To balance mass flux, 
we suggest that the barotropic flow in the western recirculation region be added to 
the F1orida Current pattern. Richardson, Schmitz, and Niiler (1969) show that the 
F1orida Current transport increases in a batrotropic fashion from 38 Sverdrups at 
Jacksonville (30N) to 55 Sverdrups at Cape Fear (33N). Our computation of the 
upper layer transport increase is comparable to this measured increase. We do not 
have an adequate model of bow the barotropic recirculation joins the current from 
the Florida Straits. 
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