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ABSTRACT

The Parsons-Veronis model, based on a two-layer wind-driven ocean, predicts the latitude at which the
western boundary current separates from the western boundary. It has been tested on the Gulf Stream using
both satellite and in situ observations. The hypothesis attributes the difference in the thermocline depth from
the eastern to the western side of the ocean and the corresponding northward geostrophic transport (with closed
northern end) to the southward Ekman transport integrated across the basin. Twelve years ( 1977-88) of satellite
sea surface temperature data and wind data [ from the Fleet Numerical Oceanography Center (FNOC) wind
database] have been used for this study. The satellite-derived Guif Stream northern edges were used to determine
the latitudes of separation (i.e., crossing the 2000-m isobath into deep water).

Parsons’ model is sensitive to two “free” parameters, namely, the reduced gravity and the thermocline depth
on the eastern side of the basin. Based on available CTD data and previous current meter studies, these free
parameters are selected to establish a representative two-layer model for the midlatitude North Atlantic. When
the Ekman drift is integrated over several years, the predicted separation latitude variability agrees with observations
with unit slope within 95% confidence limits. The relevant time scale of integration is on the order of 3 years,
somewhat less than the estimated time for long baroclinic planetary waves to cross the Atlantic. For this limited
dataset, little improvement in the prediction is found for a larger number of years of averaging. More detailed
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and long-term investigation of this hypothesis should be made in future in context of other western boundary

currents.

1. Introduction

Despite recent developments in both analytical
(Luyten et al. 1983) and numerical (Rhines and Young
1982) modeling of the ocean circulation, a particular
difficulty still remains in identifying the separation
mechanism for western boundary currents from the
continental margin. There are two more or less inde-
pendent approaches to this problem. An elegant de-
scription of these is provided by Pedlosky (1987).
Briefly, the first, called separation by detachment, sug-
gests that detachment of the northward-flowing geo-
strophic western boundary current in a two-layer ocean
occurs at the latitude at which the interface between
the two layers intersects the surface. This was first
shown by Parsons (1969) in a simple two-layer wind-
driven model ocean, in which the path of the western
boundary current is deduced by relatively simple con-
siderations of mass balance and geostrophy. This ap-
proach was later extended by Veronis (1973) and by
Huang and Flierl ( 1987) to deal with basins containing
both subtropical and subpolar gyres.

* Present affiliation: Center for Earth and Planetary Sciences, Har-
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The second approach, called the potential vorticity
crisis mechanism, was first put forward by Greenspan
(1962). In this approach, the criterion for the existence
of an inertial boundary layer is governed by the sign
of the potential vorticity gradient in the direction of
the outward normal to the boundary. Greenspan noted
that both the Guif Stream and Kuroshio separate from
the coast where the coastline changes curvature, thereby
justifying this criterion. In this paper, we do not explore
this hypothesis.

It is the purpose of this study to investigate the va-
lidity of the separation hypothesis introduced by Par-
sons ( 1969) and extended by Veronis (1973). We begin
with a detailed exposition of the Parsons-Veronis hy-
pothesis in section 2. This is followed by a discussion
of the datasets used for this study. Section 4 deals with
the establishment of a two-layer model of the North
Atlantic at approximately 35°N and the selection of
the free parameters for this model. The findings of this
work and how they relate to the broader perspective
of the Gulf Stream system and the wind-driven basin-
wide circulation are discussed in section 5.

2. Parsons—Veronis hypothesis
a. The model

Consider a two-layer ocean (Fig. 1), with the lower
layer at rest, forced by a steady zonal wind stress (7).
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FiG. 1. The notation used to describe the two-layer model ocean.
The z axis points vertically upward, z = g(x, y, ?) is the surface
elevation; z = —h(x, y, 1) is the position of the interface between
the two layers; and D = g + A is the depth of the upper layer.

The x-component horizontal momentum equation for
each layer is

on T
—fuyy=—g—+—— 1
Ju gax oD (1)

p1 07 oh
—fro=-P gt o= 2
fv2 ngax gax’ ()

where p,, v, and p,, v, are the densities and velocities
of the upper and lower layers, respectively; 7 is the free
surface variation; 4 is the depth of the interface; and
g' = g(p2 — p1)/p2. The upper layer thickness D = g
+ h is the sum of the free surface variation 7 plus the
interface depth variation 4. Thus,

aD 811 (9h
6x " ox 6x

Assuming the lower layer is at rest, v, = 0 in conjunc-
tion with (2) and (3) yields

oD py On

(3)

. 4
Ox  pr—p10x “)
Substituting (4) into (1) gives
,0D T
— = — [ 5
Jui & ax  piD (5)

Finally, multiplying (5) by D/fand integrating along
x from the western to the eastern boundary yields

XE XE aD XE
f Ddx—*f 5. Dx— f L dx, (6)
Xw Xw plf
which on simpliﬁcation may be written as
2 2
w) ’ 7
T, =5 f (h —h3)— Tk (7

where A, and A, are the depths of the interfaces at the
eastern and the western boundary, respectively; 7T’ is
the first integral in (6) and is the total meridional
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transport across the basin at a given latitude; and T¢
is the last integral in (6), which represents the Ekman
drift. Note that the surface elevations at both the eastern
and the western ends have been neglected in the above
derivation because they are much smaller than the
depths of the interface.

At the latitude of separation, since the thermocline
surfaces, A, = 0, and (7) becomes

g'h?
2f

This equation states that the difference between the
geostrophic transport and the Ekman drift at the sep-
aration latitude is given by a net northward transport
into the northern end of the basin, that is, fluid lost
out of the upper layer. This balance is illustrated in
Fig. 2. The first term on the right-hand side of (8) is
the geostrophic transport integrated across the ocean
basin, denoted by T.

The transport, even in the Gulf Stream, is geo-
strophic to a very good approximation [e.g., Johns et
al. (1989) show 1% agreement]; so (5) is valid across
the entire basin. Therefore, if the basin is closed to the
north of the latitude of separation, 7', must vanish in
the steady state, and from (7), the depth of the interface
at the western boundary is governed by the relation

T, = (3)

h2 = hZ
2f 2f
From (9) it follows that, for sufficiently large T, the
right-hand side goes to zero; that is, the thermocline at
the western boundary intersects the surface, 4, =
Typically Tg increases to the north (Fig. 3) from 35°
to 40°N. To maintain this balance, the western bound-
ary current must therefore leave the continental margin

T,,//]

T, Zonal wind

stress

E{TE Ekman drift

Y\ he

Eastern
Boundary

(9)

F1G. 2. The Parsons-Veronis Hypothesis shown above as a two-
layer ocean from west to east. The densities are p; and p, for the
upper and lower layers, respectively. The Ekman wind drift is shown
as the southward transport 7g; the net geostrophic transport to the
north is shown as 7;; and the net northward transport at the northern
boundary is denoted by T,. The depth of the thermocline at the
eastern end, A, is also indicated.
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FIG. 3. Variation of the integrated zonal wind stress as represented by the annual mean Ekman
wind drift with latitude. Different lines represent the 12 different years of data.

flowing to the northeast, thus reducing the Ekman drift
integrated to the right of it. Thus, by evaluating both
of the terms on the right-hand side of (9), which re-
quires knowledge of the latitudinal variation of g, A,
and of the integrated zonal wind stress across the basin,
we are able to predict a separation latitude, the latitude
at which these two terms cancel each other. Note that
since the real ocean is open at the northern end and
since thermohaline convection at high latitudes may
exchange water from the upper to the lower layer, 7,
does not vanish in reality. We therefore expect a dif-
ference between the predicted and the observed point
of separation. This difference can be attributed to a
loss of fluid from the Gulf Stream system, which is
discussed in section Se.

At the latitude of separation, substituting 4, = 0 in
(9), the thermocline depth at the eastern boundary is
given by h. = (2fTg/g')"/?. In an average sense, the
Ekman wind drift T can be represented by 7,,L/ of,
where 7,, is the mean zonal wind stress over the basin
and L is the width of the basin. Thus, the Parsons~

Veronis hypothesis would hold for basins for which
the depth of the thermocline at the eastern boundary
would be approximately given by (274,,L/pg')!/?. To
test this we used climatological mean winds (Hellerman
and Rosenstein 1983; Munk 1950) integrated across
the North Atlantic, the South Atlantic, and the North
Pacific at the latitudes at which the Gulf Stream
(35°N), Agulhas (35°S), and Kuroshio (35°N) leave
the continental margin. For the North Atlantic basin,
we used 74, = 0.8 dyncm™2, L = 5500 km, and g’
= 0.01 m s~2, from which A, is predicted to be ap-
proximately 210 m. For the South Atlantic 14, = 0.4
dyn cm™2, L = 5000 km, and g’ = 0.01 m s 2 yield an
he of 140 m; and for the North Pacific with 7., = 0.5
dyn cm™2, L = 9000 km, and g’ = 0.01 m s 2, h, was
found to be on the order of 290 m. These different
predicted thermocline depths agree well with observed
climatological thermocline ( 15°C isotherm) depths as
available from the Geosecs atlases (Craig et al. 1981)
at the eastern boundaries of the respective basins ( Table
1). Note that the relative differences of the predicted

TABLE 1. Parsons-Veronis hypothesis parameters for different western boundary currents (WBCs).

hg (m)
Separation Tav Length L
Basin WBC latitude (dyn cm™?) (km) Observed Tallg'
North Atlantic Gulf Stream 35°N 0.8 5500 250 210
North Pacific Kuroshio 35°N 0.5 9000 300 290
South Atlantic Agulhas 35°S 0.4 5000 150 140

The values of 7,, and the thermocline depth at the eastern boundary (4, ) for different basins are climatological; g’ = 0.01 m s™2



NOVEMBER 1992

upper-layer depths (a combined effect of average wind
stress and the width of the basin) between different
basins are consistent with corresponding climatological
differences observed at the eastern boundaries. The
rough agreement outlined above for the three major
western boundary currents suggests a more detailed
test of the hypothesis; a test in which the observed vari-
ability of the latitude of separation (in a long-term
sense, temporal averages of 6 months and more) for a
given western boundary current is considered as a
function of similar averages of the basinwide wind
stress. Such a study for the Gulf Stream is the focus of
the remainder of this work.

b. The response time period

The response of a two-layer ocean to wind forcing
has been studied in detail over the past three decades.
Of importance here is the length of time following a
step change in the wind for the oceanic circulation to
reach a new steady-state configuration. Based on some
heuristic arguments using energy conversion and the
conservation of mass and by comparing the total vol-
ume of warm water mass against the surface conver-
gence due to wind, Stommel ( 1962) suggested that the
decay time period for complete cessation of the cir-
culation after the wind forcing is removed is on the
order of 1000-1700 days. Anderson et al. (1979) stud-
ied the transient response of the North Atlantic using
a linearized version of Bryan’s (1969) model. In study-
ing the baroclinic adjustment processes using 1600-
day simulations, they noted that although the two-layer
ocean does not attain complete equilibrium during this
period, the main adjustments such as the steady-state
velocities of the real ocean currents have already oc-
curred by this time. These studies have shown that the
response of the thermocline to the applied wind stress
generates planetary waves propagating to the west and,
on being reflected from the western boundary, forms
the highly energetic western boundary current. It is
now generally accepted that the steady-state response
would be achieved after a time period consistent with
the time taken by the baroclinic Rossby waves to cross
the basin (Gill 1982). Anderson and Corry (1985)
studied the linear low-frequency response of a two-layer
ocean to periodic wind forcing and found that the
steady-state boundary current is established for periods
on the order of years to decades.

Since we have assumed a steady-state model [Egs.
(1) and (2)], but the winds available from the Fleet
Numerical Oceanographic Center (FNOC) are instan-
taneous values changing every six hours, some form
of temporal averaging is necessary to approximate the
steady-state forcing. For the purpose of this study, these
6-hourly wind stress values are averaged over the basin
for each year from 1977 to 1988 (Fig. 3). These annual
averages are used to predict the separation latitude us-
ing (9). This is discussed in detail in section 5a. We
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increased the averaging time for the Ekman transport
in steps from 1 to 5 years and compared the predicted
separation with the observed latitude at the end of each
respective period. The agreement between the obser-
vation and the prediction improves as the time period
of averaging is increased. This, we believe, is a reflection
of the fact that the response time for a two-layer model
is on the order of the time taken by the long Rossby
waves to cross the Atlantic. The importance of the time
scales of averaging in determining the predictions by
the Parsons-Veronis hypothesis is discussed in detail
in section 5d.

3. Data analysis

The path of the Gulf Stream has been determined
from satellite infrared imagery for the period 1977-88.
Weekly positions were obtained from the Experimental
Ocean Frontal Analysis (EOFA) charts issued by
NOAA for the period 1975-81. For the period 1982~
88, Gulf Stream paths were obtained every 2 days,
cloud cover permitting, as part of a larger experiment
by Cornillon et al. (1987). The satellite data used for
the period 1979-88 were obtained from the Advanced
Very High Resolution Radiometer (AVHRR) of the
TIROS-N satellites (Schwalb 1978), while the data for
the period 1977-79 were obtained from the Very High
Resolution Radiometer carried on NOAA-S. Process-
ing of the satellite data to locate the path of the Gulf
Stream is described in detail by Gilman (1989). Ap-
proximately 1400 Gulf Stream paths were digitized for
the period 1977-88 in the region from 76° to about
55°W. These fronts have a resolution of 0.1 ° longitude,
that is, 11-km spacing between successive digitized or-
dinates. )

Annual averages of the separation point were con-
structed by first averaging the satellite-derived paths
between 70° and 75.5°W in annual intervals. This an-
nual averaging was done to reduce the noise resulting
both from the Gulf Stream meandering in the region
(periods on the order of 30 days) and from the masking
of surface anomalies. These paths, a portion of which
are shown in Fig. 4a, were obtained by averaging the
latitudinal value of all digitized paths at each 0.1° of
longitude. Also shown in Fig. 4a is the 2000-m isobath.
The separation point is defined as the intersection of
the annual average Gulf Stream path with the 2000-m
isobath. The 2000-m isobath was chosen because it is
relatively smooth compared to, say, the 100-m isobath
and yet still represents well the edge of the continental
shelf. Figure 4b shows the latitude of the point of sep-
aration (solid line) as a function of time. Note that the
latitudinal excursion of the separation position is on
the order of 100 km; whereas the longitudinal excursion
(not shown) is only on the order of 30 km. The smaller
longitudinal excursion is due to the almost meridional
orientation of the 2000-m isobath.

The wind data used in this analysis are obtained
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FiG. 4. (a) The annual mean Gulf Stream paths intersected by the
2000-m isobath for the 12-year (1977-88) study period. (b) The
separation latitudes as observed from (a) plotted (solid line) as a 12-
year time series along with the annual prediction (dash line). (¢)
Similar to (b) with 3-year prediction time series.

from the Fleet Numerical Oceanographic Center
(FNOC), Monterey, California. A detailed description
of the model used to develop the FNOC winds can be
found in Lewis and Grayson (1972). For this study,
the northward and eastward components of the wind
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speed on a 2.5° grid extending from the east coast of
North America to 20°W and from 25° to 50°N are
used. The eastern limit for the wind data is chosen to
be at 20°W to match the two-layer model’s eastward
extent, which is restricted by the intrusion of the Med-
iterranean salt tongue farther to the east. The zonal
wind stress, 7, at each grid point in this domain is
evaluated at 6-hour intervals from the dataset using
the bulk formula: 7, = {pCuu|u|, where p is the air
density, C; is the drag coeflicient, # and v are the
eastward and northward wind speeds, and |u|
= V(u? + v?). For this study, a stepwise drag coeffi-
cient of C; = 0.0008 for |u| < 6.6 ms™ and C,
= (.0028 for ju| = 6.6 m s™! was used. More rigorous
estimates of the drag coeflicient do not seem to sub-
stantially improve the wind-stress estimates (Hsu
1986). The density of air is taken as 1.18 kg m™>. These
6-hourly zonal values are then averaged at every grid
point over the analysis domain for one-year periods.

Finally, the Tg term of Eq. (9) is obtained by inte-
grating the zonal wind stress on each of the horizontal
grid lines from 25° to 50°N. The integration stops at
the westernmost grid point nearest to the east coast of
North America. The resulting values of 7% are plotted
in Fig. 3 as a function of latitude for each of the 12
years used in this study.

4. A two-layer model of the subtropical North
Atlantic

As discussed in section 2, separation of the Gulf
Stream from the continental margin implies outcrop-
ping of the thermocline on the western side of the basin,
with the line of outcropping extending to the north
and east from the point of separation. This means that
to the north and west of this line the water column in
the Parsons—-Veronis model ocean (hereafter referred
to as slope water) consists of a single layer, while to
the east and south of this line the model ocean consists
of two layers. Therefore, for the two-layer model to
accurately represent the real ocean, the depth of the
density interface separating the two layers in the eastern
portion of the study area must be chosen so that the
characteristics of the water in the lower layer are rep-
resentative of those of the entire water column in the
slope water region on the western edge of the ocean.
Once the density interface satisfying this condition has
been defined, an estimate of the associated reduced
gravity can be made from the depth-averaged densities
of the upper and lower layers. In the following we dis-
cuss how CTD data, available from National Ocean-
ographic Data Center (NODC), were used in con-
junction with the ideas presented above to determine
the appropriate density surface for the interface. At the
end of this section, we show that the north—south slope
of h., a critical parameter in the problem discussed in
section 5, is consistent with observed geostrophic ve-
locities in the eastern North Atlantic.
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a. A consistent value of the reduced gravity for the
North Atlantic at 35°N

To establish a representative two-layer model, ver-
tical density profiles were obtained across the North
Atlantic using all CTD casts available from the Na-
tional Oceanographic Data Center (NODC) for the
period 1977-86. Five 10° wide longitudinal regions
were chosen for this purpose between 70° and 20°W
(Fig. 5). The north-south extent of these regions is
from 30° to 34°N. A sixth region was chosen to rep-
resent the slope water. This region (38°-40°N, 74.5°-
72.5°W), is also shown in Fig. 3, lying to the north of
the mean path of the Gulf Stream for 1985 (Gilman
1989), a year in which the mean path was unusually
far to the north. The criterion for selecting slope water
CTD casts within this region, which were not in a Gulf
Stream ring or in the stream itself, was that the 10°C
isotherm be shallower than 350 m and was taken from
Bisagni and Cornillon (1984). The number of available
CTD casts in each of these regions is shown in Fig. 5.
From each CTD cast a vertical profile of potential den-
sity was calculated using the International Equation of
State of seawater (IES 80) (Millero and Poisson 1981).
These profiles extend to depths of up to 2000-m depth.
To obtain a single profile for each of the boxes shown
in Fig. S, all density profiles falling within the given
box were averaged. For the east-west analysis to be
discussed first, all 36 casts lying between 30° and 34°N
are used for the 20° to 30°W band. Two profiles, one
for the box from 30° to 32°N, and a second for the
box from 32° to 34°N, were obtained for the north-
south analysis to be discussed at the end of this section.

To determine p, and p,, (see Fig. 2), the mean den-
sities of the upper and the lower layers in the two-layer
system from the vertical profiles of the potential den-
sity, these profiles are simply averaged from the surface

] 1 | L !
Ry
45°N =
) L—
-
40°N " élope Water 2t
g ﬂ No casts
5 4 W “~— Mean GS Path 1985 -
3 \ 13
3 35°N - 2 L
_} 18 |
587 18 1 30
30°N 1
253°N T T T T i
80°w 60°W 40°W 20°wW
Longitude

F1G. 5. The domain of analysis for this study. The North Atlantic
basin is divided into a 2.5° X 2.5° grid (not shown). The number
of available CTD casts are indicated inside different regions of analysis.
These casts are used to establish a two-layer representative model for
the North Atlantic.
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F1G. 6. Mean lower layer density (p,) as a function of selected
interface depth across the North Atlantic in the 30°-34°N midlatitude
band.

to the interface for the upper layer and from the in-
terface to the bottom of the mean profile (2000 m) for
the lower layer. Figure 6 shows the estimate of p, as
derived from the mean profiles as a function of the
depth selected for the interface for each of the east—
west boxes. Since there was only one cast in the 40°-
50°W region, this region was not used for our analysis.
The depth-averaged density of the water column from
the surface to 2000 m in the slope water box is 27.61.
Following the argument presented at the beginning of
this section, this is then taken as p,. We could choose
the depth at which p, attains the value of 27.61 in
different regions as the interface between the two layers.
Aliernatively, the potential density () at which p,
attains the value of 27.61 (recall that p, is the average
density from 2000 m to the interface ) could be obtained
for each of the five regions, and a representative value
chosen from these five values could be used to define
the interface. This is in fact the approach taken here,
in that it is more meaningful physically and less sen-
sitive to the total depth of the cast (2000 m). Admit-
tedly, extending the profiles to depths of 3000 or 4000
m will result in a larger value of p,, but estimates of
this difference suggest at most a 10%-15% decrease in
the reduced gravity parameter and a very small effect
on the density surface of the interface, that is, h.. We
therefore feel that the additional effort and uncertainty
in extending the profiles beneath 2000 m is not war-
ranted. Furthermore, the theory holds dynamically as
long as the upper layer is much thinner than the lower
layer for the two-layer model in question. In Fig. 7,
the potential density, o,, corresponding to the calcu-
lated p» is shown for each of the five regtons across the
North Atlantic as a function of g,, both of which are
determined from the interface depth. The average o,
for p, = 27.61 (excluding the slope water) is found to
be 26.85 kg m™3, and this density surface is chosen as
the representative pycnocline of our two-layer model.
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FiG. 7. Potential density  ¢5) at the interface as a function of the
mean lower-layer density (p,) for each of the five boxes analyzed; o,
and p, are determined from the selected interface depth.

The depth of the oy = 26.85 surface across the basin is
shown in Fig. 8. Now using oy = 26.85 to define the
interface, p is then determined from o, averaged across
the basin as shown in Fig. 9. The average value of p,
(excluding the slope water) for o, = 26.85 is found to
“be 26.4. Note that the surface front observed from the
satellite data may not coincide with the 26.85 potential
density surface but is expected to be parallel to it (Cor-
nillon and Watts 1987; Hansen and Maul 1970). Now
that a density interface has been defined for the inter-
face of our two-layer model ocean and the average
densities of the upper and the lower layer, p; and p,,
respectively, have been obtained, we may determine
the values of g’ and /.. For these average densities, the
reduced gravity, g’ = g(p2 — p1)/(1000. + p3)
=0.0115 m s~2. The variation of g’ with g, for regions
across the North Atlantic is shown in Fig. 10a. The full
range of g’ for the selected regions ranges from 0.0105
10 0.012 m s™2, but all the regions are well represented
by the chosen g4, g’ values.

b. Meridional variation of the thickness of the upper
layer (h,) in the eastern North Atlantic

Because the Gulf Stream is observed to separate be-
tween approximately 35° and 37.5°N, we require /.

B, = 26.4 j h,
__ 400
E 800 \Go = 26.85 surface
=]
g 1200 5, = 27.61
a Pp = =7
1600
2000 — T T T T T T T 1
75°W 65°W 55°W 45°W 35°W 25°W
Longitude

F1G. 8. The two-layer representation of the North Atlantic
as adopted for this study based on available CTD data.
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FiG. 9. Mean upper-layer density (p,) as a function of the chosen
potential density (oy) interface for each of the four analysis regions
across the North Atlantic.

as a function of latitude in this range. Earlier analytical
studies based on a two-layer ocean have tended to keep
this parameter constant on the eastern side of the basin;
that is, north—south variations of this parameter were
not allowed (Pedlosky 1987; Huang and Flierl 1987).

25.0 —t 4 - -
] 70-60W I

60-50W \ L

400 |
) L
S’
& 800 L
-
&
Q r
1200 A |
h I
1600 — . — — — -
25.0 26.0 27.0 28.0
-3
o (kg m™°)

FIG. 10. (a) The variation of g’ as a function of the choice of
potential density, o,. The dashed lines indicate the chosen interface
and g'. (b) Vertical profiles of potential density ( ¢,) at different lat-
itudes in eastern North Atlantic (20°-30°W).
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Here, a north—south sloping interface is allowed on the ] e :
eastern side of the North Atlantic. To obtain this func- 40°N r
tion, we selected six 10° longitude by 2° latitude boxes 1

between 30° and 42°N for the easternmost longitudinal o M

band in our study area (Fig. 5). The longitude range D 360 4 1,7

selected for these boxes clearly does not lie on the east- 5 ]

ern side of the basin as required by the Parsons—Veronis 3 34oN a
model. The east-west slope of the ¢, = 26.85 surface ! fa

is, however, sufficiently close to zero east of 35°W (Fig. 32°N 4

8), so that the error made in using values from this 1 o

region as representative of /, is small. More impor- Moo sso | 400 300 200 100 o
tantly, by this choice the significant perturbation of the Thermocline Depth h, (m)

density interface resulting from the Mediterranean salt

tongue is avoided. For the four boxes with more than .

two CTD casts in our dataset, we calculated a mean 379N |

density profile as was done for the east-west boxes. 1

These are shown in Fig. 10b. The north-south slope 36°N A

of the ¢, = 26.85 interface is 0.24 X 10~3, obtained by o ]

least-squares fitting the interface depths available from T 350N A

Fig. 10b across latitudes. Figure 11a shows the depth 3 :

of the two-layer model interface as a function of latitude 3 34N - b

in the eastern North Atlantic as well as the actual depths 1

as obtained from Fig. 10b. The depth of the interface 33N 1

determined here agrees reasonably well with the his- 1

torical atlas of Fuglister (1960). N+ e s 10

Finally, the north~south slope of the interface shown
in Fig. 11a is compared with the slope of density sur-
faces at a similar depth estimated by Stramma ( 1984b)
from two long CTD sections. Stramma (1984a) re-
ported that between the Azores and the west coast of
Africa, nearly half of the eastward transport of the 0-
800-m layer is carried in the upper 200 m. As deter-
mined from two long CTD sections taken on RV Me-
teor cruise 60 (Fig. 8 of Stramma 1984b), the eastward
velocity in the 35°-37.5°N region at the 26.5 kg m™3
potential density surface is on the order of 0.02-0.04
m s~!. He obtained a level of no motion at 1200 m by
using the dynamic method in association with the con-
servation of mass scheme as employed by Fiadeiro and
Veronis (1982). This range of geostrophic velocities
yields a range for the north—south slope of the ther-
mocline in the eastern Atlantic of 0.18-0.36 (X1073)
with an assumed g’ of 0.0115 m s™2. Therefore, the
north-south slope of the thermocline in our analysis,
(0.24 X 107?), is consistent with the observed geo-
strophic velocities in the eastern North Atlantic.

Given the free parameters, g’ and 4., the geostrophic
transport term in (8) can be evaluated as a function
of latitude. This term, T, = g'h2/2, is plotted against
latitude, as shown in Fig. 1 1b. Note that we do not have
enough data to evaluate the temporal variation of this
term over the period of study. Stramma and Siedler
(1988) observed weak seasonal variability of the upper
200-m transport in the eastern North Atlantic and
concluded that the interannual variability could not
be studied because of lack of observations. The seasonal
variability of 4. and g’ are well within the observational
error bounds as described in the Appendix. Thus, for

4 6
Ty = he? g’/2t (Sv)

FIG. 11. (a) Depth of the 26.85 potential density surface as a func-
tion of latitude obtained from the density profiles shown in Fig. 10b
with the linear best-fit line. (b) Variation of the geostrophic transport
term (T) with latitude.

this study, the intersection of the 7, versus latitude
curve in Fig. 11b with the annual 7% versus latitude
curves in Fig. 4 yields the predicted latitude of sepa-
ration according to the Parsons—Veronis hypothesis.

5. Results and discussion
a. Predictions versus observations

As discussed in section 3, observationally the latitude
of separation is defined as the intersection of the Gulf
Stream mean annual path with the 2000-m isobath
(Fig. 4a). The corresponding latitude predicted by the
Parsons-Veronis model is, on the other hand, deter-
mined from the intersection of the T, (=g'h2/2 f) ver-
sus latitude curve (Fig. 11b) with the 7% versus latitude
curve (Fig. 3). The annual predicted latitude of sep-
aration is plotted as a time series in Fig. 4b as shown
by the dashed line. The same annual predicted out-
cropping latitudes are also plotted against the observed
annual separation latitudes in Fig. 12a. Since the two-
layer model ocean is baroclinic in its response, we did
not expect a perfect correlation between theory and
observation for the annual time scale. The baroclinic
time scale for a planetary wave to cross the North At-
lantic is on the order of years to decades (Anderson
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FIG. 12. Predicted latitudes versus observed latitudes for separation of the Gulf Stream for different averaging time periods: (a) annual;
(b) 2-year running average; (c) 3-year running average; (d) 4-year running average; (e) 5-year running average; and (f) 3-year running
average with observations plotted for the first year of the averaging interval. The error bars indicate the geophysical errors associated
with the observations and the predictions. (See the Appendix.)
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and Corry 1985). Recently, Halliwell and Cornillon
(1990b) have investigated sea surface temperature and
sea surface elevation anomalies in the subtropical con-
vergence zone and found that the anomalies propagate
westward at approximately 3.7 km day~!. For the
North Atlantic width of 5000 km, this corresponds to
a time scale on the order of 31/, years. By using the
reduced gravity and thermocline depths as determined
for the representative two-layer model, a rough estimate
for the time taken by the first baroclinic mode planetary
wave to cross the North Atlantic yields about 6 years.

Given the long time period (=3 years) for changes
of the wind stress in the eastern portion of the basin
to affect the transport in the west and, hence, the sep-
aration of the western boundary current, running
means of 2, 3, 4, and 5 years were calculated from the
12 annual averages of wind stress. The Parsons~Veronis
predicted latitudes of separation are calculated using
each new mean. For example, in the case of 3-year
running average, the zonal wind stress over the analysis
domain is averaged over a 3-year period then integrated
across the Atlantic every 2.5° latitude to yield a new
Te versus latitude curve; intersection of this curve with
the T, versus latitude curve determines the predicted
latitude of separation. Then we proceed to the next
year and perform a similar analysis for the next 3 years.
Thus, for a 3-year running average, every fourth point
yields an independent prediction.

As discussed earlier, the underlying mechanism by
which information regarding variation in the wind
stress over the central ocean affects the western bound-
ary is planetary waves. In the following, we present our
investigation to identify the optimal time-lag and av-
eraging period that are associated with the planetary
wave mechanism. First, a lagged correlation between
the predictions and the observations was performed
for different averaging intervals. The annual-, 2-year,
and 3-year averaged predictions were correlated with
observations of up to 3 years lag. As shown in Table
2, the correlation coefficient increases for the 3-year
lag for all of the averaging intervals. The r? values be-
yond the tabulated range were not reported either be-
cause there were not enough degrees of freedom (for
4- and 5-year averaging intervals) or because the ob-
tained correlation values were much less than the 3-
year lag value (for 1-, 2-, and 3 year averaging inter-
vals). The squared correlation (r?) of the predicted
versus observed latitudes increases from 0.18 for the
annual average to 0.91 for the 3-year running average.

Furthermore, the observed separation latitude for
the last year of the averaging interval is also plotted
against the corresponding predictions in Fig. 12. The
observation corresponding to the last year of the av-
eraging interval was used in this comparison to accom-
modate the traveling planetary wave mechanism. For
example, for a 4-year running average starting at 1981,
the prediction is based on the averaged zonal wind
stress for the period 1981-84; whereas the observed
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TABLE 2. The R? values from the lag-correlation analysis.

Lag (years)
Averaging interval
(years) 1 2 3
1 0.18 0.21 0.56
2 0.11 0.49 0.76
3 0.16 0.48 0.91

separation latitude is averaged over 1984 only. The 3-
year predicted latitudes of separation are plotted as a
time series in Fig. 4¢ to serve as a comparison with the
observations as well as with the annual predictions.
Apart from increasing correlation for larger averaging
intervals (as shown in Fig. 12 and tabulated in Table
2), the slope of the linear-fit regression line also in-
creases from 0.14 (£0.09) for the annual averaging
period to 0.61 (£0.09) for the 3-year running-average
period. A statistical analysis to justify the goodness of
fit of these regression lines is presented separately in
section Sc.

It is, however, conceivable that the depth of the in-
terface on the eastern portion of the ocean responds
to changes in wind forcing, in which case an equally
dramatic improvement of the fit between the observed
and the predicted values would result if the observed
separation corresponding to the first year of the aver-
aging interval were used. Figure 12f shows such a plot
in which the 3-year running-averaged predictions are
plotted against the first year of observations. The value
of r? is only 0.16 (statistically insignificant) as com-
pared with 0.91 for the 3-year running-average period.
The slope of the linear-fit regression line for this case
(0.3 = 0.24) is also statistically insignificant, that is,
indistinguishable from zero. So, both the results of the
lag-correlation (Table 2) and the correlations plots in
Fig. 12 suggest that: 1) Parsons—Veronis hypothesis is
a good predictor of the separation of the western
boundary current, that is, the hypothesis contains the
basic physics; and 2 ) changes in transport of the western
boundary current that alter the point of separation are
coupled to the wind stress via planetary waves propa-
gating from east to west across the Atlantic at speeds
on the order of 4 km day .

b. Distribution of 7, across North Atlantic

As discussed in detail earlier, the contribution of the
zonal wind stress to the point of separation is deter-
mined by integrating the zonal wind stress across the
Atlantic. Whatever zonal structure may be present 1s
all integrated together to give a single 7 as a function
of latitude. However, it is of interest to know if the
wind stress from the eastern or western portion of At-
lantic dominates that from the remainder of the basin,
since it would affect the time required for the change
to reach the western boundary. For example, if winds
over the western third of the basin were to dominate,
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shorter temporal averages of the wind field would have
been indicated. Dominance by winds from the eastern
portion of the basin, on the other hand, would suggest
a lag in the response rather than a temporal average,
while a relatively homogeneous wind field would sug-
gest temporal averaging as performed above.

To address these concerns we note again the observed
temporal trend in the separation latitude during the
study period 1977-88 (Fig. 4b and c), specifically that
the Gulf Stream separated farther to the north in later
years (1983-85) than in earlier years (1977-79).
Equation (9), taken together with the fact that A4, de-
creases with latitude, suggests that larger (smaller) val-
ues of T% result in a more southerly (northerly) point
of separation. Because the 3-year predictions give the
best agreement with observations, the zonal wind stress
anomalies for each of the four independent 3-year pe-
riods (i.e., for 1977-79, 1980-82, 1983-85, and 1986
88) are computed (Fig. 13). These anomaly fields are
derived from the differences between the respective 3-
year average fields and the 12-year mean field of the
zonal wind stress over the North Atlantic basin. As
shown in Fig. 13, the anomaly field is mostly positive
(negative) in the early (later) years, contributing toward
larger (smaller) than average values of the integrated
Ekman drift ( 7¢) and thus, under the Parsons—Veronis
hypothesis, resulting in a lower (higher) latitude of
separation. Recalling that it takes time for the signal
to cross the Atlantic from east to west, each 3-year
averaging interval for the zonal winds should be com-
pared with the latitude of separation for the last year
of the corresponding averaging interval.

The anomaly field for 1977-79 (Fig. 13a) is high
everywhere across the basin between 30° and 40°N,
resulting in a lower latitude of separation for 1979. For
1980-82 (Fig. 13b), the anomaly field is high on the
western half of the basin and low in the eastern half of
the basin; thus, the integral is very close to zero and
the latitude of separation for 1982 is about the average
for the 12-year study period. On the other hand, the
wind-stress anomaly field for 1983-85 (Fig. 13c) islow
across most of the basin, resulting in a separation point
farther to the north. For 1986-88 (Fig. 13d), the
‘anomaly field is also low over most of the basin. Al-
though the overall anomaly field structure between 35°
and 40°N for the period of 1986-88 is different from
that of 1983-85 period, the values of the integrated
Ekman wind drift are not much different for these two
averaging intervals, and the observed latitude of sep-
aration differs only by 15 km between 1988 and 1985.
These observations of the anomaly field behavior sug-
gest that no part of the Atlantic contributes a dispro-
portionately large fraction to the integrated Ekman
transport.

c. Error estimates

As described in section 4, the estimates of g’ and /.
depend on the available CTD data and thus are subject

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 22

to geophysical variability. Such geophysical errors are
estimated in the prediction of the latitude of separation
using the variability obtained from the calculated po-
tential densities for the CTD sections. Error bars so
obtained are shown in Fig. 12 and are discussed in
detail in the Appendix. In this subsection, we investi-
gate the statistical significance of the linear-fit regression
lines between the predicted latitude of separation and
the observed latitude of separation for different aver-
aging intervals.

Since the numbers of independent predictions de-
crease as the averaging interval for the 12-year dataset
increase, a linear regression analysis is performed only
on the independent values. The set of independent
points for each plot are indicated by circles in Fig. 12.
For the annual averages however, all 12 pairs are in-
dependent. The values of the squared correlation (r?)
for these independent datasets are presented in Fig.
14a for 1, 2, 3, and 4 years of averaging. The 5-year
averaging resulted in only two independent samples
and therefore was excluded from the regression anal-
ysis. Note that 7 increases from 1- to 3-year averaging
and then remains virtually unchanged at a value quite
close to unity for the 4-years of averaging. The increase
in r? from 0.18 to 0.92 as the averaging interval in-
creases suggests a statistically better fit to the data but
does not answer the question of whether or not the fits
are statistically significant. To determine this, we per-
formed a Student’s ¢-test on each of the curves, where
the hypothesis being tested that 8 = 1, where 8 is the
slope of the regression line, y = o + 8x, v is the observed
separation latitude, and x is the predicted separation
latitude. The results of this test are summarized in Ta-
ble 3. The standard deviation of the predictions (.S,)
reduces from 98 km for the annual period to 45 km
for the 3-year period. The standard deviation for the
observation (.S}) is not affected much by the time period
chosen, which selects different subsets of independent
choices of the annual averages. Note that these standard
deviations are calculated based on the temporal vari-
ability of the points in the independent datasets and
are in no way related to the error bars evaluated earlier
using geophysical variability and shown in Fig. 12. The
hypothesis 8 = 1 is tested by evaluating t = (b — 1)/
S, for each case, where b is the calculated regression
slope. Here Sy is given by S? = S% x/(n — 1)S2, where
Sy .x is the measure of the dispersion of the data about
the regression line as evaluated from the relation:
S} x = [(n—1)/(n—2))(S% — b2S2). At the 95%
significance level, we found that the hypothesis § = 1
is rejected for the annual and the 2-year averaging in-
tervals, whereas the regression slopes are not signifi-
cantly different from unity for the 3- or 4-year inde-
pendent datasets. The 95% confidence intervals on the
slopes are shown in Fig. 14a. We did not plot the con-
fidence interval for the 4-year analysis because there
are only two degrees of freedom for this case. A similar
test was performed using standard deviations (.S, and
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responding improvement for simulated data as described in section 5d.

S)) equal to the errors, as shown in Figs. 12a~d. These
geophysical errors are about one-half as large as the
actual spread of the data used above. This analysis also
resulted in rejection of the 1- and 2-year averages and
in slopes indistinguishable from unity for the 3- and
4-year averages.

d. On the time scales of averaging

" As discussed above, the agreement between obser-
vations and predictions increases with increasing
number of years of averaging the Ekman drift. The
dynamical reason attributed to such improvement is
the time taken by long baroclinic planetary waves to
cross the Atlantic., For each period of averaging, the
rms difference between the observation and the pre-
diction is evaluated by 2 X, (L — Ly;)?/N)'/?, where
L, and L; are the observed and the predicted latitudes
for the ith year. This is shown in Fig. 14b. The rms
difference decreased from 0.96° for the annual average
to 0.19° for the 5-year average. Similarly, a decrease
was found in the scatter, as illustrated by the increase
of the value of the squared correlation coefficient shown
in Fig. 14a. The fairly dramatic break in the curve of
r? versus averaging interval at 3 years with littie change
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in r? for the 4-year averaging suggests that the time
taken by the North Atlantic to respond to wind forcing
is on the order of 3 years for this simple two-layer model
ocean.

Note that the rms difference between the observed
and the predicted values will decrease with averaging
interval simply because the range of predictions is ini-
tially twice that of the observations, even if the data
were purely random. Since the perceived signal is red
(Fig. 4), we simulated 50 time series of 12 prediction—-
observation pairs that had the same spectra as the 12-
year predicted and observed time series, respectively.
Then we performed running averages of these, as was
done with the real data, and computed the rms differ-
ence for each case. The mean rms improvement of the
50 simulations is also shown in Fig. 14b, indicated by
the dashed line. Clearly, the improvement achieved by
the red-noise simulated data is much smaller than that
observed. This is taken as strong evidence supporting
the Parsons-Veronis model.

e. On the difference between the predictions and the
observations

Finally, the predicted points of separation were ob-
tained by assuming a closed basin to the north and no
loss of fluid from the upper to the lower layer is noted.
Therefore, contributing to the difference between the
observed and predicted values is the loss of fluid from
the upper layer at higher latitudes. In fact, within the
constraints of this model the interannual variability in
the loss of fluid from the upper layer is able to be bound
through a statistical analysis of our results.

By substituting 7} in place of g'h2/2f in (8),

T,=T,— T (10)

is obtained. This equation states that the difference be-
tween the geostrophic transport and the Ekman dnift
at the observed latitude ( 7¢) determines the net north-
ward transport in the upper layer across that latitude.
Since the Parsons—Veronis hypothesis agrees well with
observations for the 3-year averaging period, we esti-
mated this net northward transport from the dataset
as presented in Fig. 12¢. For this ten-point dataset, the
mean value of T, is determined as 0.1 Sv (Sv = 10°
m? s™') with a standard deviation of 0.18 Sv. Within
the possible range of values of g’ and /. (Figs. 10 and
11), this estimate of T, could be as high as 4 Sv with

TABLE 3. Results of 7 test for 8 = 1. DF: degrees of freedom.

Ho:8=1
Years of n (DF) Sx S, Slope rejected at
- averaging DF=(n-2) (km) (km) ((5)) t 95%
1 12 (10) 98 32 0.18 -9.52 Yes
2 6 (4) 83 38 0.32 -4.15 Yes
3 4(2) 45 37 0.81 -1.78 No
4 3(1) 71 42 0.56 —2.31 No
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similar associated uncertainties. This is a surprisingly
low estimate of T'; and possibly a limitation of the
simple two-layer dynamics, which does not allow for
processes that could exchange waters between the two
layers, such as cross-frontal exchange, ring formation,
and subduction.

6. Conclusions

Observations of the point at which the Gulf Stream
leaves the continental margin in conjunction with ob-
served basinwide wind stresses are used to test the Par-
sons-Veronis hypothesis. CTDs available from the
NODC database for the North Atlantic are used to
define a representative two-layer model. The north-
south slope of the resulting interface on the eastern
margin of the basin compares well with that obtained
from two long CTD sections covering roughly the same
region. Veronis (1973) suggested that the position at
which the stream leaves the coast results from a balance
between the Ekman drift and geostrophic flow. Using
12 years of wind and satellite data over the period from
1977 to 1988, we find that the latitude of separation
as predicted by the Parsons—Veronis model agrees well
with the observed separation latitudes for 3 or more
years of averaging. We believe that the propagation of
long baroclinic planetary waves plays a significant role
in establishing the steady state for a simple two-layer
model, and thus the 3-year period of averaging, which
yields predictions of the latitude of separation that cor-
relate well with those observed at the end of each 3-
year period, is dynamically consistent. Little improve-
ment is found when the period of integration for the
Ekman drift is increased beyond 3 years.

Observations presented in this work quantitatively
support the Parsons-Veronis mechanism for the
western boundary current separation of the Gulf
Stream from the North American continent. By mid
1992, the AVHRR “PATHFINDER” dataset provid-
ing SSTs on a 9-km global grid should become avail-
able. This dataset, taken with the global wind fields
generated numerically either by the U.S. Navy
(FNOC), the National Meteorological Center (NMC),
or the European Centre for Medium-Range Weather
Forecasts (ECMWF), should allow studies similar to
that presented here for the other major western bound-
ary currents such as the Kuroshio and Agulhas currents.
In particular, the temporal variability of the integrated
Ekman drift over Northern Pacific could affect the bi-
modality of the Kuroshio, which has been observed to
persist for long periods of time.
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APPENDIX
Error Analysis

There are two sources of error in the satellite-derived
mean Gulf Stream paths. The first are referred to as
measurement errors that are due to navigation, digi-
tization, and variations of the surface-subsurface offset
(Gilman 1989). The lateral (error in a lateral displace-
ment of the path, the quantity of interest here) con-
tribution of each of these three components is assumed
to be statistically independent from the others with rms
uncertainties of 9, 13.5, and 15 km, respectively, for
each 2-day composite. Approximately 150 (allowing
for 20% cloud coverage) 2-day composites have been
used to calculate the annual average assuming that the
navigation and digitization errors from one realization
of the stream to the next are independent; the contri-
bution to the variance of the annual average from these
two components is (92/150) km? and (13.52/150)
km?, respectively. On the other hand, the surface—sub-
surface offset variation is modulated by meanders with
wavelengths on the order of 50 km and phase speeds
on the order of 8 km day™' (Gilman 1989), which
yields a decorrelation time scale of approximately 6
days and thus about 60 independent observations per
year. This component therefore contributes (152/60)
km? to the variance of the annual mean. The combined
measurement uncertainty in the annual mean lateral
displacement from all three components is therefore
on the order of 3 km.

The second observational error arises from the high-
frequency meandering and ring-stream interactions in
the separation region near Cape Hatteras. These
meanders have amplitudes on the order of 20 km with
associated time scales of 30 days (Tracey and Watts
1986). By averaging over an annual period, the latter
is reduced by a factor of V—1_2, that is, to approximately
5.8 km. So, the total observational error from mea-
surement and eddy variability is approximately 6.5 km.
The error estimated for the observed latitude does not
change in Figs. 12a-f because the observations are al-
ways averaged over annual periods.

For the predicted latitude, three sources of error arise
from three different parameters: the reduced gravity
parameter, g'; the depth of the thermocline at the east-
ern end, /.; and the estimate of the zonal wind stress.
A change in the reduced gravity parameter causes a
bias in the 7, versus latitude curve. A change in A,
introduces a tilt and offset in the same curve. Errors
in the wind-stress estimate, which are on the order of
20% (Halliwell and Cornillon 1990a), give rise to
changes in the shape of the Tt versus latitude curves.
Since all three factors are important for establishing
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an error bound on the prediction and do not contribute
in a linear fashion, the error for the predicted latitude
is estimated quantitatively as follows.

From Eq. (9), which is used for predicting the lat-
itude of separation, the contribution to the uncertainty
in hZ from each of the three parameters may be esti-
mated from h.: 2h.Ah.; from Tg: 2 f/ g AT%; and from
g" 2f/g"*(TeAg'). Combining these, where indepen-
dence is assumed, admittedly a somewhat weak as-
sumption,

2 2
(Ah2)? = (2hAhe)? + (2g—J,r ATE) + (%é TEAg’) .

(11)

Then this variation of A,,, AhZ, is used in accordance
with (9) to determine the error bounds for the predicted
separation latitude. ]

The variation of the reduced gravity parameter, Ag’,
is determined from the distribution of this parameter
across the basin as shown in Fig. 10a. For the selected
potential density surface of g5 = 26.85, the standard
deviation of g’ is obtained as 6.3 X 107* m s™2. To
determine the variation of the Ekman wind drift term,
ATg, it is reasonable to assume that the atmospheric
disturbances are correlated spatially over 1000 km, and
their temporal decorrelation scale is on the order of 2
days. Thus, for a 5000-km wide basin, the annual av-
eraging of the 6-hour wind stress values with 20% mea-
surement error ( Halliwell and Cornillon 1990a) yield
a standard deviation of 0.67%. Additionally, there
could be a several percent bias in 7, due to uncertainty
in the drag coeflicient, which would not average out
in the same way. Fortunately, uncertainty of about
+20% in the value of the drag coefficient introduces
relatively small error in the estimated wind stress for
wind speeds up to 11 m s~! (Smith 1990). Probably
the most important contribution to the uncertainty in
this analysis is due to the estimate of the depth of the
thermocline on the eastern boundary, 4., in that it ap-
pears as a squared quantity in the separation balance
equation. Clearly, the choice of /. is essentially gov-
erned by the choice of the density interface between
the two layers. The variation of the potential density,
g, 1s evaluated as obtained from the available 36 CTD
casts in the two southernmost eastern boxes shown in
Fig. 5. The depth variation of the standard deviation
of g, is presented for the upper 500 m in Fig. 15. Note
that the standard deviation increases abruptly from less
than 0.1 kg m~ to more than 0.4 kg m™> in the upper
100 m of the water column. Since this increase is be-
lieved to be an artifact of the seasonal changes in the
mixed layer and the depth of the thermocline is below
this region, a value of 0.1 kg m™? is selected as the
standard deviation of the potential density. Now the
variation of the thermocline depth with the potential
density is obtained from the slope of the thermocline
at the eastern region, as shown earlier in Fig. 10b. This
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F1G. 15. The depth distribution of the standard deviation of the
potential density for 36 CTD casts in the eastern North Atlantic.

slope, das/0h = 1.487 X 1073 kg m™, results in an
estimate of the variation of /. of 67.24 m. Since 36
independent CTD casts were used to obtain the vari-
ation of ¢4, and the independence of these casts is as-
sumed, again a weak assumption, the standard error
for the depth of the thermocline at the eastern boundary
is determined to be Ah, = 11.2 m.

Once the variations of these three parameters are
estimated, a representative value of 4., say 250 m, is
selected for which the error bars on the predicted lat-
itudes will be evaluated. Using A,, = 0, for separation,
in (9), the corresponding Ekman drift term is obtained
as Tg = 3.4 Sv. Now, substituting the estimated pa-
rameter values into (11), a rms uncertainty for the
square of the depth of the interface at the western
boundary, A, is obtained as 6431 m?. This variability
of approximately £80 m in the thermocline depth at
the western end corresponds to a +0.35 Sv variation
in the Ekman drift from (9). In the latitudinal band
of 35° to 37.5°N, the calculated slope of 0.812 Sv/ °lat
from Fig. 11b yields an estimated error for the annual
predicted latitude of 43 km. Averaging over »n years
will reduce this value by a factor of n!/2, as indicated
in Figs. 12a-f. Note that these error bars are determined
for a representative s, = 250 m and will change very
little for each individual point; for example, a similar
analysis with 4. = 225 m yields an uncertainty in the
annual prediction of 40 km.
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