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Abstract

The surface heat balance is analyzed in all its components to assess the most commonly used heat flux bulk formulas
applied to the Mediterranean basin and to provide simulations of better air—sea interaction boundary conditions for
Mediterranean OGCMs (Ocean General Circulation Models). A 9-year data set (1980-1988) from 12 hourly NMC
atmospheric analysis combined with Reynolds SST and COADS cloud coverage is used. The surface heat balance of the
Mediterranean, including the ocean heat advection through the Strait of Gibraltar and the water budget of the basin, is
computed using the NMC data at monthly and 12-hourly frequency. The 12-hourly NMC data yield the correct heat loss in
the basin. This anaysis identifies a set of heat flux bulk formulas (‘ the calibrated set’) which represent best the heat balance
of the Mediterranean Basin with our available data sets. The calibrated set of bulk formulas, used as heat flux boundary
condition for the OGCM, is capable to improve the representation of the water masses in the Mediterranean basin and to

reduce the model climatic drift. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The Mediterranean Basin (Fig. 1) is driven by
intense buoyancy fluxes (high latent and sensible
heat fluxes), that must be understood if we are to
incorporate thermodynamic forcing at the air—sea
interface of ocean general circulation models
(OGCMs) (Malanotte-Rizzoli and Bergamasco, 1991;
Roussenov et d., 1995; Zavatarelli and Mellor, 1995;
Castellari, 1996; Pinardi et al., 1997).

In the Mediterranean Sea, the genera circulation
is composed by sub-basin scale gyres and intense
coastal boundary currents (Millot, 1991; Robinson et

* Corresponding author.

al., 1991) and three main water masses are formed.
The Levantine Intermediate Water (LIW) can be
formed in most of the Northern Levantine Basin
(Ozsoy et a., 1989) and frequently in the Rhodes
area (Lascaratos et al., 1993). The eastern deep
water, caled Eastern Mediterranean Deep Water
(EMDW), is formed in the Adriatic Sea (Ovchinni-
kov et al., 1987; Artegiani et a., 1997). The western
deep water, called Western Mediterranean Deep Wa-
ter (WMDW), is formed in the Gulf of Lions (Lea-
man and Schott, 1991; Schott et al., 1993). Also in
the Eastern Mediterranean the Aegean Water (called
Cretean Intermediate Water) is formed in the Aegean
Sea and can be found between 500 and 1200 m
(Schlitzer et al., 1991). All these waters are formed
during extreme wintertime conditions characterized
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Fig. 1. Mediterranean basin nomenclature with the locations of the three sections.

by strong surface cooling and evaporation due to
outbreaks of cold and dry air.

Furthermore, the Mediterranean basin offers the
opportunity of calibrating the air—sea physics param-
eterizations in order to give a known steady-state
surface heat balance. The ‘ Mediterranean heat bud-
get closure problem’ can be stated as follows: the
advective heat flux through the Strait of Gibratar
(considering Black Sea heat flux to be negligible)
has an annual average of 7 + 3 W /m? (Lacombe et
a., 1964; Boyum, 1967; Bethoux, 1979; Bunker et
a., 1982) or 52+ 1.3 W/m? in the more recent
study of Macdonald et al. (1994). At steady-state, the
advective heat flux through Gibraltar should be com-
pensated by a net heat loss at the sea surface of the
same amplitude. Furthermore, using the terrestrial
branch of the water cycle it is possible to estimate
the evaporation E from which the basin averaged
latent heat flux can be found. Thus the ‘Mediter-
ranean heat budget closure problem’ tries to calcu-
late a total heat budget of approximately 7 W,/m?
keeping a value for E as computed from water
budget considerations.

The ocean surface heat budget (Q;) can be com-
puted as the downward solar radiation flux (Qg)
minus the net longwave radiation flux (Qg) minus

the sensible heat flux (Qy,) and the latent heat flux
(Qg). (Here the fluxes Qg, Q, and Qg are positive
for energy gained by the atmosphere). In Table 1, we
show a synthesis of previous results for Q; and its
components in the Mediterranean Sea.

Garrett et al. (1993) estimated the heat budget
with the COADS (Slutz et al., 1985) data set for the
period 1946-1988. The COADS included the ‘ob-
served’ monthly means of the standard meteorologi-
ca variables (wind components, cloudiness, specific
humidity, sea surface and air temperature) and the
monthly averaged products of some variables (sea—
air temperature difference and wind magnitude, satu-
rations and wind magnitude). Thus, sensible and

Table 1
Mediterranean long term mean heat budget: the left hand column
indicates the authors of different Q; estimates

Authors Qs Qe Qu Q¢ Qr
Bethoux (1979) 195 68 13 120 -6
Bunker et al. (1982)-(1) 202 68 13 101 20
Bunker et al. (1982)-(2) 202 68 11 130 -7
May (1986) 193 68 11 112 2
Garrett et al. (1993) 202 67 7 99 29
Gilman and Garrett (1994) 183 77 7 99 0
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latent heat fluxes are partially computed from instan-
taneous values, while net longwave radiation fluxes
and the turbulence exchange coefficients are com-
puted from monthly mean data. The budget net value
(+29 W/m?) was not compatible with the Gibraltar
constraint. To reduce the budget they suggested a
possible correction (a constant adjustment factor) to
the solar radiation term (—18%) or to the latent and
sensible heat terms (+33%). Finaly, Gilman and
Garrett (1994) modified extensively the results of
Garrett et a. (1993). They reduced the solar radia-
tion by approximately 9% by removing an error due
to an incorrect parameterization of the solar radiation
at very low cloud values (2%), by using daily clima-
tological estimates of cloudiness (4%) and by ac-
counting for the attenuation of incoming solar radia-
tion by atmospheric aerosols (3%). This correction
for aerosol variability was compared with ground
measurements in two locations, and it agreed with
one. They aso increased the net longwave radiation
by about 15% by using a regression formula based
on preliminary measurements over the Tyrrhenian
Sea (Bignami et a., 1991). With all these modifica
tions, Gilman and Garrett (1994) reached a zero
value for Q.

Here we will study the question of Mediterranean
heat budget closure by using the conventional bulk
formulations of air—sea physics but utilizing a mod-
ern atmospheric data set with high temporal resolu-
tion. Our data set is composed of 12-hourly opera
tional analyses at 1000 hPa for a period of 9 years
(from January 1980 to December 1988). This is one
of the primary data set used to force realistic simula
tions of the ocean circulation (Rosati and Miyakoda,
1988; Heburn, 1994; Roussenov et al., 1995; Castel-
lari, 1996; Pinardi et al., 1997). However, no studies
have been done in order to see if a redistic heat
budget can be estimated with bulk formulas and
operational analysis fields. On the other hand the
operational analyses are an important data set in
order to drive a OGCM and study the ocean response
to external forcing.

We will first show that the atmospheric opera-
tional data sets can give consistent solutions to the
‘ Mediterranean heat budget closure problem’ (identi-
fying a set of air—sea physics bulk formulations) and
then we will show the sensitivity of the OGCM to
different sets of air—sea physics parameterizations.

We use the OGCM implemented on the Mediter-
ranean Sea by Roussenov et al. (1995) and force
with climatological parameters extracted from our
data sets. We then analyze the sensitivity of the
water mass structure to different sets of air—sea
physics parameterizations. In Section 2, we describe
the meteorological and sea surface data sets used in
the calculations; in Section 3, the different air—sea
interaction physics parameterizations and the water
budget estimates; in Section 4, we show the heat
budget, interannual variability and error analysis; in
Section 5, we present the usage of the calibrated set
of air—sea interaction physics on the OGCM and
Section 6 offers the conclusions.

2. Features of the meteorological and oceano-
graphic data sets

Basic fields are the zonal and meridional compo-
nents of the wind speed (u, v), air temperature (T,),
relative humidity (r), sea surface temperature (Ts)
and cloud cover (C) (Castellari et a., 1990; Castel-
lari and Pinardi, 1992). The first four parameters are
taken from NMC 1000 hPa analyses (National Mete-
orological Center now NCEP, Washington, DC) at
spectral resolution R30, twice daily (0Z and 122),
for the period January 1980—December 1988. The
data were mapped on a 1° X 1° grid. The forecast
model used daily SST analyses computed with two-
day time window of in situ and satellite data for the
period 1980-1985 and daily SST analyses computed
with 15-day time window of in situ and satellite data
for the period 1986—1988 as described by Reynolds
(1988). Thus aword of caution should be said in the
interpretation of the results, because of the mismatch
between our computations and the SST used by the
model. In our case, sea surface temperature data are
obtained from global monthly mean CAC analyses
(Climate Analysis Center, Washington, DC) obtained
with a combination of ship opportunities and satellite
data (Reynolds, 1982). The SST (or Tg) data were
available in two data sets: one for the period 1970—
1981 on a 2° X 2° grid, the other for the period
1982-1988 on a 1° X 1° grid. Cloud cover data are
taken from COADS (Slutz et al., 1985) as mapped
by Oort and Pan (1985) on a 1° X 1° grid. We do not
use cloud data from the NMC forecast model be-
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cause they are thought to be unreliable. The data
sets, twice-daily NMC data, are denoted in the fol-
lowing as the Daily Data Set (DDS).

From the twice daily NMC data we calculated a
Monthly mean Data Set (MDS). The u, v monthly
averages are made by calculating directions and am-
plitudes of the wind vectors and averaging each
separately (scalar average). Compared to a vector
average of the wind speed components, this averag-
ing procedure has been shown (Hanawa and Toba,
1987) to give more reasonable flux estimates (less
bias compared to instantaneous estimates). The usage
of atmospheric parameters at 1000 hPa instead of 10
m was decided on the basis of their utilization to
force OGCM (Rosati and Miyakoda, 1988). This
choice has also been prompted by the concern that
the surface analysis fields would be too much depen-
dent on the particular boundary layer parameteriza
tion in use at any given moment in the NMC assimi-
lation schemes. Thus we choose to use a dlightly
inconsistent data set to evaluate bulk formulas, since
1000 hPa is higher than 10 m on average in the
Mediterranean, but we will demonstrate the validity
of this choice on the basis of the correct OGCM
response. Below we briefly describe the atmospheric
data sets and their seasonal and interannual variabili-
ties for the period 1980—1988.

Winter winds over the Mediterranean basin are
westerly with an important meridional component
due to the Mistral in the Balearic—Ligurian Sea. The
variability of basin average wind speed amplitudes
and directions is larger in winter than in summer due
to the strong northerly Mistral component (Fig. 2).
The summer wind regime shows less variability and
is dominated by the northerly component of the
Etesian winds in the Eastern Mediterranean.

In general, the NMC wind velocity data overesti-
mate the dominant westerly component of the wind
stress over the Mediterranean basin with respect to
the Hellermann and Rosenstein (1983) and May
(1986) data sets (not shown here). Time series of
overall Mediterranean monthly averages (Fig. 3)
clearly show the Mistra signal every winter (Decem-
ber—February) with a maximum in January 1981
(10.2 m/s), and the secondary Etesian maximum
almost every summer. The anomalously strong Jan-
uary 1981 Mistral, along with the T, minimum
(~10°C) in the same month, produces the Tg mini-

mum (14°C) in February of the same year. The
strong January 1981 Mistral has also been found by
Heburn (1994) in his analysis of the interannual
variability of an atmospheric ECMWF (European
Centre for Medium-Range Weather Forecasts) data
set used to force a Mediterranean model. The NMC
data show a trend of increasing summer air tempera-
tures since 1984, reaching about 34°C for the sum-
mers of 1987 and 1988 (Fig. 3). An other warm
summer is that of 1982, following the coolest sum-
mer in 1981. The summer Tg and T, peaks tend to
track one another except for the anomalous values in
1987 and 1988. The coldest winter (January 1981)
has a minimum T, of around 10.6°C; the next
coldest winter vaue (11.8°C) occurs in March 1987.
In general Tq iswarmer than T, by ~ 2°Cin winter,
while during the summer T, ~ Tq + 3°C, except for
the anomalous summers in 1987 and 1988 (T, ~ Tg
+ 8°C).

The NMC 1000 hPa relative humidity signal
shows low values, with a surface average of 61%
and an anomalous minimum of 43% in April 1981.
The cloud coverage data realistically represent sky
conditions over the Mediterranean, with an average
of 0.4 and a strong seasona cycle (large values in
winter and smaller in summer).

In the period 1980—1988 the coldest year is 1981,
which is characterized by both the coldest winter
(with the strongest winds and less saturated air over
the sea) and the coolest summer; and the warmest
year is 1988 (mild winter and hot summer). In
general, time series of all data show clear seasona
periodicities with a dominant yearly period but with
large interannual variabilities. A comparison between
NMC 12-hourly data and those of Leaman and Schott
(1991) (a combination of measurements and model
results in the Gulf of Lions for the period 20 January
to 10 March 1987) shows agreement with the NMC
air temperature and wind velocity data, with T,
having amost the same average value (9°C) and
maxima and minima on the same days (Castellari,
1996). However, NMC relative humidity shows
smaller values with a range of about 50%—100%,
compared to 62%-100% of Leaman and Schott
(199D).

The quality of model generated data (such as
NMC) and the impact of changes in the forecast
system on the resulting fields are important consider-
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Fig. 2. Scatter plot of the Mediterranean basin surface averages of u and v for: all summers(A), all winters(B) and all year (C).

ations. Trenberth and Olson (1988a,b) evauated the
NMC global analyses in comparison to ECMWF. In
general the NMC quality is very poor in the tropics
and Southern Hemisphere and the NMC has more
missing and bad data than ECMWF. The biggest
impacts on the 1980—1988 NMC analyses probably
came from changes in the physics of convective
processes in the forecast model, which affected the
1000 hPa winds and relative humidity over Antarc-
tica and Africa (in particular the Sahara region).

Over the Mediterranean area, no specific comparison
ECMWEF vs. NMC was carried out. We believe that
the significant increment in air temperature shown in
the years after 1986, despite possible biases, is not a
consequence of the change in parameterizations in
the operational schemes. Santoleri et al. (1994) have
studied the seasonal and interannual variability of the
Western Mediterranean basin through the analysis of
satellite Tg for the period 1981-1990. They have
found an increase in T from 1984 to 1990 with the
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warmest summer in 1987, which corresponds to the
increase in NMC T, detected in this study.

3. Air—sea interaction physics
3.1. Solar radiation flux

The solar radiation flux is the largest term in the
heat budget of the ocean. A number of parameters
are needed for its calculation, including the total
radiation reaching the ocean surface under clear sky
Qo7 (direct and diffuse), the transmissivity of the
atmosphere 7 and the cloudiness C.

In most studies (Reed, 1977; Simpson and Paul-
son, 1979; Weare et a., 1981; Isemer and Hasse,
1987; Garrett et al., 1993; Gilman and Garrett, 1994),
Qo has been calculated through the * Smithsonian
Formula derived by Seckel and Beaudry (1973) as a
function of latitude and time. This formula compares
well with coastal and oceanic clear-sky insolation
observations made by Reed (1975) (weighted mean
difference of — 2% for 322 days) and by Reed and
Halpern (1975) (positive daily bias of 30% for 10
days).

Since these comparisons are based on short records
at particular locations, we have chosen instead to use
present-day astronomical formulations for Qqor
(Hsiung, 1986; Rosati and Miyakoda, 1988), that we
think could be more precise in latitude and longitude.
In this case the tota solar radiation reaching the
ocean surface under clear sky is represented by its
components Qp, (direct solar radiation) and Qp,rr
(downward diffuse sky radiation):

Qror = Qoir + Qpirr= Q7™ *

n [(1_Aa)Q;_QOTSecz] (1)

where Q, is the solar radiation at the top of the
atmosphere, 7 (0.7) is the atmospheric transmission
coefficient attenuating the direct radiation, A, (0.09)
is the water vapor plus ozone absorption and z isthe
zenith angle. The term Q, has been calculated as a
function of latitude, longitude and time using astro-
nomical parameters taken from the Smithsonian Me-
teorological Tables (List, 1958).

An empirical relationship describes the effect of
clouds and albedo on the solar radiation reaching the
ocean surface. By analyzing coastal observations
Reed (1977) proposed a formula suitable for the
tropics and high latitudes. Another formula is from
Lumb (1964), which is more comprehensive since it
includes different cloud types. Simpson and Paulson
(1979) and Dobson and Smith (1988) found that both
the Reed and the Lumb relations are in close agree-
ment with observations. Instead, Schiano et al. (1993)
found that both Lumb and Reed formulas underesti-
mate solar radiation under cloudy conditions (Lumb
formula is closer to the experimental data than
Reed's). They suggested that the bulk formulas do
not account for the extra downward radiation re-
flected by the cloud edges. Originaly the Reed
formula was intended to be used with daily estimates
of C, but it can be used quite correctly with monthly
estimates of cloudiness because the cloud reduction
term is linearly dependent on the cloud cover C.
Isemer et al. (1989) and Garrett et al. (1993) used the
Reed formula with monthly averaged cloud cover
data. Gilman and Garrett (1994) found a reduction of
4% in their climatological Qg value by using daily
climatological cloud values (U.S. Navy, 1955), but
this result is not definitive because the comparison
was done with different types of cloud cover data
Sets.

Therefore we have decided to use the Reed for-
mula, because we use monthly cloud cover data
without specification of cloud type.

The Reed formulais:

Qs = Qror(1—0.62C +0.00198)(1—-a)  (2)

where C is the fractiona cloud cover (tenths), B is
the solar noon dltitude in degrees, and « is the
ocean surface albedo. The abedo is computed as a
function of the sun zenith angle for each grid point
from Payne (1972). This formula, according to Reed
(1977), could overestimate the Qg values for low
cloudiness values. Thus we considered Qg = Qo7 if
C<03.

We decided to keep the value of 0.7 for the
atmospheric transmission coefficient, and we do not
consider any possible effect of aerosols particles
affecting the solar radiation flux. Gilman and Garrett
(1994) estimated the possible effect of aerosol parti-
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cles (anthropogenic sulfates and mineral aerosols)
and applied a simple correction to the estimation of
the solar radiation which was reduced by 3%. This
possible correction (applied to a solar radiation flux
on the sea surface) was compared only with two
ground measurements (Malta and Cyprus) and agreed
with the one made in Cyprus. This comparison can-
not be considered definitive since this measurement
was made at 162 m above the sea level as pointed
out from Schiano (1996). Also Gilman and Garrett
(1994) decided to neglet the effects of aerosols parti-
cles on the net longwave radiation flux, but this can
be as well important according to Bethoux and Gen-
tili (1994).

3.2. Net outgoing longwave radiation flux

The choice of the appropriate formula for net
outgoing longwave radiation flux (Qg) presents the
same uncertainty as the choice for solar radiation.
We compare several available formulations (Table
2), noticing that the ey, (T, ) term has been computed
through a polynomial approximation as a function of
temperature by Lowe (1977). We apply the Brunt—
Berliand formula in two versions: the first as used
by Rosati and Miyakoda (1988) in the forcing of
their GFDL mode (Eg. (1) in Table 2), the second
following Budyko (1974) (Eq. (3) in Table 2). We
also apply another version (known as the Berliand—
Berliand formula—Eq. (4) in Table 2), which has

Table 2
Different bulk formulas for the net outgoing longwave radiation flux

been used by Oberhuber (1988) in his heat budget
calculation with the COADS data set. Our Efimova
formula is the same version used by Isemer et al.
(1989) in their study on the Atlantic ocean. The May
formula (May, 1986) is a modified Berliand—
Berliand formula with a nonlinear cloud term multi-
plying the whole expression and without the ocean
emissivity factor. In al these formulations the cloud
term (linear or not) and its coefficient play a crucial
role in determining the values of Qg. The cloud
factor could depend on latitude, as suggested by
Reed (1977) and by Berliand (Budyko, 1974), or
could depend on the cloud type, as suggested by
Laevastu (1967). Bunker et al. (1982), with the
purpose of correcting a possible bias arising from the
usage of surface data, developed a method of con-
struction of seasonal charts of Qg (using the Elsasser
radiation diagrams) for three different cases: a com-
plete cover of low clouds, a complete cover of
medium and high clouds and a clear sky. By apply-
ing this method Bunker et al. (1982) increased their
previous value for Qg over the Mediterranean Sea
from 52 W/m? to 68 W ,/m?. Instead in this study
we consider the cloud coefficient as a constant, since
we have C available as monthly means of observed
average clouds with no specification of cloud type.
Recent radiation measurements (Bignami et al.,
1995) in the Western Mediterranean Sea during dif-
ferent seasons showed that the difference between
the empirical bulk formulas listed above and the

Author Formula

1) Brunt—Berliand-(2)?
2) Efimova’

3) Brunt—Berliand-(b)°
4) Berliand—Berliand®
5) May®

6) Bignami et al.©

Qp = €7 T3(0.39 — 0.05,/e, (1 — 0.8C) + 46 T(Ts — Ty)

Qg = €0 T,(0.254 — 0.00495e, X(1 — 0.65C) + 4eo THTs — T,)
Qp = €0 T;H(0.39 — 0.058/e, X1 — 0.65C) + 4ea T(Ts — Ty)
Qp = €7 (039 — 0.05,/e, X1 — 0.65C) + 4e0 T(Ts — T,)
Qg = [0 TH(0.4 - 0.05/e, ) + 40 T(Ts — K1 — 0.75C4)
Qg = €0 T2 — [0 T(0.653 + 0.00535¢e, )](1 + 0.1762C?)

€ = Ocean emissivity; o = Stefan—Boltzman constant; e, = rey,(T,) = atmospheric vapor pressure; ey, (T, ) = atmospheric saturation vapor
pressure; T, = air temperature; Tg = sea surface temperature; C = cloud coverage.

#From the work of Rosati and Miyakoda (1988).
®From the work of Budyko (1974).

“From the work of Berliand and Berliand (1952).
9From the work of May (1986).

®From the work of Bignami et al. (1995).
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experimental data can be as high as ~ 30 W,/m?.
They also described a new formula for Qg, which
was computed with a statistical regression method on
the experimental data. We list this new formula in
Eg. (6) of Table 2.

3.3. Sensible and latent heat fluxes
The sensible (Q,;) and latent (Qg) heat fluxes are

parameterized through classical bulk aerodynamic
formulas as:

Qu= PACpCH |\7|(Ts —Ta) (3
. 0.622
Qe = Pa LeCelVI[(ew(Ts) — rew(Ta)]
A
= paLeCelVI[ds — aa ] (4)

where p, = pa(p,T5,7) is the density of moist air,
C, is the specific heat capacity, C,, and C. are
turbulent exchange coefficients, Lg is the latent heat
of vaporization, |V| is the wind speed, ey (Ts) and
e4(T,) are the saturation vapor pressures at tempera-
tures Tg and T,, qg is the saturation specific humid-
ity of air with temperature Tg, g, is the specific
humidity of the air, and p, is the surface air pressure
(fixed a 1000 hPa). L. has been caculated as a
function of temperature from the work of Gill (1982).

From the many parameterization schemes that
have been proposed to describe the variability of C,,
and C. using parameters such as [V, T, T, and the
virtual temperature T,, we have chosen four (Table
3), which all have been applied to the Mediterranean
Sea previously. We note that the evaporation E can
be estimated from Eq. (4).

Table 3
Different schemes for the turbulent coefficients C,; and Cg

Scheme Formulation

1) Neutral® Ce=C,=11x10"3

2) Neutral Budyko®Cg =C,, =2.1x1072

3) Kondo® Ce = Ce(IV[Ts = Tp), Cyy = Cu(IVITs = Tp)
4) Smithd Ce=CL(IV|Tg—T,), C, = Cg /1.2

#From the work of Rosati and Miyakoda (1988).
®From the work of Budyko (1963).

°From the work of Kondo (1975).

4From the work of Smith (1989).

Table 4
Climatological estimates of the different terms for the Terrestrial
Branch of the Mediterranean water budget

P G R E

(m/yn) (m/yn) (m/yn  (m/yn
0.55-0.70 0.56-0.66 0.21 1.32-1.57

E
(W/m?)
103-122

3.4. Evaporation and water budget

The net evaporation budget E can also be esti-
mated from the terrestrial branch of the water cycle:

E=P+G+R. (5)

where P is the precipitation, G is the Gibraltar
exchange and R is the runoff from rivers and Black
Sea. For dl the terms we take the most recent values
in order to describe maximum,/minimum values of
E. For the precipitation we use minimum/maximum
values from the work of Jaeger (1976) (0.55 m/yr)
and Legates and Willmott (1990) (0.70 m /yr). For
the Gibraltar exchange we use the range of values
from the works of Bryden and Kinder (1991a,b)
(0.56-0.66 m/yr) and for the runoff we use the
adjusted value from the work of Rohling and Bryden
(1992) (0.21 m/yr).

As shown in Table 4, the evaporation range cal cu-
lated from Eq. (5) is 1.32—1.57 m/yr, which corre-
spond to a range of Qg of about 103-122 W /m2.
This range of values of E from the terrestrial branch
of the Mediterranean water cycle is larger than the
range of values (1.21-1.36 m /yr) from the aerologi-
ca branch (Gilman and Garrett, 1994); in particular
the maximum value is higher. Despite the fact that
Mediterranean water budget calculations present
considerable uncertainty in al terms, we will use
these estimates to constrain maximum values of Qg
in the heat budget calculations.

4, Heat budget components over the Mediter-
ranean Sea
4.1. The long term mean heat budget

We now compute the components of the surface

heat budget as a function of different bulk formulas.
One formulation for Qg, six bulk formulas for Qg,
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and four schemes for Q, and Qg ae used to
estimate the climatological mean of each heat budget
term and Q; as the residual.

Our cdibrated set of bulk formulas has been
judged on the basis of the ‘closure’ conditions.

(1) The ability to produce the required annual heat
budget of —7+3 W/m? to compensate for the
average gain of heat through the Strait of Gibraltar.

(2) The ability to maintain the evaporative budget
within the range of Table 4 computed from the
terrestrial branch of the water cycle.

We evaluate the 9-year mean of the different heat
budget terms using the different formulations applied
to both MDS and DDS data (Table 5). Qg has
aways a climatological value of 202 W /m?, which
is consistent with past values by Bunker et al. (1982)
and Garrett et al. (1993) (see Table 1).

The formulas for Qg in Table 5 give vaues
ranging from 44 W/m? to 84 W/m?, where the
larger values seem to be more related to the nonlin-
earity of the cloud term in the formulas rather than to

Table 5
Climatological values of the different heat budget components
estimated with the different formulations and data sets

Parameterizations Qs Qs Qu Q¢
Reed 202 - — -
Brunt—Berliand-(a) (MDS) - 48 - -
Efimova(MDS) - 47 - -
Brunt—Berliand-(b) (MDS) - 44 - -
Berliand—Berliand (MDS) - 65 - -
May (MDS) - 7 - -
Neutral Scheme (MDS) - - -4 91
Neutral Budyko Scheme (MDS)  — - -6 174
Kondo Scheme (MDS) - - 4 115
Smith (MDS) — — 6 79
Brunt—Berliand (a) (DDS) - 51 - -
Efimova(DDS) - 73 - -
Brunt—Berliand-(b) (DDS) - 46 - -
Berliand—Berliand (DDS) - 67 - -
May (DDS) - 78 - -
Bignami et al. (DDS) - 84 - -
Neutral Scheme (DDS) - - 2 90
Neutral Budyko Scheme (DDS) - - 4 170
Kondo Scheme (DDS) — - 13 122
Smith Scheme (DDS) - - 10 89

Qs = solar radiation flux.
Qg = net outgoing longwave radiation flux.
Qu = sensible heat flux.
e = latent heat flux.
Q+ = heat budget.

the powers of Tg or T, or to the MDS, DDS data
sets. Using the most recent data of Bignami et al.
(1995) we obtain the maximum value of 84 W /m?.

Using the different formulations for latent and
sensible heat flux in Table 5 we see that major
changes occur due to the use of DDS and MDS data
sets. It is interesting to notice that the Smith scheme
is always biased toward low values because of its
underestimation of Q. and Qg with high and mod-
erate winds (Jones et a., 1993; Gulev, 1994). An
interesting change between DDS and MDS data oc-
curs in the Q, term: 225% and 66.7% increase for
the Kondo (1975) and Smith (1989) schemes. Latent
heat fluxes show increased values with the Kondo
and Smith schemes which are smaller than the corre-
sponding sensible heat fluxes (the new Qg values
with the Kondo and Smith schemes have respec-
tively increased only of 6.1% and 12.7%), respec-
tively.

The possible final Q; values are listed in Table 6.
For MDS Q; ranges from 7 W/m? to 67 W,/m?
(Table 6). The best solution to the closure problem
of the Mediterranean heat budget is found in experi-
ments 2 (Q; =18 W/m?) and 3 (Q; =7 W/m?),
which use both the Kondo scheme for Q,;, and Qg,
but the Berliand—Berliand and May formulas for
Qg in experiments 2 and 3, respectively.

In the case of the DDS data set we can reach
negative Q; values. In fact, the large increase of Q
with DDS data allows us to close successfully the
heat budget problem. Experiment 6 of Table 6 shows
that with the May formula and the Kondo scheme
we get a value for Q; of —11 W/m?. The signifi-
cant increase of Q,, with DDS is accompanied by a
much smaller percentage increase of Qg (only 6.1%),
which results in an evaporation rate of 1.57 m/yr,
which is within the acceptable values from the terres-
trial branch of the water cycle. Another interesting
result comes from the usage of Bignami et al. (1995)
formula for Qg, which gives along with Kondo
scheme (experiment 7 of Table 6) the largest heat
loss for the Mediterranean Basin (—17 W /m?). We
believe this is a reasonable solution for the heat
budget closure problem, but the only way to judge
the difference would be to see the effects on the
ocean water column temperatures in detail. We con-
sider experiment 6 in Table 6 to represent the cali-
brated air—sea interaction physics.
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Table 6

Long term mean surface integrals of the heat fluxes estimated
with different sets of bulk formulations to test how close the long
term mean Q isto —7+3W,/m?

Test Qs Qe Qu Qe Qr

1) MDS 202 48 -4 91 67
2) MDS 202 65 4 115 18
3) MDS 202 76 4 115 7
4) DDS 202 67 13 122 0
5) DDS 202 73 13 122 -6
6) DDS 202 78 13 122 -1
7)DDS 202 84 13 122 -17

Only the most significant tests are shown.

The Ieft hand column indicates the set of formulas used (1 through
7) and the meteorological data set used.

Test 1. Qy, Qg from neutral scheme as in Table 3; Qg from
Brunt—Berliand formula as in Table 2; MDS data set.

Test 22 Qy, Qg from Kondo scheme as in Table 3; Qg from
Berliand—Berliand formula as in Table 2; MDS data set.

Test 3: Qy, Qe from Kondo scheme asin Table 3; Qg from May
formula as in Table 2; MDS data set.

Test 4 Qy, Qg from Kondo scheme as in Table 3; Qg from
Berliand—Berliand formula as in Table 2; DDS data set.

Test 5. Qy, Qg from Kondo scheme as in Table 3; Qg from
Efimova formula as in Table 2; DDS data set.

Test 6: Q, Qg from Kondo scheme asin Table 3; Qg from May
formula as in Table 2; DDS data set.

Test 7 Qy, Qg from Kondo scheme as in Table 3; Qg from
Bignami et a. formula as in Table 2; DDS data set.

4.2. Interannual variability

We now examine the interannual variability of the
heat budget components. All daily components of the
heat budget calculated with the best formulations
(experiment 6 in Table 6) have been monthly aver-
aged over the basin.

The time series of Qg (Fig. 4) is dominated by a
strong seasonal cycle with a small interannual signal,
since the only interannually varying factor is the
cloud term. The term Qg (Fig. 5) ranges from 54
W,/m? to 109 W/m? for the 1980-1986 period
with a maximum in December 1986, and it shows
large negative anomalies in the summers of 1987 and
1988 when Qg reaches a minimum vaue of 9
W,/m?,

Qy is smaller than either Qg or Qg. It changes
sign around April and September (Fig. 5C) and
ranges from —23 to 85 W,/m? with strong interan-
nual variability: there are three large maxima in

January 1981 (85 W,/m?), December 1986 (67
W ,/m?) and January 1986 (59 W /m?). These max-
ima are related to strong Mistrals and air temperature
minima in the same period (Fig. 3). A minimum in
July 1988 of —23 W,/m? is also present and is
related to the maximum in T,.

Qg in general reproduces the same features of Q,,
(Fig. 5E), and has its maximum in January 1981
(279 W /m?) and two pronounced minima in August
1987 (22 W,/m?) and in July 1988 (20 W,/m?).

The Q; time series (Fig. 5G) shows a smooth
signal dominated by Qg and interannually modul ated
by Qg. The minima are in January 1981 (—387
W ,/m?) and December 1986 (—334 W,/m?), while
the maxima are in July 1987 (317 W ,/m?) and July
1988 (341 W /m?).

We have not estimated the heat storage in the
Mediterranean Basin to check consistency with the
interannual signal of Q. Garrett et al. (1993) esti-
mated the heat storage of the Mediterranean and
found that the interannual variability of their esti-
mated fluxes could not be compatible with the vari-
ability of the heat storage. Further analysis is re-
quired on this important issue, which will not be
done here.

In Fig. 5 we also compare experiment 6 to experi-
ment 3 of Table 6 in order to show visudly the
differences between DDS and MDS data sets. We
find that for Qg (Fig. 5B) the largest differences
occur during summer and especially those of 1981

300

Qg(W/m?)
200

100

PN NI T N N A NN AT S S NN

1 1 1 1 1 1 1 1
1980 1981 1982 1983 1986 1984 1985 1987 1988 1989

Fig. 4. Time series of surface monthly averaged Qg for the period
January 1980-December 1988. The interannual mean and +1
standard deviation lines are also indicated.
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Fig. 6. Climatologies of Q; (Cl = 30 W/m?) for January (A), March (B) and August (C).

and 1988. Q. and Q, show the largest differences
before and after the strong event of January 1981
(Fig. 5D, F). During winters, the MDS data can
produce larger latent heat fluxes than those from
DDS, while Q,, with DDS is always larger than with
MDS.

The Q; term shows large differences between
DDS and MDS during the winters of 1980 and 1986,
with the maximum difference at the end of 1980
(Fig. 5H). It is thus clear that the DDS data are

important to correct the budget during anomalous
forcing events as in the case of the 1981 and 1986
winters.

In Fig. 6 we show the patterns of the climatologi-
cal values of Q; for 3 months (January (A), March
(B) and August (C)). In January the north—south
gradient of the Q; field resembles the wind pattern,
and there are maximum heat losses (~ 280 W ,/m?)
al aong the southern coasts of the basin. In March
(Fig. 6B) the situation has changed and the heat loss

Fig. 5. Left panels: time series of the surface monthly averaged heat fluxes calculated from DDS (exp. 6): Qg (A), Qy (C), Qg (B) and Q;
(G). The interannua mean and + 1 standard deviation lines are also indicated. Right panels: time series of the surface averaged monthly
heat fluxes calculated from MDS (solid line) (exp. 3) and difference values between the DDS and MDS calculated fluxes (dashed line): Qg

and AQ; (B), Q, and AQ, (D), Qg and AQg (P, Q; and AQ; (H).
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areas are now more concentrated in subbasin centers,
one in the Western and three others in the Eastern
Mediterranean. The summer conditions (August) are
similar in pattern to March, but with positive values.
The maximum heat gain of the sea surface (220
W,/m?) is in the south-eastern Levantine basin near
Cyprus, while heat gain minima are located in the
Balearic—Ligurian subbasin and on the eastern sides
of the Adriatic and Aegean subbasins, the latter
being a known area of summer upwelling. Over the
Algerian basin Q; has a strong seasonal variability
from maximum heat loss in winter to maximum heat
gain in summer.

It is important to emphasize that the climatologi-
ca January Q; shown in Fig. 6A for the known
Mediterranean convection areas (Gulf of Lions,
Adriatic basin, Levantine basin) range from — 220 to
—260 W /m?, which is too low if compared to the
observed Q; of —800 W ,/m? found by Leaman and
Schott (1991) in the Gulf of Lions. This clearly
shows that it is difficult to force realistic Mediter-
ranean deep convection in OGCMs using climatolog-
ical surface fluxes (Roussenov et a., 1995). We now
examine the horizontal structure of the 1981, 1986,
1987 and 1988 anomalies.

4.2.1. Winter anomalies

In January and March 1981 we see minimum
values of relative humidity reaching an average of
45% during March (Fig. 7A, B). The wind field has
its largest anomaly in January 1981, when it appears
that the Mistral regime can be detected over the
whole basin (Fig. 7E, F). This anomalous wind field,
especialy over the lonian basin, along with the air
temperature anomaly is responsible for the highest
values of Qg (Fig. 7C, D) and Q,; (not shown here)
of the whole time series. In January 1981 the Q;
field (Fig. 7G) shows the largest negative value of all
the time series (surface average Q; = -387 W,/m?),
in particular along the southern boundaries of the
lonian basin (Fig. 7G), where it has been shown that
downwelling occurs by Roussenov et al. (1995).

In the winters of 1986 and 1987 (Fig. 8) we till
find anomalous wind speeds and large minima of T,
and Ts. The Q; field (Fig. 8E, F, G, H) is again
dominated by Qg, which shows in January 1986 an
anomalous pattern compared to climatology, with
large positive values south of Crete (Fig. 8A). The

fields of March 1986 (Fig. 8B, F) indicate that the
transition to summer conditions is slightly faster than
average since there are aready some positive Q;
areas in both Western and Eastern subbasins (com-
pared to climatological mean conditions of Fig. 6). It
is interesting to note that the Q; pattern of March
1986 is the least affected by Qg, with large differ-
ences in the lonian subbasin (Fig. 8F). In 1987 (Fig.
8G, H) we see increasing gradients of the fields over
the whole basin, while the winter conditions last
longer in the Western Mediterranean (Q; still shows
very negative values in March 1987). This suggests
that the data obtained in winter 1987 in the Gulf of
Lions (Leaman and Schott, 1991) were characteristic
of a severe winter with numerous Mistrals. The
winter patterns of Qg and Q; for 1987 (Fig. 8B, D,
G, H) show an horizontal pattern with multiple
centers, very different from the smooth patterns of
other 1986 winters (Fig. 8A, B, E, P).

In conclusion, the anomalous winters of 1981,
1986 and 1987 are al connected to anomalous wind
stresses over the basin. In the case of 1981 the
anomaly has a basin scale and is large in the lonian
and southern part of the Eastern Mediterranean
basins. In 1986 and 1987 the anomalies are more
local. In 1986 the largest anomaly in heat loss is
again in the southern part of the Eastern Mediter-
ranean basin while in 1987 it is in the Balearic—
Ligurian area and Eastern Levantine basin.

4.2.2. Summer anomalies

We examine here the two anomalous August
months of 1987 and 1988 compared to the August of
1986 (Fig. 9). Compared to an average summer, the
major change in atmospheric parameters during the
summer anomalies of 1987-1988 occurs in T, (Fig.
9A, C, BE). In general summer values of T, increase
in the whole basin, reaching an average of 34°C in
August 1987. Furthermore there are increasing T,
gradients especialy along the southern coastlines.
The T, anomaly is responsible for the anomaly in
Qg which shows negative areas located in the Lev-
antine basin (Fig. 9B, D, F). These areas of negative
Qe vaues represent the largest heat gain in the
basin, and are due when the g, term is larger than
gg term in the latent heat flux bulk formulation. This
could imply processes of surface fog (condensation
of water vapor over the sea surface) which are
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Fig. 7. Monthly averaged r, Qg, V| and Qr fields for 1981 (exp. 6): r (Cl = 4%) for January (A) and March 1981 (B), Qg (Cl =20
W,/m?) for January (C) and March 1981 (D), |V/| for January (E) and March 1981 (F), Q; (Cl =40 W,/m?) for January (G) and March

1981 (H).

difficult to be parameterized by traditional bulk for-
mulations. These large g, values are produced by
high air temperatures in these summer months of the
NMC data set. These anomalous areas also affect the
average value of Qg for the whole basin, which goes
from 78 W,/m? for August 1986 to 22 W ,/m? for
August 1987. The 1987 and 1988 summer anomalies
are also well pronounced in the rest of the Mediter-
ranean basin corresponding to a more than 50%

decrease of the average Q. In contrast, the wind
pattern (not shown) during these summers does not
show any anomalous behaviour with respect to its
climatology.

4.3. Error analysis

Several factors, related to random and systematic
errors, can affect the validity of Mediterranean heat
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budget estimates. The NMC data, being a model
generated data set, have the significant advantage of
a complete coverage in time and space (although
with some missing or bad data), which reduces the
problem of inadegquate sampling. Nevertheless, this
data set has systematic errors which can be hard to
estimate. A few studies (Trenberth et al., 1987;
Trenberth and Olson, 1988a,b) have estimated the
impacts of different operational changes on the NMC

analyses, but only the reanalysis of the original data
would determine the validity of NMC analyses for
climate investigations. As an extreme case, we could
consider the NMC analysis errors to be of the same
magnitude as the assimilated data errors in the NMC
spectral model (1°C for T,, 3 m/s for wind and 10%
for relative humidity). For the other data sets (Re-
ynolds and COADS) we assume globa error esti-
mates values of 0.78°C for Tg and 0.2 for cloud
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Fig. 9. Monthly averaged T, and Qg (exp. 6) for August 1986-1988: T, (Cl = 2°C) for August 1986 (A), August 1987 (C) and August
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cover (Reynolds, 1988; Gilman and Garrett, 1994).
Instead the uncertainty of the albedo estimations,
following Payne (1972) method, is about 7%.
Systematic errors can arise from using the bulk
formulas with inappropriate data, for example using
data not at the standard 10 m level. Using the 1000
hPa NMC data with a variable elevation (not always
10 m) would introduce a bias in our estimates;
however, quantifying this would be quite difficult.
Random errors can aso affect the formulations dis-
cussed above. Simpson and Paulson (1979) and Dab-
son and Smith (1988) found that the Reed empirical
formula for solar radiation was the best available
compared to observations but was still affected by
large random errors. The formulas for net outgoing
longwave radiation flux present the same problems;
large uncertainties in cloud cover, temperature and

humidity, together with a lack of verification at the
ocean surface (since they have been derived mostly
on land). Fung et al. (1984) found the mean values
estimated by different formulas to have uncertainties
of around +15 W /m?, while Simpson and Paulson
(1979) found random errors of about +5 W,/m?.
Schiano et al. (1993), by comparing their experimen-
tal results with those of some bulk formulas for Qg,
found a bias of —30 W/m? and a rms error larger
than +30 W/m? In particular the Brunt and
Berliand—Berliand formulas gave the smallest bias
and rms errors. Therefore, following their results,
our computed values would have an estimated uncer-
tainty of ~ 40%.

Blanc (1985, 1987), comparing 10 different
schemes for computing sensible and latent heat
fluxes, estimated the random error to be around
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+25%. A minimum desired accuracy for heat bud-
get estimates would be +10 W/m? (Fung et al.,
1984).

In this study we have estimated, as simply as
possible, the random errors of the heat budget com-
ponents calculated only with the DDS data, since we
consider them our best results. We calculate the
standard deviations of each parameter of the 12-
hourly NMC data, removing the seasonal signal, and
we assume these to be a reasonable estimate of the
random errors of each parameter. We average them
on the Mediterranean basin and, assuming all errors
to be random, the uncertainties in the sample mean
heat budget would reduce by 1//N, where N is the
number of independent observations. If the nonan-
nual-cycle signals are uncorrelated between years, N
should be 9. However, since this signal appears to be
only weakly correlated between the Eastern and
Western basins, we choose N = 18 degrees of free-
dom.

In the case of the cloud cover and Ty data we use
the estimate of their global errors described above.
We then apply an error propagation scheme to the
fluxes Qg, Qp, Qy and Qg, assuming a linear
dependence of their errors on the meteorologica
parameters, and we estimate the uncertainities to be
Ro. = 5 W,/m?, Ro, = £7 W,/m?, Ry, = 4
W,/m? and Ro. = £8 W /m?, respectively.

Hence, the fotal uncertainty R, of the derived
Qq valuesis calculated by:

2 2 2 2

Rg, = +/(Ra)" + (Rg,)" + (Rq,)" + (Rq)
~ +12W/m? (6)
This suggests that only the DDS experiments
(4-7 in Table 6) provide Q; values which are

negative as needed to satisfy the Mediterranean clo-
sure problem.

5. Sensitivity of OGCM to air—sea interaction
physics

The Mediterranean heat budget closure problem
has allowed us to define a set of calibrated air—sea
physics parameterizations which are consistent with
the Gibraltar heat flux constraint. This calibrated set
of bulk formulas are now used to force an OGCM

implemented in the Mediterranean area (Roussenov
et al., 1995; Pinardi et al., 1997). We would like now
to show the importance of using the calibrated air—sea
physics in order to correctly simulate the surface and
intermediate temperature structure.

The NMC and the COADS cloud coverage data
set have been averaged to create climatological val-
ues of wind, air temperature, relative humidity and
clouds (a year of monthly means). We call this
‘ perpetual year data’ since we will use it repeatedly
every year of integration of the model. The atmo-
sphere then repeats its climatological values, but the
Ts values are coming from the model itself, and all
these data are used to estimate the momentum and
heat fluxes to force the model. We refer to this
scheme as an ‘interactive air—sea interaction scheme’
(IASIS).

The model used is the MOM-GFDL as developed
by Pacanowski et al. (1991) on the previous work of
Cox (1984). It is a three dimensional primitive equa-
tion model implemented for this study in the
Mediterranean basin with 0.25 X 0.25 degrees of
horizontal resolution, 19 levels and it is described in
details in Roussenov et al. (1995). The Strait of
Gibraltar is open adjacent to an Atlantic box where
the inflow is modelled by a Newtonian relaxation to
climatological temperature and salinity at al levels.
This open boundary condition (‘sponge layer') has
been used in the past by Philander et al. (1987),
Bryan and Holland (1989) to represent poorly re-
solved areas of OGCMs, and later in the Mediter-
ranean by Roussenov et al. (1995), Castellari (1996)
and Pinardi et al. (1997). Instead of the surface water
fluxes dependent on the evaporation—precipitation
(E-P), the Newtonian relaxation to a monthly mean
salinity has been used because of the unreliability of
precipitation data over marine areas. Then the ‘im-
plied E-P flux in the model is:

dz(S*-S
F= ( S ) (7)
where dz is the first layer thickness, S* is the
climatological sea surface salinity field, S is the
model sea surface salinity and 7 is the damping time
scale.
We carried out three numerical experiments only
differing by the set of bulk formulations needed to
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estimate the heat fluxes at the model surface. We
called PA1 the experiment with the same set of bulk
formulations of Test 1 of Table 6; PA2 the experi-
ment with the same set of bulk formulations of Tests
2 and 4 of Table 6; and finally PA3 the experiment
with the same set of bulk formulations of Tests 3 and
6 of Table 6. Then the PA3 experiment uses as a top
boundary condition for the temperature the calibrated
set of heat flux formulations.

The model results have been analyzed after 10
years of model integrations. We estimated the heat
budget (Qy\) and the net advective heat flux (G,,,)
averaged over the Mediterranean Basin from the
model results. Also we computed the net heat resid-
ua (Ry,,) as the difference between Q,, and G,
which on a long term average should be zero (Table
7.

The calibrated set of formulations (PA3) produces
the smallest Qr,, value. The calibration hierarchy of
the three sets of formulations is strongly confirmed
by the model response, giving ourselves more confi-
dence in the calibration results of the previous sec-
tions. We consider the resulting values of Qq,, for
PA3 reasonable considering the climatological forc-
ing used.

All our model versions give positive values (Ta-
ble 7), showing that there is a warm bias in the
modelled Mediterranean temperatures. We refer to
this as a ‘model systematic error’. Despite this prob-
lem, the PA3 run produce the minimum heat residual
(3.7 W/m?) which can be considered a promising

Table 7
Three OGCM experiments done with different sets of heat fluxes
bulk formulations as temperature surface boundary conditions

Exp. Qrm Gum Riim
PA1 6.2 2.2 8.4
PA2 1 3.3 4.3
PA3 0.3 34 3.7

PA1 uses the set of bulk formulations of Test 1 of Table 6.

PA2 uses the set of bulk formulations of Tests 2 and 4 of Table 6.
PA3 uses the set of bulk formulations of Tests 3 and 6 of Table 6.
Qmu (in W/m?) is the surface heat budget estimated by the
OGCM.

Guw (in W/m?) is the heat transport at the Strait of Gibraltar
averaged over the Mediterranean area.

Rum = Qrm — Guw is the net residual.

If the OGCM s heat balanced the Ry, should be close to 0.
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Fig. 10. Gulf of Lions section of temperature with different
air—sea interaction physics for the month of February. The name
of the experiment is given on the left of each picture. Experiments
are described in Table 7. The section is at 4.75°E and extends
latitudinally across the basin as shown by Fig. 1.

result. The model parameterized water fluxes aver-
aged over the Mediterranean Basin in a year are 0.30
m/yr for PA1 and 0.22 m/yr for PA2 and PA3.
These values are lower than the observationa values
from Table 4 or from the vaue (0.66 m/yr) esti-
mated from the work of Peixoto et al. (1982), but the
latent heat fluxes Qg are correctly taken in account.
In fact the averaged Qg from the model experiments
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range from 112 W/m? to 122 W/m? which is It is possible now to analyze the vertical tempera-
consistent with the water budget range of Table 4 ture structures simulated by the model as a function
and the past results of Table 1. of the three different physics. We present sections
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Fig. 11. Adriatic—lonian section of temperature with different air—sea interaction physics for the month of February. The name of the
experiment is given on the left of each picture. Experiments are described in Table 7. The section extends across the Adriatic Basin and
latitudinally at 18.05°E across the lonian Basin as shown by Fig. 1.
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across the Gulf of Lions(Fig. 10), the Adriatic-lonian
area (Fig. 11) and the Rhodes area (Fig. 12) for the
month of February of the 10th year of integration.
The difference between PA1, PA2, PA3isstriking in
all the three figures.

In Fig. 10 the PA1 water column is too warm
(16.5°C at the surface) and the thermocline has
shifted vertically down to 500 m, while the PA2
water column is less stratified and the temperatures
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Fig. 12. Rhodes section of temperature with different air—sea
interaction physics for the month of February. The name of the
experiment is given on the left of each picture. Experiments are
described in Table 7. The section is at 27°E and extends latitudi-
nally across the Levantine Basin as shown by Fig. 1.

have decreased (15-14°C at the surface) to known
surface values, but only the PA3 (model version with
our calibrated formulation) water column is well
unstratified in February, the values of temperatures
are reasonable and the cyclonic Lions Gyre is well
formed (the dome is developed with its top at 200
m). However, even the PA3 run does not give cor-
rect deep water formation in the Lions Gulf, since
the mixed layer water has properties (T = 14°C, S=
38 psu and thus a density of o; = 28.5) lighter than
a typical deep water in that region which should
have a climatological surface density of o= 28.9
(Madec et al., 1991).

In the Adriatic area (Fig. 11) the PA1 and PA2
runs have produced unrealistic high temperatures (a
14-16°C range for PA1 and a 12.25-14.5°C range
for PA2 at 800 m depth), while the PA3 shows a
quite realistic range of 11.25-13°C. The water for-
mation is still not correct, because this water is too
light (o = 28.9 in the southern Adriatic area) com-
pared with observations (Ovchinnikov et al., 1987;
Artegiani et al., 1997), due mainly to low salinity
vaues (S~ 38.3 psu).

In the Rhodes area (Fig. 12) the PA1 run gives
again large temperatures (T > 17°C) producing aLIW
water too light (o ~ 28.4), which does not convect
to the base of the thermocline, while the PA2 tem-
peratures are lower, but only the PA3 run produces
sufficiently low temperatures (T = 15.25°C) to form
aLIW water (o7 = 28.9) which is at the lowest limit
values found in the observations (Lascaratos et al.,
1993). However, in genera, we notice that also with
the calibrated air—sea interaction physics the thermo-
cline is too deep, due to the large vertical mixing (1
cm?/s) and the relatively coarse vertical resolution
of our model.

To evaluate more quantitatively the effect of the
calibrated air—sea physics on the seasona cycle, we
have taken, for the different model runs, the differ-
ence between monthly mean model SST and the
climatological SST extracted from the work of
Reynolds (1982). In Fig. 13 we show the difference
fields for February and July. The PA3 winter fields
show a marked improvement with an average error
reduction of 2°C. However, the improvement is lower
during the summer (~ 1°C) and generally till large
2-4°C errors are present along the boundary aress.
The model systematic error can be then connected to
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Fig. 13. February (Cl = 0.5°C) and July (Cl = 1°C) maps of sea surface temperature (SST) differences between Reynolds monthly mean
climatology and model results for two different model versions: PA1 and PA3.
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Fig. 14. Correlation plot of 12 monthly mean model SST with
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dashed line PA3: O and solid line (The numbers 1 and 12
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summer months higher temperatures or to a warm
bias in the modelled temperatures as said before.

In order to quantify this bias we have taken the
correlation between basin averaged modelled and
Reynolds SST. The correlation is shown in Fig. 14
for the PA1 and the basin PA3 cases. The improve-
ment introduced by the PA3 experiment is again
marked but the warm bias is still present.

In summary, these experiments show that the use
of calibrated air—sea interaction physics has a benefi-
cial impact on model performance to reproduce SST
values and water column structures. We have aso
shown that the amount of model systematic error can
be partialy controlled by the choice of air—sea
physics for the model.

6. Conclusions

In the first part of the paper, we have analyzed
different bulk formulations representing the heat

budget components of the Mediterranean Sea. We
have used twice daily 1000 hPa analyses from NMC
with COADS cloud cover and Reynolds Tg for the
period 1980-1988.

The Mediterranean puts a formidable constraint
on the correct long term mean basin averaged Q;
since there is a net heat inflow at Gibraltar (7 + 3
W ,/m?). Furthermore, the terrestrial branch of the
Mediterranean water cycle gives a range of values
for E(1.32-1.57 m/yr) limiting in turn the range of
the latent heat flux. We cal this the heat budget
closure problem of the Mediterranean Sea.

Firstly, we have shown that it is possible to
calibrate a set of air—sea physics parameterizations
with atmospheric operational analyses in order to
obtain a negative Mediterranean Sea heat budget. We
call these formulations the ‘ calibrated set’ of air—sea
physics parameterizations for the Mediterranean Sea

Using DDS data with the May formula for Qg
and the Kondo scheme for Q,, and Qg we obtained
along-term mean value of Q; = —11 W,/m?, which
is in close agreement with the observations. The
negative value of Q; is produced by a large increase
of Q, in the balance (Table 6). In this case, the
equivaent evaporation is 1.57 m/yr, which is still
within the expected range. Our results clearly show
that the high frequency signal in the meteorological
parameters improves the climatological heat budget
estimate.

The outstanding interannual signals in all compo-
nents of Q; are due to anomalies in the atmospheric
parameters, which are driven by sporadic events
occurring separately in the Western and Eastern
Mediterranean basins (such as for T, in the summers
of 1987 and 1988) or by basin wide events (such as
the Mistral in January 1981). The winter heat budget
anomalies are mainly associated with large wind
anomalies whereas the summer ones are associated
with air temperature anomalies especially over the
Eastern Mediterranean.

Different sets of air—sea interaction bulk formulas
have been used to force an OGCM of the whole
Mediterranean. Three different sets of air—sea formu-
lations have been tried and intercompared. Each
model was integrated for 10 years and then the
results displayed. We have shown that the calibrated
set of air—sea interaction bulk formulas can markedly
improve the water mass representation of the OGCM,
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in particular producing a realistic LIW formation in
the Levantine basin. The calibrated set improves the
ability of the OGCM to generate realistic subsurface
oceanic features such as the cyclonic gyre in the
Gulf of Lions and helps to reduce the systematic
error of the model decreasing the warm climate bias.

This work stresses the importance of having an
appropriate temperature air—sea boundary condition
for OGCM applied to special areas such as the
Mediterranean Sea. Future work will involve carry-
ing out experiments with the calibrated temperature
air—sea boundary condition along with high fre-
quency forcing data such as NMC (12-hourly) or
ECMWF (6-hourly).
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