996

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 16

- Comments on “The Response of Intense Ocean Current Systems
Entering Regions of Strong Cooling”

DORON NOF
Department of Oceanography, The Florida State University, Tallahassee, FL 32306
1 July 1985 and 6 December 1985

ABSTRACT

In this brief note it is demonstrated that the question of what is the mechanism(s) responsible for the southern
migration of the Gulf Stream front during winter—is still open.

1. Introduction

In an interesting paper, Adamec and Elsberry
(1985b, hereafter referred to as AE) present a series of
numerical simulations which examine the response of
an oceanic jet to both atmospheric cooling and wind
forcing. Their main aim was to determine whether the
southward shift of the Gulf Stream front, which occurs
in late winter (Fuglister, 1963; Worthington, 1976), is
a result of atmospheric cooling or a result of wind forc-
ing. The relationship between the Gulf Stream and
winter cooling was previously examined by Worthing-
ton (e.g., see Worthington, 1972), Csanady (1982) and
Nof (1983, hereafter referred to as N) whereas the in-
fluence of increased wind was first examined by Iselin
(1940; see also Monin et al., 1977, p. 185) and recently
reconsidered by Adamec and Elsberry (1985a). The
basic ideas behind the processes in question are as fol-
lows.

(i) Atmospheric Cooling: The possible association
of atmospheric cooling with the strength and position
of the Gulf Stream was first suggested qualitatively by
Worthington (e.g., see Worthington, 1972). His idea
was that, with the aid of convection, winter cooling
causes deepening of the thermocline south of the
Stream and this causes an intensification of the Stream.
Further developments of this idea were made by Csan-
ady (1982) who showed analytically that a large cross-
stream cooling gradient does indeed cause an intensi-
fication of the Stream which, in turn, causes a steeper
interface and a southward displacement of the front.
He found that due to this mechanism the Gulf Stream
frgnt may be displaced by ~35 km to the south during
winter.

Nof (1983) being, at the time, unaware of Csanady’s
efforts (which had not appeared in press yet), has in-
dependently examined the effect of a different kind of
cooling. Instead of focusing on the changes that take
place due to large cross-stream cooling gradients, con-
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sidered by Worthington and Csanady, he has looked
at the effect of long-stream cooling gradients. Specifi-
cally, using a two-layer nonlinear analytical model, he
has shown that an imposed along-stream atmospheric
cooling forces cross-stream velocities which are in
“thermal wind” balance. With the aid of a uniformly
valid perturbation scheme, N has also showed that al-
though cross-stream velocities are generated, the main
speed and transport remain unaltered. As a result, the
front migrates toward the south while the interface
pivots around the curve representing the intersection
of the lower interface with the level of the undisturbed
depth. He estimated that, during winter, this produces
? southern migration of ~90 km of the Gulf Stream
ront.

(ii) Increased wind stress: Iselin (1940) has intro-
duced the concept that an increase of the wind over
the North Atlantic circulation system causes an inten-
sification of the currents. He argues that, because the
system is roughly in geostrophic balance, such an in-
tensification causes an increase in the thermocline
depth (in center of the gyre) and a shrinkage of the
gyre outer edge. This implies that during winter (when
the wind is strong) the position of the Stream will be
farther to the south than it is during summer.

With the aid of a ten-level primitive equation nu-
merical model, AE have shown that an increase in the
eastward wind stress causes a shift of the Stream toward
the south—as expected from simple Ekman layer the-
ory and the fact that the Stream intensifies. In addition,
AE found that atmospheric cooling produces south-
ward motions which are in thermal wind balance as
predicted by N.

In this note we shall mainly be concemed with a
comparison between the AE numerical study and N’s
analytical model. There are no fundamental differences
between the main cooling processes in the two models
in question although there are some technical differ-
ences as discussed by AE. Despite the fact that, dy-
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namically, both models (i.e., the AE and the N model)
produce the same process, AE argue that cooling alone
cannot produce the observed southward shift of the
Gulf Stream front (~ 100 km) as suggested by N. Their
main argument is that N used cooling rates which are
too large and that when “correct” values are chosen
the southward shift is about one-fifth of the observed
values. In what follows it will be shown that, although
the values used by N are indeed high relative to many
parts of the ocean, they are in agreement with heat loss
measurements made in the North Atlantic and with
the values used by Csanady (1982). Furthermore, it
will be shown that the values used by AE are unusually
low for the Gulf Stream in the late winter.

2. Discussion

Before presenting the observations in question, it is
appropriate to point out that, in the late seventies and
early eighties, there was no consensus on the appro-
priate cooling rate for the Gulf Stream region. Even
today there is no agreement on the various constants
that should be used in the bulk formulae for sensible
and latent heat flux (e.g., see Woods 1984). For this
reason, N has taken the observed density gradient (Fig.
1) instead of an estimated heat loss. The disadvantage
of this method is that, in addition to pure atmospheric
cooling which increases the density by both reducing
the temperature and increasing the salinity via evap-
oration, other processes may also be represented in the
observed density increase. For example, cooling by en-
trainment and heat exchange with the Slope Water
could, in principle, also produce a long-stream density
gradient. Unfortunately, it is difficult to estimate the
heat exchange with the neighboring waters. We shall
see shortly, however, that since the effect of the Slope
Water can only be that of cooling and not of heating,
we shall be able to make our case without estimating
this lateral heat loss. Note that for Gulf Stream rings,
Joyce and Stalcup (1985) have found that the lateral
heat loss was comparable to the surface heat loss.

As far as the effects of evaporation are concerned,
Csanady (1982) estimates that the effect of salt residues
(due to evaporation) can be accounted for by increasing
the thermal expansion coefficient by 25%. This appears
to be consistent with the high values for the latent heat
flux in the region. An alternative way to consider the
effect of salt residues in computations which use direct
cooling instead of density gradients, is simply to in-
crease the forcing (i.e., the surface cooling) by 25%.

With the aid of this information, we shall now return
to the main point of our note, i.e., demonstrating that
the Gulf Stream heat losses to the atmosphere have
important effects on the current dynamics. As can be
seen from Fig. 1, the density of the Gulf Stream in-
creases downstream; the increase is much larger during
winter (roughly 1 X 1073 per 1200 km) than it is during
the summer (~0.5 X 1073 per 1200 km). Note that
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FIG. 1. The density at 100 m depth during February (upper panel)
and August (lower panel). The maps have been adapted from Gorsh-
kov (1978). Points A and B (and A’ and B') represent the approximate
intersection of the Gulf Stream axis with the curves corresponding
to a density of 1.02525 and 1.02625. Note that the Stream’s density
increases downstream. In addition, note that during the winter (upper
panel) the density gradient is at least twice as large as the one during
the summer (lower panel).

these long-stream density gradients are consistent with
the frequently used sea surface temperature maps which
illustrate that the Stream loses a few degrees as it flows
toward the northeast. When the above density gradients
are combined with appropriate values for the current’s
uniform velocity (say, 0.4 m s') and average depth
(~400 m), and the dynamical relationships used by
the N model [i.e., equations (4.9) and (2.10) in N], one
finds that cooling rates of 1000-2000 W m? are acting
on the Stream during winter. In other words, in order
to produce the long-stream density gradients (given by
Gorshkov) and obtain the N’s cross-stream velocities
(~3 cm s7'), it is necessary to apply a cooling rate of
1000-2000 W m~2,
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This can be easily demonstrated by considering the
following dimensional variables predicted by N,

__8%
v= I ox z (1)

9 -__ 9
I UsH+ §) = CTo T (2)

Here, v is the predicted “thermal wind” velocities across
the Stream, g’ the “reduced gravity” based on the un-
cooled upstream state [i.e., g(Apo/p), where Apy is the
original upstream density difference between the lay-
ers], fthe Coriolis parameter, and & corresponds to the
local temperature [i.e., 6 = (T, — T)/(Ty — T}), where
T is the upper layer temperature at some point x, T,
and T; are the uncooled upper and lower layer tem-
peratures]. In (2) U, is the uniform upstream flow, H
the upper layer undisturbed depth, £ the interface dis-
placement, Q the heat loss, and C, is the water heat
capacity. The x coordinate is directed downstream and
z is measured positively upward. Elimination of 34/dx
between (1) and (2) and taking g’ = ga(Ty — T}) (Where
« is the coefficient of thermal expansion) gives

Q= —Cpf U1 + ¢/H)/ga . 3)

For a thermal expansion coefficient of 2.5 X 1074 K™,
water heat capacity of 4.18 X 10® W s/m® °K, mean
speed of 0.4 m s™!, predicted cross-stream speed of 0.03
m s, and a Coriolis parameter of 10™*sec™?, one finds
a cooling rate of about 2000 W m ™2 for the undisturbed
depth of the Stream (~400 m). At 200 m depth (i.e.,
the approximate core of the current where £/H = —0.5)
the required cooling is smaller, about 1000 W m™2.
These cooling rates are required only during the coldest
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weeks of the winter when the southern migration is
maximum (~90 km).
~In contrast to the estimates mentioned above, AE
have chosen to use an unusually low value for the av-
erage winter cooling (160 W m™2), Their value is an
order of magnitude smaller than the amount required
to produce the results given by N so that it is not sur-
prising, that their north-south displacements are also
an order of magnitude smaller. It is not clear why such
a low value was chosen by AE. Even the average winter
cooling estimate of Bunker (1976) [which is not limited
to the Stream’s central core] is about four times larger
(560 W m™2). Also, to account for the salt residue due
to evaporation, the chosen value should be increased;
Csanady (1982) estimates that an increase of 25% is
appropriate. This was neglected by AE.
In addition, note that AE have used a jet with a -

“maximum speed which is somewhat high—close to 2

m s~!. Since the density gradients which result from
the cooling are directly proportional to the jet’s flux, a
reduction in the jet speed would probably increase the
cross-stream speed and the north-south displacements.
For example, a reduction of 50% in the jet speed would
probably double the long stream density gradients.

A cooling rate of 1000-2000 W m™2 (which is re-
quired to produce the deflections discussed by N) ap-
pears, at first, to be very large because it is considerably
larger than the cooling rates observed elsewhere (e.g.,
see Gill; 1982; Huh et al., 1984; Kondo, 1976). While
it is certainly true that such values are high, Fig. 2
shows that even higher rates are possible in the region
in question. These estimates, which have recently been
made by Schmitt and Olson (1985), are based on mea-
surements made in warm-core Gulf Stream rings. They
showed that, during winter storms, the heat loss to the
atmosphere can peak to values of about 2000 W m2
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FiG. 2. The total heat loss (to the atmosphere) of a Gulf Stream warm-core ring (reproduced from Schmitt and
Olson, 1985). Note that, occasionally, the heat loss peaks to 2000 W m~2 and that the average heat loss during the
coldest months of the winter is roughly 700-800 W m™2. This is consistent with Csanady (1982) estimate of 300 W
m~2 for the averaged winter cooling for the Gulf Stream central core.
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and that the average heat loss during the coldest months
in the winter is roughly 700-800 W m™2, In his study
of the Gulf Stream intensification in winter, Csanady
(1982) used a very similar value (800 W m™2) for the
averaged cooling rate in the central core of the Stream.
It is recalled now that, in order to incorporate the effect
of salt residue due to evaporation, it is necessary to
increase this amount by ~25% (Csanady 1982). This
brings the total surface cooling rate which one should
use (i.e., sensible, latent, and the “equivalent salt”
cooling) during the winter to about 1000 W m~2. The
latter is about six times larger than the average winter
cooling rate used by AE.

In summary, I am not convinced by AE arguments
regarding the smallness of the cooling-induced drift
because they have used surface cooling rates which are
Y/s=Ys of both the rates measured by Schmitt and Olson
(1985) and the estimate of Csanady (1982). Their value
is also much smaller than Bunker (1986) estimates and
they ignore the effect of salt residues due to evaporation.
It is expected that, if AE were to force their model with
the appropriate estimates, then displacements and
cross-stream velocities similar to those discussed by N
would have been obtained. This should be the case
unless there are some important differences between
the N and AE models. The only clear dynamical dif-
ferences between the two models is the way that the
cross-stream cooling is imposed. It appears, however,
that this cannot account for the lack of southern mi-
gration in the AE study because, according to Csanady’s
model, such cooling is also causing a southward mi-
gration. While I do not believe that AE arguments are
false, the preceding considerations imply that the cool-
ing-induced drift of the Gulf Stream front is of the
same order as the observed shift. Note, however, that,
as stated by N, this does not imply that the wind’s
effects are unimportant nor does it suggest that long-
stream cooling is the only process responsible for the
southern migration of the Stream.

Overall, it can be said that there are three possible
candidates for the southern migration of the Gulf
Stream front during winter—the wind (i.e., the AE
model), the cross-stream heat loss gradient (i.e., the
Worthington-Csanady mechanism), and the long-
Stream cooling (i.e., the process suggested by N). It is
quite likely that all of these are important contributors
to the seasonal displacement of the Stream. |
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