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ABSTRACT

The authors have intercompared the following six surface buoyancy flux estimates, averaged over the years
2005-07: two reanalyses [the recent ECMWF reanalysis (ERA-Interim; hereafter ERA), and the National
Centers for Environmental Prediction (NCEP)-NCAR reanalysis 1 (hereafter NCEP1)], two recent flux
products developed as an improvement of NCEP1 [the flux product by Large and Yeager and the Southern
Ocean State Estimate (SOSE)], and two ad hoc air-sea flux estimates that are obtained by combining the
NCEP1 or ERA net radiative fluxes with turbulent flux estimates using the Coupled Ocean—Atmosphere
Response Experiment (COARE) 3.0 bulk formulas with NCEP1 or ERA input variables.

The accuracy of SOSE adjustments of NCEP1 atmospheric fields (which SOSE uses as an initial guess and
a constraint) was assessed by verification that SOSE reduces the biases in the NCEP1 fluxes as diagnosed by
the Working Group on Air-Sea Fluxes (Taylor), suggesting that oceanic observations may be a valuable
constraint to improve atmospheric variables.

Compared with NCEP1, both SOSE and Large and Yeager increase the net ocean heat loss in high lati-
tudes, decrease ocean heat loss in the subtropical Indian Ocean, decrease net evaporation in the subtropics,
and decrease net precipitation in polar latitudes. The large-scale pattern of SOSE and Large and Yeager
turbulent heat flux adjustment is similar, but the magnitude of SOSE adjustments is significantly larger. Their
radiative heat flux adjustments patterns differ. Turbulent heat fluxes determined by combining COARE bulk
formulas with NCEP1 or ERA should not be combined with unmodified NCEP1 or ERA radiative fluxes as
the net ocean heat gain poleward of 25°S becomes unrealistically large. The other surface flux products (i.e.,
NCEPI1, ERA, Large and Yeager, and SOSE) balance more closely.

Overall, the statistical estimates of the differences between the various air-sea heat flux products tend to be
largest in regions with strong ocean mesoscale activity such as the Antarctic Circumpolar Current and the

western boundary currents.

1. Introduction and outline

The Southern Ocean (SO) plays a fundamental role in
setting the global climate, making detailed understanding
of air—sea buoyancy fluxes in the region indispensable for
climate modeling and prediction. However, the sparse-
ness of both conventional and remotely sensed obser-
vations causes the availability and accuracy of air-sea
buoyancy flux estimates to be especially poor in this
region (Josey et al. 1999; Taylor 2000; Kubota et al. 2003;
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Dong et al. 2007; Gulev et al. 2007; M. Bourassa et al. 2011,
personal communication). This situation decreases the
quality of meteorological state variables estimated by
numerical weather prediction (NWP) models and de-
grades the accuracy of bulk formulas, which are difficult
to test and tune in a data-sparse region with such extreme
conditions, high spatial variability, and large seasonal cycle.

Accurate estimates of ocean surface flux components
with high spatial and temporal resolution are necessary
not only for analysis of high-frequency events, but also
for modeling and analysis of longer time scales, including
climate processes. This is especially true for the high
southern latitudes, where the temporal covariances be-
tween the fundamental atmospheric and oceanic vari-
ables are strong (Simmonds and Dix 1989; Gulev 1997)
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and nonlinearity in the equation of state is important
(Moore and Renfrew 2002). Unfortunately, the presently
available surface flux estimates do not provide the needed
accuracy and resolution in any region (for details and
review see, e.g., Taylor 2000; Curry et al. 2004; Roske
2006; Large and Yeager 2009, hereafter referred to as
LY09). This long-standing problem motivated the for-
mation of a Joint Scientific Committee/Scientific Com-
mittee for Oceanic Research (JSC/SCOR Working Group
on Air-Sea Fluxes (WGASF) in 1997, whose task was to
catalog the available surface flux datasets, evaluate the
strengths and weaknesses of the existing flux products,
and give an overview of the problem of estimating fluxes
(Gulev 2003). The final report (Taylor 2000, hereafter
WGASF) concluded that, at the time of the report, “all
existing flux estimates have deficiencies.” Since the time
of the WGASEF report, a number of new contemporary
global reanalyses have been developed as follows: the
Japanese 25-yr Reanalysis Project (JRA-25), 1979-
present; the European Centre for Medium-Range
Weather Forecasts’ (ECMWF) “interim” Reanalysis
(ERA-Interim), 1989—present; the National Aeronau-
tics and Space Administration (NASA) Modern Era
Retrospective-Analysis for Research and Applications
(MERRA), 1979—present; and the new National Centers
for Environmental Prediction (NCEP) Climate Forecast
System Reanalysis (CFSR), 1979-present. Even more are
on the horizon, including JRA-55 and ERA-75.

We here make use of the ERA-Interim (hereafter
ERA) (Simmons et al. 2006), the NCEP-National Center
for Atmospheric Research (NCAR) reanalysis 1 (here-
after NCEP1) (Kalnay et al. 1996), the recent L'Y09 heat
flux product, and a new air—sea buoyancy flux estimate
diagnosed from the Southern Ocean State Estimate
(SOSE) by Mazloff et al. (2010). The goal of this paper is
to present the SOSE air—sea buoyancy flux estimate and
to compare it with five other air-sea buoyancy flux prod-
ucts in the ice-free regions of the Southern Ocean for the
years 2005-07, the 3 yr for which SOSE is available. Ours
is the first such comparison. The SOSE air-sea buoyancy
flux fields are of particular interest for oceanographers
(for e.g., water mass analysis) because (i) unlike fluxes
from NWP models SOSE air-sea flux estimates are dy-
namically consistent with ocean state variables in the
sense that the latter result from a dynamical model
driven by the former, and (ii) SOSE provides the entire
ocean state at all points of a high-resolution grid ('/6°
horizontal resolution, with 42 vertical levels).

SOSE uses different methodology than the various
procedures used to construct the five other products
compared here, a methodology that was introduced by
the Estimating the Circulation and Climate of the Ocean
(ECCO) consortium (Stammer et al. 2002). In particular,
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Stammer et al. (2004) estimated the time variable global
air-sea heat and freshwater flux using a noneddy-resolving
(1° horizontal resolution) data-assimilating ocean cir-
culation model that adjusted the air—sea fluxes of buoy-
ancy and momentum together with the initial temperature
and salinity conditions to bring the ocean model fields
into agreement with ocean observations. SOSE goes
beyond this procedure in two significant ways: (i) SOSE
adjusts the atmospheric state (air temperature, specific
humidity, zonal and meridional wind, precipitation, and
shortwave downward radiation) and derives the air-sea
fluxes from the bulk formulas of Large and Pond (1981)
whereas the ocean state estimate of Stammer et al.
(2004) solves strictly for the surface fluxes and not the
atmospheric state, and (ii) SOSE uses eddy-permitting
resolution.

With respect to (i), LY09 emphasize that the physical
relationships between sea surface ocean and atmo-
spheric fields and air-sea fluxes that are embodied in the
bulk formulas variables can be violated if the fluxes
themselves are adjusted as in Stammer et al. (2004). This
does not occur if the basic meteorological variables are
adjusted and the bulk formulas are then used to compute
the fluxes. With respect to (ii), resolving oceanic meso-
scale features is of fundamental importance for accurate
modeling of ocean circulation in general and air-sea
interaction in particular. Recent satellite observations
have shown intense air—sea coupling at the ocean me-
soscale (Chelton et al. 2004; O’Neill et al. 2005). There is
increasing evidence that mesoscale dynamical ocean
processes influence the atmospheric state and should be
taken into account in models such as storm prediction
models (Vianna et al. 2010). Another advantage of SOSE
fluxes is the optimization period, as the years 2005-07
were a time of greatly increased observational coverage
due to the Argo program, which began introducing
floats to the Southern Ocean in late 2003.

Since SOSE uses meteorological fields from NCEP1
as the initial guess of the atmospheric state and is also
constrained within prescribed limits to the NCEP1 fields,
we compare SOSE and NCEP1 air-sea fluxes to deter-
mine if SOSE modifications of NCEP1 fields reduce the
known and well-documented biases of NCEP1 (Taylor
2000; Hines et al. 2000; Smith et al. 2001; Renfrew et al.
2002; Moore and Renfrew 2002; etc.). At the same time,
however, as noted above, we recognize that NCEP1 has
been followed by a number of improved global rean-
alyses. We therefore compare the SOSE fluxes with the
more recent ERA (Simmons et al. 2006) and with the
LYO09 flux product, which is based on satellite observa-
tions and NCEP1 fields. Finally, we consider two prod-
ucts that represent an ad hoc approach taken by a number
of investigators: apply state-of-the-art bulk algorithms
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to NWP fields to obtain the turbulent (latent plus sen-
sible) heat flux, which is subsequently combined with the
unmodified net radiation from NWP fields to obtain an
estimate of the air-sea buoyancy flux.

Through intercomparison of these six products, we
not only attempt to assess the accuracy of SOSE fluxes,
but we also attempt to gauge some of the deficiencies of
various flux products and gain better insight into their
relative uncertainty in different subregions. The accuracy
of any flux product can only be determined by the com-
parison with the observations; however, such observations,
particularly those sufficiently complete to characterize
the climatology of 2005-07, the years studied in this pa-
per, are presently lacking in the SO region.

We are particularly interested in the suitability of SOSE
air-sea buoyancy fluxes as inputs in a calculation of Sub-
antarctic Mode Water (SAMW) formation using the
Walin (1982) formalism, which requires air-sea buoyancy
fluxes at surface isopycnal outcrops as input (I. Cerovecki
et al. 2011, unpublished mansuscript). The restriction to
the ice-free regions follows LY09’s new analysis; since
SAMW forms in the ice-free regions, we can afford to
focus our comparison on this region, avoiding for now
the very different issues that arise in the treatment of sea
ice in the various flux products. The version of SOSE
that produced the flux estimates analyzed here uses a
sophisticated sea ice model [the elastic-viscous—plastic
solver of Hunke and Dukowicz (1997) and Hunke (2001),
with imposed ice—ocean flux as in Hibler and Bryan
(1987); the model is described by Campine et al. (2008)
and Losch et al. (2009)]. Reproducing the ice cover is
very important in determining latent and sensible heat
fluxes (Simmonds and Budd 1991) as well as in deter-
mining upper-ocean stratification (Iudicone et al. 2008)
and water-mass formation. SOSE reproduces the sea ice
concentration quite accurately (Fig. 4 and section 4,
both of Mazloff et al. 2010).

An outline of the paper is as follows. In section 2 we
introduce the following six net air-sea flux estimates to
be compared (they are all averaged over years 2005-07):
NCEP1 and ERA, two flux products that use NCEP1
and ERA variables as input in state-of-the-art bulk flux
algorithms to obtain turbulent heat flux which is com-
bined with net radiative flux from NCEP1 and ERA to
obtain the net heat flux, and finally the recently obtained
SOSE and LY09 flux products. In section 3 we introduce
the formulas relating buoyancy, heat, and freshwater
fluxes that we use for the comparisons. The six corre-
sponding net air—sea heat flux estimates are compared in
section 4; the six corresponding freshwater and total
buoyancy flux estimates are shown and discussed in sec-
tion 5. Zonal averages of air-sea heat, freshwater, and
buoyancy fluxes are compared in section 6. The main
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results are discussed and summarized in section 7. While
the detailed comparison of SOSE and LY09 individual
heat flux components with each other and with the
NCEP1 biases from the WGASF is given in section 4,
the companion comparison of NCEP1 and ERA, which
provides an estimate of the uncertainties associated with
air-sea heat flux products, is given in the appendix.

2. The air-sea flux products

Properties of the six datasets with which we work are
given in Table 1. A list of all variables used to construct
the six flux estimates analyzed in this work is given in
Table 2.

a. Two NWP reanalysis air-sea flux products:
ERA and NCEPI

NWP models are data-assimilating systems whose goal
is operational forecasting, but they are also used to gen-
erate reanalyses in which the same “‘frozen’ data as-
similation system is used over the entire reanalysis time
period. The quality of the air-sea flux estimates pro-
vided by reanalysis depends strongly on which numeri-
cal model and model parameterizations are used and
on the quality and quantity of assimilated observations
(Gulev et al. 2007). It is preferable to work with the
reanalysis rather than with an operational NWP model
because changes that are made to the data assimilation
system in an operational NWP model (e.g., changes in
GCM parameterizations) may introduce significant time
discontinuities in the solution that are much greater than
those typically found in the reanalysis. Siefridt et al.
(1999) show that such discontinuities are particularly
evident in precipitation and air-sea fluxes. A further
advantage of a reanalysis is that it makes use of a sig-
nificant amount of data that were not available for the
initial real-time prediction (Kistler et al. 2001).

Both in reanalysis and operational forecasting, an at-
mospheric data assimilation system combines information
coming from a weather forecast model and the available
observations to diagnose the atmospheric state. NWP
data assimilation is performed sequentially; as a new set
of observations becomes available every 6 or 12 h, ad-
justments are made to the short-range forecasts to bring
the model solution into consistency with observations
over the assimilation window, thus providing a new anal-
ysis of the atmospheric state. The new analysis is then
used as an initial state, which is propagated in time by
a weather forecast model, providing a new short-range
forecast. This forecast then becomes the background
estimate for the new assimilation cycle. The assimilation
window can be of short temporal duration, which is
technically convenient, or cover longer periods, in which
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TABLE 1. The main characteristics of the six air—sea heat flux datasets considered in this work.

Group Air-sea flux dataset Sampling of data Horizontal resolution
NWP analyses NCEP1 (Kalnay et al. 1996) 4 times daily 192 X 94 points in lat/lon (approx. 2°),
global Gaussian grid with variable resolution
ERA 4 times daily 0.703° X 0.702° (global Gaussian grid
with 512 X 256 points in lat/lon)
NWP radiation and COARE 3.0 NCEP1+COARE 3.0 4 times daily 192 X 94 points in lat/lon (approx. 2°),
turbulent flux algorithm global Gaussian grid with variable resolution
(Fairall et al. 2003) using ERA+COARE 3.0 4 times daily 0.703° X 0.702° (global Gaussian grid with

NWP inputs
Hybrid analyses SOSE (Mazloff et al. 2010)

LYO09

512 X 256 points in lat/lon)
6> x 6°
1°x1°

5-day averages
Daily averages

case the reproduced state will have fewer discontinuities
in time and therefore be more physically realistic. In all
cases, however, the sequential adjustments introduce
jumps in the model fields, so the resulting atmospheric
analysis does not evolve in complete accordance with
model equations. (SOSE, described below in section 3, is
nonsequential in that there is only one assimilation
window covering the entire period of simulation and
thus avoiding dynamical discontinuities.)

We analyze air-sea flux products from the ERA and
NCEPI; as noted above, the latter is needed to estimate
and discuss SOSE adjustments to the NCEP1 derived
initial guess fields. Neither NCEP1 nor ERA has an
ocean model as part of their system. Instead, they pre-
scribe the sea surface temperature as a boundary con-
dition. NCEP1 uses the Reynolds reanalysis sea surface
temperature (Reynolds and Smith 1994, 1995) and ERA
uses National Oceanic and Atmospheric Administration

TABLE 2. The list of input variables considered in this work.

Air-sea flux dataset

Atmospheric state

Group and its source Sampling of data variables used in this work
NWP NCEP1, NOAA/Oceanic and 6-h average Sensible heat flux, latent heat flux,
analyses Atmospheric Research (OAR)/Earth Systems downward shortwave and longwave
Research Laboratory (ESRL) Physical radiation, net shortwave and longwave
Sciences Division (PSD), Boulder, Colorado radiation, precipitation, evaporation
(available at http://www.cdc.noaa.gov/) Instantaneous Air temperature, air pressure, relative
values every 6 h humidity, zonal and meridional
components of wind velocity, sea
surface temperature
ERA from the Research Data Archive (RDA) 6-h forecast at 0000
at the National Center for Atmospheric and 1200 UTC and
Research (NCAR), dataset number ds627.0 12-h forecast at 0000
and 1200 UTC
Instantaneous values Air temperature, air pressure, dewpoint
temperature, zonal and meridional
component of wind velocity, sea
surface temperature
6- and 12-h averages Surface sensible heat flux, surface latent
heat flux, evaporation, surface solar
radiation downward, surface thermal
radiation downward, net surface solar
radiation, net surface thermal radiation
Hybrid SOSE (available at http://sose.ucsd.edu/DATA/  5-day averages Sensible heat flux, latent heat flux, net
analyses SOSE/sose_stateestimation_data.html) shortwave and longwave radiation,

LYO09 from the Research Data Archive (RDA)
at NCAR, dataset number ds260.2

Daily averages

freshwater flux, sea surface temperature,
sea surface salinity

Evaporation, precipitation, runoff, latent
heat flux, sensible heat flux, downward
and upward longwave radiation, net
shortwave radiation
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(NOAA) real-time global (RTG) sea surface tempera-
ture analyses (Thiebaux et al. 2003).

b. Two air-sea flux products incorporating the
COARE 3.0 algorithm

These were constructed using ERA and NCEP1 me-
teorological and oceanic surface variables as input into
the state-of-the-art Coupled Ocean—Atmosphere Re-
sponse Experiment (COARE) 3.0 algorithm (Fairall
et al. 2003) to estimate the sensible and latent heat fluxes.
They were then combined with the corresponding un-
modified net radiation products provided by the ERA
and NCEP1 to obtain the net air-sea heat flux esti-
mates, to which we hereafter refer as “ERA+C” and
“NCEP1+C”. We make use of the COARE 3.0 bulk
flux algorithm because it produces the smallest biases in
estimated latent and sensible heat fluxes when compared
to direct turbulent flux measurements (Brunke et al.
2002, 2003). Although the COARE 3.0 bulk flux algo-
rithm has been modified to remain valid for higher wind
speeds and valid globally rather than being hardwired to
the tropical values for which it was originally developed,
one needs to keep in mind that the COARE 3.0 bulk flux
algorithm was not originally developed for high latitudes
and it has not been tested for wind speeds higher than
10 m s~ ! (Fairall et al. 2003). Therefore, the COARE 3.0
bulk flux algorithm might still have large uncertainties in
regions of high wind speeds, such as the Southern Ocean.
Additional motivation for constructing ERA+C and
NCEP1+C flux estimates was provided by the results of
Renfrew et al. (2002) and Moore and Renfrew (2002),
who, analyzing the Labrador Sea and western boundary
current regions, recommended using NCEP surface me-
teorological fields as input into a more appropriate bulk
algorithm rather than using the turbulent heat flux esti-
mates from the NCEP NWP model. We shall see, how-
ever, that introduction of the more accurate bulk flux
algorithm to improve two of the four components of the
net air-sea flux may result in an apparently less accurate
net heat flux product, at least for the Southern Ocean.

c¢. Two recent air-sea flux products: LY09 and SOSE

These were developed as an improvement to NCEP
flux estimates, each using a very different methodology.
LYO09is a global estimate of air—sea heat and freshwater
flux. The input data for the near surface vector wind,
atmospheric temperature, specific humidity, and air
density are based on NCEP1. The input data for radia-
tion, sea surface temperature, sea ice concentration, and
precipitation come from a variety of satellite-based prod-
ucts. The approach of LY(9 was to use accurate historical
observations to either reduce the known global biases of
input variables provided by NCEP1 or to adjust surface
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radiation estimates of the International Satellite Cloud
Climatology Project flux data (Zhang et al. 2004). LY09
ensured a balanced global freshwater and heat flux bud-
get, in which the globally integrated net fluxes are close
to zero. Unlike SOSE, the radiation and precipitation
from NCEP1 were not utilized by LY09 in any way.
SOSE, like the NWP systems, is a data assimilation
system, but SOSE is an ocean assimilation, whereas NWP
products are atmospheric assimilations. The goal of NWP
is prediction, and thus the machinery used is aimed to-
ward this goal at the expense of exact physics. In SOSE,
the physics of the ocean model is a hard constraint not to
be violated. The SOSE solution is accomplished by iter-
atively and systematically solving for input parameters
that include the initial conditions (temperature, salinity)
and the atmospheric state. The result of each iteration is
an updated set of input parameters used to run the model
forward in time for the entire time period of 3 yr. The
SOSE solution thus is continuous in time and strictly
obeys the model dynamics. Mazloff et al. (2010) evaluated
SOSE performance by comparing the solution with in situ
ocean temperature and salinity observations, altimetry,
and sea ice data, and showed it to be, for the most part,
consistent with ocean observations. Here, we focus on the
SOSE determined air-sea heat and freshwater fluxes.

3. Relationship between buoyancy, heat and
freshwater fluxes

The buoyancy flux B is composed of heat and fresh-
water contributions Byp and Bgw, for example, Gill
(1982):

B = Byp + Bpy = (g/po)[(aQHF)/cp — poBS(E — P)],
M

where g is the gravitational acceleration, p, is a refer-
ence density, ¢, is the specific heat for seawater, § is
ocean surface salinity, @ and 3 are the thermal expansion
and saline contraction coefficients (both functions of
temperature, salinity, and pressure), and Qg is the net
air-sea heat flux (positive for ocean heat loss; W m™?).
Also, E is evaporation, and P is precipitation (E and P
both positive; m s~ '). Runoff is included in the fields at
the boundary points of the ocean. Positive buoyancy flux
implies a decrease in ocean surface buoyancy (increase
in surface density associated with a decrease in either
sea surface temperature or an increase in evaporation
minus precipitation).

To readily compare the relative importance of the
heat and freshwater contributions, we follow the approach
of, for example, Moore and Renfrew (2002), and express
the buoyancy and freshwater fluxes as heat-equivalent
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fluxes (W mfz), denoted QOpr and Qpw. respectively.
The heat-equivalent buoyancy flux is a sum of air-sea
heat flux and freshwater heat-equivalent flux

Po€
QBF = QHF + QFW = gap‘Bv 2)

and the freshwater heat-equivalent flux Qpw is given by

_ Po% _ P
QFW = g—aBFW - _TBS(E - P) (3)

For a typical B/a a heat flux of 1 W m™ 2 contributes
approximately the same ocean buoyancy flux as a fresh-
water flux of 1 mg m 2 s~ !, or in terms of evaporation
and precipitation, approximately 0.0864 mm day ' or ap-
proximately 3.1 cm yr~ ' at 5°C (Large and Nurser 2001).

We consistently call the term Qg the net air-sea heat
flux (the sum of upward and downward shortwave radi-
ative heat flux, upward and downward longwave radiative
heat flux, sensible and latent heat flux components) and
the terms Qpw and QOgr the freshwater heat-equivalent
flux, and the buoyancy heat-equivalent flux, respectively.
This convention enables one to readily compare the heat
flux and freshwater flux contributions to the buoyancy
flux, which is particularly important in high southern
latitudes, where buoyancy flux depends strongly on net
freshwater input as well as on net heat flux.

Since the magnitude of the thermal expansion co-
efficient « decreases strongly as water temperature de-
creases, while the haline contraction coefficient 8 remains
relatively unchanged (Moore and Renfrew 2002), the
ratio B/« increases with decreasing sea surface temper-
ature, making the freshwater flux contribution to the
surface buoyancy flux increasingly important relative to
that of the heat flux in regions with colder sea surface
temperatures. In the polar regions of the Southern
Ocean the freshwater flux contribution to the buoyancy
flux is of larger magnitude than the net heat flux con-
tribution to the buoyancy flux (see section 5). Thus, in
many regions with ocean heat loss, excess precipitation
and melting give rise to a net oceanic buoyancy gain
instead of a buoyancy loss. This somewhat counterin-
tuitive result has been previously noted (e.g., Warren
et al. 1996; Speer et al. 2000; Karsten and Marshall 2002).

4. The net air—sea heat flux
a. NWP models: NCEPI and ERA

The net air—sea heat fluxes, averaged over years 2005—
07, estimated by NCEP1 and ERA are quite similar
(Figs. 1a,b). As expected, the most intense ocean heat
loss is over the western boundary currents (the Agulhas
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Current and Agulhas Retroflection region, the East
Australian Current, and the Brazil Current), while weaker
ocean heat loss is in the subtropical gyres and in a band
just equatorward of the Sub-Antarctic Front (SAF) in
the Pacific Ocean. The ocean gains heat over the north-
ward flowing Malvinas Current and along the eastern
boundaries of the South Atlantic (Benguela Current
system) and South Pacific (Peru—Chile Current system),
where upwelling of cold water occurs. The northern
Weddell Sea, where cold polar waters are brought into
contact with the more temperate atmosphere, is a region
of strong ocean heat gain.

The NCEP1 net ocean heat loss tends to be more in-
tense than the corresponding ERA net ocean heat loss
(Fig. 2b). Noteworthy are the small-scale regions of ERA
intense ocean heat loss extending south and southeast
from the southern tip of Africa along the northern edge
of the SAF to Drake Passage. These small-scale features
are nearly completely absent in the generally smoother
NCEP1 mean net heat flux.

b. COARE3.0 turbulent heat fluxes with
NWP inputs

We next consider the net air—sea heat fluxes computed
as in section 4a, but replacing the sensible and latent
heat fluxes with those calculated using the COARE 3.0
bulk algorithms with basic input fields from NCEP1 and
ERA (NCEP1+C and ERA+C). Both “with-COARE”
estimates yield excessive unrealistic net ocean heat gain
over much of the Southern Ocean (Figs. le,f). In the
subtropics, the net ocean heat loss is unrealistically small
so that the zonally integrated heat flux is positive (ocean
heat gain) at all latitudes (discussed further in section 6).
Opverall, the with-COARE net air-sea heat flux is biased
toward producing a warmer ocean, as seen when com-
paring “ERA+C” with ERA (Fig. 2a) and “NCEP1+C”
with NCEP1 (Fig. 2i) net air—sea heat flux estimates. The
difference between the net air-sea heat flux estimates
from reanalysis and with-COARE estimates is largest in
the regions of most intense ocean heat loss, such as the
western boundary currents (Figs. 2a,i).

A possible reason for this bias may be that with-
COARE latent and sensible ocean heat losses are too
weak. However, it is also possible, and even likely, that
the sensible and latent heat flux estimates obtained using
reanalysis input fields in COARE 3.0 are more accurate
than the reanalysis fluxes themselves (as in Brunke et al.
2003; and similar to results quoted in Renfrew et al.
2002; Moore and Renfrew 2002), but combining the
with-COARE turbulent fluxes with the unchanged ra-
diative reanalysis fluxes may lead to degraded net air—
sea heat fluxes. Previous works showing the cancellation
of biases of individual air-sea heat flux components of
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FIG. 1. The time average over years 2005-07 of the net air—sea heat flux (the sum of latent, sensible, net longwave,
and net shortwave heat flux components; W m~2), estimated by (a) NCEP1, (b) ERA, (c) SOSE, (d) LY09; the time
average for years 2005-07 of net air—sea heat flux obtained by combining sensible and latent heat flux estimates from
COARE 3.0 algorithm using all input variables describing the atmospheric state from (¢) NCEP1 with the NCEP1
net longwave and net shortwave radiative fluxes, and (f) as in (e), but for ERA. The sign convention for this and all
subsequent figures is that positive values correspond to upward heat flux out of the ocean (ocean heat loss); thus in
general positive fluxes correspond to ocean surface density increase whether by heat loss or by net freshwater loss.
Contour interval is 50 W m 2. Thick colored lines are climatological positions of the fronts given by Orsi et al. (1995):
subtropical front (ST, black), subantarctic front (SAF, red), polar front (PF, green), and southern ACC front (SACC,

blue).

a particular net air—sea heat flux product support the latter
possibility. For instance, the WGASF shows that in the
Drake Passage latitude band the NCEP1 net shortwave
(NSW) radiation is biased high (yielding too strong ocean
heat gain) but this is partially compensated by the latent
heat flux bias (yielding too much ocean heat loss). Weller
et al. (2004) show similar examples of cancellation of
biases of NCEP1 NSW and latent heat flux. Therefore if
one were to correct only the turbulent heat flux compo-
nent from reanalysis in regions where the sensible and
latent heat loss is too strong, leaving the radiative com-
ponents unchanged, the resulting net air—sea heat flux
would show insufficient ocean heat loss. This may explain
the warm bias in the with-COARE net heat flux estimates.

Both the NCEP1 NSW radiation bias and NCEP1 sen-
sible and latent heat flux bias have been well documented.

Opverall, it has been shown that NCEP1 NSW radiation
is biased high, overestimating ocean heat gain (e.g.,
Roske 2006; da Silva and White 1996), especially in re-
gions where low-level stratiform clouds are the domi-
nant cloud type—for example, the Australian subtropical
region, the Peruvian region, and the Southern Ocean
(Klein and Hartmann 1993; Scott and Alexander 1999).
Other studies have shown that NCEP overestimates
sensible and latent heat flux compared to the observed
fluxes in moderate to high wind speed regimes; this
problem is most acute when air-sea temperature dif-
ferences, and consequently the sensible heat flux, are
large (Renfrew et al. 2002; Moore and Renfrew 2002). It
has also been shown that overestimating shortwave ra-
diation at the surface is a more general problem, present
not only in NCEP1 but also in a number of the GCMs
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FI1G. 2. Difference between time-averaged (years 2005-2007) net heat flux estimates, all interpolated on 1° X 1° grid, contour interval
25 W m™ 2 Titles identify source of flux estimates. The red curve is the subantarctic front, as in Fig. 1.

(e.g., Wild 2005) because they tend to underestimate
atmospheric solar absorption, predominantly by water
vapor, aerosol, and clouds. The exclusion of strongly
absorbing aerosols in GCMs can regionally cause ex-
cessive insolation at the ground (e.g., Cusack et al. 1998).
The crude aerosol climatologies typically used in current
GCMs and reanalyses do not properly account for these
aerosol effects (Wild 1999), thus introducing a bias not
only in NSW radiation estimates, but also in, for exam-
ple, the oceanic heat distribution (Cai et al. 2006).

¢. SOSE and LY09

We next turn to the SOSE and LY(9 air-sea heat flux
products, which are quite different from the reanalyses.
The differences between SOSE and NCEP1 net air—sea
heat flux estimates are overall similar to the differences
reported in the state estimate of Stammer et al. (2004),
which was developed using the same method as the
SOSE (cf. our Fig. 2¢ with Stammer et al.’s Fig. 3). To

determine whether the SOSE adjustments of the NCEP1
atmospheric state, made as a part of the SOSE optimi-
zation procedure, represent a true improvement of the
NCEPI1 fields, we follow the procedure of Stammer et al.
(2004), who concluded the air-sea fluxes from their state
estimate were an improvement to the NCEP1 by com-
paring with the Large and Yeager (2004) flux estimates.
Here, we compare the SOSE air-sea flux estimates
(Fig. 1c) with the most recent version of the LY09 air—
sea flux estimate, LY09 (Fig. 1d).

Considering that SOSE and LY09 air—sea heat fluxes
are obtained using different methods and observations
to construct the fluxes (LY09 is based on atmospheric
observations and SOSE is constrained by oceanic ob-
servations), they show remarkable similarity in the
large-scale pattern of their differences from NCEP1
(Figs. 3a,b). This does not necessarily imply that LY09
and SOSE flux products are more accurate than NCEP1,
but it gives confidence in the data and procedures used
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FIG. 3. The time average over years 2005-07 of (a) the difference between SOSE and NCEP1 net air-sea heat flux
(W m™?) where each is the sum of latent, sensible, net longwave, and net shortwave heat flux component, (b) as in (a) but
for LY09, and (c) NCEP1 net heat flux bias, modified from Fig. 11.4.23(e) of Taylor (2000), where the reference dataset
is the original UWM/COADS dataset by da Silva et al. (1994) averaged over years 1981-92. Bias is shown as COADS
minus NCEPI net heat flux estimate, where positive bias indicates that NCEP1 net ocean heat loss (gain) is stronger

(weaker) than in COADS. Contour interval is 20 W m >

; regions with negative values are shaded. (d) The difference

between SOSE and NCEPI1 freshwater heat-equivalent flux from Eq. (3); (e) as in (d), but for LY09. Contour interval is
25 W m 2 All fields in (a),(b),(d),(e) are interpolated on 2° X 2° grid. The red curve is the subantarctic front, as in Fig. 1.

for developing each. To fully assess the accuracy of the
SOSE and LY09 flux products would require a compar-
ison with observations at the level of detail of WGASF,
a comparison beyond the scope of this paper.

Both SOSE and LY09 increase net ocean heat loss
relative to NCEP1 in the polar regions (adjacent and
poleward of SAF), in the southeastern Pacific and south-
western Atlantic, and they both decrease the net ocean
heat loss in subtropical Indian Ocean and eastern
Atlantic and over the western boundary currents (Figs.
3a,b). SOSE differences from NCEP1 fields are larger
than the corresponding LY09 differences. Compared
with LY09, SOSE net air-sea heat flux shows overall
more ocean heat gain/less ocean heat loss almost every-
where in the domain, most notably over the regions with
the largest ocean heat loss such as the western boundary
currents. We also note that SOSE introduces small-scale

regions of ocean heat loss extending south and southeast
of the southern tip of Africa, which are present in the
ERA but not the coarser-resolution NCEP1 net heat flux
estimates.

The WGASF estimated the NCEP1 biases relative to
the reference datasets they considered to be most ac-
curate. The reference dataset for NSW and NLW was
the surface radiation budget (SRB) of Darnell et al.
(1992), which is based on satellite measurements. The
WGASF emphasized that, although satellite estimates of
surface NSW are more reliable than the other global es-
timates of surface NSW, they can differ substantially from
point surface measurements, as shown by White (1996).
The reference dataset for the latent and sensible heat flux
was the original University of Wisconsin—Milwaukee
(UWM)/Comprehensive Ocean-Atmosphere Dataset
(COADS) data of da Silva et al. (1994). The reference
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FIG. 4. The time average for years 2005-07 of NSW (W m™?) (a) from NCEP1, (b) difference of ERA minus
NCEP1, (¢) NCEP1 NSW bias from Taylor (2000), modified from their Fig. 11.4.13(e), where the reference dataset
is SRB of Darnell et al. (1992) averaged from July 1983-June 1991. Bias is shown as SRB minus NCEP1 NSW
radiation, where positive bias indicates that NCEP1 NSW radiation is stronger (leading to more surface ocean heat
gain) than in SRB. (d) SOSE minus NCEP1 NSW radiation, and (e) as in (d), but for LY09. Contour interval in (a)
is25 W m ™2, (c) 20 is W m 2 with zero contour omitted and positive values shaded, and (b),(d),(e) are 10 W m 2.

The red curve is the subantarctic front, as in Fig. 1.

dataset for the net heat flux was the tuned UWM/COADS
estimate of da Silva et al. (1994). All the reference da-
tasets used in the WGASF are time averaged over ap-
proximately a decade.

We next consider the SOSE and LY09 adjustments of
the four individual heat flux components separately to
determine if and which of them tend to reduce the
NCEPI1 heat flux bias determined by the WGASF. The
analogous comparison of the four individual heat flux
components of NCEP1 and ERA provides an estimate
of the uncertainties associated with net air—sea heat flux
estimates in general but is less central for this work and
is thus given in the appendix.

1) SOSE AND LY09 NSW AND NLW RADIATION

The WGASF shows that NCEP1 NSW radiation is too
weak (thus insufficient ocean heat gain, negative bias) in
the subtropics and too strong in the Drake Passage lat-
itude band (~40°-60°S) in comparison with the refer-
ence SRB dataset (Fig. 4c). Scott and Alexander (1999)
attribute both biases to NCEP1 treatment of clouds—the
negative NCEP1 NSW radiation bias in the subtropics is
attributed to model errors in treating the cumulus clouds,
and positive NCEP1 NSW radiation bias in the high lat-
itudes is attributed to inadequate representation of the
dominant low-level stratiform clouds where NCEP1 has
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FIG. 5. As in Fig. 4, but for NLW. (¢) NCEP1 NLW bias from Taylor (2000), Fig. 11.4.19(e). Contour interval is
10 W m ™2 in (d) with zero contour omitted and positive values shaded. The positive bias indicates that NCEP1 NLW
radiation is stronger (leading to more surface ocean heat loss) than in SRB. The red curve is the subantarctic front, as

in Fig. 1.

less total cloud fraction than in observations (Scott and
Alexander 1999).

The WGASF finds that in the regions with bias, the
NCEP1 ocean heat loss by net longwave (NLW) radia-
tion is always larger than in the SRB reference dataset
(Fig. 5c). The WGASF attributes the NCEP1 NLW
biases in the eastern subtropical oceans to problems in
the NCEP treatment of low-level stratus clouds. Large
biases of up to 20 W m ™2 were also found in the latitude
band of roughly 40°~60°S, and similarly (up to20 W m~?)
around the Antarctic continent. In some regions along
60°S this bias is cancelled by NCEP1 NSW radiation bias.
LY09 tend to reduce both the NCEP1 NSW and NLW
bias (cf. Figs. 4c,e and 5c,e); they increased ocean heat
gain (loss) by NSW (NLW) radiation in the subtropics
and they decreased ocean heat gain (loss) by NSW (NLW)
radiation in the latitude band of roughly 40°-60°S. SOSE
has a tendency to reduce NSW biases, although not in all
regions and not to the same degree (Figs. 4d and 5d).

SOSE decreased NCEP1 NLW not only in the regions
with bias as estimated by WGASF but everywhere, ex-
cept in the narrow band around Antarctica (Fig. 5d).

2) SOSE AND LY09 LATENT AND SENSIBLE
HEAT FLUXES

In some subtropical regions and in the Drake Passage
latitude band (~40°-60°S), NCEP1 latent ocean heat loss
is predominantly biased high; WGASF attributes this bias
to NCEP1 bulk flux formulas, which overestimate latent
heat loss under conditions of high wind, especially when
combined with large air-sea temperature difference (also
Smith et al. 2001; Moore and Renfrew 2002). Both the
large-scale pattern and the magnitude of the LY09 and
SOSE latent heat flux adjustments to NCEP1 are similar
to each other (Figs. 6e.,f). They both tend to decrease
NCEPI1 latent heat loss in the subtropics and the western
boundary currents reducing the NCEP1 bias. Along and
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FIG. 6. The time average over years 2005-07 of latent heat flux: (a) estimate by NCEP1; (b) NCEP1+C minus
NCEP1; (c) ERA minus NCEP1; (d) NCEP1 latent heat flux bias modified from Fig. 11.4.2d of Taylor (2000) (only
the latitude band 25°-90°S is shown), where the reference dataset is the original UWM/COADS data by da Silva et al.
(1994) averaged over years 1981-92; NCEP1 bias is shown as UWM/COADS data minus NCEP1, so that positive
bias indicates that NCEP1 latent heat loss is stronger than in COADS, (e) SOSE minus NCEP1, (f) LY09 minus
NCEP1. Contour interval in (a) is 25 W m~2 and (b)—(f) is 10 W m~? with zero contour omitted; in (d) positive
values are shaded. In (e) fields are interpolated on 2° X 2° grid. Positive values indicate latent heat loss from the

ocean. The red curve is the subantarctic front, as in Fig. 1.

poleward of the SAF, both SOSE and LY09 increase the
latent heat loss by increasing the wind speed and de-
creasing the specific humidity (not shown). Overall, the
LY09 differences from NCEP1 are smaller in magnitude
than the SOSE differences. As noted in section 4b, the
WGASF estimates of NCEP1 NSW and latent heat flux
bias show that in many regions these two biases are of
opposite sign (e.g., west of Australia, subtropical South
Atlantic, central subtropical South Pacific) so that they
tend to cancel in the NCEP1 net heat flux product.

The sensible heat loss is much smaller in magnitude
than the latent heat loss. While most of the ocean expe-
riences sensible heat loss, there is a broad band of sensible
heat gain (NCEP1) or near neutrality (e.g., SOSE) along
the Antarctic Circumpolar Current (ACC; roughly the

SAF in the figures), which is a broad upwelling region.
Both SOSE and LY(9 increased the NCEP1 sensible
heat loss (to greater loss) almost everywhere (Figs. 7e.f)
except for LY09 adjustments in some subtropical re-
gions. In NCEP1+C, ERA and LY09 flux products
(Figs. 7b,c,f) sensible heat loss is weaker in the subtropics
and stronger everywhere else relative to NCEP1, which
tends to correct the NCEP1 sensible heat flux bias as
estimated by WGASF. WGASF estimates the largest
NCEPI1 sensible heat flux bias (too much ocean heat loss)
to be along 60°S, which is the latitude band where sensible
heat flux exhibits large variability (Fig. 7d). WGASF
show that around Antarctica NCEP1 sensible heat loss
should be increased. Both SOSE and LY09 make this
adjustment. The general increase in wind speed in both
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FIG. 7. Asin Fig. 6, but for sensible heat flux component (W m™~2). (d) NCEP1 sensible heat flux bias modified from
Fig. 11.4.10 (d) of Taylor (2000), where positive bias indicates that NCEP1 sensible heat loss is stronger than in
COADS is shown. Contour interval is 10 W m ™2, in (d) with zero contour omitted and positive values shaded. The

red curve is the subantarctic front, as in Fig. 1.

LY09 and SOSE contributed to an increase of sensible
oceanic heat loss, most notably south of SAF.

A major NCEP1 net air-sea heat flux bias according
to the WGASF is an overly strong ocean heat loss in the
subtropics and in the western boundary current regions
(both compared with the COADS estimate), in particular
in the Agulhas Current and Agulhas Return Current re-
gion (Fig. 3c). Both SOSE and LY09 correct this bias in
both places by correcting the bias of the individual heat flux
components. In the subtropics, SOSE and LY(09 decreased
latent ocean heat loss and increased NSW> radiation, but
in SOSE ocean heat loss by both NLW and latent heat flux
is smaller than in LY09 in the subtropical region. This
contributes to the overall main difference between the
SOSE and LY09 net air-sea heat flux estimates, which is
that SOSE estimates considerably less ocean heat loss
(more ocean heat gain) than LY09, especially in the
subtropics. This weak net ocean heat loss in SOSE may
be partly attributed to the open boundary condition; the

coarse resolution (1°) ocean state estimate by Forget
(2010), which SOSE uses as the open boundary condi-
tion shows similarly weak ocean heat loss (not shown).

Both SOSE and LY09 corrected the NCEP1 net air—sea
heat flux bias over the subtropical western boundary
currents (East Australian Current, Agulhas Current and
Agulhas Return Current, and Brazil Current), reported
by the Taylor (2000), Smith et al. (2001), Renfrew et al.
(2002), Moore and Renfrew (2002), and Yu and Weller
(2007), by decreasing net ocean heat loss, predominantly
by decreasing latent heat flux. In both SOSE and LY09,
increased ocean heat loss in the polar regions is a result of
an increase of both latent and sensible heat flux, and this is
partly due to increased wind speed relative to NCEP1.

d. Correlations between 5-day-averaged heat flux
estimates

To compare the short-term variations in various heat
flux products, we computed the correlations between
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FIG. 8. Three-year average of correlations between 5-day mean heat flux anomalies shown in Fig. 2. Note different color scales for (a),
(b)—(g),(h), and (i). The gray line is the subantarctic front.

pairs of 5-day-averaged anomalies (hereafter 5-day sine and cosine functions with periods of a half year and
correlations). The anomalies are defined as differences a year to the original heat flux field).

of 5-day-averaged net air-sea heat flux estimates away The highest 5-day correlation between any two net
from the sum of the mean (which is calculated over 3 yr)  heat flux products considered here is between ERA and
and the seasonal cycle (which is represented by a fit of ERA+C (Fig. 8a), where the correlations are uniformly

TABLE 3. The correlation coefficients between 5-day-averaged anomalies (defined in section 4d) for years 2005-07 of net air-sea net
heat flux and E — P (boldface), shown in Figs. 12 and 14, over the ocean south of 24.7°S. For the comparison, all datasets are interpolated
on a 1° X 1° grid. “No FW” means that there is no independent freshwater flux estimate.

NCEP1 ERA NCEP1+C ERA+C SOSE LY09
NCEP1 — 0.69 0.15 0.68 0.59 0.35 Net heat flux correlations
ERA 0.61 — 0.12 0.95 0.53 0.27
NCEP1+C No FW No FW — 0.12 0.11 0.11
ERA+C No FW No FW No FW — 0.53 0.34
SOSE 0.62 0.14 No FW No FW — 0.27
LYO09 0.14 0.14 No FW No FW 0.11 —

Net E — P correlations




15 DECEMBER 2011

very high (Table 3). SOSE correlations with NCEP1, ERA,
and ERA +C (Figs. 8c,d,g) are similar both in magnitude
and the large-scale pattern, showing lower correlations
(~0.4) in regions of high mesoscale activity such as the
ACC, Agulhas Current, and Agulhas Retroflection region,
and Brazil-Malvinas Current confluence region and higher
correlations (~0.8) in the other regions. Although the
large-scale pattern of net air—sea heat flux estimated by
SOSE and LY09 is quite similar, the correlations be-
tween the 5-day-averaged fields are considerably lower
(~0.3, Fig. 8e) than the correlations between SOSE and
NCEP1 or SOSE and ERA, and they further drop in the
vicinity of the ACC (~0.2). LY09 air-sea heat flux
correlates better with the NCEP1 heat flux product
(Figs. 8f), which can partly be attributed to the fact that
LY09 used NCEP1 atmospheric fields as an initial guess.
Whereas the correlations between ERA and ERA+C
heat flux estimates were the highest among all the pairs
of data considered, the correlations between NCEP1
and NCEP1+C are the lowest among all the data pairs.
NCEP1+C correlation with SOSE is similarly very low.

5. Surface freshwater and buoyancy flux

The Southern Ocean is one of the most significant
global regions of oceanic freshwater uptake, equaling or
exceeding the high northern latitude uptake (e.g.,
Ganachaud and Wunsch 2003; Talley 2008). Although
oceanic freshwater uptake is of fundamental importance
for the density field, particularly at high latitudes, quan-
titative knowledge of air-sea freshwater fluxes is very
limited because of the lack of reliable data for precipi-
tation, evaporation, and terrestrial runoff (e.g., Trenberth
et al. 2007). Even more so than for heat flux, freshwater
flux estimates are very sparse and there is no acknowl-
edged ‘‘true” baseline for evaporation minus precipi-
tation (E — P) (Trenberth and Guillemot 1995).

In this section we show the time-averaged (years 2005
07) freshwater and buoyancy flux estimates for the six
datasets (NCEP1, ERA, NCEP+C, and ERA+C SOSE,
LY09), and we point out their major similarities and
differences. The freshwater flux contribution to buoyancy
flux is a function of surface salinity as well as of net £ — P
[Eqg. (1)]. Therefore a salinity dataset is required that is
complementary to the E — P dataset. Of the products that
we consider, only SOSE has a salinity field. For the
NCEP1, ERA, and LY09 buoyancy fluxes, sea surface
salinity had to be obtained from a separate source. Sea
surface salinity from the NCEP Global Ocean Data As-
similation System (GODAS; Behringer and Xue 2004)
was combined with the NWP-based fluxes (NCEP1, ERA,
and with-COARE fluxes) because GODAS uses mo-
mentum, heat, and freshwater flux from an NWP model
(NCEP2) and is for this reason likely the most consistent
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available product for combination with the NWP-based
fluxes. LY09 data were combined with sea surface sa-
linity from the Polar Science Center Hydrographic
Climatology (PHC2) [a blending of Levitus et al. (1998)
and Steele et al. (2001) datasets], following Danabasoglu
et al. (2009), because this was the salinity dataset used in the
LY09 analysis (S. Griffies 2009, personal communication).

a. NCEPI and ERA freshwater and buoyancy
heat-equivalent flux

The quality of NCEP1 E — P estimates has been
questioned (Simmonds et al. 2005; Cullather et al. 1998;
Genthon et al. 2003; LY09), because both E and P are
derived solely from the model fields, without any con-
straining observations (Kalnay et al. 1996). The WGASF
final report (Taylor 2000) shows that the NCEP1 pre-
cipitation estimates nevertheless closely resemble in-
dependent estimates between 50°S and 45°N. Farther
poleward, all reanalyses considered by the WGASF
(NCEP1, NCEP2, and ECMWF reanalysis ERA-15)
show low correlations with the reference dataset [Climate
Prediction Center (CPC) Merged Analysis of Precipi-
tation (CMAP)—estimate by Xie and Arkin (1996, 1997)].
On the other hand, Smith et al. (2001) showed that the
NCEPI1 latent heat flux estimates over the ocean exceeded
estimates derived from ship observations by 20 W m ™2,
which is approximately equivalent to an uncertainty in
evaporation of 60 cm yr~'. The excess precipitation re-
quired to balance the excess evaporation in NCEPI,
shown by Smith et al. (2001), occurs over land (WGASF).

The time-averaged (over years 2005-07) NCEP1 and
ERA E-P estimates show the familiar pattern of net
evaporation in subtropical gyres and net precipitation in
the higher latitudes (Figs. 9a,b).

Compared with Qyr, the magnitude of the Qpw
contribution to Qgr [Eq. (2)] is small north of the ACC
but significant poleward of the ACC (Figs. 1, 9, and 10).
Over much of the region poleward of the ACC, Qyr and
QOpw contributions to buoyancy flux tend to oppose each
other for both NCEP1 and ERA.

NCEP1 shows higher evaporation in the subtropics
and higher precipitation in the polar region than ERA
(Fig. 11d).

b. SOSE and LY09 freshwater and buoyancy
heat-equivalent flux

Relative to NCEP1, both LY09 and SOSE decrease
net evaporation in the subtropics and net precipitation
in the higher latitudes (Figs. 3d,e and 1le,b). The ad-
justments made by the two flux products are similar in
both their large-scale pattern and amplitude, the ad-
justments differ most in the subtropical Pacific and At-
lantic, where both LY09 and SOSE reduced the NCEP1



6298

JOURNAL OF CLIMATE

VOLUME 24

Net Freshwater Heat-Equivalent Flux (W/m®)
4 NCEP1

120E 120W

200

100

-100

-200

d) LY0g

200

100

-100

F =200
120W 0

0 120E

FIG. 9. As in Fig. 1, but for freshwater heat-equivalent flux given by Eq. (3) (W m™2). Contour interval is 25 W m 2.
Colored lines as in Fig. 1.

net evaporation, but the SOSE adjustment was larger.
The time-averaged SOSE freshwater heat-equivalent
flux and buoyancy heat-equivalent flux (Figs. 9c and 10c)
agree well with the LY09 fluxes (Figs. 9d and 10d) both
in large-scale pattern and amplitude everywhere equa-
torward of the polar front.

c¢. Correlations between 5-day-averaged E-P
estimates

Since precipitation is intermittent in space and time,
the number of precipitation observations over the ocean
is low, and evaporation estimates over the ocean have
large uncertainties; £ — P estimates from various prod-
ucts are considerably more different and the correlations
are lower than between the corresponding net air—sea
heat flux estimates. Unlike the 5-day correlation between
various air-sea heat flux estimates, where the largest
correlations were between the two NWP model air-sea
heat flux estimates (ERA and ERA +C as well as NCEP1
and ERA), the highest 5-day E — P correlation is be-
tween SOSE and NCEP1 (Fig. 12b), indicating that al-
though SOSE significantly changed NCEP1 E — P

during the optimization procedure, E — P estimates
between other pairs of products are even more differ-
ent (Fig. 12). Although the large-scale pattern and
magnitude of £ — P adjustment made by SOSE and
LYO09 were similar, the £ — P correlations between
5-day-averaged LY(09 and SOSE E — P estimates are
very low (~0.1-0.3, Fig. 12d) and similar to the 5-day
correlations between LY09 and NCEP1 (Fig. 12¢).

6. Comparison of zonally averaged air-sea flux
estimates

Zonal (ocean only) averages of the heat, freshwater,
and buoyancy fluxes for each of the six products as a
function of latitude (Fig. 13) are a useful way to sum-
marize and visualize the differences between the various
estimates that are intermediate between the full-scale
maps of sections 4 and 5 and the mean differences av-
eraged over all locations given in Table 4.

In the subtropics, equatorward of about 40°S, the net
heat flux estimates differ in sign. It is expected that the
ocean should be losing heat throughout the southern
subtropics, which is a subduction region where surface
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FIG. 10. As in Fig. 1, but for the buoyancy heat-equivalent flux from Eq. (2) (W m2), for example, the sum of the
Figs. 1 and 9. Colored lines as in Fig. 1.

density, which is mostly governed by heat flux here, must
increase. ERA, NCEP1, and LY09 show net ocean heat
loss, and the zonally averaged SOSE fluxes are very close
to zero, whereas ERA+C and especially NCEP1+C
show unrealistic net ocean heat gain (Fig. 13a). The net
evaporation in this latitude band (Fig. 13c) acts to de-
crease buoyancy (increase density) (Fig. 13e). Between
about 40° and 60°S, net heating and freshwater input act
together to increase buoyancy (reduce surface density) in
all of the products. The heat and freshwater flux estimates
differ most south of 60°S (Figs. 13b,d,f) since here the
estimates are mostly numerical model results owing to
the sparseness of observations (Kalnay et al. 1996; Roske
2006). South of about 60°S, freshwater input exceeds
heat loss in all of the products except for SOSE, acting
to increase buoyancy, which is inconsistent with our
understanding of dense water formation in the highest
latitudes of the Antarctic. In SOSE, cooling is larger
than the freshwater input, and buoyancy is decreasing.
This is probably because, of all of the products, SOSE
must adjust the inputs to be consistent with the water
mass properties, and therefore must generate a region

of buoyancy decrease (density increase) in the far
south.

The overall root-mean-square (RMS) differences be-
tween the net heat and freshwater heat-equivalent flux
estimates, averaged over all time, longitudes, and ice-free
regions in the latitude range 63.5°-25°S, are given in Ta-
ble 4, along with the standard deviation of these differ-
ences. These overall values provide a condensed summary
of the zonal time means of the RMS differences shown in
the right-hand column of Fig. 13. Figure 3 showed that
SOSE net air-sea heat flux adjustment of NCEP1 fields
was larger than LY09 adjustment of NCEP1, whereas
both SOSE and LY09 freshwater flux adjustments were
similar. These are also illustrated by the RMS differ-
ences, as the RMS difference between SOSE and NCEP1
net air-sea flux is larger than the RMS difference be-
tween LY09 and NCEP1 net air-sea heat flux, while the
RMS differences for freshwater heat-equivalent flux are
similar. Thus, the SOSE and NCEP1 net air-sea heat
flux difference is 30.9 + 43 W m ™2 and the LY09 and
NCEP1 net air-sea heat flux difference is 22.3 = 6.4 W
m % the SOSE and NCEPI freshwater heat-equivalent
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FIG. 11. Difference between time-averaged (years 2005-07) E — P estimates interpolated on 1° X 1° grid, contour interval 50 cm yr~'. Titles
identify source of E — P estimates. Note different color scales for (a),(b), and (c)—(e). The red curve is the subantarctic front, as in Fig. 1.

flux difference is 12.8 + 1.6 W m %, and the LY09 and higher latitudes than do the corresponding with-
NCEP1 freshwater heat-equivalent flux difference is COARE flux estimates. LY09 shows a similar balance;
134 09 Wm 2 SOSE on the other hand may be underestimating heat

Both the NCEP1 and ERA heat flux products have loss in the subtropics. That the with-COARE flux es-
a more ‘“‘balanced” distribution of net heat flux out of timates show zonally averaged net ocean heat gain
the ocean in the subtropics and into the ocean in the everywhere is unphysical, and is the main reason that
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FIG. 12. A 3-yr average of correlation between 5-day anomalies of £ — P estimates shown in Fig. 11. The red curve is the subantarctic front,
as in Fig. 1.
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FIG. 13. Zonal and time (over years 2005-07) average of (a) net air-sea heat flux, (b) the difference between various
net air-sea heat flux estimates and NCEP1 estimate, (c) freshwater heat-equivalent flux given by Eq. (3), (d) difference
between freshwater heat-equivalent flux estimates and the NCEP1 freshwater heat-equivalent flux, (¢) buoyancy heat-
equivalent flux [sum of (a) and (c)], given by Eq. (2), and (f) difference between buoyancy heat-equivalent flux and
NCEP1 buoyancy heat-equivalent flux, all for the six flux estimates considered in the text; the inset identifies source of
flux estimate by line type. Positive (negative) values denote ocean buoyancy loss (gain) in all panels.

we recommend extreme caution in using with-COARE
estimates in net buoyancy flux calculations that use un-
modified radiation and freshwater flux fields from
NCEP1/ERA. The COARE estimates might however
be valid and useful when only the turbulent heat fluxes
are of interest.

7. Discussion and conclusions

Air-sea flux estimates are especially poor in the South-
ern Ocean, largely because of the sparseness of both oce-
anic and meteorological ocean surface observations
(e.g., Josey et al. 1999; Taylor 2000; Kubota et al. 2003;

TABLE 4. The RMS difference of monthly means and its standard deviation (years 2005-07) for net air—sea heat and freshwater heat-
equivalent (boldface) flux estimates over the ocean south of 24.7°S. For the comparison all datasets are interpolated on a 1° X 1° grid. “No

FW” means that there is no independent freshwater flux estimate.

NCEP1 ERA NCEP1+C  ERA+C SOSE LY09
NCEP1 — 169 2.6 35362 186+3.0 309+43 223+64 RMS heat flux difference (W m ?)
ERA 13.8 £ 24 — 387 = 6.1 4806 305+51 244x54
NCEP1+C No FW No FW — 375 £55 404=*=55 376*62
ERA+C No FW No FW No FW — 30355 255*54
SOSE 128 + 1.6 13.8 = 2.6 No FW No FW — 33.8 £6.0
LY09 13409 123 *2.6 No FW No FW 119 = 1.2 —

RMS freshwater (heat-equivalent) flux difference (W m 2
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Dong et al. 2007; M. Bourassa et al. 2011, personal
communication). Accurate delineation of regions with
buoyancy gain and loss is, however, of crucial impor-
tance for studies such as those of water-mass formation.
Buoyancy fluxes in the Southern Ocean critically include
freshwater fluxes as well as heat fluxes.

We have carried out an intercomparison of the fol-
lowing six surface buoyancy flux estimates, averaged over
years 2005-07: two reanalyses (ERA and NCEP1), two
recent flux products developed as an improvement of the
NCEP1 (LY09 and SOSE), and two ad hoc air-sea flux
estimates that are obtained by combining the NCEP1 or
ERA net radiative fluxes with turbulent fluxes obtained
using the COARE 3.0 bulk formulas with NCEP1 or
ERA input variables. The intercomparison provides in-
sight into the likely accuracy of the products in different
regions.

Our principal focus is on the recently developed
Southern Ocean State Estimate (SOSE). Although
SOSE was not specifically designed to produce optimal
air-sea flux fields, it does yield an adjusted set of such
flux fields as a necessary by-product. Given the sparse-
ness of the atmospheric observations needed to determine
air-sea fluxes in the Southern Ocean, demonstrated im-
provement in flux accuracy through assimilation of oce-
anic observations in an ocean state estimate could be a
very useful result. Our main results follow.

First, the SOSE adjustments of NCEP1 forcing fields
(which SOSE used as an initial guess) largely correct the
NCEP1 biases reported by WGASF, and they are
largely in agreement with the independent adjustments
of LYO09. Since the methods and observations used by
LY09 and SOSE to improve the NCEP1 atmospheric
state estimate are very different, the good agreement be-
tween them lends a degree of confidence to both products.

The SOSE net air-sea flux estimates agree qualita-
tively well with the LY09 estimates in their large-scale
pattern. The main difference is that overall SOSE esti-
mates less ocean heat loss (more ocean heat gain) than
LY09. The SOSE and LY09 turbulent heat flux adjust-
ments are similar, whereas much smaller radiative heat
flux adjustments differ. The main features in the large-
scale pattern of LY09 and SOSE net air-sea heat flux
differences relative to NCEP1 are increased ocean heat
loss in the polar regions and predominantly decreased
ocean heat loss in the subtropics and over the western
boundary currents.

The large scale pattern of freshwater flux adjustments
(E — P) made by SOSE and LY09 are very similar;
relative to NCEP1, both decreased net evaporation in
the subtropics (particularly in the South Pacific and In-
dian Oceans) and decreased net precipitation in the
higher latitudes.
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It is important to note that without comparison with
observations we cannot fully assess the accuracy of
SOSE fluxes and determine if SOSE fluxes represent
a true improvement of NCEP1 initial guess. Neverthe-
less, the correlation coefficients and RMS differences
between various datasets indicate that SOSE heat and
freshwater flux estimates were consistent with the other
commonly used flux estimates (NCEP1, ERA, LY09).

Second, even if SOSE net air—sea heat and freshwater
fluxes were not a clear improvement of the initial NCEP1
fields, but only consistent with the other widely used
products analyzed here, they are an important advance
for the oceanographic studies such as, for example, the
study of water-mass formation, which requires a com-
plete and internally consistent set of surface flux fields
and the three-dimensional oceanographic high-resolution
fields that SOSE provides.

For studies that require only the sea surface oceanic
data along with surface fluxes, SOSE still has an advan-
tage over the NWP products as it provides sea surface
temperature and salinity fields that are dynamically and
thermodynamically consistent with the atmospheric
forcing driving the SOSE ocean model. In contrast, when
working with NWP model air-sea fluxes (such as NCEP1,
ECMWEF) and also LY09 flux estimates, to determine the
surface density field, one needs to use sea surface salinity
data from some other source. Considering that in the high
latitudes of the Southern Ocean sea surface salinity plays
an especially important role in determining the sea sur-
face density, and that this is a region with sharp fronts
and strong mesoscale activity, combining data from
different sources may introduce inaccuracies.

Third, the net air-sea heat fluxes obtained by com-
bining the NCEP1 or ERA net radiative flux with tur-
bulent flux estimated using the COARE 3.0 bulk
formulas with NCEP1 or ERA input fields were clearly
unrealistic, yielding unbalanced net air-sea heat and
buoyancy fluxes, with zonally integrated ocean heat gain
at all latitudes south of 25°S. This however need not
imply that the COARE 3.0 bulk formulas are inferior to
those employed by NCEP1 and ERA, but rather sug-
gests that COARE 3.0 latent and sensible heat flux es-
timates should not be combined with the unmodified
radiative fluxes from the two NWP models (NCEP1 and
ERA). The latter is supported by the results of Taylor
(2000) and Weller et al. (2004) showing that biases in
NCEP1 NSW and latent heat flux estimates tend to can-
cel, yielding a more balanced net air-sea heat flux esti-
mate. Therefore, correcting only the NCEP1 latent heat
flux bias (e.g., by using the COARE 3.0 bulk formulas)
results in excess net ocean heat gain due to NSW bias.

Last, overall, the various air-sea buoyancy flux prod-
ucts differ most over the large ocean currents which have
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strong, narrow fronts (e.g., the ACC and western bound-
ary currents). Although this may not come as a surprise,
it emphasizes the importance of allowing for a two-way
atmosphere—ocean feedback and resolving mesoscale
oceanic features.

The large differences between both heat and fresh-
water flux estimates by the six products considered here
indicate that significant uncertainties remain, highlighting
the need for high-quality in situ observations. Our results
suggest that these observations need not be strictly of
atmospheric variables. The ocean is an integrator of at-
mospheric fluxes, such that knowledge of the upper ocean
heat and freshwater content, provided, for example, by
Argo observations, places valuable constraints on the
atmospheric state.

Meanwhile, planned improvements to SOSE include
implementing a better set of constraints for the atmo-
spheric state by using more accurate reanalysis products
and also meteorological observations, in particular
satellite-derived radiation estimates [e.g., the Moder-
ate Resolution Imaging Spectroradiometer (MODIS)
shortwave radiation; Pinker et al. (2009)]. There re-
mains much work to do in accurately determining air—
sea exchanges of heat and of freshwater in the Southern
Ocean.
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APPENDIX

Intercomparison of the Four NCEP1 and ERA
Air-Sea Flux Components

Comparison of the individual air-sea heat flux com-
ponents (NSW, NLW, latent heat flux, and sensible heat
flux) estimated by NCEP1 and ERA does not reveal
which dataset is more accurate, but it does provide
a quantitative estimate of the discrepancy and un-
certainty in these fields, although this estimate is likely
a lower bound as errors common to both NWP model
datasets cancel out. Comparison with NCEP1 biases
estimated by the WGASF (Taylor 2000) provides in-
formation regarding whether any portion of the differ-
ence between the NCEP1 and ERA fields may be
attributed to NCEP1 bias. (The WGASF did not analyze
the ERA-Interim results.)

a. NSW and NLW radiation

The WGASF (Taylor 2000) showed that NCEP1
NSW radiation is biased low in the subtropics (shown as
negative bias in Fig. 4d) and is biased high in the Drake
Passage latitude band relative to the reference SRB
dataset (Fig. 4c), with the strongest bias in subtropics.
NCEP1 NSW radiation is less than ERA NSW radiation
everywhere in the domain except in the southernmost
part of the Southern Ocean (Fig. 4b), with the largest
difference in the subtropics suggesting that at least
a portion of the difference may be attributed to NCEP1
NSW radiation bias. NCEP1 and ERA NSW radiation
differ less in the high latitudes.

The high-latitude NCEP1 NLW radiation is greater
than ERA (Fig. 5b) and the SRB dataset, again sug-
gesting a portion of the NCEP1 and ERA difference
may be attributed to NCEP1 NLW bias. The net radi-
ation estimated by the two NWP models (sum of NSW
and NLW radiation) tends to be more similar than the
individual radiation components. In the regions where
ocean heat loss due to NCEP1 NLW radiation is smaller
than ERA NLW radiation (e.g., in the subtropical
eastern Indian Ocean and around Africa), NCEP1 NSW
radiation heat gain is also less than ERA NSW radiation,
so the biases tend to cancel.

b. Latent and sensible heat fluxes

NCEP1 and ERA latent heat flux estimates have very
similar large-scale features, showing net ocean heat loss
over almost the entire domain. ERA latent heat loss is
greater almost everywhere (Fig. 6¢), with the largest
difference over the Agulhas retroflection region (partly
on account of the higher resolution of ERA dataset) and



6304

in the central subtropical Pacific and Atlantic. WGASF
showed that in the Agulhas retroflection region, NCEP1
latent heat loss is biased low compared to the reference
COADS dataset (Taylor 2000, their Fig. 11.4.2d repro-
duced as our Fig. 6d), which may explain part of the
difference between NCEP1 and ERA in that region.

Similar to the latent heat flux fields, the large-scale
features of NCEP1 and ERA sensible heat flux fields are
consistent. They both show a net ocean heat loss almost
everywhere, though the NCEP1 product does show
a sensible heat gain poleward of the ACC (Fig. 7a,c).
However, the WGASF assigns this to NCEP1 bias and
suggests that NCEP1 sensible heat loss should be in-
creased in many high latitude regions (poleward of about
55°S). NCEP1 sensible heat flux is greater than ERA heat
flux in the subtropical Indian Ocean and western sub-
tropical South Pacific and smaller elsewhere (Fig. 7c).
The WGASF suggested, however, that NCEP1 sensible
heat loss is an overestimate in many subtropical regions
(Fig. 7d). This is in agreement with the results of Smith
et al. (2001) who compared NCEP1 near-surface me-
teorological variables and air-sea flux fields to high-
quality observations collected during the World Ocean
Circulation Experiment (WOCE) and showed that NCEP
sensible heat flux was too large.
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