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Abstract I II

The IJOleward transport of heat by the ocean circulation plays a major role in the global heat balance, but many details of
this process remain unclear. In particular it is difficult to determine fror Observations what role energetic mesoscale eddies
play in poleward heat transport. In place of missing long-term buoy easurements over extensive areas, eddy resolving

numeri(;al ocean circulation simulations offer some means to gain in sigh .For ocean models with specified m{:ridiornli density
distributions at the upper boundary it is possible to compare the pole~ard heat transport in eddy resolvin!: ;md non-eddy-
resolving simulations. While a change of vertical diffusion in model~ is known 10 be very important for poleward heat
transport, the reduction of horizontal viscosity and diffusion, which allows mesos.:;ale eddies to appear in tf1e simulation,
seems to have little effect. A possible explanation appears to be that the ~odels for normal parameter ranges aI'e ve~y weakly
driven thermal systems. The time dependent mesoscale eddies appear to~et up nearly adiabatic flpws in which eddy transport
of heat is compensated by induced mean flows which transport heat in th~ opposite direction. For extremely strong f'Drcing of
the den~;ity field in the upper ocean this is no longer true.
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1. Introduction

The earth'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 {:arth's surface. To achieve a long term energy
balance for the planet requires a polewa{d redistribu-
tion of energy by the oceans and atmosphere. The at-
mosph(~re has a low heat capacity, but moves with a
relatively high velocity. On the other hand, the ocean

has mpch slower currents, but a very high heat capac-
ity. Pt~cise data 1lre lacking, but it appt:ars that in the

I

prese~t climate tlle oceans and the atm'()~;phere playa
nearly, equal role in this lateral energy l'edi:5t.ribution

proce$s.
A n)ajor goal of the World Ocean Circulation Exper-

iment I(WOCE) ~ras to gain a better undt:rstarlding of
the ocean's role in the global heat balanc:e. W'hile the
basic ~mportance of the partitioning of poleward heat
transpprt between the ocean and atmosphere is obvi-
ous, aiconnectioill has also been suggest{:d (Bjerknes,
1964) between variations of heat transp<ll1: of ttle ocean
and climate variability on a decade to '~ent\1lry time
scale. Bjerknes nlJted that in the North Atlantic ocean
heat transport is particulary important f'Jr 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. l(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

1f/3 0

HT = f f fJOcp(ii8 + i}iO') dz a cos <p dA. (2)

0 -H

The first tenD in the integral is the heat transport by
the time-averaged flow and the second tenD is that
due to the time-dependent components. Much of this

review will be concerned with the relative importance

of these two tenDs.
In tne series of numerical models under discussion

the d{:nsity is a linear function of 8:

P = V1Q(1 -a(}). (3)

The model also includes a convective constraint so
that () is a monotonically increasing function of z, the

vertical coordinate. In that case (1) may be rewritten,
repla(;ing the vertical coordinate with a temperature

coordinate,

._~,

experiment, and further extensions were carried out
by Bol~ning and Cox (1988) and Boening and Budich
(1992). The boundary conditions are specified in
Fig. I(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 (1*, which is specified to be a

linearly increasing function of latitude.
Poleward heat transport, HT, in this ocean model

may be written as

1[/3 0

HT = ! ! POcpv8 dz a cos<fJ dA. (I)

0 -H

Here ,l> is the density, Cp the specific heat, v the north-
ward c;urrent velocity and 8 is the potential temper-
ature. In addition a is the radius of the earth, cp the
latitude, and A is the longitude. In a steady state, mass
balanc:e 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 1:0 first order the reference temperature in (I) is

not important. If we designate an overbar to represent
a time: average and a prime to indicate the deviation

from the time average
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Fig. I. The idealized geometry and boundary conditions of the Boening and Budich (1992) numerical experilrnents: (a) the imposed
wind stress and reference density; (b) the surface elevation equivalent to the pressure distribution. The g':ometry and boundary
conditions are the same as those of Cox (1985) except that a rough bottom boundary topography is introduc.:d.

1T (3 Os

HT=~ffPOCpV
0 Ob

(4)de

In (4) Os is the temperature at the surface of the ocean
model and ~ is the temperature at the bottom bound-
ary. The expression in (4) permits us to think of pole-
ward heat transport in terms of a thickness flux in an
isothermal coordinate system. Let { } indicate a time
average in O-coordinates and ( )* indicate a deviation
from that time average:

1f/3

[HT]= ~ f
0 ~

dz
dePocp({V}

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 zon-

ally integrated transport 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 :thermal circulation
with sinking at the poleward boondary extending to
the bottom. Near the upper surface the overturning
is dominated by wind forcing. B~~an pumping and
suction drive two upper ocean cells, a clockwise cell
in middle latitudes and a counter-clockwise cell in
the region between the equator an4j 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 temperature category repre-
sented at a given latitude in the basin. ZonaUy aver-
aged subsurface heating and cooling are also indicated
by the transport crossing isothernls. As is shown by
the poleward heat transport curve in Fig. 3, most of
the heat gain by the model is localized at the equa-
tor, where Ekman suction drives vigorous upwelling.
In the real ocean there are also strong upwelling and
heat uptake areas along the eastern boundaries of the
Atlantic and Pacific at low latitudes, but an analogous

(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 integral on the
right hand side of (2) will be exactly equivalent to
the first term in the integral on the right hand side
of (5).

~

dz 2
de a cost/>d A
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Fig. 3. Results of Boening and Budich (1992). The units are
petawatts (1015 W): (a) total poleward heat transport in the j
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. I"lote the compensation between the two components in
low and middle latitudes.

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 (I Sverdrup:;megaton/s) of mass

transport.

feature is excluded from the model by the fact that

the surface winds are taken to be zonjlJ. 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 ~ Urface tempera- tures. Heat loss is greatest at about 50 N along the

boundary between the subtropical an subarctic wind

gyres. At this latitude advection creaes a strong ther-

mal front and the western boundary current separates

from the boundary. This zone is char~cterized by con-

vection, heat loss, and subduction of surface waters

to the lower thermocline. For the mO$t part these sub-

ducted waters recirculate in the subtropicjlJ gyre, and

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 350 N is almost independent from the
overturning circulation at higher latitudes. there is
a we~k coupling. A small fraction of the poleward
flow bt 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 (I
Sverdrup = megaton/s) of conversion to the lowest

-~
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Fig. 4. The geometry and boundary conditions used by Drijfuout's (1994a,b)isopycnal model. Note that they are like those used by
Semtner and Mintz (1977) and Semtner and Holland (1978). I

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 kilometers. This flow is compensated
by a poleward flow at the base of the thermocline in
the interior of the basin in which the fluid is heated
by slow downward mixing in agreement with the
Stommel-Arons (1960) model of abyssal circulation.

One of the important results obtained in this series
of experiments was a test of the role of mesoscale ed-
dies to the poleward transport of heat. The heat trans-
port curves in Fig. 3 allow a comparison between the
model with 1 degree resolution and the same model
with ~ degree resolution. Both experiments are eddy-
resolving, but the reduction of viscosity and diffusion
in the ~ 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. 3(a) there is almost exact compensation between
differences in the poleward heat transport by the time-
averaged flow and poleward transport of heat by eddy

correl~tions except at higher lati~des. Fig. 3(b) shows
that ~e total heat transport south lof 400 N in the two
experiments is almost exactly the ~;ame. Bryan (1986)
attrib~ted this poleward heat flow c:ompensation in the
model to weak thermal forcing, ~;uggesting that the
meso~cale eddies act to 'stir' the Q(;ean model without
signi~cantly altering the net heat b,aJance at the upper
surfade of the ocean model.

3. R~ults of Drijfuout's isopyctJlal model

Up to this point all the numeric:aJ modeling results
discu~sed have been based on the same basic Bryan-
Cox-$emtner model at different rels.olutions and differ-
ent choices for lateral mixing apprGlximations. A ques-
tion n~turally arises as to whether tJ.1ere might be some
speci~l property of a model based on fixed Cartesian
coordInates that might bias conclu$:ions concerning the
role of mesoscale eddies in the poleward heat trans-
port of heat. For this reason recent results obtained by
Drijfhout (1994a,b) using an ocel1Ln model based on
isopydnal coordinates is of very great interest.
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pole\\lard 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 ~ .(2). The dashed-dot curve corresponds to the
heat transport by the time-averaged product of veloc-
ity d temperature, corresponding to the first term in
Eq. (~~). The 'eddy' term reaches a positive maximum
of 0.2 PW at 350 N, but it is compensated by a negative
peak in the heat transport by the time-averaged flow
of aln!lost the same magnitude. The net poleward heat
trans()Ort is less than l PW. The experiment with an
isoPy,cnal model illustrates the same type of compen-
satiol11 illustrated in the earlier numerical experiments
of C(JIX (1985) and Boening and Budich (1992). The
actual pattern is different, which is reasonable consid-
ering the differences in the geometry of the experi-
ment5i.

The change in meridonal circulation between the
coarsc~ resolution isopycnal model of Drijfhout (1994)
and his high resolution, eddy-resolving case is shown
in Fi~:. 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
clock'wise 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 .is shown in Fig. 5.

Fig. 5. Poleward heat transport in Drijfu~t's (1994a) model.
The solid line is the total transport, the dotted line the trans-
port by the time-dependent component or the flow, and the
dot-dashed line is the transport by the timetaveraged flow com-
ponent. The components are defined in Eq'1 (2) (after Drijfuout,

1994a).

4. T~le compensation mechanism

Drijfuout'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
ftOW~'The down gradient transport of heat by mesoscale

eddi s is the straightforward consequence of baro-

clini instability in a rotating, stratified fluid. The ques-
tion is: why should a meridional cell be set up in
the eddy resolving case, which would tend to trans-
port heat in the opposite direction? Drijfuout (1994)

The geometry of this study is shofn in Fig. 4. It is

based on a pioneering eddy-resolvin¥ model of Semt-

ner and Mintz (1977). The domain i~ rectangular, but

tilted at 450 with respect to the meridIans. Zonally uni-

form wind stress imposed at the suface drive a sub-

tropical and subarctic wind gyre. 1)ermal forcing is

simulated by damping the depth of tpe upper layer to

a specified thickness, which decreas t s with increasing

latitude. Although the vertical struct re is only repre-

sented by three vertical layers, the D .jfhout 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 Ofth ; nUmeriCal model

is carried out with a coarse resolutio ,74 km x 74 km

grid. This initial stage does not all mesoscale ed-

dies to form. The final stage is eddY [ esolving with a 37 km x 37 km grid, which allows a clear cut demon-

stration of the effect of mesoscale ed ies on poleward

heat transport and the meridional ci ~ ulation. The poleward heat transport res Its for the high

resolution experiment are shown in Fig. 5. The total

~-
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Fig. 6. (a) Zonally integrated, meridional transport in the low resolution, Inon-eddy-resolving case. (b) Thc: same for the higher
resolution case. Note the addition of a vigorous, counter-clockwise cell in Ittid-latitudes. This cell allows the compensation in heat
transport shown in Fig. 5 (after Drijfhout, I 994a).

Wher~x represents the right hand side of (8). The
quasi- eostrophic assumption allo",s us to drop terms
of or r u/ Ly relative to f. Finatly Drijfhout (1994)
obtai s

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 . atu~lfv- A +haxM =X, (10)

wherel A represents the effect of time-dependent vari-
ables ~iven in the left hand side of (9):

a,u + uaxu + vayu -Iv + axM = w + Du (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 Du is the fric-
tion term. Let h be the thickness of a layer, then the
equation for layer thickness is:

A = + a y ("V'U':5 -hia;M"i. (11)

Oth + Ox (hu) + oy(hv) = Q + Dh (7)

II

Here Q represents non-adiabatic effects and Dh is the
diffusion of layer thickness. If we let U = uh and
V = vh and combine (6) and (7), we obtain

iJtU + iJx(uU) + iJy(vU) -Iv + hiJxM
= h(W + Du) + u(Q + Dh).

Let square brackets indicate a ZOlllal average. An in-
crease! in the poleward heat tran$port in Drijthout's
(1994 ) isopycnal model requires a positive ~[Y] in
the u per layers, compensated by a change in [V] of
oppos te sign in the lower layers.

Fro (10) the change in [V] n zonally averaged
trans rt between the eddy-reSOlf ing and non-eddy-

resolv ng experiments can be wri ten

~[Y] *' ~[haxM -A -X]/f. I (12)

(8)
If we~assume that changes in the mixing and exter-

nal fo ing term, [X], are small, Ithere will be a net

chang in poleward heat transport bnless the other two
terms on th_e right hand side tend Ito cancel. Fig. 7(a)
showsl the change in hoxM and I the eddy term, A,

Taking the time average of (8),

OtU+Oy~- (/ + Oyii)V-UOyV
+ jj'a;M/ + hoxM = X, (9)

~
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(a)

4J

Fig. 7. (a) The eddy-induced ~i\ tenn an1the ~(iiaxM) term, where ~«( }) represent the difference between the low and high
resolution isopycnal model experiments 0 Drijfhout (1994a). Note the ex(:ellent compensation between the 'eddy' tenn and the
lime-averaged pressure tenn in low and m ddle latitudes. (b) Change in th(~ eastward transport of heat between the low and high
resolution experiments in the Gulf Stream ~gion. The existence of eddies causes a greater net east-west tilt of the isopycnal surfaces
in middle latitudes.

between Orijfuout's coarse and fine esolution exper-
iments. The figure indicates that in lower and mid-
dle latitudes, at least, there is a very ood compensa-
tion. Thus a balance could be achie ed in the terms
shown on the right hand side of Eq (12) with only
small changes required in ¥, which implies negligi-
ble differences in poleward heat tran port. The actual
mechanism for this compensation to take place is il-
lustrated in Fig. 7(b) which shows th eastward trans-
port of heat in the high and low resol tion cases. The
effect of eddies in the high resolution case is to trans-
port heat in the opposite direction a the mean flow.
As Ori jfuout (1994a) points out eddi s transport heat
down-gradient, which warms the ar a to the left of
the model Gulf Stream. This warming weakens the.
Gulf Stream thermal gradient. Thu~ the upper lay-
ers near the western wall are flattene~ without affect-
ing the density distribution near the e~stern boundary.
The zonally integrated flow along i~opycnal surface

remains unchanged. but the altered mass distribution
produ(;es the counter-clockwise cell shown in Fig. 6(b)
in Cartesian coordinates.

S. 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

-'.'- -'""""T ~
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transR°rt by the time-mean flow and the eddy field.

Drij~out's analysis suggests that the mesoscale ed-
dies t~nd weaken the thermal gradient associated with

western boundary culTents in middle latitudes, which
weak1ns poleward flow near the surface and strength-
ens it at lower levels. It would be very interesting to
see if this behavior can be found in more highly re-

solved ocean circulation numerical experiments.
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