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ABSTRACT

The assimilation of temperature and altimetric velocity into a numerical model of the upper-ocean mixed layer
in Part I allowed an analysis of the upper ocean heat budget for the western North Atlantic Ocean over the 2.5-
year period of the Geosat Exact Repeat Mission (November 1986—April 1989). The balance of terms varied
regionally: south of the Gulf Stream advection was relatively unimportant in the heat budget, and the ocean
responded passively to changes in surface flux. Within the Gulf Stream and to the north of it, cooling of the
upper ocean by advection was as large as 0.15°C/day for periods of several weeks. An analysis of the advection
term showed that cooling by Ekman transport was opposed by warming from the geostrophic currents of the
Gulf Stream, with cooling typically stronger by a factor of 2 because nonuniform Ekman transport disrupted the
normal alignment between isotherms and sea surface height contours. There is a complex ocean-atmosphere
coupling in this region: in addition to its increase during strong wind events, warming by geostrophic currents
is a function of the strength of the Gulf Stream and its recirculation gyres. Over the 2.5-year period, the winds
became progressively stronger, causing an increase in cooling by Ekman transport. Advective cooling was
balanced by an increasingly positive surface flux (warming of the ocean by the atmosphere) at the rate of about
20% of the annually averaged surface flux per year. This positive trend in the surface flux was also observed in
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the estimates from the atmospheric general circulation model of the ECMWF.

1. Introduction

One of the fundamental ways in which the ocean and
the atmosphere are coupled is through the transfer of
heat across the air—sea interface. The idea that the mid-
latitude ocean could force changes in weather patterns
originated with the work of Namias (1959, 1963), who
observed a correlation between sea surface temperature
(SST) anomalies and storm tracks over the North Pa-
cific Ocean. A subsequent analysis by Davis (1976) of
sea level pressure and SST patterns suggested that the
midlatitude oceans respond to atmospheric changes,
rather than force the atmosphere, on timescales of
months to years. Consistent with the idea that the at-
mosphere forces the ocean, the ‘‘anticyclogenesis’
mechanism proposed by Worthington (1976) attrib-
uted an increase in volume transport in the Gulf Stream
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to oceanic heat loss from cold continental air moving
offshore in the winter. Adamec and Elsberry (1985)
examined the effect of cooling events on a numerical
model of the Gulf Stream and found that the cooling
had less of an effect than changes in an alongstream
wind stress, which caused the jet to be displaced south-
ward. A recent reexamination of Worthington’s hy-
pothesis by Huang (1990) suggested that the vertical
mixing of momentum after a cooling event would re-
duce surface currents at the same time that the volume
transport increased, which suggests that the surface re-
sponse might appear quite different than the response
below the mixed layer. :
The history of the study of the air—sea interaction:

in the midlatitude ocean was summarized by Frankig-
noul (1985), who showed that a specified surface flux
from the ocean could produce a definite, if somewhat
weak, response by the atmosphere. Frankignoul sug-
gested that the problem in determining the response of
the atmosphere to the ocean was that the magnitude of
the surface flux anomaly caused by a given SST anom-
aly was not known. More recently Cayan (1992)
showed that over most of the midlatitude oceans,
changes in wintertime ocean temperature could be pre-
dicted from the surface flux, even if the effect of anom-
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alous SST on the surface flux estimate was removed.
However, the SST was not predictable in the summer-
time. Numerical simulations by Kushnir and Lau
(1992), using a SST anomaly, showed a relatively
weak response by the atmosphere that depended both
on the sign of the anomaly and its timescale.

Studies of longer records of oceanic and atmospheric
variables, as part of the National Oceanic and Atmo-
spheric Administration’s Atlantic Climate Change Pro-
gram, suggest that the northwest Atlantic Ocean may
actively participate in the coupling on decadal time-
scales. Deser and Blackmon (1993 ) showed an anom-
alous SST pattern in the vicinity of the Gulf Stream
that was not correlated with (and therefore presumably
not forced by) variations in the wind. Kushnir (1994 )
showed that the patterns of correlation between SST
and winds at the decadal timescale were distinctly dif-
ferent from those at the interannual timescale and sug-
gested that the SST anomalies preceded the wind
anomalies. ’ :

The heat budget in the northwest Atlantic Ocean is
critical in understanding global air—sea interaction be-
cause some of the largest surface heat fluxes in the
World Ocean occur in the vicinity of the Gulf Stream
(Isemer and Hasse 1987). Over much of the midlati-
tude oceans, the annually averaged flux of heat is from
the atmosphere to the ocean. However, over the warm
core of the Gulf Stream, which rapidly advects warm
tropical water northward along the east coast of North
America, the net surface flux of heat is from the ocean
to the atmosphere. The large contribution of the Gulf
Stream to the annual mean surface flux suggests that
low-frequency changes in the intensity of the Gulf
Stream could change the magnitude of that flux. This
would indicate a forcing of the atmosphere by the
ocean. Greatbatch et al. (1991), using historical hy-
drographic data, estimated that there were fluctuations
of 30% in the strength of the Gulf Stream circulation
between the early 1950s and the early 1970s. They
compared differences in bottom pressure torques with
differences due to wind stress and found the bottom
pressure torque effects were much larger. On shorter
timescales, Gulf Stream fluctuations have been ob-
served by Zlotnicki (1990), Lillibridge and Cheney
(1990), and by Kelly (1991) using the Geosat radar
altimeter, which measures the height of the sea surface
and from which geostrophic surface currents can be
inferred (Fig. 1). Fluctuations in the sea surface height
(SSH) difference across the Gulf Stream, which is a
measure of the surface transport of the current, of up
to 30% were observed using the Geosat altimeter data
with periods of about 9 months between about 54° and
63°W (Kelly 1991). A trend, which decreased the
mean SSH difference by about 9% over the 2.5-year
Geosat Exact Repeat Mission (ERM: November 1986
April 1989), was also observed. Similar fluctuations
have been observed in the Kuroshio Extension (Qiu et
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a) Elongated Gyre (Dec 1986-Jan 1987)

FiG. 1. Changes in Gulf Stream circulation. Maps of the sea surface
height in the study area, averaged over four weeks for (a) Dec 1986—
Jan 1987 and (b) Dec 1987—-Jan 1988. SSH anomalies larger than
2.5 m are stippled to highlight the changes in the recirculation gyre
south of the Gulf Stream. Although these fluctuations in Gulf Stream
strength represent extreme conditions over the 2.5-year period, there
was a trend from an elongated recirculation gyre, as in (a), to a short
gyre, as in (b).

al. 1991), but with a trend toward increasing current
strength over the same time period.

To study the changes in the upper ocean heat balance
in response to realistic fluctuations in the Gulf Stream
strength, a numerical model of the upper ocean mixed
layer (Qiu and Kelly 1993, hereafter QK) in the North
Atlantic was combined with satellite-derived SST and
velocities from the altimeter (Qiu 1994). The simple
mixed layer model included vertical entrainment of the
cold water beneath the mixed layer and heating by the
surface flux, as well as diffusion and advection. The
recent availability of synoptic velocity and temperature
fields from satellites has made the inclusion of the last
two terms possible. The importance of advection was
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shown in an analysis of the seasonal heat budget in the
Kuroshio Extension using the same mixed layer model
and forced by ECMWF surface flux estimates: cooling
by advection offset nearly 30% of the surface warming
due to the atmosphere (QK).

In contrast with the study in the Kuroshio Extension,
the mixed layer model and observed SST in the Gulf
Stream were used to estimate the surface flux, rather
than predicting mixed layer temperature. The net sur-
face flux was estimated as the residual of the heat
budget, after subtracting the effects of entrainment, dif-
fusion, and advection from the observed change in
mixed layer temperature. Because of the relatively
large errors in both the SST and in the advection terms,
a Kalman filter was used to estimate surface flux from
the time rate of change of SST, as described in Part L.

In this part of the analysis we analyze the heat budget
over the whole domain and for subregions in section 2.
The effect of fluctuations in Gulf Stream transport is
described in section 3. We evaluate the accuracy of the
surface flux estimates in section 4, followed by a dis-
cussion of the implications of trends in the terms in
section 5. The results are summarized in section 6.

2. The upper ocean heat budget

A series of experiments were performed using the
mixed layer model and assimilating temperature data
as described in Part I. The estimate of the upper ocean
heat budget described here is based on one of these
experiments, for which an assessment of the surface
flux estimates is given in section 4. With the exception
of the early spring, agreement between the different
surface flux estimates suggests that fields generated by
assimilating data into the model can be used to under-
stand the upper ocean heat budget. Ideally the heat
budget analysis should be done using the heat content;
however, because we have modeled only the mixed
layer and that layer is not a material surface, mass is
not conserved in the model. Therefore, the heat budget
will be analyzed, as in QK, in terms of the contribution
of the various terms to the temperature tendency equa-
tion
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where T, is the mixed layer temperature; U, V are the
horizontal transports in the mixed layer; A,, is the mixed
layer depth; c, the specific heat of water; p, the refer-
ence density; A the subgrid-scale eddy diffusivity; Q,.
the net heat flux through the ocean surface; and w, is
the vertical entrainment velocity into the mixed layer.
The downward radiative heat flux at the bottom of the
mixed layer, g(—h,,), is included to account for pos-
sible penetration through the shallow mixed layer in
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summer. The temperature difference between the
mixed layer and the water below, AT, was taken as
fixed at 0.5°C. The transports are the sum of the surface
geostrophic and the Ekman components and include a
shear correction based on the mixed layer temperature
gradients.

First, we present an analysis of the terms spatially
averaged over the entire model domain and then break
the analyses down into regions: south of the Gulf
Stream, north of the Gulf Stream, and in the Gulf
Stream. These regions were defined by examining the
mean SST map for the period of observation. The
northern region was defined as all those points where
the mean SST was less than 14°C (Fig. 2); the Gulf
Stream as the region between 14° and 21.5°C; and the
southern region as the region in which the mean SST

-exceeded 21.5°C.

a. Entire region

Over the entire region, the dominant terms in the
temperature equation (1) are the temperature tendency
and the surface heating term Q/h,, (Fig. 3a). An error
estimate for this term, as a function of time, is shown
in Part I, Fig. 13c. The absolute magnitude of the error
in Q/h,, averaged over the entire region, is about
0.015°C/day. This error can also be interpreted as the
residual in closing the upper ocean heat budget. The
next largest term is that of advection, which is predom-
inately negative, with intense cooling events in the
spring of up to —0.04°C/day. Entrainment contributes
large values, greater than —0.01°C/day, in the fall and
winter (Fig. 3b), and the loss of heat through the bot-
tom of the mixed layer reaches values of —0.01°C/day
in the summer, when the mixed layer is quite shallow.

Regions Delimited by Mean SST
{ 2 i 2 {

O‘/ northern
7 o Gulf Stream
A southern -
30°N — -
( T 'I T [
70°W 60°W 50°W

FiG. 2. Subdomains of the numerical mixed layer model for inter-
pretation of the heat balance. The three regions are based on the mean
SST: north of the Gulf Stream, in the Gulf Stream, and south of the
Gulf Stream.
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a) dT/dt, advection, and Q/h
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b) advection, diffusion, entrainm'ent, loss
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FiG. 3. Upper ocean heat balance averaged over the entire model
domain. (a) Dominant terms of the heat balance: temperature ten-
dency (dash—dot), Q/h,, (dashed), and advection (solid line). (b)
Smaller terms of the heat balance: advection (solid line), entrainment
(dash—dot), diffusion (dash), and heat loss (short dash).

Diffusion is always negative, with magnitudes less than
0.005°C/day. Note that diffusion is somewhat less im-
portant here than in a previous analysis of the Kuroshio
Extension (QK), because the value of the diffusion
parameter is substantially less (see discussion in
Part I).

b. South of the Gulf Stream

In the large region south of the Gulf Stream, the
contributions of advection and diffusion (not shown)
are almost negligible because of the small temperature
gradients there. The contribution of vertical entrain-
ment is about the same as for the region as a whole.
The overall balance is essentially that suggested by
Cayan (1992) for a passive ocean response: the net
surface flux can be used to predict the mixed layer tem-
perature (Fig. 4).

c. North of the Gulf Stream

The northern region is quite different from the region
south of the Gulf Stream: discrepancies between tem-
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South of GS: dT/dt, advection, and Q/h
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FiG. 4. Dominant terms in the upper ocean heat balance for the
region south of the Gulf Stream. Temperature tendency (dash—dot)
is nearly balanced by Q/h,, (dashed), with a relatively small contri-
bution from advection (solid line).

perature tendency and net surface heating can be as
large as 0.10°C/day (not shown). Of the other terms
(Fig. 5a), advection dominates, with cooling events
larger than —0.12°C/day in the late spring (June 1987

a) North of GS: advection, diffusion, entrainment, loss
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b) geostrophic and Ekman
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FiG. 5. Upper ocean heat balance north of the Gulf Stream. (a)
Smalier terms of the heat balance: advection (solid line), entrainment
(dash—dot), diffusion (dash), and heat loss (short dash). (b) Advec-
tion divided into its components: geostrophic (solid) and Ekman
(dash).
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and 1988), when the mixed layer is shallow and winds
are strong. The intense cooling event in June 1987 was
preceded by a smaller warming event in April/May;
however, this event may be an artifact of the early
mixed layer shoaling in the model, as discussed in sec-
tion 4, because the Ekman velocity is inversely pro-
portional to the mixed layer depth.

The advection and diffusion terms are a factor of 10
larger than in the southern region, and diffusion is gen-
erally positive, indicating warming by the nearby Gulf
Stream. Entrainment, which begins in August and ends
by March, has the same magnitude as in the southern
region. Heat loss through the bottom of the mixed layer
is substantial, but small relative to advection.

It is instructive to divide the advection into the geo-
strophic and Ekman components (Fig. 5b). There is a
clear trend in the advection toward more cooling in the
northern region, which is due to the Ekman transport
(Fig. 5b). The Ekman component is generally nega-
tive, corresponding to southward flow in response to
eastward wind stress. The geostrophic component is
nearly always positive (except when the Ekman con-
tribution is positive due to westward winds, as in April
1987), so that it opposes the effect of the Ekman com-
ponent. What causes this opposition? In the absence of
strong winds, geostrophic contours and the isotherms
are generally aligned, consistent with a thermal wind
balance, resulting in a small advection contribution.
When the winds are strong and not uniform over the
region, the advection by Ekman transport disrupts this
alignment in the Ekman layer (synonymous here with
the mixed layer), and the geostrophic currents attempt
to restore it, resulting in relatively large advection
terms of both signs.

d. In the Gulf Stream

The balance of terms in the Guif Stream itself is
similar to that in the northern region: departures from
a balance between temperature tendency and net sur-
face heating can be as large as 0.10°C/day. Advection
is somewhat smaller in magnitude than that of the
northern region with similar events (Fig. 6a). As in the
northern region, there is a trend in the advection toward
more cooling. Diffusion is approximately the same
magnitude (Fig. 6a), but negative, indicating cooling
by the slope water. The heat loss is smaller and entrain-
ment is about the same. A close examination of the
advection terms in the Gulf Stream (Fig. 6b) shows
that the cooling trend is apparently due to an increase
in the contribution of the Ekman component, but there
is also a contribution from weakening geostrophic cur-
rents. The cooling by the Ekman-component is often
nearly balanced by the warming due to the Gulf Stream,;
however, in June of 1987 and 1988 and particularly in
April 1989, the cooling overwhelms the warming.

This trend in advection is also apparent in the bal-
ance for the entire region and is offset by a trend in the
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a) GS: advection, diffusion, entrainment, loss
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FiG. 6. Upper ocean heat balance in the Gulf Stream. The quantities
shown are defined in Fig. 4. Note the cooling trend of advection in
(a), which is caused by a combination of an increase in Ekman ad-
vection and a decrease in the geostrophic advection, shown in (b).

net surface heating term, because the temperature ten-
dency has no significant trend. These trends can best
be seen by removing the first two harmonics of the
annual signal from each of the terms (Fig. 7). The trend
in temperature tendency (not shown) is —0.0016°C/
day per year, compared with trends for Q/h,, and ad-
vection of 0.0067° and —0.0086°C/day per year, re-
spectively. There is a corresponding change in the net
surface heat flux Q,., which amounts to about 15
W m™ per year.

3. The contribution of GS transport fluctuations

The relationship between changes in the gyre struc-
ture (Fig. 1) and the heat budget is complicated by the
fact that the heat budget has a large seasonal compo-
nent, whereas the current fluctuations have a slightly
higher dominant frequency. To see whether the cooling
trend in advection (Fig. 6b) is related to a weakening
of the Gulf Stream in the eastern part of the region,
which can be seen in the nonseasonal SSH difference
across the Gulf Stream (Fig. 8), we compared a mea-
sure of the gyre structure with a measure of geostrophic






