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Abstract

The global heat budget at southern high lati-
tudes is thought to be dominated by heat and
buoyancy loss, yielding intermediate or deep wa-
ter formation. The net heat loss, however, is ill-
known, not only because of poor observational
coverage, but also because several climatologies
of air-sea heat flux over the Southern Ocean
show, imbedded in a large region of heat loss,
bands of heat gain which could potentially re-
verse the global budget. One purpose of this
work is to assess the significance of such heat
gain. First we explore which of the parameters
involved in the computation of the various com-
ponents of air-sea heat flux can cause sign rever-
sals of the net flux as one progresses poleward.
We show that regions of net heat gain, typi-
cally near 50°S, coincide with regions of strong
meridional gradients of sea surface temperature
(SST). To the north, net heat loss results from
net radiative gain offset by latent heat loss. To
the south, net heat loss results from net short
wave gain offset by net long wave loss. In be-
tween, values for evaporation and thus latent
heat abruptly drop as SST drops, leaving the net
short wave gain and the precipitation to domi-
nate. Second we discuss whether a region of heat
gain and the shallow upwelling cell with warm
water formation that it would imply is com-
patible with what we know of the hydrography
and oceanic circulation of the Southern Ocean.
First we use an elementary two-dimensional box
model of the upper Southern Ocean (zonally-
integrated), then a three-dimensional box in-
verse model of the global ocean.

I Corresponding author address: Sophie Wacongne,
Florida State University, Dept. of Oceanography, Talla-
hassee, F L 32306-4320; email: wacongneQocean.fsu.edu

1 INTRODUCTION

Using da Silva et al’s (1994) analysis of the
COADS data set, Speer et al. (2000) found
net heat and buoyancy gain near and south of
the Polar Front (surface density near 27, av-
erage latitude 50-55°S), coincident with west-
erly winds, northward Ekman transport and
Ekman pumping. They diagnosed a “diabatic
Deacon cell” with southward import and up-
welling of denser water from Upper Circum-
polar Deep Water (UCDW) levels, and trans-
formation into less dense water in the surface
Ekman-driven northward limb. Heat and buoy-
ancy loss prevails to the north (where Mode Wa-
ters are formed) and to the south (where the
southward-flowing deeper North Atlantic Deep
Water (NADW) levels are involved in a convec-
tive cell with the northward flowing Antarctic
Bottom Water (AABW)). As reviewed by Speer
et al. (2000), their shallow Deacon cell contrasts
with alternate views of a deeper cell involving
NADW (Toggweiler and Samuels, 1998; D68s
and Coward 1997; Webb and Suginohara, 2001)
or of the absence of a cell following zonal integra-
tion along density layers (D66s and Webb, 1994).
On the other hand, it is compatible with the
work of Karsten and Marshall (2002), who ob-
tain a similar cell by estimating the residual cir-
culation of the Antarctic Circumpolar Current
(ACC) from observations of the surface Ekman
transport and eddy field combined with gridded
hydrographic data. In that work, surface buoy-
ancy gain compatible with the one used by Speer
et al. is inferred from the residual circulation and
the surface buoyancy gradient. Our approach
here is more basic: we go back to observed sur-
face heat and freshwater gain estimates with the
goal of assessing their robustness and deducing
the possible depth and density range of the as-
sociated upwelling circulation.

2 HIGH LATITUDE HEAT GAIN

Over much of the ocean surface, the net air-
sea heat flux tends to reflect the imbalance be-
tween the net short wave solar flux impinging
the ocean surface and the latent heat flux leav-
ing it, sensible heat flux and, to a lesser de-
gree, net long wave flux being small. This is
illustrated on Fig.1 with all heat flux compo-
nents from NCEP 79-93 (see following section)



plotted between 70°S and 70°N using the same
contour interval. As the net short wave flux
(1c) diminishes poleward due to the sphericity
of the earth surface, the relative importance of
net long wave loss increases, and one thus ex-
pects, at the most elementary level, heat gain,
warm temperatures and warm water formation
at low latitude, heat loss, cold temperatures and
cold water formation at high latitude. Locally,
as discussed for instance by Hsiung (1986) for
the global ocean at low and middle latitudes, re-
gions of large net heating coincide with regions
of cooler surface water where evaporative loss is
reduced because cold air cannot hold as much
moisture as warm air. As a consequence, the
pattern of net oceanic heat flux tends to resem-
ble the pattern of the ocean circulation, with
warm currents loosing heat via enhanced evap-
oration and cold currents gaining heat via re-
duced evaporation. The most conspicuous re-
gion of tropical net heat gain is the eastern equa-
torial Pacific cold tongue (Fig.la-b). However,
heat gain is also apparent near 50°S above the
cold Antarctic Circumpolar Current and, to a
lesser extent, 50°N, at least in this data set. As
one progresses toward 50°S, net heat gain in ex-
cess of 25 W m~2 appears where latent loss is
reduced below 75 W m~2 in absolute value (see
the equatorward limit of the southern shading
in both la and 1b), and persists over the lati-
tude range where short wave heat gain (1c) is
still high compared to long wave loss (1d).

For a more quantitative assessment, merid-
ional sections of all the heat flux components
were extracted along 50°W (south of 30°S and
north of 30°N), 90°W (south of 30°S) and
160°W (north of 30°N), i.e. through compara-
ble bands of high latitude net heat gain in both
hemispheres. Fig.2 shows the southern sections
on the left (2a-c) and the northern sections of
the right (2b-d), with latitude consistently from
south to north. The short wave gain curves
(thick dotted lines) thus tend to be mirror im-
ages of each other on Fig.2a-b and 2c¢-d, with
values near 200 W m~2 at 30°S and 30°N de-
creasing quasi-linearly to about 50 W m~2 at
70°S and 70°N. Long wave heat loss (thin dot-
ted) is almost constant everywhere, close to -50
W m~2, so that the net radiative heat flux (short
plus long wave, not shown) would be like short
wave but translated down 50 W m~2, remain-
ing positive over the range of latitudes shown.
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Figure 1: Net heat flux and its components be-
tween 70°S and 70°N from the NCEP 79-93 cli-
matology. Contour interval is 25 W m~2 for all
plots. Positive contours are solid, negative dot-
ted. Shading indicates values greater than 25
W m~2 for net heat (1a), values less negative
than -75 W m~2 for latent heat (1b), and values
greater than 200 W m 2 for short wave (1c).



Within latitudes of net heat gain (thick solid,
near 50-55 °S), sensible heat flux (thin dashed)
is negligible compared to the other components.
Equatorward of about 50°S and 50°N, latent
heat flux (thick dashed) has a meridional gradi-
ent that controls that of net heat flux, while at
higher latitudes all components can contribute
equally.

The two upper panels (Fig.2a-b), represent-
ing the 50°W section in the western south and
north Atlantic, show sharp meridional gradients
of latent and net heat flux. These gradients are
related to the ocean circulation in that the 50°W
section lies close to the western coast where pole-
ward subtropical warm western boundary cur-
rents collide with their equatorward subpolar
cold counterparts (Brazil/Falkland and Gulf
Stream/Labrador current systems). They are
moreover influenced by the atmospheric circu-
lation as evaporation is enhanced by dry conti-
nental westerlies blowing over warm waters (sen-
sible heat loss is also enhanced and thus con-
tributes to the net heat loss there). In contrast,
the two bottom panels (Fig.2c-d) represent sec-
tions spanning qualitatively similar patterns of
net heat gain in the southeastern and northeast-
ern Pacific (Fig.1a). Both show quantitatively
similar (relatively weak) meridional gradients of
latent heat flux and quantitatively similar (mod-
erate) values of net heat gain at comparable lat-
itudes. These patterns are only minimally influ-
enced by the oceanic circulation (weak at such
locations), or by the atmospheric circulation (al-
ready saturated westerlies encountering no sub-
stantial zonal surface temperature gradient).

Turning back to Fig.1a, it is worth empha-
sizing that continental influence is minimal over
most of the Southern Ocean. Exceptions oc-
cur off the southeast coast of South America
as discussed above and around Antarctica (not
shown). On a global scale, the North Atlantic,
with its very limited region of high latitude heat
gain centered on the Grand Banks, is the excep-
tion. Only there does the region of high evap-
oration extend far poleward along the path of
the relatively warm North Atlantic Drift Current
(see Warren 1983 for consequences on North At-
lantic and Pacific oceans salt budget and deep
water formation). This is shown on Fig.1b by
the equatorward edge of the shading (-75 W m~2
contour). Far enough to the north, latent heat
is eventually reduced, but so is short wave gain,
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Figure 2: Meridional sections of mean net heat
flux and its components from NCEP 79-93 along
sections of Fig.l. Net is thick solid, short
wave dotted, long wave thin dotted, latent thick
dashed and sensible thin dashed, all in W m—2.
Left panels (a-c) concern the southern hemi-
sphere, right panels the northern hemisphere.
Upper panels (a-b) concern the western Atlantic,
lower panels (¢-d) the eastern Pacific.



so that the net remains negative. Elsewhere,
latent heat reaches -75 W m~2 near 45°S and
45°N, where net radiative gain still reaches 100
W m~2, hence a net heat gain. While illustrat-
ing that a high latitude band of heat gain may
be the rule rather than an anomaly, this discus-
sion also illustrates how sensitive the budget is
to the meridional distribution of net short wave
and latent heat fluxes and to their exact value.
Given typical 20 W m~2 error bars on various
surface heat fluxes climatologies, it is likely that
where one climatology shows net heat gain, an-
other one may only show a local minimum in net
heat loss.

A study of the monthly evolution of the
net heat flux and its components at 40°E/30-
70°S (not shown) confirms the essential role
of latent heat. The net heat flux displays a
strong seasonal variation, driven by that of the
net short wave heat flux while, at least north
of 65°S, the seasonal variation of all the other
terms, including that of latent heat, is negligi-
ble by comparison. North of about 40°S, latent
heat reaches values negative enough to strongly
temper (during austral summer) or completely
overcome (during the rest of the year) the net
short wave gain, hence the negative net annual
mean of Fig.la. South of 40°S, latent heat has
dropped to absolute values small enough that a
positive annual mean can prevail between about
40 and 60°S. A line of almost year-round heat
gain near 42°S coincides with the locus of the
strongest meridional gradients in latent heat and
SST, and that of the 12°C isotherm (not shown).
During austral summer (November to January),
the net heat flux near 50°S reaches values larger
than 100 W m~2, well above the observational
uncertainty. Of relevance for water mass forma-
tion, however, is the value of the net climatologi-
cal mean, which will be influenced by differences
in the strength of the seasonal cycle between dif-
ferent climatologies.

A more detailed exploration of the rela-
tionship between meridional gradients of SST
and latent heat flux (IHF ) is now warranted
since [HF is only an indirect function of SST.
It depends on the difference in specific humid-
ity (¢go — ¢s) between the air at 10 m and the
air at the sea surface, assumed to be saturated,
on the (10 m) wind speed V, on the air density
Pa, on the latent heat of evaporation L and on a
transfer coefficient C, (function of the stability
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Figure 3: Meridional profiles of zonally-averaged
latent heat flux (upper, from NCEP 79-93),
zonal wind stress (middle, from NCEP 79-93)
and SST (bottom, from SAC, see next section).



of the atmospheric surface layer), according to
the bulk formula:

IHF = LE = LCep,V(ga — s)

with E the rate of evaporation. In practice, L,
C. and p, display much less spatial variability
than V or (g, — ¢s) on long time scales, and
SST and its meridional gradient influence [HF
mostly via V and (g, — gs)-

A strong meridional gradient of SST implies
a strong air temperature gradient, a strong zonal
wind stress, and thus a tendency for linear en-
hancement of [HF as one progresses poleward
into regions of stronger wind. However, as the
air at the sea surface becomes colder and colder,
it can hold less and less humidity: ¢, is pro-
portional to the saturation vapor pressure which
decreases exponentially with temperature. The
difference |g, — ¢s| then drops (even though the
specific humidity at 10 m g, is likely to decrease
t00), hence a tendency for the rate of evapora-
tion and thus |[H F| to drop. Meridional profiles
of zonally-averaged latent heat flux, zonal wind
stress and SST (Fig.3) illustrate that the damp-
ing effect of reduced |g, —¢s| due to reduced SST
wins over the enhancing effect of stronger wind.

3 INTERCOMPARISON OF CLIMA-
TOLOGIES

For the purpose of intercomparing surface fluxes,
we used several products:
- UWM/COADS (da Silva et al., 1994), over
1945-1989 (hereafter COADS)
- NCEP/NCAR, over 1948-2001 (hereafter
NCEP 48-01)
- a subset of NCEP/NCAR over 1979-1993
(hereafter NCEP 79-93)
- a subset of ERA15/ECMWF over 1979-1993
(hereafter ECMWF 79-93)2
- SOC/COADS (Josey et al., 2002), over 1980-
1993—-we show below the adjusted October 2002
release— (hereafter SOC)
We also used the 3-D oceanic climatology from
SAC/Hamburg (Gouretski and Jancke, 1998;
hereafter SAC).

As revealed from horizontal maps of the var-
ious mean climatologies (not shown), all show

2both 79-93 climatologies courtesy of Laboratoire des
Ecoulements Géophysiques et Industriels, Institut de
Mécanique de Grenoble, France
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Figure 4: Meridional profiles of zonally-averaged
net heat flux and its components from various
climatologies



qualitatively similar regions of net heat gain near
50°S, all linked to the sudden drop in evapora-
tion rate accompanying the sudden drop in SST
as one progresses poleward. And as revealed
from annual mean meridional profiles of all com-
ponents along 90°W, 50°W and 40°E from all
the climatologies (not shown), similar balances
between the various heat flux components hold
in similar latitudinal ranges. As expected, how-
ever, there are substantial quantitative differ-
ences, as illustrated by the meridional profiles of
the zonally-averaged net heat flux and its com-
ponents (Fig.4). In particular, only in ECMWF
and NCEP is the mean net heat flux at 50°S
larger than 20 W m~2. It is closer to 10 W m—2
in COADS and, while it was similar to ECMWF
in SOC’s earlier release (not shown), it has be-
come only marginally positive in the latest one
plotted here. The mean net heat flux at 50°S
is larger in ECMWF and NCEP not because of
smaller losses but because of a larger short wave
gain. NCEP actually has a larger long wave loss
than other products in this latitude range, and
ECMWTF tends to have a larger latent heat loss.

While this confirms the sensitivity of the
heat budget over the Southern Ocean, and the
need for better fluxes, what precedes still leads
us to believe that localized heat gain is likely.
Another way to confirm or infirm the occurence
of mean net heat gain is to investigate its com-
patibility with the ocean circulation. Given the
uncertainties in the values of the atmospheric
fluxes, we first consider a very elementary ocean
box model.

4 TWO-DIMENSIONAL OCEAN
BOX MODEL

Just as one may link mean surface buoyancy loss
to the strength and vertical extent of a mean
meridional overturning cell, we will link mean
surface buoyancy gain to the strength and verti-
cal extent of a basic mean meridional upwelling
circulation, to see whether the existence of such
a circulation is compatible with what we know
of the Southern Ocean. The approach is in the
spirit of Warren (1983). Warren (1983) consid-
ers a box model of the upper North Pacific, im-
poses known values of the evaporation rate, sub-
surface salinity and horizontal transports, and
deduces the surface salinity. We consider a box
model for a wedge of the upper Southern Ocean,
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Figure 5: Zonally-averaged meridional section of
T (upper) and S (lower) from SAC, along with
rescaled profiles of the air-sea fluxes.

impose known values of the surface temperature
and salinity, of the atmospheric fluxes and of the
surface transport, and deduce subsurface tem-
perature and salinity values, and hence vertical
scales of the circulation.

Fig.5 shows a zonally-averaged meridional
section of the oceanic temperature and salinity
fields (using the SAC climatology), over which
(rescaled) zonally-averaged meridional profiles
of net heat flux, freshwater flux and zonal wind
stress are plotted. At high latitudes, one ex-
pects bottom water formation within a deep
overturning cell. North of about 65°S, isopy-
cnals slope downward to the north, support-
ing geostrophic balance of the zonal ACC, and
zonal wind stress and hence meridional Ekman
transport are positive until close to 30°S. North
of about 45°S, net heat, freshwater and hence
buoyancy fluxes are negative, zonal wind stress
decreases equatorward yielding Ekman pumping
(wg = Vg /0y < 0), so oceanic fluxes support
the concept of cold water formation and sink-
ing along the downward sloping isolines. Be-
tween about 65°S and 45°S, net heat, freshwa-
ter and hence buoyancy fluxes are positive, and
between about 65°S and 50°S (poleward of the
westerly wind stress maximum), there is Ekman



upwelling. We are therefore going to assume
an upwelling circulation in that region, discon-
nected from the deep overturning cell below and
to the south. Within that upwelling region, rel-
atively cold subsurface water flows southward
and upward along the isopycnal surfaces and wa-
ter lighter than, say, v = 28 (the limit between
UCDW and NADW) is transformed into warmer
surface water carried northward by the Ekman
transport, as represented schematically on Fig.6.

In such a two-layer model, and provided lat-
eral diffusion is ignored, meridional heat trans-
port equals net surface heat gain according to
the equation:

y
HT(y) = //65S netHF (z,y') dy' dz

Zonal integrations are circumpolar, HT (65°S) is
taken to be zero because Vg (65°S) = 0. Further-
more:

HT(y) = pcp [Vi(9)6:1(y) + Va(y)b2(y)]

with (V1,V2) and (6;,62) the upper and lower
layer volume transports and potential temper-
atures respectively. We are assuming over the
extent of the box model a constant value of the
product pc, of the water density by its specific
heat. Taking the upper layer meridional vol-
ume transport V7 equal to the zonally-integrated
meridional Ekman transport Vg (y) and impos-
ing no net transport through the northern sec-
tion of the box (Vo = —V;), which amounts to
neglecting the heat flux arising from the tem-
perature difference between surface water and
precipitation, one gets:

HT(y) = pc, A8 Vis(y) = pe, AB / W

Af is the temperature difference (6 — 63) be-
tween upper and lower layer. From these two
equations, A# can be calculated as a function of
y as:

1 y
Ab(y) = // netHF dy' dx
PeoVE J Jess

and 6, as:

02(y) = Ab(y) — 61(y)

taking for 0y (y) the value of the zonally-averaged
climatological surface temperature.

dx.

Figure 6: Schematic representation of our
Southern Ocean wedge two-layer box model.
Notations for the heat-driven circulation on the
left, notations for the salt-driven circulation on
the right. 7% refers to the zonal wind stress.

Likewise, defining the net surface fresh wa-
ter gain as:

FwrG) = [ / :S(P ~ B)(ay) dy de

with P the precipitation and E the evaporation
rates, the freshwater and salt budgets yield the
two equations:

Va(y) = —Vi(y) — FWF(y)

Vi(y)S1(y) + Va(y)Sa(y) = 0.

Taking again for V7 the zonally-integrated
Ve(y), and for S; the zonally-averaged clima-
tological surface salinity, we can solve for the
subsurface salinity:

_ Ve(y)Si(y)
W= v+ FWEG)

Having determined 6 (y) and S>(y), we can
then scan the zonally-averaged climatological
sections of # and S to see whether such values
are encountered at all and, if so, determine their
depth. Assuming our estimates of 62(y) and
S5 (y) provide depths compatible with each other




and with the climatological profiles, we thus ob-
tain a rough estimate of the depth scale of our
hypothetical upwelling cell. The procedure is
crude. Differences in air-sea fluxes imply differ-
ences in the estimates of Af and S5, in addition
the choice of the climatological surface values
and vertical T and S profiles influences the es-
timates of 05, So and their depth. Moreover the
estimate of the depth from the heat budget is
made more delicate by the fact that the stratifi-
cation is weak (so that a small difference in A6
may yield a large difference in the depth of 65),
and often capped by a temperature inversion.

Fig.7 shows the results obtained from both
the heat budget and the salt budget of our sim-
ple two-layer model. South of 45°S, the results
are actually more compatible than one might
have expected, considering all the uncertainties
involved and our oversimplication of the oceanic
circulation. At 50°S, most estimates place the
subsurface layer between 600 and 1500m, i.e.
according to Fig.5, above v = 28 and hence
above NADW.

5 THREE-DIMENSIONAL
INVERSE MODEL

Finally we consider the Southern Ocean box
of an inverse model of the global ocean, built
following Lumpkin and Speer’s (2003) inverse
model of the North Atlantic. The Southern
Ocean box is bounded by the 32°S WOCE sec-
tions in the Atlantic, Pacific and Indian, and in-
cludes a circumpolar section (WOCE S4). Isopy-
cnal and diapycnal transports are inferred from
property budgets within isopycnal oceanic lay-
ers and air-sea fluxes binned as a function of
density (rather than geographically as above).
We consider the air-sea fluxes after inversion
for two cases in which either 1) observed or 2)
no air-sea fluxes were imposed a priori. Ob-
served air-sea forcing is calculated from NCEP
and COADS, using the mean from these two
products as the prior forcing, and their differ-
ence as the magnitude of adjustments. The
model also adjusts reference velocities and di-
apycnal mixing at layer interfaces. Mass, heat
and salt are conserved in layers. Across S4, the
interface y=28.31 is chosen as the prior ther-
mal wind reference level for the entire section,
and the net volume and salt transports are con-
strained to 0 £ 1x10% m® s~! and 0 + 35 psu x

Depth of upwelling flow

=500
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Figure 7: Meridional profiles of the depths as-
sociated with either the lower layer tempera-
ture of the elementary two-layer ocean model or
its salinity, using various climatologies of air-sea
fluxes and the SAC climatology for surface val-
ues and vertical profiles. Solid lines are depth
profiles obtained from the heat budget, dashed
lines are from the salt budget. Thin lines are
from NCEP 48-01, thin lines with circles from
ECMWEF, thick lines from NCEP 79-93.



x10% m3 s7! respectively.

The inverse box model produces after inver-
sion a region of heat and freshwater gain whether
or not such gains were imposed a priori. Error
bars are naturally larger in the case of the in-
version without a priori air-sea fluxes, and in-
deed too large for the freshwater flux to be sig-
nificantly positive. But the heat flux is always
at least marginally positive near y=27, the den-
sity surfacing near 50°S. This confirms that heat
gain near 50°S is needed for compatibility with
the observed hydrography and its associated cir-
culation.

6 CONCLUSION

Our work suggests that heat gain, as present in
several climatological products, and warm water
formation are likely to occur near 50°S

- because this latitude band is characterized by
relatively high values of radiative heat flux co-
existing with a strong meridional SST gradient
that causes reduced evaporation and latent heat
loss,

- and because it appears to be consistent with
the Southern Ocean hydrography and associated
circulation, whether one considers a very ele-
mentary 2-D ocean box model or a more sophis-
ticated 3-D inverse box model.

Another conclusion of this work is that, at first
order, Southern Ocean upwelling may draw sub-
surface water from UCDW levels but probably
very little from NADW levels.
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