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Abstract .  Sea surface heat budgets are estimated for 
the Mediterranean Sea in order to test the aJx-sea inter- 
action formulae. Sensitivity experiments are carried out 
in terms of input atmospheric data, height of parameters 
(surface, 1000 hPa) and bulk formulations. 

The ECMWF and NCEP operational analyses at 1000 
hPa are used to compute heat and water fluxes for the 
period 1987-94 and 1980-88 respectively. For the in- 
tercomparison period, January 1987- December 1988, 
the ECMWF Re-Anaiyses surface data are also used. 
Along with the basic 6-hourly meteorological fields from 
ECMWF (wind velocity, air temperature, relative hu- 
midity and cloud cover), monthly cloud corm fields from 
COADS and weekly sea surface temperature from Reyn- 
olds data are also used. 

Surface water budgets (mAinly evaporation minus pre- 
cipitation) have been estlmat, ed using the ECMWF pre- 
cipitation data set. 

Our results confirm that the heat budgets esthnated 
from different operational analyses through arbitrary 
sets of bulk formulae disagree with each other and with 
observed data. Nevertheless the application of model- 
specific sets of bulk formulae can give reasonably well 
calibrated surface heat fluxes from the modeled meteo- 
rologicai fields. 
© 1998 Elsevier Science Ltd. All rights reserved 

I In t roduc t ion  

The Mediterranean Sea is an enclosed basin connected 
to the Atlantic Ocean by the narrow Strait of Gibral- 
tar, and connected to the Black Sea by the Dardanelles- 
Marmara Sca-Bosphorus system. It is made-up of two 
sub-basins, the Western (WM) and the Eastern (EM) 
Mediterranean, connected through the Strait of Sicily. 

In recent years several studies have been carried out 
to assess the capability of numerical models to simulate 
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the seasonal and interanmml variability of the Mediter- 
ranean flow field, as well as to reproduce the dynsm- 
icai processes that characterize the Mediterranean cir- 
culation (Rouesmov et ai., 1995; Z a ~ e l l i  and Mel- 
lor, 1995; Castellari, 1996). Castellari et ai.(1987) used 
NCEP operational 1000 hPa analyses and studied the 
sensitivity of the mean heat budget to di~erent sets of 
bulk formulae. They developed a calibrated set of air- 
sea physics parameterizations specifically to satisfy the 
negative Mediterranean basin mean heat budget. 

The present paper provides an interc0mparison study 
of the heat budgets of the Mediterranean Sea computed 
using the ECMWF (European Centre for Medium-Range 
Weather Forecasts, Reading, UK) Operational AnA|y- 
eeS and the NCEP (National Center for Enviromnentai 
Predictions, W~hington DC, USA) data for the period 
1987-94 and 1980-88, respectively. For the intercompar- 
ison period, January 1987 to December 1988, additional 
data are taken from the ECMWF Re-Analyses (ERA) in 
order to test the sensitivity of heat fluxes to the height 
of the input meteorological fields. 

2 Descript ion of  Data  and Procedures  

Basic fields are the zonal and meridionai components of 
the wind velocity (u,~), air temperature (Ta), relative 
humidity (r), cloud cover (C), and sea surface temper- 
ature (To). 

The first four parameters are available from three dif- 
ferent data sets: 

the 1000 hPa N CEP Operational ~nalyses, twice daily, 
for the period January 1980 - December 1988 (Castellari 
et ai., 1990); 

the 1000 hPa BCMWF Operational Analyses, 6 hourly, 
for the period January 1987- December 1994 (Angelucci 
and Pinardi, 1997); 

the surIaze ECMWF Re-AnaiyHs, 6 hourly, for the 
period January 1987 - December 1993. 
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The cloud cover data are available from three data 
se t s :  

~, ECMWF Operational Analyses, 6-hourly, for the pe- 
riod January 1987-December 1994; 

COADS (Slutz et al., 1985) data, monthly averaged, 
for the period January 1980-December 1988; 

COADS ida Silva et al., 1995) data, monthly aver- 
aged, for the period January 1987- December 1993. 

The T, data are taken from the global weekly ~eynolds 
data set (Reynolds, 1988). All the computations have 
been performed using a 1 ° x 1 ° latitude, longitude grid. 

2.1 Heat Flux Computations 

The surface heat budget is represented by the net total 
heat flux at the air-sea interface: 

QT = Qs - Qu = Qs - QE - Qtt - QB (1) 

where Qs is the solar radiation flux, Qv is the net up- 
ward heat flux emitted by the ocean surface. This con- 
sists of QE, the latent heat flux, Qs ,  the sensible heat 
flux and Qs,  the net outgoing longwave radiation flux. 
We consider in our estimates that the fluxes QE, Q s  and 
Qs  are positive for energy gained by the atmosphere. 

We will briefly describe the physical formulation of 
each term present in (1). 

The total solar radiation reach|rig the ocean surface 
under clear sky is: 

Q r o r  = QmR + QDIFF (2) 

where 

Qme = Qo', ~ =  (3) 

is the component of solar radiation reaching the ocean 
surface attenuated by an atmospheric transmission co- 
etilcient (~" = 0.7), Q0 is the solar radiation rea,,hing the 
top of the atmosphere, and 

QDIFF = [(1 - Aa)Q0 - QDIR] (4) 
2 

is the downward ditfuse radiation with clear sky (A= = 
0.09 is the water vapor plus ozone absorption) (Rosati 
and Miy~_oda, 1988; Castellari et al., 1997). 

We use an empirical relation derived by Reed (1977) 
for the solar radiation flux at the ocean surface: 

Q, = Q r o r ( 1  - 0.620 + 0.0019,8)(1 - f,) (5) 

where C is the fractional cloud cover (tenths), ~ is the 
solar noon altitude in degrees, and a is the ocean surface 
albedo. This relation for Qs is correct for C > 0.3; 
otherwise, Qs = QTOT, as SUggested by Reed (1977). 

Qs  represents th% heat released from the ocean to the 
atmosphere through evaporation and it plays an impor- 
tant role in the water mass formation processes in the 
ocean. Q s  represents the heat absorbed or emitted from 

the sea to the atmosphere mainly by turbulent motions, 
conduction, convection and advection of water vapor or 
rain. 

These fluxes are parameterized through bulk formulae 
as:  

O s  = p..LsOsl l[(e.=(r.) - ,-e.,.(r,,)] 0 .622 (6) 
p,, 

Qz.z = p o O p O s l V l ( T ,  - To) (7) 

where p= = Pa(Pa, Ta, r) is the density of moist air, Cp is 
the specific heat capacity, Ca,  CE are the turbulent ex- 
ct~ange coei~qcients, LE is the latent heat of vaporization, 
IV[ is the wind magnitude and Pa is the s ~  air pres- 
sure. Several parm'neterizations schemes are present in 
the literature (Bunker et al., 1982; May, 1986; Gilman 
and Garrett, 1994) to describe the variability of Cs ,  
CE with respect to [$7l, T,, Ta and the virtual temper- 
ature To. 

Here we use two different schemes for OH and CE, 
the Kondo scheme (K) and the Smith scheme (S). In 
the Kondo (1975) scheme, the transfer coefficients are 
estimated in terms of T, - T, and [TT[ at a single level 
(10m) and are nonll-early modulated from an index of 
atmospheric stability. More recently Smith (1989) de- 
veloped tables for Cs as a function of wind speed and 
T, - Tv at 10m over the sea surface. In the Smith 
scheme, Ctl = CE/1.2. In Cast~Jlari et al. (1997) 
the Kondo scheme was found to give reasonable results 
with the NCEP 1000 hPa data. On the other hand, the 
Smith scheme was used by Gilman and Garrett (1994) 
in their analysis of the Mediterranean heat budget with 
the COADS data. 

For the net outgoing longwave radiation, the May for- 
mula is adopted (May, 1986): 

QB = [ . T : ( 0 . 4 -  + 

+ 4 T (ro - T.)](1 - 0.75C s4) (8) 

where o is the Stef~-Boltzman constant, eG ---- re, . t  (TG) 
is the atmospheric vapor pressure and eM~(Ts) is the 
saturation vapor pressure relative to Te. This formula 
gave the best results in Castellari et al. (1997). 

The monthly heat budgets have been computed by 
averaging in time the fluxes estimated every 6 hours. 
The experiment name (see Table 1) indicates both the 
atmospheric data set used (N12 for NCEP twice daily, 
E6 for ECMWF 6 hourly, RE6 for ERA 6 hourly), and 
the latent and sensible heat fluxes sch~nes (K for Kondo 
and Sfor Smith). For experiment Nl~ .Kand  NI~_S, we 
have taken the results from Castellari et al. (1997). For 
all the experiments we have used the COADS clouds, 
except for experiment EC6-S, where the ECMWF 6- 
hourly clouds have been used. 
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Table 1. 1987-88 annual surfa¢e average values of each compo- 
nent of the heat budget from the different experiments and the da 
Silva et al. (1998) results. Units are w ---~. 

Yr 1987 

N12_K 

N12.S 

ET.K 

ES.S 

EC6.S 

RES.K 

RE6.S 

COAD.~ 

Yr 1988 

N12-K 
N12..S 
E6./ f  
ES.S 
EC6.S 

RES.K 

RE6.S 

COADS 

Qs Qe I Qh 
203 113 i 12 

203 86 11 
207 1 5 2  22 

207 1111 16 

228 1 1 1 1 1 :  
207 91 

207 61 1100 
P 188 85 

Q,, I Q,, I <:+, ' , 
203 104 9 

208 79 8 

206 I 152 20 

206 I 112 14 

226 1121 14 

206 91 11  -~ 
2o6 8 0 1  9 

188 89 10 

I Qb Qu 
65 190 

65 162 

i 88 262 
187 214 

88 215 
;81 188 

81 152 
61 156 

I Qb Qu 
67 180 

i 67 1154 
86 258 

86 212 

86 212 

80 184 
i 80 1 4 9  

61 [ 160 

Qt 

13 
41 

-T 
13 
21 

55 

32 

Qt 

23 
49 
-52 
-6 
14 
22 
.~7 
28 

3 Discussion and Results 

In general, in the Mediterranean the long-term mean 
heat budget should satisfy two conditions: 

1) the mean heat budget should be about - 7  ± 3 ~  
± w (Bethoux, 1979) or -5.2 lm-~ (Macdonald et al., 1994) 

to balance the annual mean gain of heat through the 
Strait of Gibraltar; 

2) the evaporation rate should be within the range 
1.32-1.57~ (Castellari et al., 1997) in order to maintain 
a reasonable water budget. The corresponding latent 
heat flux range is 103 _ 122m_T .W 

However, this work is concerned with the ~nalysis of 
the heat budget for only two years, 1987 and 1988, which 
are considered extremely warm years (CasteUari et al., 
1990) and too short to satisfy the two conditions de- 
scribed above. Then, for these two years, we decided 
to compare our results to the fluxes from COADS (da 
Silva et al., 1995) estimated by using only observational 
data. 

Table 1 presents the annual surface integrals over the 
Mediterranean area of each term of (1), for the different 
experiments performed, and the da Silva et al. (1995) 
estimates for years 1987 and 1988. It is important to 
notice that these heat fluxes from COADS observational 
data are also estimated through a certain set of bulk 
formulations. 

Three are the experiments using the Kondo scheme. 
In NI~_K and E6_K this scheme is utilized in combina- 
tion with 1000 hPa data, but results obtained through 
the latter give a latent heat flux (and consequently the 

evaporation rate) too large, hrp~lrlng the water budget 
constraint. On the other hand, when surface data are 
used (RE6_K), the latent heat is too low compared to 
the range values given above, due to the lower wind am- 
plitude at 10m. If we focus the attention on experiments 
NI~_K and RE6_K, the difference in Qs is to some ex- 
tent balanced by the difference in QB, in such a way 
that the heat budget is comparable in the two experi- 
ments. For both experiments, a positive net heat flux is 
achieved, mainly due to positive temperature anomalies 
in these years. 

On the other hand, the Smith scheme combined with 
ECMWF data (E6_S) maintains reasonable values for 
the latent heat fluxes, while with NCEP (N1~_,5~ and 
ERA data (RE6_S) QE is much lower. 

It is important to remark that the Smith scheme leads 
in general to an underestimation of QE and QH (Gulev, 
1995). 

About Qs, in Table 1 we observe a discrepancy be- 
tween the values in the NI~ (Castellari et al., 1997) and 
E6, RE6 experiments, due to the fact that they use the 
cloud cover fields from Slutz et al. (1985) and da Silva 
et al. (1995), respectively. Furthermore, these values 
for Qs show some inconsietences with respect to the es- 
timates of da Silva et al. (1995), probably linked to 
some corrections applied by the latter in the astronom- 
ical terms of (5), despite the fact that the same Reed 
formulation is used. 

In Table 1, the largest difference is between both the 
N12 and E6 experiments, the latter giving a negative 
heat budget for 1987 and 1988. This is in contrast with 
all the other computations and we are forced to th;nk 
that, for the E C I ~  data set, the choice of 1000 hPa 
data is problematic. The experiment EC6_S, which uses 
a self-consistent data set, gives a positive heat budget 
in good agreement with the NICK result. However, the 
Qs obtained from EC6_S seems too large, due to the 
fact that the cloud cover values from ECM'WF opera- 
tional analyses are too low. This confirms their known 
unreliability (ECMWF, 1994). 

To evaluate which is the best experiment, we consider 
the comparison of our results to the estimates of da Silva 
et al. (1995), which we have taken as reference. For the 
years 1987 and 1988 (see Table 1), RE6-K gives R n n ~  
means of latent and net heat fluxes close to the ones by 
da Silva et al. (1995). On the basis of this comparison, 
we decided to consider RE6_K our best experiment. 

In Fig.l, we show the winter (top), spring (middle) 
and summer (bottom) climatological QT fields, obtained 
with RE6_K for the period 1987-93. The winter map 
(Fig.l,a) presents high losses of heat, m~iniy in the re- 
gions where water mass formation processes occur, such 
as in the Northern Adriatic (NA), the Liguro-Proveneal 
(LP) and Levantlne-Aegean (LA) regions. The largest 
heat losses of the whole basin are found in the NA and 
Northern LA areas where Eastern deep waters and Lev- 
antine Intermediate waters are formed, respectively. 
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The LP area is characterized by the west-northerly 
Mistral wind, blowing mainly during wintertime over the 
Gulf of Lions, whereas over the LA region the northerly 
Etesian winds blow m,inly during s~,mrnertime. Nev- 
ertheless it should be noted that the Etesians, as rep- 
resented in the E C M W F  operational analysis data set, 
show high wind speed also in winter, leading to high 
evaporation rates all over the year. The spring map 
(Fig.l,b) exhibits more positive values with respect to 
the corresponding climatological field computed for the 
period 1980-88 by Castellari et al. (1997) with NI~-K 
parameterizations. Also the s-miner  plot (Fig.l,c) de- 
picts more positive patterns in R E 6 _ K t h a u  in the N I ~ _ K  
case. This is the m~-ifestation of the large heat gain oc- 
curring in these years, also shown by the large positive 
heat budgets of Table 1. 

Final remarks concern the evaporation budget, com- 
puted from the latent heat flux. We have estimated the 
evaporation field for the period 1987-1993 for experi- 
ment RE6_K and then the fresh water budget (mainly 
E -P) for the period 1991-93, using the ECMWF pre- 
cipitation field for the period 1991-1994. The 7-year 
mean for E is 1.1~, which is out of the range of val- 
ues given by Castellari et al. (1997). The 4-year mean 
for precipitation is 0.45 m, which is smaller tb -n  the cli- 

matological values of 0.59~ (Bethoux, 1979) and 0.7~ 

(LeEates and W|]lmott, 1990). These budgets lead to 
a long-term mean for E -P of ~ 0.85 ~ ,  lower than the 
climatological value 0.95~ for the ~4rediterranean Sea 

(Bethoux, 1979). 

4 Conc lus ions  

The present analysis provides estimates of heat fluxes 
with different atmospheric data sets and parameteriza- 
tions. The most appropriate set of bulk formulae to 
estimate correct heat fluxes for the Mediterranean Sea 
depends on the atmospheric data set used. For instance, 
by using a self-consistent data set from ECMWF with 
the Smith scheme, we have found heat budgets com- 
parable to those estimated with NCEP data, but a Qs 
component too high with respect to past results (Gilman 
and Garrett, 1994; Castellari et al., 1997). 

On the other hand, by using the ECMWF meteoro- 
logical data together with COADS cloud cover and the 
Kondo and Smith schemes for the latent and sensible 
heat fluxes, we have found incompatible results. Finally 
by using the surface ECMWF Re-Analysis data together 
with COADS cloud cover and the Kondo scheme we have 
found heat budgets comparable to the ones estimated 
with the N C E P  dam and to independent results from 
COADS (da Silva et al., 1995), which were obtained 
only by observational data. 

An important consideration is provided by the result 
that both 1987 and 1988 are years of heat accumulation 
in the basin. This feature by itself is very important 

for the water m~-~ses and circulation structures of the 
Mediterranean Sea. It is evident that, in all data sets 
used, this positive heat balance is connected to warm 
air mass anomalies over the basin, a phenomenon which 
should deserve more attention in the future. Future 
work involves also the recomputation of the long term 
mean heat budget by using the 15-year ERA data set 
and the test of a calibrated set of air-sea physics formu- 
lations to force ocean circulation models. 
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