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The role of mesoscale eddies in the poleward transport of heat
by the oceans: a review
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Ahstracl

The paleward transpont of heat by the ocean circulation plays & major role in the global heat balance, but many details of
this process remain unclear. In particular it is difficult to determine from observations what role energetic mesoscale eddies
play in poleward heat transport, Tn place of missing long-term buoy measurements over extensive areds, cddy sesolving
numerical ocean circulation simulations offer some means o gain insight. For ocean models with specified merdiona! density
distributions at the upper boundary it is possible to compare the poleward heat transpor in eddy reselving and non-eddy-
resalving simulations. While a change of ventical diffusion in models is known o be very imponant for poleward heat
transport, the reduction of horizontal viscosity and diffusion, which allows mesoscale eddies 1o appear in e simulation,
seems 10 have little effect. A possible explanation appears to be that the models for normal parameter ranges are very weakly
driven thermal systems. The time dependent mesoscale ediics appear to set up nearly adiabatic lows in which 2ddy transpon
of heat is compensated by induced mean Aows which transport heat in the opposite direction. For extremely strong forcing of

the density Reld in the upper ocean this is no longer true.
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L. Introduction

The carth’s fluid envelope receives energy from the
sun in the form of short wave radiation largely in mid-
dle and low latitudes. On the other hand, energy is ra-
diated back to space in the form of long wave energy
which originates in a relatively uniform way over the
entire earth's surface. To achieve a long term energy
balance for the planct requires a poleward redistribu-
tion of encrgy by the oceans and aunosphere. The at-
maosphere has a low heat capacity, but moves with a
relatively high velocity, On the other hand, the ocean
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has much slower currents, but a very high heat capae-
ity. Precise data are lacking, but it appears that in the
present climate the oceans and the atmosphere play a
nearly equal role in this latesal energy redistribution
process.

A major goal ol the World Ocean Circulation Exper-
iment (WOCE) was Lo gain a better understanding of
the ocean’s role in the global heat balance, While the
basic imporiance of the partitioning of poaleward hear
transport between the ocean and atmosphen: is obyi-
ous, a connection has also been suggested (Bjerknes,
1964) between variations of heat transpor. of the ocean
and climate variability on a decade to ceniury time
scale. Bjerknes noted that in the North Atlartic ocean
heat transport is particulary important far delivering
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heat to very high latitudes. Slight changes in the inten-
sity of poleward heat transport in the North Atlantic
could cause very large variations in the surface heat
balance of the subarctic gyre of the North Atlantic and
the Nordic Seas.

Here we are concerned with the contribution to pole-
ward heat transport in the ocean by mesoscale eddies.
This is an important issue in modeling climate and in
the design of measurements to monitor climate vari-
ability and climate trends. In the atmosphere the role
of cyclones and anticyclones in transporting heat is
known to be important and can be investigated directly
through the analysis of long-term data sets. Corre-
sponding data are not available for the oceans, except
in a very small number of locations. For this reason
the study of the role of mesoscale eddies in ocean heat
transport requires a more indirect approach, which
makes use of models and the much more limited data
provided by satellites and a small number of in situ
observations. In this review we examine results ob-
tained over the past 10 years which throw some light
on the relationship of mesoscale eddies and poleward
heat transport.

2. Results from eddy-resolving models

An increasingly large number of eddy-resolving
ocean circulation simulations have been carried out,
but many of them only consider an initial value prob-
lem and are not in thermal equilibrium. Since we
are interested in the poleward heat transport required
to maintain a steady state, we will focus on a much
smaller subset of experiments in which the climate
‘drift’ is minimal. Although the model geometry is
highly idealized, there is a hierarchy of experiments
in this category which is based on the ventilated, non-
eddy-resolving thermocline model of Cox and Bryan
(1984). The idealized geometry is shown in Fig. 1(b).
These experiments were originally intended to study
the analytic model of the ventilated thermocline of
Luyten et al. (1983) by including an entire circu-
lation in a closed basin, including a subarctic gyre
and an equatorial region. Cox (1985, 1987) used this
framework as the basis for a detailed eddy-resolving

experiment, and further extensions were carried out
by Boening and Cox (1988) and Boening and Budich
(1992). The boundary conditions are specified in
Fig. 1(a). A zonally uniform wind stress provides a
simple representation of the trade winds in the tropics
and subtropics, and the westerlies in middle latitudes.
The surface waters are damped towards a reference
density indicated by o*, which is specified to be a
linearly increasing function of latitude.

Poleward heat transport, HT, in this ocean model
may be written as

7/3 0

HT = / / pocpvfdzacospda. )
0 -H

Here p is the density, ¢, the specific heat, v the north-
ward current velocity and 8 is the potential temper-
ature. In addition a is the radius of the earth, ¢ the
latitude, and A is the longitude. In a steady state, mass
balance requires that the total global transport of wa-
ter across a latitude circle is nearly zero except for
small residuals which are required to balance north—
south flows of water in rivers and in the atmosphere.
Thus to first order the reference temperature in (1) is
not important. If we designate an overbar to represent
a time average and a prime to indicate the deviation
from the time average

a/3 0

AT = / fpocp(35+W)dzacos¢dA. (3
0 -H

The first term in the integral is the heat transport by
the time-averaged flow and the second term is that
due to the time-dependent components. Much of this
review will be concerned with the relative importance
of these two terms.

In the series of numerical models under discussion
the density is a linear function of 9:

p = po(l —af). 3)

The model also includes a convective constraint so
that 8 is a monotonically increasing function of z, the
vertical coordinate. In that case (1) may be rewritten,
replacing the vertical coordinate with a temperature
coordinate,

—y
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Fig. 1. The idealized geometry and boundary conditions of the Boening and Budich (1992) numerical experiments: (a) the imposed
wind stress and reference density; (b) the surface elevation equivalent to the pressure distribution. The geometry and boundary
conditions are the same as those of Cox (1985) except that a rough bottom boundary topography is introduced.

| /3 6 4
HT = 5 ffmfpud_:-' df’acospd i {4}

[k #h

In {4} & is the temwperature 21 the surface of the acean
mode] and &, is the temperature at the botom bound-
ary. The expression in (4) permits us to think of pole-
ward heal transport in terms of a thickness flux in an
isothermal coordinate system. Let [ ] indicate a time
average in f-coordinates and [ )* indicate o deviation
frem that tme average:

=23 0y

: | dz
||lr|r§ [fm:.',,([uf[-dﬁl
0y
- dz i 5 "
- [u (Tlu&') ])dﬂ“umsrﬁd:&. {5)

The first and second terms of the integral in (5) repre-
sent the steady thickness flux and the ‘thickness mix-
ing' by time-dependent motions, respectively. In the
steady flow case the first term in the inwegral on the
right hand side of (2) will be exactly equivalent o
the first teom in the integral on the right hand side
af (57,

The meridional overturning for the highest res-
olution case for the entire series of experiments is
shown in two panels in Fig. 2. Fig. 2{a} is the 7on-
ally integrated tansport in the vertical-latitudinal
plane. The equivalent transport in the temperature-
latitudinal plane is shown in Fig. 2(b). Fig. 2(a) shows
the dominant counter-clockwise thenmal circulation
with sinking at the poleward boundary extending to
the bottom, Near the upper surface the overturming
15 dominated by wind forcing, Exman pumping and
suction drive two upper ocean cells, a cleckwise cell
in middle latiwdes and 2 counter-clockwise cell in
the region between the equator and 200 N,

The circulation shown in Fig. 2(b) allows a direct
estimate of the poleward heat transport, since it shows
the total transport in each lemperature category repre-
sented at a given latitude in the basin. Zonally aver-
aged subsurface heating and cooling are also indicated
by the transport crossing isotherms. As is shown by
the poleward heat transport curve in Fig, 3, most of
the heat gain by the model 15 localized at the equa-
tor. where Ekman suction drives vigorcus upwelling.
In the real ocean there are also strong upwelling and
heat uplake areas along the castern boundaries of the
Atlantic and Pacific at low latitudes, but an analogous
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Fig. 2. Results of Boening and Budich (1992): (a) the transport
stream function of the total flow in the meridional-vertical plane;
(b) the total transport in the meridional-temperature plane. The
contour interval is 4 Sverdrups (1 Sverdrup=megaton/s) of mass
transport.

feature is excluded from the model by the fact that
the surface winds are taken to be zonal. This excludes
Ekman pumping along the eastern boundary of the
basin. Fig. 2(b) shows the strong heat gain at the equa-
tor, and the strong loss of heat as the surface waters
flow to higher latitudes with lower surface tempera-
tures. Heat loss is greatest at about 35° N along the
boundary between the subtropical and subarctic wind
gyres. At this latitude advection creates a strong ther-
mal front and the western boundary current separates
from the boundary. This zone is characterized by con-
vection, heat loss, and subduction of surface waters
to the lower thermocline. For the most part these sub-
ducted waters recirculate in the subtropical gyre, and
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Fig. 3. Results of Boening and Budich (1992). The units are
petawatts (10! W): (a) total poleward heat transport in the :
degree and % degree resolution, eddy-resolving ocean circula-
tion experiments; (b) poleward heat transport components due
to the time-averaged and time-dependent components of the
flow. Note the compensation between the two components in
low and middle latitudes.

these flows are not represented in the zonally inte-
grated picture shown in Fig. 2(b). What is shown is
the smaller fraction of subducted waters which flow
almost along isothermal surfaces towards the equator.
Eventually these waters feed the wind-induced equa-
torial upwelling.

While the meridional circulation in the region from
the equator to 35° N is almost independent from the
overturning circulation at higher latitudes, there is
a weak coupling. A small fraction of the poleward
flow E,t the surface in the subtropical gyre region es-
capes from the subduction region and continues to the
poleward boundary. Entrainment processes augment
that poleward flow so that there is 12 Sverdrups (1
Sverdrup = megaton/s) of conversion to the lowest
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Fig. 4. The geometry and boundary conditions used by Drijfhout’s (1994a,b) isopycnal model. Note that they are like those used by

Semtner and Mintz (1977) and Semtner and Holland (1978).

temperature right at the boundary. This process is also
shown clearly for z-coordinates in Fig. 2(a). At the
lowest temperature there is a relatively rapid south-
ward flow in the deep western undercurrent. The deep
equatorward flow is shown in Fig. 2(a) as extending
over several Kilomelers. This flow is compensated
by a poleward flow at the base of the thermocline in
the interior of the basin in which the Quid is heated
by slow downward mixing in agreement with the
Stommel-Arons { 1960) modet of abyssal circulmion.

One of the important results oblained in this series
of experiments was a west of the role of mesoscale ed-
dies to the poleward transport of heat, The heal trans-
port curves in Fig. 3 allow & comparison between the
madel with 11 degree resolution and the sume model
with % degree resolution. Both experiments are eddy-
resolving, but the reduction of viscosity and diffusion
in the é degree case allows greater eddy activity and
more intense time-averaged flows. The results con-
firm the conclusions of Cox (1985). As shown in
Fig. 3ia) there @5 almost exact compensation between
differences in the poleward heat transport by the time-
averaged Aow and poleward transport of heat by eddy

correlations except at higher latiﬂdes. Fig. 3(b) shows
that lljle total heat transport south |of 40° N in the two
experiments is almost exactly the same. Bryan (1986)
attribyted this poleward heat flow compensation in the
model to weak thermal forcing. suggesting that the
mesoscale eddies act o "stir’ the ocean model without
significantly altering the net heat balance at the upper
surface of the ocean model.

3. Results of Drijfhout’s isopyenal model

Up to this point all the numerical moedeling resules
discussed have been based on the same basic Bryan—
Cox-Semitner model at different resolutions and differ
ent choices for lateral mixing approximations. A ques-
tion naturally arises as o whether there might be some
special property of @ model besed on fixed Cantesian

coordinates that might bias conclusions concerning the
role of mesoscale eddics in the poleward heat trans-
port of heat. For this reason recent results obtained by
Drjfhout {1994a.b) using an oceen model based on
isopycnal coordinates 15 of very great interesi
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Fig. 5. Poleward heat transport in Drijfhout’s (1994a) model.
The solid line is the total transport, the dotted line the trans-
port by the time-dependent component of the flow, and the
dot-dashed line is the transport by the timefaveraged flow com-
ponent. The components are defined in Eq.|(2) (after Drijfhout,
1994a). ‘

The geometry of this study is shown in Fig. 4. It is
based on a pioneering eddy-resolving model of Semt-
ner and Mintz (1977). The domain i# rectangular, but
tilted at 45° with respect to the meridians. Zonally uni-
form wind stress imposed at the sujface drive a sub-
tropical and subarctic wind gyre. Thermal forcing is
simulated by damping the depth of the upper layer to
a specified thickness, which decreases with increasing
latitude. Although the vertical structure is only repre-
sented by three vertical layers, the Drijfhout solutions
are very similar to those of Semtner §nd Mintz (1977)
with a much more detailed vertical resolution in z-
coordinates. The initial spin up of the/numerical model
is carried out with a coarse resolution, 74 km x 74 km
grid. This initial stage does not allow mesoscale ed-
dies to form. The final stage is eddyfresolving with a
37km x 37 km grid, which allows a clear cut demon-
stration of the effect of mesoscale eddies on poleward
heat transport and the meridional circulation.

The poleward heat transport results for the high
resolution experiment are shown in Fig. 5. The total

poleward heat transport is indicated by a solid curve.
The dotted line indicates the contribution of time-
dependent correlations between v and T. This cor-
responds to the second term on the right hand side
of Eq. (2). The dashed-dot curve corresponds to the
heat transport by the time-averaged product of veloc-
ity and temperature, corresponding to the first term in
Eq. (2). The ‘eddy’ term reaches a positive maximum
of 0.2 PW at 35° N, but it is compensated by a negative
peak in the heat transport by the time-averaged flow
of almost the same magnitude. The net poleward heat
transport is less than %PW. The experiment with an
isopycnal model illustrates the same type of compen-
sation illustrated in the earlier numerical experiments
of Copx (1985) and Boening and Budich (1992). The
actual pattern is different, which is reasonable consid-
ering the differences in the geometry of the experi-
ments.

The change in meridonal circulation between the
coarse resolution isopycnal model of Drijfhout (1994)
and his high resolution, eddy-resolving case is shown
in Fig. 6. The panel on the left is the low resolution
case and is dominated by a single clockwise cell in
lower latitudes. This cell carries warmer surface wa-
ters poleward and returns deeper waters equatorward,
which provides northward heat transport. The higher
resolution case is shown on the right. In this case the
clockwise cell is slightly weaker and at middle lati-
tudes there is a counter-clockwise cell of nearly equal
magnitude. This clockwise cell transports heat toward
the equator, compensating the transport due to the eddy
term as shown in Fig. 5.

4. The compensation mechanism

Drijfhout’s (1994) study makes real progress in clar-
ifying the mechanisms involved in the heat transport
components due to the time-mean and time-dependent
flow. The down gradient transport of heat by mesoscale
eddies is the straightforward consequence of baro-
clini¢ instability in a rotating, stratified fluid. The ques-
tion lis: why should a meridional cell be set up in
the eddy resolving case, which would tend to trans-
port heat in the opposite direction? Drijfhout (1994)
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Fig. 6. (a) Zonally integrated, meridional transport in the low resolution,rt)omeddy-resolving case. (b) The same for the higher

resolution case. Note the addition of a vigorous, counter-clockwise cell in

transport shown in Fig. 5 (after Drijfhout, 1994a).

explains the non-transport behavior of mesoscale ed-
dies in terms of the zonally averaged equations of mo-
tion in isopycnal coordinates.

The equation of motion in the x-direction and the
continuity equation in isopycnal coordinates may be
written as

Opu + udcu + vdyu — fv+M=W+D, (6)

where u is the x-component of velocity; f the corio-
lis force; M the Montgomery function, p + pgz; W
the force due to wind on the layer and D, is the fric-
tion term. Let h be the thickness of a layer, then the
equation for layer thickness is:

9ch + 3c (hu) + 3y(hv) = Q + Dy, )]
Here @ represents nan-adiabatic effects and Dy is the
diffusion of layer thickness, If we let I/ = wh and
V' = vl and combine (6) and (7), we obtain
ol +a (Y 30ulh) = FV + o M

=W+ D)+ 60 + Dyl (8)
Taking the time average of (8),
Gl + 8, (V') = (f + 8,00V —ua, V

+ R M +hiM=X, ()

id-latitudes. This cell allows the compensation in heat

where| X represents the right hand side of (8). The
quasi-geostrophic assumption allows us to drop terms
of order u/Ly relative to f. Finaﬁly Drijfhout (1994)
obtains ‘

aU —|fV - A+ha,M =X, (10)

where| A represents the effect of time-dependent vari-
ables given in the left hand side of (9):

A = +3y(Vu') —h'o M. an

crease in the poleward heat transport in Drijfhout’s
(1994a) isopycnal model requires a positive A[V]in
the upper layers, compensated by a change in [V] of
oppostte sign in the lower layers.

From (10) the change in [V in zonally averaped
transport between the cddy-resolving and pon-cddy-

Let sﬁuare brackets indicate a zonal average. An in-

resalving experiments can be written
AlV] = Alhd, M — & — X/, (1)

IF we assume that changes in the mixing and exter-
nal forcing term, [X], are small, there will be a net
change in poleward heat transport unless the ather two
terms on the right hand side tend to cancel. Fig. 7(a)

shows the change in ki, M and the eddy term, A,

(M
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and the A(iz-axﬁ) term, where A({ }) represent the difference between the low and high
Drijfhout (1994a). Note the excellent compensation between the ‘eddy’ term and the

lime-averaged pressure term in low and middle latitudes. (b) Change in the eastward transport of heat between the low and high
resolution experiments in the Gulf Stream pégion. The existence of eddies causes a greater net east-west tilt of the isopycnal surfaces

in middle latitudes.

between Drijfhout’s coarse and fine resolution exper-
iments. The figure indicates that in lower and mid-
dle latitudes, at least, there is a very good compensa-
tion. Thus a balance could be achieved in the terms
shown on the right hand side of Eq} (12) with only
small changes required in V, which [implies negligi-
ble differences in poleward heat transport. The actual
mechanism for this compensation to take place is il-
lustrated in Fig. 7(b) which shows the eastward trans-
port of heat in the high and low resolution cases. The
effect of eddies in the high resolution case is to trans-
port heat in the opposite direction as the mean flow.
As Drijfhout (1994a) points out eddies transport heat
down-gradient, which warms the area to the left of
the model Gulf Stream. This warming weakens the
Gulf Stream thermal gradient. Thus the upper lay-
ers near the western wall are flattened without affect-
ing the density distribution near the eastern boundary.
The zonally integrated flow along i#Opycnal surface

remains unchanged, but the altered mass distribution
produces the counter-clockwise cell shown in Fig. 6(b)

in Cartesian coordinates.

5. Conclusions

We have reviewed a series of eddy-resolving numer-
ical experiments to examine the effect of mesoscale
eddies on poleward heat transport. All of the experi-
ments are for idealized geometry, but were chosen be-
cause they are all close to a thermally balanced state,
which means that the heat transport was not affected
by significant drifts of the mean state. The experi-
ments for both z-coordinates and isopycnal coordi-
nates both indicate that the existence of mesoscale ed-
dies has very little effect on the poleward transport of
heat. This behavior is surprising, since in the case of
the atmosphere baroclinically unstable cyclones and
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anticyclones play the dominant role in the poleward
transport of heat in middie latitudes (Qort and Peixoto,
1994). The contrast appears to be associated with the
difference in the level of non-adiabatic forcing in the
ocean and the atmosphere. Total heat flow through
the atmosphere and ocean due to radiation imbalances
are roughly of the same order of magnitude, yet the
heat capacity of the ocean is several orders of mag-
nitude greater than that of the atmosphere. Drijfhout
(19944, b) points out that the level of non-adiabatic
forcing in ocean models is determined in a rather
ad hoc manner by the choice of coefficient used to
damp the difference between the surface density of the
model and some specified reference density like that
shown in Fig. 1. In a series of experiments with his
isopycnal model Drijfhout (1994b) demonstrates that
a decrease of the damping.time below a critical level
eliminates the eddy-mean flow compensation for the
poleward heat transport. Since the observed sea sur-
face temperature and density are determined by com-
plex air-sea interaction processes, it is not clear what
damping coefficient is most appropriate for an ocean
model. Ultimately, it may be necessary to use coupled
ocean-atmosphere models to determine the level of
non-adiabatic forcing of the upper ocean which gives
the best fit to observations.

Keeping this uncertainty in mind, numerical exper-
iments have still allowed significant progress to be
made in understanding the role of mesoscale eddies
in the global heat balance, and the distribution of heat
within the ocean. The results of Cox (1985), Boening
and Budich (1992) and Drijfhout (1994a, b) suggest
other avenues of research. Most of the very high res-
olution models which provide the most detailed sim-
ulation of mesoscale eddies have only been integrated
over relatively short time periods. Inevitably, their so-
lutions contain some climatic drift. While this poses
difficulties for using the models to study the overall
heat balance of the ocean, it does not prevent investi-
gations of the relationship between heat and vorticity

tran;;jon by the time-mean flow and the eddy field.
Drijfhout’s analysis suggests that the mesoscale ed-
dies tend weaken the thermal gradient associated with
western boundary currents in middle latitudes, which
weakens poleward flow near the surface and strength-
ens it at lower levels. It would be very interesting to
see if ithis behavior can be found in more highly re-
solved ocean circulation numerical experiments.
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