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Abstract This study provides an analysis of the Mediterranean Sea surface energy budget using nine
surface heat flux climatologies. The ensemble mean estimation shows that the net downward shortwave
radiation (192 6 19 W m22) is balanced by latent heat flux (298 6 10 W m22), followed by net longwave
radiation (278 6 13 W m22) and sensible heat flux (213 6 4 W m22). The resulting net heat budget (Qnet)
is 2 6 12 W m22 into the ocean, which appears to be warm biased. The annual-mean Qnet should be
25.6 6 1.6 W m22 when estimated from the observed net transport through the Strait of Gibraltar. To
diagnose the uncertainty in nine Qnet climatologies, we constructed Qnet from the heat budget equation
by using historic hydrological observations to determine the heat content changes and advective heat flux.
We also used the Qnet from a data-assimilated global ocean state estimation as an additional reference. By
comparing with the two reference Qnet estimates, we found that seven products (NCEP 1, NCEP 2, CFSR,
ERA-Interim, MERRA, NOCSv2.0, and OAFlux1ISCCP) overestimate Qnet, with magnitude ranging from 6 to
27 W m22, while two products underestimate Qnet by 26 W m22 (JRA55) and 214 W m22 (CORE.2).
Together with the previous warm pool work of Song and Yu (2013), we show that CFSR, MERRA, NOCSv2.0,
and OAFlux1ISCCP are warm-biased not only in the western Pacific warm pool but also in the
Mediterranean Sea, while CORE.2 is cold-biased in both regions. The NCEP 1, 2, and ERA-Interim are
cold-biased over the warm pool but warm-biased in the Mediterranean Sea.

1. Introduction

The Mediterranean Sea is located between 30�N and 45�N in the global desert latitudes. The strong dry and
cold regional winds in winter generate strong evaporation and latent heat transfer [Bunker, 1972; May, 1982;
Hellerman and Rosenstein, 1983], leading to a net heat loss of �5 W m22 [MacDonald et al., 1994] and a net
freshwater loss of �60 cm [Mariotti et al., 2002; Mariotti et al., 2008; Pettenuzzo et al., 2010] on a yearly bias.
The Mediterranean Sea is a semienclosed basin, connected to the Atlantic Ocean in the west by the shallow
and narrow Strait of Gibraltar. It is estimated that about 90% of the heat and freshwater losses in the basin
are balanced by the warmer and fresher Atlantic waters that enter through the strait [Bryden and Kinder,
1991; Bryden et al., 1994; Tsimplis and Bryden, 2000; Candela, 2001; Bascheck et al., 2001]. The remaining 10%
of freshwater loss is supplied by river runoffs (e.g., Po Rhone, Nile, and Ebro) [Struglia et al., 2004].

In the context of the energy and water budget balance, the semienclosed Mediterranean Sea is a con-
strained basin. It is an ideal location for validating the surface flux estimates against the heat and water
budgets that are computed from the hydrographic observations. Many efforts have been made to deter-
mine the air-sea exchange on the regional and global scales. However, the energy budgets obtained by var-
ious products have not yet reached a balance [Yu et al., 2013]. There is a large spread in the mean averages
of surface heat fluxes between products [Josey et al., 2013], most of which are warm-biased that would
cause excessive heating to the ocean. This is clearly seen in the application of surface heat flux products to
analyze the heat balance in the Mediterranean Sea. For instance, the current nine surface heat flux products
(Table 1) suggest an ensemble annual mean heat gain about 2 W m22 (see in section 3.2), which is in sharp
contrast to the heat loss diagnosed from the heat transport through the Strait of Gibraltar [e.g., Bunker et al.,
1982; Garrett et al., 1993; Krahmann et al., 2000; Matsoukas et al., 2005; Sanchez-Gomez et al., 2011]. The
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numerical weather prediction (NWP) [Angelucci et al., 1998] and the ensemble Regional Climate Models
(RCMs) [Sanchez-Gomez et al., 2011] also show major discrepancy with the Gibraltar reference.

The net heat balance (Qnet) at the ocean surface is the sum of the four processes: net downward shortwave
radiation (SW), net upward longwave radiation (LW), and turbulent latent heat (LH) and sensible heat (SH)
fluxes. The higher estimate of Qnet throughout this paper is termed as ‘‘warm bias,’’ as the excessive net
downward heating tends to warm up the upper layer of the ocean. Studies attribute the excessive heating
bias to either an overestimation of SW by 6.5% [Garrett et al., 1993; Gilman and Garrett, 1994], or an underes-
timation of LW [Schiano et al., 1993; Gilman and Garrett, 1994], or weak LH and SH losses at the sea surface
[Bunker et al., 1982; Schulz et al., 1997; Bentamy et al., 2003; Petersen and Renfrew, 2009]. The under-
represented turbulent heat fluxes in high-wind conditions are particularly noted for the flux climatology
constructed from ship reports [Bunker et al., 1982]. Several methods have been proposed to correct the
accumulative bias on the total Qnet. One approach was to adjust the mean state of Qnet based on the heat
flux advected through the Strait of Gibraltar [Bethoux, 1979; Bunker et al., 1982], which is equivalent to
25.2 6 1.3 W m22 [MacDonald et al., 1994]. The other approach was to use the heat budget simulated from
the Ocean General Circulation Models (OGCMs) [Castellari et al., 1998; Dietrich, 2004; Ruiz et al., 2008; San-
chez-Gomez et al., 2011].

Concrete progress has been made continuously in improving the quantification of radiative and turbulent
heat transfer at the sea surface [Josey et al., 2013]. The latest atmospheric reanalysis efforts have led to four
new surface flux products, including the NCEP Climate Forecast System Reanalysis (CFSR) [Saha et al., 2010],
NASA’s Modern Era Retrospective-analysis for Research and Applications (MERRA) [Bosilovich, 2008; Rie-
necker et al., 2011], the ERA-Interim projects [Dee and Uppala, 2009], and the Japan Meteorological Agency
(JMA) 55 year Reanalysis (JRA-55) [Kobayashi et al., 2015]. These latest versions feature improved spatial and
temporal resolutions, an enhanced use of satellite observations from 1979 onward, and the state-of-the-art
data assimilation schemes. However, to what degree the latest reanalysis efforts have improved the repre-
sentation of surface heat exchange processes and the energy budget balance on both regional and global
scales is yet fully assessed.

This study seeks to address two objectives. One is to provide an evaluation of the state of the surface ener-
gy balance in the Mediterranean Sea determined from the surface heat flux climatologies that are currently
available. In particular, the degree of the spread in the estimates of each of the air-sea exchange process
(i.e., SW, LW, LH, and SH) will be analyzed. The other objective is to examine the physical consistency of the
surface heat flux climatologies with the observationally based ocean heat storage. The latter will be used as
a reference to help diagnose and quantify the bias in the flux climatologies. Although the study is on the
regional scale, it is the second part of our concerted efforts toward a systematic evaluation of the structure
and magnitude of the uncertainties in the Qnet climatologies over the global scale. In the first part of the
study [Song and Yu, 2013; hereinafter SY13], we established a framework to examine the physical consisten-
cy of nine flux climatologies in the western Pacific warm pool with ocean temperature observations. By
using the observed ocean heat budget together with in situ air-sea and subsurface measurements, we pro-
vided a quantification of the statistical uncertainty in the surface energy budget estimate over the world’s
warm waters. The dynamical framework of the heat budget analysis in the Mediterranean Sea is different

Table 1. List of the Surface Heat Flux Products and Associated Main Characteristics

Name Source Period
Temporal

Resolution
Spatial

Resolution Reference

Atmospheric Reanalyses
NCEP 1 NCEP, NCAR Jan 1948 onward 6 hourly 1.8758 3 1.8758 Kalnay et al. [1996]
NCEP 2 NCEP, DOE Jan 1979 onward 6 hourly 1.8758 3 1.8758 Kanamitsu et al. [2002]
CFSR NCEP Jan 1979 onward Hourly 0.58 3 0.58 Saha et al. [2010]
ERA-Interim ECMWF Jan 1979 onward 6 hourly 0.78 3 0.78 Dee et al. [2011]
JRA-55 JMA Jan 1958 onward 3 hourly 0.558 3 0.558 Kobayashi et al. [2015]
MERRA NASA Jan 1979 onward 3 hourly 0.58 3 0.6678 Rienecker et al. [2011]
Analyzed Flux Products
CORE.2 NOCAR Jan 1949 to Dec 2006 Monthly 18 3 18 Large and Yeager [2009]
NOCSv2 NOC Jan 1973 onward Monthly 18 3 18 Berry and Kent [2009]
OAFlux1ISCCP WHOI1NASA GISS Jul 1985 to Dec 2009 Daily 1 3 hourly 18 3 18 1 2.58 3 2.58 Yu et al. [2008] and

Zhang et al. [2004]
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from that in the SY13 in two major perspectives. The first and most distinct difference lies in that the Medi-
terranean Sea is a semienclosed sea, and the budget integration is performed in a fixed ocean basin that
has complex coastlines and topography. Second, the Mediterranean Sea is located in the global dessert
zone, influenced strongly by dry and cold northern winds in the winter. The basin has a net heat loss on the
annual mean basis, unlike the western Pacific warm pool that has a net heat gain throughout the year.
Therefore, the Mediterranean budget analysis will provide valuable insights into the uncertainty structure
and characteristics of the present heat flux estimates in regions beyond the tropics. To better connect with
the SY13 work, the same products are used in this study except for the replacement of ERA-40 with JRA-55.
ERA-40 suffers from various deficiencies and the surface budget is apparently in error. JRA-55 was not avail-
able at the time of writing SY13.

The paper is organized as follows: section 2 describes the data sets and methodology. Section 3 presents the
analysis of the surface heat budget balance. Section 4 provides the diagnosis of the discrepancies in the prod-
ucts based on the integrated ocean heat storage equation. Summary and discussion are given in section 5.

2. Methodology and Data Sets

2.1. Formulation of the Dynamical Framework
The strong evaporation in the Mediterranean Sea results in a freshwater loss of 50–100 cm/yr [Bethoux,
1979; Bryden and Kinder, 1991; Bryden et al., 1994; Tsimplis and Bryden, 2000; Candela, 2001; Bascheck et al.,
2001; Mariotti et al., 2002, 2008; Pettenuzzo et al., 2010] and a heat loss of 4–7 W m22 [Bunker et al., 1982;
MacDonald et al., 1994]. The net evaporation loss, together with the conservation of mass and salt, drives a
two-layer exchange flow through the Strait [Bryden and Stommel, 1984]. In the upper layer fresh and warm
Atlantic water flows into the basin through the Strait of Gibraltar, while in the lower layer a compensating
flow of colder and saltier water exits from the basin toward the Atlantic. On the time-mean basis, the gain
of advective heat transport through the Strait of Gibraltar should be compensated by a heat drain through
the air-sea heat fluxes. Thus, the Gibraltar heat exchange provides a strong constraint on the estimates of
the heat flux at the air-sea interface.

The primitive heat budget equation can be written as

@T
@t

1 rh uTð Þ5 1
q cp

r � Qnetð Þ2 kh � r2
h T ; (1)

where T is the temperature, u the horizontal velocity vector, q the averaged density, cp the basin-averaged
specific heat capacity, and kh the horizontal eddy coefficient for the diffusive heat. In equation (1), the four
terms from left to right denote the rate of change in temperature, horizontal heat advection, surface heat
flux divergence, and the horizontal heat diffusion, respectively. The vertical advection and diffusion are not
included, as the integration is performed over the entire Mediterranean Sea. There are other potential heat
sources, but all are deemed small. For instance, the geothermal heat flux from the ground is generally weak
and considered negligible [Stein and Stein, 1992, 1994; DeLaughter et al., 2005]. The heat influx from the
Black sea, which is estimated to be less than 1 W m22 [Garrett et al., 1993], is considered negligible [Tolma-
zin, 1985]. It is also assumed that the lateral and bottom boundaries are thermally insulated when comput-
ing the basin-integrated heat budget.

At the Strait of Gibraltar, only the zonal velocity (along-strait) is considered. By integrating equation (1) over
the entire Mediterranean Sea and applying the Gaussian theorem to the terms of advection, surface heat
flux divergence, and diffusion, one yields
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(2)

where s1 denotes the cross section of the Strait, s the entire surface of the Mediterranean Sea, with A1 and A
being the respective integral area. In equation (2), all terms can be computed from existing data sets. The
heat storage term (Term I) are computed from the given ocean temperature fields. The annual mean advec-
tion term (Term II) are estimated by using a baroclinic transport (0.81 6 0.07 Sv for the upper layer and
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20.76 6 0.07 Sv for the lower layer) through the Strait of Gibraltar [Bascheck et al., 2001]. However, for the
seasonal variations, the advective heat flux is calculated in reference to the climatological monthly transport
by Soto-Navarro et al. [2010]. Term III are estimated from existing surface flux climatologies. Term IV is deter-
mined from the zonal temperature gradient between the temperature profiles in and out of the Strait, with
the horizontal eddy coefficient kh set at 2000 m2 s21. On the time-mean basis, the loss of the surface heat
flux (Term III) is compensated by the heat input through the Strait (Term II), and the net heat residual in the
basin is close to zero. However, the errors in flux climatologies are usually so large that they are not able to
balance the budget as suggested [Gilman and Garrett, 1994; Sanchez-Gomez et al., 2011]. Hence, the heat
budget residual in equation (2) has been used as a tool to quantify the errors in the surface flux climatolo-
gies. This is also an approach used in the following analysis.

2.2. Description of Data Sets
As mentioned, two sets of data information are needed in equation (2). One is the subsurface temperature
climatology and the other is the surface flux climatology. The subsurface temperature climatology is taken
from the World Ocean Atlas 2009 (WOA09) [Locarnini et al., 2010], which is the average of the decadal
means over the five periods: 1955–1964, 1965–1974, 1975–1984, 1985–1994, and 1995–2006. Other data
sets, such as the MEDAR/MEDATLAS project [Fichaut et al., 2003], also provide choices for the calculation of
the heat storage change (Term I). This study is the second part of our efforts toward better understanding
and quantification of the uncertainties in the global flux climatologies [Song and Yu, 2012; SY13]. The
WOA09 is chosen as the reference data set in our efforts because it can be applied on both regional and
global scales. In using the WOA09 in this study, the vertical profile of the temperature fields was linearly
interpolated into 1 m resolution. Heat content at each grid was computed by the multiplication of the tem-
perature and the geophysical volume at the grid point. The monthly heat content over the basin was fur-
ther interpolated into daily values so that the monthly heat storage rate was presented by the heat content
differences between the last 5 day mean and the first 5 day mean of the month.

Due to the uncertainty in surface flux estimates, one single data set is not sufficient to characterize the
range of uncertainty. Hence, a total of nine flux products were used. Two products are from the first and
second generations of atmospheric reanalyses, including the National Center for Environmental Prediction/
National Center for Atmospheric Research (NCEP/NCAR; hereafter NCEP 1) reanalysis [Kalnay et al., 1996]
and NCEP/Department of Energy (NCEP/DOE; hereafter NCEP 2) reanalysis [Kanamitsu et al., 2002]. Four lat-
est atmospheric reanalysis products are used, including CFSR, ERA-interim, JRA55, and MERRA. The three
analyzed Qnet products are the Objectively Analyzed Air-sea Flux (OAFlux) [Yu and Weller, 2007; Yu et al.,
2008] plus the surface radiation from the International Climatology Cloud Project (ISCCP) [Zhang et al.,
2004], the National Oceanography Centre, Southampton version 2.0 (NOCSv2.0) [Berry and Kent, 2009,
2011], and the version 2 forcing for Common Ocean-ice Reference Experiments (CORE.2) [Large and Yeager,
2009]. Key characteristics of the nine products are summarized in Table 1. The three analyzed products
(OAFlux, NOCSv2.0, and CORE.2) have 18 3 18 resolution, while the others were interpolated onto the same
grids to facilitate the computation. A monthly climatology was constructed for the 20 year period from
1987 to 2006.

Besides the above nine climatologies, the Qnet and SW climatology can also be provided by ocean data
assimilation models, such as the project of Estimating the Circulation & Climate of the Ocean (ECCO)
[Wunsch and Heimbach, 2007]. The SW in ECCO is a control variable using the ERA-Interim as the initial con-
dition. The other flux terms are computed from the bulk flux algorithm [Large and Yeager, 2004] and the
output is not provided. We include the ECCO surface Qnet and SW as an additional reference here, because
these estimates are from an ocean model that satisfies both ocean dynamics and data constraints. The new-
ly released 20 year (1982–2011) ECCO version [Forget et al., 2015] is used, in which the Qnet and SW are
gridded on a 0.58 3 0.58 horizontal resolution.

3. Mean and Seasonal Variability of Surface Heat Flux Climatologies and
Associated Uncertainties

3.1. Ensemble Mean and Spread of the Annual-Mean Qnet and Heat Flux Components
The ensemble annual mean Qnet is obtained from averaging the nine Qnet climatologies (Figure 1a). The
mean Qnet is characterized by a heat loss over the Gulf of Lyon, the Adriatic and Aegean Seas, and a heat
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gain over the Alboran Sea, the interior of the Western (WM) and Eastern Mediterranean (EM). On an annual
basis, the Mediterranean Sea gains heat in the south but loses heat in the north, influence by the wintertime
wind pattern that blows cold and dry continental air from north downward to the south. The high evapora-
tion and strong surface cooling in the northwestern Mediterranean Sea (NM) [MEDOC Group, 1970; Sankey,
1973; Madec et al., 1991] and the Eastern Mediterranean [Plakhin, 1972; Sultan et al., 1987] lead to the deep
convection and the formation of the dense water. The maximum heat loss is approximately 30 W m22 in
the Gulf of Lyon. On the other hand, the maximum heat gain is roughly 50 W m22 in the Alboran Sea, where
the air-sea humidity contrast is small and the wind is relatively weak. The ensemble annual-mean Qnet aver-
aged over the basin is 2 6 12 W m22. Given that the oceanographic observations at the Strait of Gibraltar
indicate an annual-mean loss of 25.2 6 1.3 W m22 [MacDonald et al., 1994], the ensemble mean of Qnet is
largely warm-biased.

The nine Qnet climatologies are not all consistent with each other, and their differences are quantified using
the standard deviation (STD) (Figure 1b). The STD (spread) in the nine products is relatively smaller in the
WM than that of the EM. In the latter, the STD spread exceeds 20 W m22 on average, with the largest value
of �30 W m22 in the Aegean Sea. The spread in Qnet is less than 10 W m22 in the NM deep water

Figure 1. (a) Spatial distribution of the ensemble mean of the Qnet in the Mediterranean Sea averaged over nine climatologies. Positive
values denote downward heat flux (i.e., the sea surface receives heat from the atmosphere), while negative values denote upward heat
flux (i.e., the sea surface loses heat to the atmosphere). The solid lines represent the zero-contour of the Qnet. (b) STD (spread) of the nine
Qnet mean climatologies.
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formation region. The ensemble mean spread in Qnet is 12 W m22 when averaged over the basin, account-
ing for 6 times of the ensemble mean Qnet.

The ensemble annual mean fields of the four heat flux components, net SW, net LW, LH, and SH (Figures
2a–2d), and their respective STD spread (Figures 2e–2h) are constructed. The net SW shows a gradual
decrease from north to south due to the variation of the solar zenith angle with latitude. The net solar gain
exceeds 200 W m22 in the southeastern basin, while is below 170 W m22 in the NM. The net LW decreases
from 274 W m22 in the southeast to 286 W m22 in the northwest (Figure 2b), with an average of 278 W
m22 over the basin. The EM basin is generally more evaporative, and the LH loss reaches 120 W m22 south
of the Aegean Sea (Figure 2c). The SH loss is higher in the coastal region (Figure 2d), due to the strong air-
sea thermal contrast caused by the cold continental winds. In the interior basin, the SH is relatively smaller,
less than 10 W m22.

The differences in the SW products (Figure 2e) care the major cause of the spread in the Qnet products, fol-
lowed by the contributions from LW (Figure 2f), LH (Figure 2g), and SH (Figure 2h). The STD of SW (Figure

Figure 2. Spatial distribution of the ensemble mean (a) SW, (b) LW, (c) LH, and (d) SH constructed from nine climatologies. The STD
(spread) of the nine mean climatologies (e) SW, (f) LW, (g) LH, and (h) SH.
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2e) is near uniformly large at 21 W m22 in the northern basin north of 348N, while south of this latitude, the
spread is reduced slightly to 19 W m22. The pattern of the SW STD distribution is opposite to the pattern of
the mean SW (Figure 2a), suggesting that the nine climatologies experience more difficulty in determining
the magnitude of solar radiation in the northern basin where the mean SW is comparably smaller than the
southern basin.

Although different bulk formula can result in discrepancies for the SW calculation, previous studies have
shown that SW is overestimated due to the lack of seasonal and spatial variability of aerosols and water
vapor density [Bunker, 1972; Garrett et al., 1993; Gilman and Garrent, 1994; Schiano, 1996; Castellari et al.,
1998; Tragou and Lascaratos, 2003]. In particular, Tragou and Lascaratos [2003] performed a systematic long-
term comparison of the solar heat flux estimated from a cloud reduction bulk formula [Reed, 1977] with the
ground truth observations that were obtained at the coastal meteorological stations over the basin. They
showed that SW is systematically overestimated by 25 W m22 for a period of 30 years, and the overestima-
tion occurs mostly during summer in clear-sky conditions. The lack of spatial and temporal variations of the
attenuation due to aerosols and, possibly, to water vapor absorption, is suggested as a plausible explana-
tion for the uniformly overestimated SW. We suspect this to be a reason for the large spread in the nine SW
climatologies examined here. Similar to the effect of the aerosols, the clouds at the sea surface can also
reduce the net solar radiation by reflecting a significant amount of radiation back to the space and trapping
the radiation in the cloudy atmosphere [Ramanathan et al., 1989, 1995]. Different reanalyses have different
cloud parameterizations, and so the reanalyzed net SW products (e.g., NCEP and ERA-Interim) do not con-
verge at the sea surface. The satellite-derived ISCCP net SW was estimated from the cloud-radiative models
[e.g., Zhang et al., 2004], and the CORE.2 is based on the ISCCP.

The spread in the LW, LH, and SH products increases toward the coastal region. The same problem is also
found in the high-resolution regional climate models [Sanchez-Gomez et al., 2011], which is attributed to the
complex topography related oceanic and atmospheric processes [Samuel et al., 1999]. The STDs (Figures 1b
and 2f–2h) are largest in the Adriatic Sea when compared to the STDs in the other parts of the basin. The
integrated STD around the Mediterranean coast for LW, LH, and SH is 14, 15, and 6 W m22, respectively,
contrasting to their values of 10, 10, and 5 W m22 in the interior.

3.2. Surface Energy Budget and Uncertainties
The basin-averaged mean and STD for the Qnet and four flux components were constructed for each of the
nine climatologies and are summarized in Table 2. Values in the parentheses denote the seasonal STD. The
ensemble mean and STD spread of the nine climatologies are also complied (Table 3). The STD in Table 3
refers to the STD of the mean across the nine climatologies. Except for JRA-55 and CORE.2 that have a net
heat loss, all the other seven products show a net heat gain, with Qnet ranging from 1 W m22 by NCEP 1 to
21 W m22 by MERRA. The seven Qnet estimates are obviously warm biased, and the bias in MERRA is excep-
tionally large. The Qnet in JRA-55 is 212 W m22 and Qnet in CORE.2 is 219 W m22, both of which have the
right sign but are 2–3 time stronger in magnitude compared to the observed estimate of 25.2 6 1.3 W m22

[MacDonald et al., 1994]. The STD Qnet in all products is strong, ranging between 93 W m22 (NOCSv2.0)
and 133 W m22 (NCEP 2). The ensemble mean of the nine Qnet products yields a heat gain of 2 W m22

(Table 3), which is obviously warm-biased.

Table 2. Basin-Averaged Annual-Mean Budget of Qnet (Unit: W m22) and Four Individual Components, SW, LW, LH, and SH
(Unit: W m22)a

Name Qnet SW LW LH SH

NCEP 1 1 (6116) 191 (675) 279 (62) 297 (631) 214 (614)
NCEP 2 9 (6133) 216 (689) 283 (61) 2111 (634) 212 (615)
CFSR 8 (6119) 207 (683) 285 (62) 2105 (627) 210 (610)
ERA-interim 7 (6114) 198 (681) 284 (62) 295 (627) 211 (610)
JRA-55 212 (6109) 198 (677) 279 (66) 2112 (625) 219 (69)
MERRA 21 (6122) 203 (680) 289 (67) 282 (623) 211 (67)
CORE.2 219 (6117) 182 (676) 281 (69) 2101 (623) 219 (614)
NOCSv2 4 (693) 149 (661) 245 (63) 288 (627) 212 (66)
OAFlux1ISCCP 3 (6124) 185 (679) 276 (64) 293 (634) 213 (615)

aNot that Qnet 5 SW1LW1LH1SH. The values in the parentheses denote the seasonal STD.
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On an annual basis, the heat content
change in the basin should be zero.
With a net input of 2 W m22, the basin-
integrated heat budget cannot achieve
a heat budget balance unless the hori-
zontal heat diffusivity (Term IV in equa-
tion (2)) through Strait could be as

large as 27.2 W m22 to balance out the surface excessive heat (Term III) and the heat advection (Term II in
equation (2)). However, since the horizontal temperature gradient is small and the horizontal eddy diffusive
coefficient cannot be much higher than 2000 m22 s21 [Gent and McWilliams, 1990], the horizontal diffusivity
is estimated to be roughly at 3 3 1023 W m22. Given the residual warm bias of 7.2 W m22, we can conclude
that the Qnet of the nine-climatology ensemble is overestimated.

Differences in SW are large (Table 2), with the lowest insolation of 149 W m22 from NOCSv2.0 and the high-
est insolation of 216 W m22 from NCEP 2. The seasonal variability (STD) ranges from 61 (NOCSv2.0) to 89
(NCEP 2) W m22. Apparently, NCEP2 has both the largest mean and the strongest seasonal variability. Like-
wise, NOCSv2.0 has the smallest mean and the weakest seasonal variability. The basin-averaged ensemble
mean of the nine SW climatologies is 192 W m22 (Table 3), and the STD spread of 19 W m22 accounts for
about 10% of the mean SW.

The nine LW climatologies differ by a factor of 2 in the mean, with the weakest estimate of 245 W m22

from NOCSv2.0 and the largest estimate of 289 W m22 from MERRA. It is worth noting that, except for
NOCSv2.0, the LW estimates from the other eight climatologies are rather close. The basin-averaged ensem-
ble mean of the nine LW products is 278 W m22, with a STD spread of 13 W m22 (Table 2). The largest STD
spread is located in the southeast basin (Figure 2f).

The nine LH products vary between 2112 and 282 W m22. The LH estimates from JRA-55 (2112 W m22)
and NCEP 1 (2111 W m22) are at the higher end, while those from MERRA (282 W m22) and NOCSv2.0
(282 W m22) are at the lower end. The ensemble mean is 298 W m22, with a STD spread of 10 W m22. The
mean SH is comparably smaller, with the nine SH climatologies ranging between 219 and 210 W m22. The
large estimate is from JRA-55 and CORE.2 while the low estimate from CFSR. The ensemble mean is 213 W
m22, with a STD spread of 4 W m22 (Table 3).

As shown in Tables 2 and 3, the net SW (192 W m22, downward) is balanced predominantly by net LW
(278 W m22, upward) and latent heat loss (298 W m22, upward), while the contribution of sensible heat
loss (213 W m22, upward) is small, accounting for less than 7%. To quantify the partition between the flux
components more clearly, the bar maps of the nine climatologies are shown (Figure 3a). Two features are
noted. First, MERRA is the only product that shows the LW loss is larger than LH, while all other eight prod-
ucts indicate that LH is the dominant heat loss term, followed by LW and SH. Second, NOCSv2.0 has the
lowest estimate in all three main components, SW, LW, and LH, showing that the weaker insolation is
accompanied by also weaker LW and LH loss. The resulting net heat balance is of 4 W m22, which is higher
than NCEP1, JRA-55, CORE.2, and OAFlux1ISCCP.

It is not yet clear from Figure 3a how the sum of the four terms in JRA-55 and COAR.2 ends up with a net
heat loss, with a magnitude that is 2–3 times larger than the budget inferred from the oceanographic data
[MacDonald et al., 1994]. To gain a deeper insight, two additional sets of scatterplots are made. The first
scatterplot shows the partition between surface radiative components (SW1LW) and turbulent heat loss
2(LH1SH) (Figure 3b). For JRA-55 and CORE.2, the SW1LW are less than the –(LH1SH), that is, the net radi-
ative input is less than the net turbulent heat loss. Interestingly, although a net heat loss is achieved by
both products, CORE.2 (SW1LW) is about 20 W m22 lower in (SW1LW) and about 10 W m22 lower in –
(LH1SH) when compared to JRA-55. For the other seven climatologies, (SW1LW) is larger than –(LH1SH),
which causes a net heat gain.

The second scatterplot measures the ratio between (SW1LW) and –LH (Figure 3c). In the tropical and sub-
tropical oceans, the LH was found to be the dominant component in balancing the incoming SW [Nigam
and Chao, 1996; Carton and Zhou, 1997; Yu, 2007; Foltz et al., 2010]. There is also an indication (Table 2) that
the intensity of LH relative to the intensity of SW1LW may determine the sign of Qnet. This is seen that the
weak LH and strong SW in MERRA lead to a large positive Qnet at 21 W m22. On the other hand, the weak

Table 3. Ensemble Mean and STD Spread of the Mean Constructed From Nine
Climatologies (Unit: W m22)

Name Qnet SW LW LH SH

Mean 2 192 278 298 213
Spread 12 19 13 10 4
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SW but large LH in CORE.2 yields a large negative Qnet at 219 W m22. As shown in Figure 3c, the threshold
of the ratio, (SW1LW)/2LH, could be set at 1.1 to get the right sign of Qnet. When the ratio is less than 1.1
but greater than 1, such as the case for JRA-55 and CORE.2, Qnet is negative. By comparison, when the ratio
is greater than 1.1 but less than 1.2, such as the case for the six climatologies (NCEP 1, 2, CFSR, ERA-Interim,
NOCSv2.0, and OAFlux1ISCCP), Qnet is positive but less than 10 W m22. When the ratio approaches 1.4
such as MERRA, Qnet exceeds 21 W m22, which is the highest among all the nine climatologies.

3.3. Dominant Processes in the Seasonal Variations of Qnet
Seasonal variability of Qnet and four flux components (Figures 4a–4e) is examined to identify the dominant
source of discrepancies in Qnet on seasonal timescales. Albeit the amplitude differs, all Qnet climatilogies
display a similar seasonal cycle (Figure 5a) that is synchronous with the seasonal cycle of SW (Figure 5b). All
SW climatologies also agree with each other on the seasonal cycle, except for NOCSv2.0, which is weaker
and has the seasonal peak shifted 1 month later to July. The other eight SW climatologies all have a peak in
June and July, when the solar zenith angle is largest. Qnet is positive in the boreal spring/summer from April
to August, when SW excesses the heat loss induced by LW, LH, and SH. However, in the boreal fall/winter
from October to February of the following year, the total heat loss (LW1LH1SH) surpasses SW which leads
to a negative Qnet. For the 2 months, March and September, Qnet is near zero.

The nine LH and SH climatologies (Figures 4d and 4e) show a similar feature: they largely agree on the sea-
sonal cycle but differ in magnitude. JRA-55 has the strongest latent and sensible heat loss, mostly noted in
the summer months from May to September. NOCSv2.0 has 1 month shift in the cycle. By comparison, LW
from the nine climatologies has large deviations from each other not only in magnitude but also in seasonal
variations (Figure 4c). The LW of NOCSv2.0 is weaker than the other eight climatologies, about 30 W m22 in
magnitude (magenta line in Figure 4c). As the SW of NOCSv2.0 is also weak (Figure 4b), the term of SW1LW
is comparable to the other climatologies. On the annual mean state, the SW1LW of NOCSv2.0 is larger than

Figure 3. (a) Bar plot of basin averages of Qnet, SW, LW, LH, and SH for the nine products. (b) Scatterplot of SW1LW versus –(LH1SH).
(c) Scatterplot of (SW1LW)/(2LH) versus Qnet.
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the term of –(LH1SH) (see in Figure 3b), which causes a warm bias in Qnet. The most peculiar seasonal pat-
tern of LW is depicted by CORE.2, showing that LW and SW have a similar seasonal cycle, both with a peak
in June and July. All other LW products agree more or less with each other on semiannual cycles, with the
first peak in May and the second peak in late fall, although the exact timing of the second peak varies con-
siderably with products.

The nine-climatology averaged seasonal cycles of Qnet and the four components with the error bars super-
imposed are constructed (Figures 5a–5e). The error bars represent 2r, that is, two times of the STD spread
of the nine climatologies. The errors are significant at 95% level. Qnet are positive in spring and summer
(March–September) and negative in fall and winter (September–March of the following year). The Qnet STD
spread increases when the magnitude of Qnet is larger in summer and winter (Figure 5a). Interestingly, the
STD spread of SW is also largest in summer when there is less cloud (Figure 5b), while the STD spread of tur-
bulent heat fluxes (LH and SH, Figures 5d and 5e) is largest in winter when strong air-sea thermal/humidity
differences are larger and winds are stronger. Winds play an equivalent role as the air-sea humidity/thermal
contrast in determining LH and SH [Yu, 2007; Song and Yu, 2012]. The large spread in LH is attributable to
be the differences in winds.

The sea surface SW is closely associated with the cloud radiative effects [Hartmann and Doelling, 1991; Chen
et al., 2000] and aerosol effects [Tragou and Lascaratos, 2003]. The accuracy of the SW climatologies is sensi-
tive to the parameterizations in the radiative energy models. It is worth noting that CORE.2 SW is from ISCCP
SW but applied a global reduction of 5% [Large and Yeager, 2009]. There is a subjective 5% magnitude dif-
ference between CORE2.0 SW and OAFlux1ISCCP SW.

Figure 4. Seasonal variations of (a) Qnet, (b) SW, (c) LW, (d) LH, and (e) SH. Positive values denote downward heat transfer, while negative
values denote upward heat transfer. Note the y axis of SH in Figure 4e is different from that of the other two loss terms of (c) LW and
(d) LH.
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The ensemble seasonal cycle of the nine LW climatologies shows smaller seasonal variation, unlike the other
three components (SW, LH, and SH). However, the STD spread for the ensemble LW is large, reflecting the
major uncertainty in estimating the heat fluxes in the Mediterranean Sea is LW. A study by Bignami et al.
[1995] showed the LW based on the bulk formula is underestimated about 30 W m22 compared to the in
situ direct measurements of infrared budget in the Mediterranean Sea. The calculation based on the infra-
red budget bulk formulas was summarized by Fung et al. [1984]. The cloud effects and water vapor in the
lower atmosphere can potentially introduce the large errors to net LW, which should be considered sepa-
rately in different cases. Besides, different schemes of bulk formulas [Fung et al., 1984] can lead to a major
difference of about 60 W m22 between the highest and lowest estimates.

4. Heat Budget Analysis

4.1. Basin-Integrated Heat Budget Analysis
Terms in equation (2) were calculated. The annual mean of the Term I reaches a zero balance. The seasonal
variation of Term I was presented by the difference of the heat content between the last 5 day mean and

Figure 5. Seasonal variations of surface budgets averaged over nine climatologies (a) Qnet, (b) SW, (c) LW, (d) LH, and (e) SH over the Med-
iterranean Sea. The error bars are significant at 95% level (2r). Dashed lines denote the mean value of the flux components.
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the first 5 day mean in a given month. The daily heat content was obtained by interpolating the monthly
data into daily values. On an annual mean state, the baroclinic transport was taken to be 0.81 6 0.07 Sv for
the upper layer and 20.76 6 0.07 Sv for the lower layer [Bascheck et al., 2001]. The interface depth for the
inflow and outflow was chosen to be 180 m according to both in situ observations [Soto-Navarro et al.,
2010] and model results [Bascheck et al., 2001]. Soto-Navarro et al. [2010] analyzed 5 year in situ observa-
tions and showed that the annual mean inflow and outflow are 0.81 6 0.06 Sv and 20.78 6 0.05 Sv, respec-
tively, but with significant annual and semiannual variations [Lafuente et al., 2002]. The inflow peaks in
September, while the outflow in magnitude peaks in April. The climatological monthly inflow, outflow, and
interface depth in this paper were set to be the values provided by Soto-Navarro et al. [2010, Figure 6].

Term II is estimated as follows:

ð
s1

uTdA1 ffi V T 5V up

ð0

2180
Tdz1V dn

ð2180

bottom
Tdz; (3)

where V and T represent the section-integrated volume transport and temperature, V up and V dn denote
the upper and lower layer volume transport. The annual mean of Term II was estimated at 20.011 PW (Fig-
ure 6a, 1 PW 5 131015 W) with a seasonal STD 0.003 PW. The integrated diffusive heat flux (Term IV) at the
cross section of the Strait only quantifies 3 3 1026 PW (Figure 6a) using a constant horizontal diffusivity
2000 m2 s21. Therefore, on an annual mean state, the advective heat flux of 20.011 PW (Term II) should be
only compensated by Qnet (Term III). Therefore, the annual mean of Term III ( 1

q cP

Ð
s

QnetdA) should be
20.011 PW. Dividing the energy of 20.011 PW by the surface area, the Qnet is 25.6 W m22, indicating a

Figure 6. (a) Seasonal variations of Term I (line with solid circle), Term II (red line with empty circle), and Term IV (blue line with triangle) of
equation (2). (b) Term III in equation (2) from nine climatologies. Numbers below the curves are the mean total heat budget of Term III for
each product.
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heat loss. Due to the lack of long-term high spatial and temporal resolutions of velocity and temperature
profiles, the uT in equation (3) is represented by the mean of uT without considering the perturbation term
u0T 0 . However, it is believed that the term of u0T 0 is a smaller contribution to the advective heat flux [Mac-
Donald et al., 1994]. The seasonal variability of the advective flux does exist (Figure 6a). The Term II peaks in
September at 27.2 W m22 when the warm inflow is intensive, but minimized to be 22.8 W m22 when the
cold outflow is strong in April.

The seasonal variations of the Terms I and II are balanced by Term III. However, the seasonal STDs of Terms I
and III are much larger than their means and Term II (Figure 6), which indicates a strong annual cycle (Fig-
ures 4a and 5a). The scales of equation (2) are dominated by Terms I and III for the seasonal variability,
which is the balance between the heat storage rate and Qnet. From April to August when the solar radiation
is stronger (Figures 4b and 5b) in the Northern Hemisphere, the basin-integrated Qnet is positive and the
excessive heat will be stored by increasing the ocean heat content, while from October to February of the
following year, the accumulated heat content is released to the atmosphere by intensive turbulent latent
and sensible heat loss from the ocean surface (Figures 4d, 4e, 5d, and 5e). In March and September, Term I
is approximately zero because Qnet in these 2 months is near zero. MERRA has the highest surface energy
with an annual mean at 0.042 PW. Its seasonal STD is 0.22 PW, nearly 5 times than the annual mean. CORE.2
has the lowest energy of 20.038 PW with the seasonal STD of 0.23 PW. The other seven climatologies range
from 20.024 PW (JRA-55) to 0.018 PW (NCEP 2).

4.2. The Reconstructed Qnet and Error Analysis
The heat budget analysis allows the mean and seasonal Qnet to be reconstructed inversely using Terms II
and I. In equation (3), the along-strait transport was set at 0.81 Sv for the upper layer and 20.76 Sv for the
lower layer [Bascheck et al., 2001]. However, the estimates can differ [Bryden and Kinder, 1991; Bryden et al.,
1994; Tsimplis and Bryden, 2000; Candela, 2001; Soto-Navarro et al., 2010]. The transport errors for the upper
and lower layer were from the STD of the values that have been published, which are 0.12 and 0.13 Sv,
respectively. Equation (4) is used to quantify the error for Term II

rTerm II5
qcP

Ð
s1 urT dA11

Ð
s1 ruT dA1

� �
s

; (4)

where ru denotes the error of the along-strait velocity, rT represents the statistical error of WOA09 temper-
ature climatology, the other symbols are the same as that in equation (2). The first term on the RHS of equa-
tion (4) is roughly one sixth of that of the second term, as the rT is only 1/30 of the mean temperature T .
That is to say, the main error is ascribed to be the along-strait transport uncertainty. The error of in rTerm II

in equation (4) is estimated to be 0.8 W m22. Therefore, the advective heat flux is 5.6 6 1.6 W m22, which is
significant at 95% confidence level.

The seasonal Qnet is inversely reconstructed by estimating the heat content changes and seasonal advec-
tive heat flux (red curve in Figure 7a). The maximum and minimum reconstructed Qnet is in June and
December, which is 140 W m22 and 2163 W m22, respectively. The Qnet is 211 and 25 W m22 in March
and September. The statistical errors from the WOA09 temperature give rise to a mean error of 10 W m22

for the reconstructed Qnet by

rTerm I5
qcP

d
dt

Ð
v 6rT dv

� �
s
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Therefore, the mean total error (
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
rTerm I

21rTerm II
2

p
) for the reconstructed Qnet is 10 W m22 (red error bars

in Figure 7a) on average, and is significant at 95% confidence level. This error is mainly introduced by the
WOA09 statistical errors rather than the advective heat flux.

4.3. ECCO Qnet and SW
The mean Qnet in ECCO is 26 W m22, equivalent to the annual mean Qnet from the WOA09 estimate. On
the seasonal basis, ECCO has a Qnet maximum of 166 W m22 in June and a minimum of 2186 W m22 in
December, with a Qnet at 8 W m22 in March and 233 W m22 in September. The statistical errors for the
seasonal climatology are larger in winter but smaller in summertime (blue line in Figure 7a). The annual
cycle of net SW shows a maximum of 292 W m22 in June and a minimum of 78 W m22 in December (Figure
7b). The seasonal variation of ECCO Qnet (blue) is stronger than that of the reconstructed Qnet (red) from
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WOA09. For the basin-scale integration, the sampling density and quality may be an issue for WOA09 due

to the lack of sufficient data coverage on monthly basis. ECCO synthesize model physical with an extremely

diverse set of observations, including SST, sea level from satellite, and in situ profiles from ARGO. Thus, the

climatological seasonal Qnet of ECCO is potentially better represented than that of the WOA09, albeit it is

yet to be demonstrated.

The annual mean pattern of the Qnet in ECCO (Figure 7c) is similar to that of the 9-product ensemble

mean Qnet (Figure 1a). However, the ECCO Qnet is much more negative than the ensemble mean Qnet

(Figure 1a) in the northwestern Mediterranean Sea. The maximum Qnet in ECCO is 36 W m22 over the

Mediterranean Sea occurs in Alboran Sea, while the minimum is 247 W m22 in the Gulf of Lyon. Com-

pared to the ensemble mean, the ECCO Qnet has more heat loss than heat gain. The ECCO SW (Figure 7d)

show that the maximum SW is 219 W m22 in the southern Levantine basin, and the minimum is 154 W

m22 in the northern Adriatic Sea. The mean SW is 189 W m22, 3 W m22 less than the ensemble mean SW

(Table 3). A clear advantage of ECCO Qnet and SW is the resolution. The 0.58 resolution model data have

more ocean grids that can depict the Mediterranean coastline better than 18 resolution. The ECCO heat

flux is bale to capture the topography-related oceanic and atmospheric processes, and their complex

interactions.

4.4. Intercomparison of ECCO/WOA09 With the Nine Climatologies
The reconstructed Qnet from WOA09 (Figure 6) is used to evaluate the annual-mean Qnet from the nine
climatologies. A warm bias is seen in a number of products, including NCEP 1 (16 W m22), NCEP

Figure 7. (a) The reconstructed Qnet from WOA09 (unit: W m22, red) versus the ECCO Qnet in ECCO (blue). Error bars are derived from statistical analysis. (b) The seasonal evolution of
the net SW in ECCO. (c) Spatial distribution of ECCO Qnet. (d) The same as Figure 7c, but for net SW.
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2 (115 W m22), CFSR (113 W m22), ERA-Interim (113 W m22), MERRA (127 W m22), NOCSv2.0 (110 W m22),
and OAFlux1ISCCP (19 W m22). A colder bias is obtained in JRA-55 (26 W m22) and CORE.2 (214 W m22)
(Figure 8a). The STDs in Figure 8a evaluate the monthly deviation of Qnet differences. The maximum and the
submaximum deviations are produced by NCEP 2 (628 W m22) and NOCSv2.0 (623 W m22). The minimum
deviation is from JRA-55 (68 W m22). The annual mean bias shows an overall warmer tendency in the Mediter-
ranean Sea. Interestingly, in our previous warm pool work of SY13, the numbers of warm and cold products are
nearly half and half.

The monthly differences are intercompared between nine Qnet climatologies and ECCO Qnet (e.g.,
OAFlux1ISCCP-ECCO, black, Figure 8b). All climatologies, except for NCEP 2, have a colder bias in warm sea-
son from May to July with respect to ECCO. All climatologies show a warm bias from September to February
of the following year, with few exceptions of JRA-55 Qnet in September and CORE.2 Qnet in January and
February. NOCSv2.0 has the largest warm bias at 76 W m22 in September, and the largest cold bias at 254
W m22 in March.

Figure 8. (a) Annual mean differences between the nine Qnet climatologies and the reconstructed Qnet from WOA09. Error denotes the
STD of seasonal deviations. (b) Seasonal Qnet differences between the nine Qnet climatologies and ECCO (e.g., OAFlux1ISCCP-ECCO,
black).
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NCEP 2 has a 12 month warm bias than ECCO (Figure 8b). The warm bias is most pronounced from June
to November, exceeding 46 W m22 in October. The bias is small from December to May of the following
year, with magnitude ranging from 1 W m22 in December to 6 W m22 in May. MERRA has an 11 month
warm bias and is the warmest product, with magnitude reaching 59 W m22 in December. Although most
warm bias takes place over the whole year, MERRA performs better than the other eight climatologies
from May to July. Some other products (CFSR, ERA-Interim, and OAFlux1ISCCP) have a 4 month colder
bias and an 8 month warm bias (Figure 8b). NCEP 1 and NOCSv2.0 have a 5 month colder bias and a 7
month warm bias. JRA-55 and CORE.2 are cold biased, and they have an underestimated Qnet for more
than 6 months.

The spatial structure of the Qnet differences between the nine-product ensemble mean and ECCO shows a
basin-wide warm bias pattern with limited cold bias. The bias is most significantly in the northwestern Med-
iterranean Sea (Gulf of Lyon) and the Ionian Sea, while the cold bias is limited to coast regions, e.g., the Adri-
atic Sea and the Aegean Sea. The largest warm bias is 40 W m22 in the Strait of Gibraltar, and the largest
cold bias is 220 W m22 in the north of Adriatic Sea. In the regions where the deep water forms, the ensem-
ble mean Qnet is higher than ECCO, implying that the two sets of estimates would produce different rate of
the deep water formation. The mean difference is 8 W m22, consistent with the estimation that the mean
Qnet of nine climatologies is 2 W m22, and the mean Qnet of ECCO is 26 W m22.

5. Discussion and Conclusion

This study provides an analysis of the Mediterranean Sea surface energy budget using nine surface heat
flux climatologies. The ensemble mean estimation shows that the net downward shortwave radiation
(192 6 19 W m22) is balanced by latent heat flux (298 6 10 W m22), followed by net longwave radiation
(278 6 13 W m22) and sensible heat flux (213 6 4 W m22). The resulting net heat budget (Qnet) is 2 6 12
W m22 into the ocean, which appears to be warm biased. The annual-mean Qnet should be 25.6 6 1.6 W
m22 when estimated from the observed net transport through the Strait of Gibraltar.

To diagnose the uncertainty in nine Qnet climatologies, we constructed Qnet from the heat budget equa-
tion by using historic hydrological observations to determine the heat content changes and advective heat
flux. The heat budget analysis was conducted using the basin-integration of the heat budget equation
(equation (2)). The heat budget closure is examined by estimating the heat content changes, advective heat
flux across the Strait of Gibraltar, and the air-sea Qnet. On the annual mean basis, the mean heat content
changes is required to be zero so that the along-strait advective heat flux should be balanced by the outgo-
ing Qnet at the surface. On the seasonal timescales, however, the heat balance was achieved between the
heat content changes and Qnet, as the advective heat flux was a small contribution. A mean Qnet was
reconstructed using the hydrographic observations and the temperature climatologies, showing that the

Figure 9. Spatial pattern of the annual-mean Qnet differences between the nine-product ensemble mean and ECCO (unit: W m22).
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annual-mean Qnet should be 25.6 6 1.6 W m22 and is significant at 95% confidence level. The recon-
structed Qnet provides a physical constraint for evaluating the nine climatologies. Seven products (NCEP
1, NCEP 2, CFSR, ERA-Interim, MERRA, NOCSv2.0, and OAFlux1ISCCP) overestimate Qnet (warm bias) by
as much as 6–27 W m22. Two climatologies underestimate Qnet (cold bias), with one (JRA-55) by 26 W
m22 and the other (CORE.2) by 214 W m22 (CORE.2). We found that NCEP 1 and JRA-55 produce a rea-
sonable climatological Qnet. This is different from our finding in the warm pool [SY13], where NCEP 1
has a large cold bias. By comparison, NOCSv2.0, MERRA, CFSR, and OAFlux1ISCCP is biased warm not
only in the warm pool but also in the Mediterranean Sea, while CORE.2 is cold biased in both regions.
For NCEP 1, 2, and ERA-Interim, they have a cold bias in the warm pool but a warm bias in Mediterranean
Sea.

We also used the Qnet from a data-assimilated global ocean state estimation from ECCO as an additional
reference. The mean Qnet in ECCO is 26 W m22, equivalent to the annual mean Qnet derived from
WOA09. ECCO Qnet has a maximum at 166 W m22 in June, which is 26 W m22 higher than WOA09. It has a
minimum at 2186 W m22 in December, which is 23 W m22 lower than WOA09. The Qnet from ECCO is
used to evaluating the nine climatologies. We found that NCEP 2 has a 12 month warm bias, and the other
eight climatologies tend to overestimate Qnet in colder season from August to February of the following
year, but underestimate Qnet from March to July. All the nine climatologies have a larger warm bias in Sep-
tember than other months.

We found that the threshold of the ratio, (SW1LW)/2LH, could be set to be 1.1 and used to obtain the right
sign of Qnet. The signs and magnitudes of the nine Qnet climatologies are sensitive to this ratio. When
(SW1LW)/2LH is less than 1.1 but greater than 1, the Qnet product shows a cold bias. If the ratio is greater
than 1.1 but less than 1.2, the product has a small warm bias (i.e., less than 10 W m22). When the ratio is
close to 1.4, the product (i.e., MERRA) has a large warm bias (exceeding 27 W m22).

This work is a continuation of our effort toward understanding and quantifying the uncertainties in the sur-
face heat flux climatologies in the framework of ocean dynamics and heat budget balance. The main advan-
tage of this approach is to use physical constraints to examine the uncertainties of Qnet. Together with our
previous work in the warm pool [SY13], our study aims at a better understanding of the global air-sea heat
flux closure. In this study, we pointed out that Qnet is overestimated in the nine climatologies in the north-
western Mediterranean Sea where the deep water forms. The mean Qnet in the Mediterranean Sea is overly
overestimated in the colder seasons from September to December but underestimated from March to
June. The net downward SW is overestimated in the boreal summertime when the SW is strong. We showed
that higher resolution heat fluxes are desirable to capture the complex air-sea interactions near the coastal
areas. These findings will be useful to help improve the present heat flux data sets and to improve our abili-
ty to estimate air-sea fluxes more accurately in numerical models and analyzed flux products. The current
radiative transfer models for SW [Tragou and Lascaratos, 2003] and LW [Fung et al., 1984] and bulk formulae
for turbulent heat fluxes (LH1SH) [Fairall et al., 2003] were found to differ in parameterizations. A study by
Song [2012] has shown that, with the same input of physical parameters (e.g. SST, surface air temperature,
humidity and cloud fraction), the net LW estimated by different radiative transfer models [Fung et al., 1984]
has a discrepancy of �60 W m22 between the maximum and minimum calculations. We also felt the need
for high-quality input of flux-related variables. The nine climatologies are obtained from different data sour-
ces, e.g., NOCSv2.0 is estimated from ship observations, OAFlux is an objective synthesis of satellite observa-
tions and atmospheric reanalyses. ISCCP is mostly satellite based. On the other hand, the atmospheric
reanalysis is from the numerical simulations without an energy conservation at the surface. Different data
resources have different errors, which affect the heat flux estimates.

Currently, new satellite surface radiation products that are developed by the Clouds and the Earth’s Radiant
Energy System (CERES) project at the NASA Langley represent a major improvement for quantifying the
solar and longwave radiation at the top-of-atmosphere and at the Earth’s surface [Kato et al., 2013]. New tur-
bulent heat flux products have also been constructed as a result of new retrieval algorithms and enhanced
use of satellite observations from multiple platforms [e.g., Jin et al., 2015]. Improved turbulent heat and
momentum flux algorithms are also on the way [e.g., Edson et al., 2013]. We anticipate major improvements
in the surface flux estimates in the coming year, and hope that the improvement will help us to reconcile
the differences in surface heat budgets on both regional and global scales.
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