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Abstract The net heat uptake by the ocean in a changing climate involves small imbalances between
the advective and diffusive processes that transport heat vertically. Generally, it is necessary to rely on
global climate models to study these processes in detail. In the present study, it is shown that a key compo-
nent of the vertical heat flux, namely that associated with the large-scale mean vertical circulation, can be
diagnosed over extra-tropical regions from global observational data sets. This component is estimated
based on the vertical velocity obtained from the geostrophic vorticity balance, combined with estimates of
absolute geostrophic flow. Results are compared with the output of a non-eddy resolving, coupled
atmosphere-ocean general circulation model. Reasonable agreement is found in the latitudinal distribution
of the vertical heat flux, as well as in the area-integrated flux below about 250 m depth. The correspon-
dence with the coupled model deteriorates sharply at depths shallower than 250 m due to the omission of
equatorial regions from the calculation. The vertical heat flux due to the mean circulation is found to be
dominated globally by the downward contribution from the Southern Hemisphere, in particular the South-
ern Ocean. This is driven by the Ekman vertical velocity which induces an upward transport of seawater that
is cold relative to the horizontal average at a given depth. The results indicate that the dominant character-
istics of the vertical transport of heat due to the mean circulation can be inferred from simple linear vorticity
dynamics over much of the ocean.

1. Introduction

The uptake of heat by the ocean accounts for over 90% of the additional heating of the earth associated
with anthropogenic greenhouse gas emissions [Otto et al., 2013], contributing importantly, through thermal
expansion of seawater, to global sea level rise [Church et al., 2013]. Such changes in oceanic heat content
arise as small residual imbalances between the advective and diffusive processes that transport heat verti-
cally in the ocean. The dominant balances that govern the vertical transport of heat have been discussed
for many decades. In a paradigmatic study, Munk [1966] proposed a diapycnal advective-diffusive balance
such that sinking of cold water at high latitudes is balanced by the downward diffusion of heat through
small-scale turbulent mixing, uniformly distributed over the abyssal ocean. This balance was later reinter-
preted by Munk and Wunsch [1998] in terms of concentrated sources of buoyancy flux along oceanic
margins.

In recent years, a number of studies with ocean general circulation models (GCMs) have suggested that the
vertical transport of heat is dominated globally by a fundamentally different balance. Using a coarse resolu-
tion, coupled atmosphere-ocean GCM, Gregory [2000] found that, in a globally integrated sense, the time
mean circulation of the ocean transports heat downward at all depths. Below the surface layer, this down-
ward transport was largely balanced by the modeled upward diffusion of heat along isopycnal surfaces,
with Southern Ocean upwelling playing a key role in this process. Gnanadesikan et al. [2005] considered the
energetics of the buoyancy budget and argued that the downward flux of heat due to the mean circulation
is driven by pressure work done by the wind on surface geostrophic currents.

These coarse resolution model results were supported in the global, eddy-permitting simulation discussed
by Wolfe et al. [2008] who showed that downward transport of heat by the mean circulation was largely bal-
anced by the upward transport of heat by the resolved eddy fluxes. Recently, Griffies et al. [2015] evaluated
the eddy heat transport in coupled atmosphere-ocean GCMs at three different horizontal resolutions. In a
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coarse resolution model, the downward transport of heat by the large-scale mean circulation was balanced
by parameterized eddy fluxes that induce an upward flux on isopycnal surfaces. In the eddy-permitting sim-
ulations, the dominant balance below the surface mixed layer was found to be between the downward
heat transport associated with the time-mean circulation and the upward heat transport driven by transient
eddies. These global model results are also supported by Morrison et al. [2013], who were able to run their
idealized-basin, eddy-permitting model for 2500 years to near-equilibrium.

To date, the global vertical heat transport has been considered almost exclusively in terms of GCM simula-
tions. One exception is the recent study of Liang et al. [2015] that presents results on the vertical heat
budget from a 20 year state estimate with the data assimilating ECCO II model. They found that spatial pat-
terns of vertical heat exchange were largely determined by advective rather than diffusive processes.

In the present study, global observational data sets are used to estimate the vertical heat flux in the ocean
associated with the mean circulation. This estimate is based on the geostrophic vorticity balance which is
used to diagnose the large-scale, time-mean vertical circulation. Observations of drift at depth from Argo
floats are used to constrain the meridional geostrophic flow in this balance. The results are shown to cap-
ture the salient features of the vertical heat flux in a simulation with a non-eddying, coupled atmosphere-
ocean GCM. The sensitivity of the results to different assumptions is also examined.

The next section presents the approach taken to compute the heat flux. Details on the GCM simulation are
given in section 3. Estimates of the vertical heat flux inferred from observations along with sensitivity tests
are presented in section 4. The concluding section summarizes the main findings and discusses implications
of the results.

2. Calculation of Vertical Heat Flux

The area-integrated, time-averaged flux of heat due to vertical advection in the ocean is given by
HaðzÞ5

Ð Ð
c wT dA5chwT i, where w is the vertical velocity, T is the potential temperature and c, the volu-

metric heat capacity of seawater, is taken as a constant. The overbar denotes a time average, and the angle
brackets represent an integration over the entire horizontal surface of the ocean at a given depth, z. Parti-
tioning into time-averaged and fluctuating components, we have HaðzÞ5HmðzÞ1HeðzÞ; where

HmðzÞ5chw T i (1)

is the net advective transport of heat due to the mean circulation, and HeðzÞ5chw0T 0 i is the eddy-induced
component of the vertical advective flux of heat, with primes denoting fluctuations about the time mean. In
this study, we are concerned with evaluating HmðzÞ. Consequently, in the following, the overbar is dropped
and it is implicit that all variables are time-averaged quantities.

It is useful to write (1) as HmðzÞ5ch A21hwi1w�ð Þ A21hTi1T�ð Þi; where the asterisk denotes the departure,
at any point, from the level mean and AðzÞ is the area of the ocean at a given depth. Expanding gives

HmðzÞ5c A21hwi hTi1hw�A21hTii1hT�A21hwii1hw�T�i
� �

Since hhwiT�i5hhTiw�i50, this simplifies to,

HmðzÞ5c A21hwi hTi1chw�T�i:

Mass conservation requires that hwi50 at every depth. As a result, (1) reduces to,

HmðzÞ5chw�T�i5hhmi: (2)

The heat flux per unit area, hmðk; h; zÞ5c w� T�5c w T�; represents the nonvanishing contribution to the net
vertical heat flux at each point on a given vertical level, with k and h the longitudinal and latitudinal coordi-
nates, respectively. This quantity, in particular its zonal integral, will be examined to assess the dominant
spatial features of heat flux associated with the mean circulation. As described below, global observational
data sets are used to infer the vertical velocity and the potential temperature anomaly, T�5 T2A21hTið Þ,
through the water column. These estimates are compared with similar calculations based on results from
an extended simulation with a coupled atmosphere-ocean GCM.
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While mass conservation is strictly maintained in the GCM, there is no assurance that the vertical velocity
diagnosed from observations will identically satisfy the constraint hwi50. However, the prior removal of the
area-averaged potential temperature, such that chwT�i is calculated directly (rather than chwTi), ensures
that any nonzero residual in the area-averaged vertical velocity makes no contribution to the net heat flux
at any depth.

2.1. Estimation of Vertical Velocity
Geostrophic motions in the ocean occurring on scales that are large compared to those of synoptic eddies
are governed to lowest order by the geostrophic vorticity balance [Pedlosky, 1987],

f
@w
@z

5bvg; (3)

where vg is the meridional component of geostrophic velocity, f 52Xsin h is the Coriolis parameter and b5

2Xcos h=R is its latitudinal gradient with R, the radius of the earth, and X, the earth’s angular rate of rota-
tion. The balance in (3) represents a linearization of the vorticity equation such that vortex stretching balan-
ces northward advection of planetary vorticity. Given an estimate of the geostrophic velocity, it may be
used to diagnose the large-scale vertical velocity field, except in immediate proximity of the equator.

Thomas et al. [2014] recently examined the validity of the geostrophic vorticity balance in a 15 year average
state estimate from the ECCO-GODAE model. Overall, a close correspondence in the large-scale patterns of
the two terms in (3) was evident in the upper ocean. Residual terms in the vorticity equation associated
with advection and horizontal viscosity were typically an order of magnitude smaller than the terms in (3),
and of relatively small scale, particularly at higher latitudes and over western boundary currents. It is worth
noting that abyssal flows may be poorly represented by (3) due to neglect of a bottom pressure torque
associated with the kinematic bottom boundary condition [Lu and Stammer, 2004].

Vertical integration of (3) from the base of the Ekman layer, ze, to depth z yields,

wðzÞ5we2
b
f

ðze

z

vgðz0Þdz0; (4)

where we is the Ekman vertical velocity. The latter is obtained here using surface wind stress data from
atmospheric reanalysis products. The geostrophic velocity in (4) is determined through vertical integration
of the thermal wind relation,

vgðzÞ5vgðz0Þ1
g

qof R cos h

ðz0

z

@q
@k

dz0; (5)

where q0 is a constant reference density, g is the acceleration of gravity, and q is the observed potential
density field, available from climatological atlases. The geostrophic velocity at a reference depth, z0, is
needed to determine vgðzÞ. The traditional approach to this problem is to postulate a deep level of no
motion. However, deep ocean transports are sensitive to this assumption which has been shown to be inac-
curate [e.g., Pond and Pickard, 1983]. In more modern approaches, the geostrophic circulation has been
inferred using inverse methods applied to box models constrained by conservation laws and observations
[e.g., Ganachaud and Wunsch, 2000]. As discussed below, data products have become available in recent
years that allow specification of the absolute geostrophic velocity.

2.2. Observational Data Sets
Use is made of a number of global, or near-global, data sets to estimate the vertical heat flux according to
the approach outlined above. The World Ocean Atlas 2013 (Boyer et al., 2013; hereinafter WOA13) is used to
specify the potential temperature anomaly, T�ðk; h; zÞ, and the climatological potential density field for the
second term on the right hand side of (5), at a horizontal resolution of 18 with 102 levels in the vertical. Two
sources of data were considered to obtain the Ekman vertical velocity: mean monthly surface stresses at a
horizontal resolution of about 1.98 from the NCEP reanalysis [Kalnay et al., 1996], and at a resolution of 18

from ECMWF [Dee et al., 2011].
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As mentioned above, data sets are available to specify the reference geostrophic velocity in (5). In particular,
absolute geostrophic velocity is available from the AGVA (Absolute Geostrophic Velocities from Argo) data
set prepared by Gray and Riser [2014]. This provides absolute geostrophic velocities through the upper
2000 m of the ocean at 18 resolution. The reference velocity is derived from a direct observational estimate
of velocity at depth from the global array of Argo floats, using the horizontal drift of the floats at their deep
‘‘parking depth.’’ In addition, absolute sea surface topography from the AVISO (Archiving, Validation and
Interpretation of Satellite Oceanographic) altimeter data is available at a horizontal resolution of 18 [AVISO,
2011]. The meridional component of geostrophic velocity at the surface can then be determined as,

vs5
g

f R cos h
@g
@k
; (6)

where g is the time-averaged sea level displacement relative to the earth’s geoid. In terms of the present
application, the merits of the AVISO and AGVA data sets are complementary. The AGVA data set provides
values that may usefully constrain the solution at depth. Eddy noise is evident, however, in these data due
to the relatively short duration of the records. On the other hand, the satellite data provide a smooth field
of mean meridional velocity at the surface.

While ideally all the data sets used in the analysis should represent climatological means over a period of
several decades, compromises, at times severe, are inevitable. The longest records are from the WOA13 and
NCEP reanalysis and cover the period 1955–2012 and 1948-present, respectively. The ECMWF analyses are
for a somewhat shorter period, 1979-present. The shortest records are the AVISO data and, especially, the
AGVA data which extend for the 18 year period 1993–2010, and the 6 year period, 2005–2010, respectively.

3. Coupled Atmosphere-Ocean GCM

For comparison with observationally-based estimates, the vertical flux of heat was calculated from the
results of an extended simulation with the Canadian Earth System Model (CanESM2) [see Arora et al., 2011,
and references therein]. This model consists of coupled atmosphere and ocean GCMs, as well as sea-ice,
land and carbon cycle models. As described in von Salzen et al. [2013], the atmospheric component of Can-
ESM2 is a spectral model employing T63 triangular truncation with 35 vertical levels. The oceanic compo-
nent of CanESM2 is based on the Modular Ocean Model [see Yang and Saenko, 2012, and references
therein]. It has 40 vertical levels with a horizontal resolution of 1.418 and 0.948 in the zonal and meridional
directions, respectively. Eddy fluxes in the model are represented using the Gent and McWilliams [1990]
parameterization of mesoscale eddies, and the Redi [1982] isopycnal mixing scheme. The model also
includes a parameterization of vertical mixing in the abyssal ocean due to rough topography [Saenko and
Merryfield, 2005], following the approach outlined by Simmons et al. [2004].

The coupled model was run for more than 4000 years during which time concentrations of greenhouse
gases were held fixed at their preindustrial levels. This run is an extension of the CanESM2 preindustrial con-
trol simulation conducted for the Coupled Model Intercomparison Project Phase 5 [Taylor et al., 2012]. Here
we analyze a 20 year mean state of the ocean from this simulation obtained by averaging the quantities of
interest (e.g., ocean potential temperature and vertical velocity) over model years 4201–4220. The product
of these averaged quantities is used to form the vertical advective component of the heat flux associated
with resolved motions in the ocean model. See Kuhlbrodt et al. [2015] for a discussion of resolved and para-
meterized advective fluxes, and the relation to diffusive fluxes.

4. Results

We consider first a basic case based on averages over the full period of the WOA13 data (1955–2012), and
with the Ekman vertical velocity derived from the NCEP surface wind stresses over this same period. Sensi-
tivity of the results to changes in the averaging period for the wind and hydrographic fields is considered in
section 4.2. The AGVA data set, averaged over the period 2005–2010, is used to specify the reference geo-
strophic velocity in (5) at a depth of 900 m, a level that is close to the parking depth of most Argo floats.
Use of the AGVA data set to specify the meridional flow directly into (4) over the entire upper 2000 m of the
water column was also examined. This was found to yield results that are very similar to the basic case in
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which the thermal wind relation is integrated using WOA13 data. Results are also presented below in which
data from AGVA and AVISO are optimally combined to specify the reference geostrophic velocity in (5).

In all cases, the depth of the Ekman layer, ze, is taken to be 50 m, the volumetric heat capacity, c, is set
to a constant value of 4:1 3106 J m23 K21, and the potential temperature is determined with respect to
surface pressure. Marginal seas and Arctic regions are excluded from the calculations. With respect to the
latter, Wolfe et al. [2008] have noted that the net heat flux over the Arctic makes a negligible contribution
to the global average, and can be safely excluded. This is also confirmed in results from the coupled
GCM. In addition, the calculation of the vertical velocity was particularly noisy at a number of points
located in the Arabian Basin and the Bay of Bengal of the North Indian Ocean. Rather than trying to elim-
inate a series of isolated points, these regions were simply excluded from the integration. Results from
the GCM indicated that these regions make virtually no contribution to the zonally or globally integrated
vertical heat flux.

The level mean potential temperature, hTi, and the associated temperature anomaly, T�, are calculated with
respect to the actual area used in the horizontal integration of the heat flux. Exclusion of equatorial regions,
the Arctic Ocean and other areas leads to negligible changes in hTi relative to an average over the entire
area of the ocean; differences are no greater than 0.28C below 125 m depth. The zonally averaged field of
T� calculated for the entire ocean is presented in Figure 1. This shows that large variations in T� , on the
order of 6108C, occur over the upper 1000 m. At greater depths, T� is much smaller, particularly between
508S and 608N, which encompasses the great bulk of the ocean.

4.1. Basic Case
The temperature anomaly and the vertical velocity field obtained from (5) are presented in Figure 2 for a
depth of 500 m. Similar fields drawn from the GCM simulation are presented for comparison. Both tem-
perature anomaly fields are smooth and reflect the large-scale structure associated with the wind-driven
gyres, and the Circumpolar Current. On the other hand, the vertical velocity fields vary over a greater
range of spatial scales. This is especially the case for the field diagnosed from observations which has
considerable small-scale structure at low latitudes. While there are numerous regional differences, a gen-
eral consistency is nevertheless evident at large-scales between the model and the vertical velocity
inferred from data, particularly with respect to the upward vertical velocity over the Southern Ocean.
Also evident are the common patterns of sinking over subtropical latitudes and upwelling in subpolar
regions.

Figure 3 compares the zonally integrated vertical transport derived from data and from the GCM. This quan-
tity has units of m3s21 per degree of latitude, and is calculated as Qðhj; zÞ5R2Dkcos hj

P
i wðki; hj; zÞ, where

Figure 1. Zonal average of the long-term mean (1955–2012) spatial anomaly of potential temperature, T� , from World Ocean Atlas [2013].
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ki; hj
� �

5 iDk; jDhð Þ, with Dk and Dh the grid resolution in the zonal and meridional directions, respectively.
The fields shown in Figure 3 are in reasonably good agreement, particularly over the Southern Hemisphere,
where the vertical transport associated with the Deacon cell is dominant [e.g., D€o€os and Webb, 1994]. The
diagnosed transport and GCM results both show the influence of the Ekman vertical velocity extending
down to depths greater than 3000 m over the Southern Ocean and subpolar regions. In terms of the geo-
strophic vorticity balance, this must occur over the latitude range spanned by Drake Passage due to the
absence of continental boundaries. As the net meridional geostrophic transport above the sill in Drake Pas-
sage vanishes, the zonal integral of (3) reduces to awðzÞ dk5awe dk for z > 22000 m. In fact, due to weak
baroclinic pressure gradients, the influence of the Ekman vertical velocity extends below 2000 m depth and
well beyond the latitude range of Drake Passage. On the other hand, baroclinic gradients are important
equatorward of about 358–408S in the Southern Hemisphere and act to confine the downwelling associated
with Ekman pumping to the upper 500 m of the water column. The integrated vertical transport is generally
weaker over the Northern Hemisphere where the influence of Ekman pumping is evident over the subtropi-
cal gyre, down to about 500 m depth. The net upward transport over subpolar regions is small compared to
the Southern Hemisphere.

Also notable in Figure 3 are regions where the vertical transport diagnosed from the geostrophic vorticity
balance is at variance with the GCM results. In particular, the sinking at high latitudes evident in the GCM
results is absent. The latter is driven by convective processes associated with the formation of Antarctic Bot-
tom Water in the Southern Hemisphere and North Atlantic Deep Water (NADW) in the Northern Hemi-
sphere. Such vertical motions are not represented by the linear vorticity balance (3). In addition, there are
large diagnosed vertical transports in the deep ocean (depths> 2000–3000 m), especially at low latitudes,
that have no counterpart in the GCM results. Such motions are likely spurious; they arise from vertical inte-
gration of the noisy AGVA data used to specify the reference geostrophic velocity. The f 21 scaling

Figure 2. Potential temperature anomaly, T� (8C), and vertical velocity, w (1027 m s21), at 500 m depth diagnosed from (left) observations,
and (right) the coupled GCM.
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accentuates this noise near the equator. Lastly, near-surface equatorial upwelling is a notable feature that is
evident in the GCM results of Figure 3, but omitted from the diagnosed field.

Figure 4 presents a comparison between the zonally integrated vertical heat flux from the coupled GCM and
the field inferred from observations. This quantity has units of watts per degree of latitude, and is given by
hmðhj; zÞ5R2Dkcos hj

P
i hmðki; hj; zÞ. The total heat flux at a given depth is then HmðzÞ5

P
j Dhhmðhj; zÞ. The

results of Figure 4 indicate that the structure of the zonally integrated heat flux in the GCM is largely cap-
tured in the field derived from observations. In particular, the mean heat flux is dominated by the contribu-
tion from the Southern Hemisphere, especially the downward flux in the Southern Ocean which extends to
depths of 3000–4000 m and is associated with the upwelling of Circumpolar Deep Water. Weaker, but still
appreciable regions of downward flux extending to depths of 500–1000 m are associated with the subtropi-
cal gyres in both hemispheres. Due to the general attenuation of the temperature anomaly, T�, with depth
(Figure 1), the vertical heat flux in the Southern Hemisphere diminishes more quickly with depth than the
vertical transport (Figure 2). In addition, the downwelling component of the Deacon cell makes only a weak
contribution to the vertical heat flux, in contrast to the dominance of the upwelling component.

While the heat flux in Figure 4 is predominantly downward, regions of upward flux are also evident. In the
GCM results, this is associated with deep water formation in polar regions and with divergence of
the Ekman transport at the equator, leading to upwelling of anomalously warm water. The roughly 108-
wide band of upward heat flux centered at about 428S is associated with the formation of Sub-Antarctic
Mode Water, mainly through convective heat loss [McCartney, 1977; Cerovečki et al., 2013]. This positive flux
is captured, albeit weakly, in the diagnosed field as a result of the downward Ekman pumping of anoma-
lously cool water. The diagnosed field also includes a pronounced upward flux centered at about 3000 m
depth at low latitudes in the Northern Hemisphere (108–158N). This feature is associated with the spurious
vertical velocity seen at depth in Figure 3a and likely meaningless.

Figure 3. Zonally integrated vertical transport per degree of latitude (top) inferred from observations, and (bottom) calculated from the
coupled GCM simulation. Units are Sverdrups (106 m3 s21).
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The line plot of Figure 5 confirms that the structure of the downward heat flux diagnosed from observations
is broadly consistent with the GCM results at different depths. Reasonable quantitative agreement is evident
in the downward flux over the Southern Hemisphere. Conversely, the flux in the subtropical gyre of the
Northern Hemisphere is larger in the GCM results than in the diagnosed field. Overall, this comparison indi-
cates that the linear vorticity balance can be used to infer the most salient characteristics of the vertical
heat flux associated with the large-scale mean circulation.

The globally integrated vertical heat fluxes based on observations are compared in Figure 6 with the GCM
results. This comparison shows generally consistent behavior with a similar attenuation with depth below
about 250 m depth. Equatorial regions, which are omitted in the diagnosed field, make a large positive con-
tribution to the heat flux above this depth in the GCM results. The net downward heat flux associated with
the time-averaged vertical circulation shown in Figure 6 is in approximate agreement with previously
reported results from coarse resolution and eddy-permitting global models [Gregory, 2000; Gnanadesikan
et al., 2005; Wolfe et al., 2008; Griffies et al., 2015]. While there is a remarkably close quantitative agreement
below 250 m depth between the diagnosed flux and the GCM results, this may be somewhat fortuitous
since in the GCM results there is some cancellation between the downward flux seen at most latitudes and
the upward flux associated with deep water formation in the Southern Ocean. The latter is absent in the
diagnosed field while the downward flux is somewhat weaker than in the GCM (Figures 4 and 5). The
change in sign in the diagnosed field at about 3000 m depth is an artifact of the unphysical, positive flux
seen at depth near the equator (Figure 4a).

4.2. Sensitivity Tests
In this section, we examine the sensitivity of the diagnosed vertical heat flux to changes in the averaging period
for the Ekman vertical velocity, as well as for the hydrographic fields which control both the temperature

Figure 4. Zonally integrated vertical heat flux per degree of latitude (in PW) (top) inferred from observations, and (bottom) calculated
from the coupled GCM simulation). Blue shading represents the downward transport of heat into the ocean.
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anomaly and the meridional
velocity through the thermal
wind relation. The influence of
the data used to specify the
reference geostrophic velocity
is also considered.
4.2.1. Averaging Period
The upper panel of Figure 7
shows the variation in the
zonally integrated heat flux
at 300 m depth based on a
series of decadal averages of
the Ekman vertical velocity
derived from the NCEP rean-
alysis wind stresses. Also
included for comparison is
the heat flux based on the
long-term mean Ekman
velocity from NCEP (1955–
2012), and from the ECMWF

(1979–2012) wind stresses. Hydrographic fields from the World Ocean Atlas are held fixed to the long-term
mean (1955–2012) for each of these calculations. These results show that the vertical heat flux is relatively
insensitive to the use of much shorter averaging periods for the wind forcing. Changes are largely confined
to the Southern Ocean, where the peak downward heat flux shows some dependence on the averaging
period. The results also demonstrate that replacement of long-term mean wind stresses from the NCEP

reanalysis with those from
ECMWF leads to relatively little
change in the heat flux.

The sensitivity to variations in the
hydrographic fields used in the
thermal wind relation and to
specify T� is examined in Figure
7b. Here the Ekman vertical
velocity from NCEP is held con-
stant to its long-term mean
(1955–2012), and the hydrogra-
phy from WOA13 is set to a series
of decadal means (1955–1964,
1965–1974, etc.). The results
show that the vertical heat flux is
weakly sensitive to such varia-
tions, with changes limited
mainly to subtropical regions of
the Southern Hemisphere. Nota-
bly unaffected by variations in
the hydrography is the globally
dominant contribution to the
heat flux over the Southern
Ocean which is controlled by the
wind forcing.
4.2.2. Reference Geostrophic
Velocity
The sensitivity of the results to
the data used to specify the

Figure 5. Zonally integrated heat flux per degree of latitude at depths of 300 m (red curves),
800 m (blue curves) and 1500 m (green curves) from the coupled GCM (solid lines), and diag-
nosed from observations (dashed lines). A Gaussian smoother with an e-folding scale of 2.5
grid intervals has been applied to the GCM results.

Figure 6. Depth dependence of the globally integrated vertical heat flux from the coupled
GCM (red curve), the coupled GCM with the equatorial band omitted (solid black curve,
plotted below 50 m depth), and inferred from observations in the basic case (dashed black
curve). The dashed blue curve gives the observationally based estimate of the net heat
flux for the case described in section 4.2.2 examining sensitivity to the reference
geostrophic velocity.
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reference geostrophic velocity
is now considered. Here we use
an alternative estimate of the
geostrophic velocity obtained
by optimally combining the
AGVA and AVISO data to specify
vg at the surface. Accordingly,
v0 � vgðz050Þ in (5) is deter-
mined at each point by mini-
mizing, in a least squares sense,
the difference between obser-
vational estimates of vg at the
surface from AVISO and at
900 m depth from AGVA. A cost
function is defined as,

J5
v02vs

rs

� �2

1
v02 vd2dð Þ
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;

(7)

where vs is given by (6), vd is
the meridional component of
geostrophic velocity at 900 m
depth, d5

g
q0f Rcos h
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and rs; rdð Þ are weights. Set-
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The weights in (7) are given a lati-
tudinal dependence and are
based on the mean square value
of vs and vd2dð Þ at each latitude
for which data are available,
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s ;

1
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 !

: (9)

This is the simplest form that allows for latitudinal variation in the magnitude of currents, which are larger
in the Southern Ocean. Equation (8) is applied at each 1�31� grid point where meridional velocities from
both AGVA and AVISO data are defined. There are a limited number of points over the Southern Ocean for
which only AGVA data are available; for these, the surface reference velocity is taken as v05ðvd2dÞ.

Figure 8 presents the zonally integrated vertical transport and heat flux based on the use of (8) to specify the
reference geostrophic velocity. Aside from the change in the reference velocity, the calculation is similar to
the basic case discussed above. The results of Figure 8 may be compared with top panels of Figures 3 and 4
for the transport and heat flux, respectively. (The velocities vs and vd , along with the fitted values at the sur-
face and at 900 m depth, are included in the supporting information.) With respect to the transport, it is clear
that the change in reference velocity has substantially increased the spurious vertical motions found below
1000 m at low latitudes. In the Northern Hemisphere, this was found to be associated with regions in the
western North Atlantic and western Pacific where there is an apparent incompatibility between the
smoothed hydrography of WOA13 and the surface current derived from the AVISO. As a result, the meridio-
nal velocity is northward at all depths, rather than reversing to flow southward below 500–1000 m, as in the
basic case. The integration of (5) then leads to strong sinking through most of the water column.

In contrast to the transport, the vertical heat flux shows much less sensitivity to the change in the refer-
ence velocity, due, in part, to the near horizontal homogeneity of the abyssal temperature field (Figure 1).

Figure 7. (a) Zonally integrated vertical heat flux at 300 m depth based on the long-term
mean NCEP (thick black curve) and ECMWF (red curve) wind stresses. Thin black curves
show the variation in the heat flux based on decadal averages of the NCEP wind stresses
(i.e., averages over years 1955–1964, 1965–1974, . . ., 2005–2012). (b) Thin lines present the
variation in the vertical heat flux at 300 m depth based on a similar set of decadal
averages of WOA13 data. The thick line is based on the long-term mean WOA13 climatol-
ogy (1955–2012).
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Some changes are nevertheless evident: the spurious positive flux centered at 3000 m depth at about
108N (Figure 4, top) is almost entirely eliminated, while a weaker and equally questionable downward flux
extending through much of the water column develops over a narrow band of latitudes centered at about
208N (Figure 8, bottom). The globally integrated flux for this case, shown as the dashed blue curve in Fig-
ure 6, is virtually unchanged over the upper 1000–1500 m of the ocean. At greater depth, there is an off-
set from the basic case arising from the changes noted above in the deep fluxes in the Northern
Hemisphere. Given this sensitivity, little confidence can be placed in the observationally based estimate
below 2000 m depth.

5. Summary and Conclusions

The vertical flux of heat in the ocean involves a balance of terms associated with the mean circulation,
eddy-induced fluxes, convection and small scale turbulent dissipation. Changes in oceanic heat storage
result from small imbalances between these different processes. Generally, it is necessary to depend on
global climate models to estimate the different contributing components to the vertical heat flux.

The results presented above show that, by combining atmospheric and oceanic data sets, it is possible to
obtain an observationally based estimate of the component of the vertical heat flux associated with the
mean circulation. The method is based on the geostrophic vorticity balance which is used to diagnose the
climatological mean vertical velocity, given an estimate of the meridional component of absolute geostro-
phic velocity at a specified depth. This approach is subject to a number of limitations, most notably the
omission of equatorial regions due to the singularity at the equator. Vertical motions driven by convection
are also excluded.

Absolute geostrophic velocities from the AGVA data set [Gray and Riser, 2014] were found to be useful in
constraining the vertical velocity field over the upper 1500 m of the water column over most of the ocean,
and to greater depth over the Southern Ocean. Elsewhere the vertical velocity is poorly constrained in the
abyss, particular at low latitudes, and the field tends to be noisy and dominated by large spurious values.
This noise originates largely from vertical integration of the reference geostrophic velocity. While the rea-
son(s) for this is not known, it seems plausible that the relatively short record associated with the AGVA
data may be a factor contributing to the noisy vertical velocities in the deep ocean. On the other hand,
blending these data with longer records of absolute geostrophic velocities from altimeter data did not
improve matters, leading, in fact, to noisier results. The vertical heat flux above 1500–2000 m, however, is
relatively insensitive to such uncertainties.

Comparisons with the mean vertical heat flux calculated from an extended simulation with a non-eddy resolv-
ing, coupled general circulation model demonstrate reasonably good agreement with the heat flux estimated
from observations. Several common features are evident in the zonally integrated heat flux. In particular, the
results demonstrate that the Southern Ocean makes the dominant contribution to the heat flux associated
with mean circulation, in accordance with the results of Gregory [2000]. The largest signal, extending to over
3000 m depth, is the downward heat flux associated with the upwelling of Circumpolar Deep Water in the
Southern Ocean. On the other hand, the contribution to the vertical heat flux associated with the downwelling
branch of the Deacon cell is much weaker. Overall, the results are consistent with the emphasis placed by
Marshall and Speer [2012] on the centrality of Southern Ocean upwelling to the climate system.

The subtropical gyres in both hemispheres make appreciable contributions to the vertical heat flux over the
upper 500–1000 m of the water column. At depths shallower than 250 m, results from the GCM show that
equatorial regions, which are excluded from the flux diagnosed from observations, make an important posi-
tive (i.e., upward) contribution to the area-integrated flux.

These results demonstrate that the Ekman vertical velocity is the dominant mechanism driving the heat flux
associated with the mean circulation. As noted by Griffies et al. [2015], in the presence of a stabilizing verti-
cal temperature gradient, wind-driven vertical motions produce an anticorrelation between temperature
and vertical velocity, hence a downward flux of heat. Two exceptions to this process are evident in the
results shown above. In the GCM, divergence of the Ekman transport at the equator leads to upwelling of
water that is anomalously warm relative to the horizontal average, leading to an upward flux of heat that
makes a globally significant contribution in the upper ocean. Second, the results indicate that convergence

Journal of Geophysical Research: Oceans 10.1002/2016JC011647

CUMMINS ET AL. VERTICAL HEAT FLUX IN THE OCEAN 3800



of the Ekman transport over the formation region of Sub-Antarctic Mode Water contributes to the sinking
of this anomalously cold water mass, with an attendant upward flux of heat. The time-averaged vertical
velocity field from the GCM also reflects the sinking at high latitudes associated with convective processes.
This produces an upward heat flux that is apparent in the zonally integrated field (Figure 4, bottom). This
upward flux is, however, weak in comparison with the wind-driven downward flux.

Various advective and diffusive processes contribute to the vertical flux of heat in the ocean. This study rep-
resents a novel attempt to diagnose from global observational datasets the component of the flux associ-
ated with the mean circulation of the ocean. The resulting heat flux is quantitatively consistent with the flux
associated with the mean circulation in a coarse resolution GCM simulation (e.g., Figure 5). Discrepancies
between the two estimates can largely be explained by limitations of the method used to diagnose the flux
from observations. As the dominant heat balance below the surface mixed layer in such coarse resolution
models is between the upward flux due to parameterized eddies and the downward flux associated with
the mean circulation, the agreement with the flux inferred from observations lends greater plausibility to
the vertical heat fluxes in GCM simulations, including those associated with eddies.
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