






























The 44°N trough presents a different situation for, as its name implies, the trough does
not propagate; it remains stationary at that latitude. Since downstream meandering
provides the fundamental mechanism for fluid loss as discussed in the previous paragraph,
stationary meanders imply retention in the stream from a kinematic point of view. And, in
fact, observations have shown how some drifters and subsurface floats have passed through
a remarkably deep (or steep) 44°N trough (e.g. Carr and Rossby, 2001). However, one can
still show how kinematic loss of fluid could take place, by decreasing the meander
amplitude during a fluid parcel’s transit through the trough. Since the Bower model does
not include time-dependence in the meander frame we impose time-dependence by
reducing the meander amplitude at an exponential rate from 100 km to 15 km during a
similar 18-day period. The rate is arbitrary, but attempts to be realistic. We choose the
same 400-km wavelength, but with no phase propagation. The peak speed was reduced to
80-km day�1 reflecting the slower surface speeds in the NAC. Figure 10 shows the initial
and final centerlines of the meander as dotted and solid lines, respectively. Drifters were
deployed along the same two lines shown in Figure 9. The final distribution of drifters is
shown. The entire center group is still in the high-speed center (indicated by the thin black
line), all drifting at speeds between 70- and 80-km day�1. The southern line has mostly left
the current, with half the drifters moving at speeds of 10-km day�1 or less. There is no
overlap between the two groups. Even though the time dependence differs from the
previous case, time-dependent meandering increases exchange between the current and
surrounding waters.

b. Ekman drift

We now address the question of almost perfect asymmetry of loss from the stream. Both
Bower (1989) and Bower and Lozier (1994) had shown how RAFOS floats can exit the GS
to either side of the current due to their deceleration as they drift toward the edge of the
current upstream of meander crests and troughs, respectively. But, as we have seen, surface
drifters show a very strong preference for expulsion to the south. The losses appear to be
related to meander activity, but why the striking asymmetry? The answer, we suggest, lies
in the Ekman drift.

The predominantly westerly winds in the study area impose a generally southward
Ekman drift. Several factors point to this. First, the North group of drifters with their drift
east and south across the Slope Sea in a direction quite different from the generally westward
flow there, would be hard to understand unless it results from a wind-driven Ekman drift. This
wind-driven drift, when applied to the narrow width of the GS, can also explain the ease with
which the drifters subsequently can cross over from one side to the other.

Many methods exist for the estimation of Ekman velocity, but for the purposes of this
study it will suffice to use the slab model approach (McNally and White, 1985; Rudnick,
2003) where the slab represents the surface mixed layer. Therefore, the actual velocity will
depend upon both wind stress and slab thickness or mixed layer depth (MLD). Information
on the latter can be obtained from the report by Monterey and Levitus (1997). For the
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purposes of the study MLD is based on a variable density change from the ocean surface
corresponding to a 0.5°C temperature change and thus takes into account the large
variability of seawater’s thermal expansion coefficient. These MLD values were provided
for the 15th of each month throughout the entire year. Figure 11 (top panel) shows the
annually averaged Ekman velocity vectors. To obtain these, we first estimate the monthly
mean drift velocities. For each month we first obtain Ekman mass transport (normal to the
wind): M � ��	/f (kg m�1 s�1), where ��	 is mean monthly windstress and f is the Coriolis
parameter. We divide this by density and layer thickness to obtain Ekman slab velocity
across the area of interest. These monthly estimates are then averaged to yield the annual
mean velocity in Figure 11 (top panel), which shows that the overall mean Ekman velocity
is 0.02 m s�1 almost due south. This is not a large velocity compared to typical speeds in
the GS, but it is on average to the south. Given that the width of the stream where velocities
are �0.5 m s�1 is only 90 km (Rossby and Zhang, 2001), it would take only O(1) month to

Figure 10. The Bower kinematic model applied to the 44°N Trough. This meander is stationary, and
peak speed in the jet is modeled at 80 km day�1. Drifter deployment is the same as in Figure 9.
Time dependence is introduced by decreasing the meander amplitude exponentially from 100 to
15 km over 18 days. Note how the centerline drifters remain near the centerline (solid line) as it
decays, whereas �1/2 of the southern drifters have left the decaying meander. (Cyclic boundary
conditions have been applied.)
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make the crossing. Given the large scale of the wind systems and the averaging over many
years, the uniformity of drift without any areas of preferentially large or small Ekman
velocity comes as no surprise. This further reinforces the view that the locations of
preferential expulsion from the stream as seen in Figure 7 reflect areas of intense meander
activity and not the winds.

Knowing that winds have a pronounced seasonal cycle we now consider whether this
impacts the GS exit patterns. Intuitively, one might expect the Ekman velocities to be
largest in winter due to the large wind stress over the North Atlantic during this season. For
the ERA40 data during the period 1995–1999, the east-west wind stress peaks in
December, remains high through the winter with a spike in April (in this 5-year data set).

Figure 11. Mean Ekman velocity calculated from windstress at all drifter locations and binned into
2° � 2° boxes. A near uniform distribution of Ekman velocity can be seen over the entire study area.
The overall mean drift to the south is 0.02 m s�1. The bottom panel shows corresponding Ekman
velocities for the June-July-August summer months only. The same scale factor is used for both panels.
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This seasonal pattern can also be seen in the Lindau (2001) climate atlas. MLD decreases
toward summer, and on a fractional basis it thins much more than the decrease in Ekman
transport. As a result the computed Ekman velocity actually increases in summer (Fig. 11,
bottom). A zonal average of Ekman velocity to the south along 37 and 39°N yields 0.024
and 0.031 m s�1 during the three winter (JFM) and three summer (JJA) months,
respectively, showing a 29% larger Ekman velocity in summer than in winter.

In order to determine whether the drifter data exhibit a similar pattern, we examine the
exits of drifters from the larger South subset with its distribution throughout the core of
the stream when they cross the GSEL. We further split this group into two subsets, the
“Winter” subset consisting of 39 drifters that entered the stream across the GSEL between
January and March, the months of the deepest MLD, and the “Summer” subset consisting
of 21 drifters that entered the stream across the GSEL between June and August, the
months of the shallowest MLD. Figure 12 shows the results. A suggestion of seasonality
can be seen in the 0–2000 km range: From entry to region D, 64% of the summer drifters
exit, compared to only 19% of the winter drifters, with a particularly significant increase in
the number of summer exits in area A. Another way to express the above can be seen in
Figure 13 which shows the time to exit for all drifters. The median residence time for a
winter drifter was 113 days compared to the median residence time in the summer of only
40 days. Because of the thin MLD and greater southward Ekman velocity in the summer,
drifters will exit the stream sooner and farther to the west. In winter, with a deeper MLD,
and despite the larger Ekman transport, the drifters remain in the stream farther to the east.

5. Discussion and summary

We have shown from surface drifter trajectory data that surface waters in the GS do not
remain in the current but slip out of it to the south. Using two sets of drifters, a set of

Figure 12. Histograms of first exits of the South subset of drifters that entered the stream in winter
months Dec-Jan-Feb (left panel) and those that entered the stream during the Jun-Jul-Aug summer
months (right panel). The summer group shows a heavier distribution of exits to the west than does
the winter group.
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drifters already in the stream at Cape Hatteras and a set of drifters initially well north of the
stream, we show that both will eventually exit the current to the south, the latter farther to
the east than the former. We show that the action of winds appears to be responsible. In
further support of this we show that this drift to the south takes place more rapidly in
summer, and that the reason for this is the much thinner mixed layer resulting in larger
Ekman layer velocities despite lower Ekman transports.

Given the large scale of the wind systems one might expect that the losses from the GS to
the south would be rather uniformly distributed. We find instead that exit from the GS takes
place primarily in three areas: region A (the NESC), region D (the SENR), and region E
(the 44°N Trough), at each of which the rapid current exhibits strong cyclonic curvature.
Region A is where the GS first develops the first steep meanders east of Cape Hatteras. We
do not know that the New England Seamount Chain is responsible, but it seems plausible. It
is also here that the GS shifts north about 1.5°. At region D the GS turns to the northeast
upon crossing the SENR, and finally at region E the NAC flows through the 44°N trough, a
steep (or sharp) meander that sits between the essentially permanent Mann Eddy at 42°N
and Flemish Cap. This meander does not propagate; it is locked in place. But it does
expand and contract considerably over a wide range of time scales (Kearns and Rossby,
1998). Considerable exchange takes place at region C as well. There is some indication that
this region also re-entrains some water forming a local anticyclonic recirculation between
C and D.

One may perhaps be able to argue that in these three regions the meander troughs are
particularly steep. If a drifter “survives” meander transit here, it most likely was not near
the edge of the current and thus may survive modest-sized meanders until it reaches the
next “steep” meander region. This would help explain the lack of loss in between. These
drifter loss patterns could apply equally well to the cross-stream exchange and mixing of

Figure 13. The same set of drifters as in previous figure but now from a temporal perspective
showing time to first escape. The median time to expulsion was 113 days in winter compared to 40
days in summer. For both groups the numbers are limited so the results should be seen as
suggestive only.

2010] 717McGrath et al: Drifters in the Gulf Stream



nutrients and phytoplankton from the Slope to Sargasso Seas. The likelihood of exchange
in the opposite direction could be much lower. One can see evidence for similar loss
patterns in an earlier study by Richardson (1983). Although that study had only 110 drifters
to work with, regions A and D show up as areas of loss from the stream, with perhaps some
activity near, but somewhat to the west of C as well.

The Mean Dynamic Topography (MDT) prepared by AVISO (http://www.aviso.oceanobs.
com/es/data/products/auxiliary-products/mdt/comparison-of-global-mdt/index.html) repre-
sents a significant improvement over earlier products, especially in terms of total sea level
difference across the GS at 70°W, now about 1.25 m compared to an earlier 0.8 m. Of
specific relevance here, it also exhibits a number of local dynamic height maxima along the
offshore limit of the GS and NAC, one between Cape Hatteras and roughly region A, and
another between 60° and region D. The Mann Eddy and region E show up clearly as well as
a NAC path similar to what has been reported in the past (e.g. Rossby, 1996). While this
figure differs from our results with respect to the shape/length of the recirculation between
region C and D, it points to the existence of local recirculation gyres that superimpose
along-stream variations in transport. This raises the concern that estimates of transport,
however accurately obtained, cannot immediately be compared with estimates at other
sites without knowledge of these local patterns.

This study shows clearly that Ekman forcing plays the central role in forcing surface
drifters to the south across the GS toward the Sargasso Sea. We have also shown that
drifters in the cool Slope Sea are forced south into the warm GS. This begs the question
how to reconcile the cross-frontal flow with the existence of a well-defined band of warm
water coursing its way east from Cape Hatteras; i.e., why doesn’t cold water from the Slope
Sea just cover the GS as one proceeds east? There are several issues here such that a
detailed analysis goes well beyond the intent of this study, but it can be noted that the
Ekman velocity is still small compared to the downstream velocity of the GS such that as
surface water from the Slope Sea is pushed by the winds into the stream, it is immediately
sheared and mixed into the rapid flow of warm water and thereby assumes the properties of
the GS. This mixing may be further enhanced by the fact that Slope Sea–surface water is
generally denser (especially in winter) than that of the GS resulting in additional
convective overturning. As an aside it might be noted that the warm band gradually
weakens in both width and thermal contrast in the downstream direction, and the
demarcation between the cold Slope Sea and the generally warm waters of the GS becomes
increasingly complex or convoluted. Intense heat loss to the atmosphere and meander-
induced exchange with the Sargasso Sea also contribute to the weakening of the warm
band.

The fractional loss of drifters to the Sargasso Sea between Cape Hatteras and the SENR
greatly exceeds any decrease in downstream mass transport. The reason for this pattern
must be seen in the fact that the drifters all lie in the Ekman layer: they are representing that
thin layer, not the underlying downstream flow of the GS. The total Ekman mass transport
across the GS per unit length is approximately M � ��	/f (kg m�1 s�1) � 0.06
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(N m�2)/1 � 10�4 � 600 kg m�1 s�1. Dividing this by the density of water (103 kg m�3)
and multiplying by the distance from Cape Hatteras to the SENR (�2000 km) yields
1.2 Sv. The effect of this small transport, compared to the 88 Sv just east of Cape Hatteras
(Halkin and Rossby, 1985) is greatly magnified because it takes place at the surface.
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