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ABSTRACT

Satellite retrievals of surface evaporation and precipitation from the Hamburg Ocean Atmosphere Parameters
and Fluxes from Satellite Data (HOAPS-3) dataset are used to document the distribution of evaporation, pre-
cipitation, and freshwater flux over the Mediterranean and Black Seas. An analysis is provided of the major scales
of temporal and spatial variability of the freshwater budget and the atmospheric processes responsible for the
water flux changes. The satellite evaporation fluxes are compared with fields from three different reanalysis
datasets [40-yr ECMWF Re-Analysis (ERA-40), ERA-Interim, and NCEP].

The results show a water deficit in the Mediterranean region that averages to about 2.4 mm day ' but with
a significant east-west asymmetry ranging from 3.5 mm day ' in the eastern part to about 1.1 mm day ' in
the western part of the basin. The zonal asymmetry in the water deficit is driven by evaporation differences
that are in turn determined by variability in the air—sea humidity difference in the different parts of the
Mediterranean basin. The Black Sea freshwater deficit is 0.5 mm day”, with maxima off the northern coast
(0.9 mm day ') that are attributed to both evaporation maxima and precipitation minima there.

The trend analysis of the freshwater budget shows that the freshwater deficit increases in the 1988-2005 period.
The prominent increase in the eastern part of the basin is present in the satellite and all three reanalysis datasets.
The water deficit is due to increases in evaporation driven by increasing sea surface temperature, while pre-
cipitation does not show any consistent trends in the period. Similarly, in the Black Sea, trends in the freshwater
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deficit are mainly due to evaporation, although year-to-year variability is due to precipitation patterns.

1. Introduction
Recent observational analyses of twentieth-century

Mediterranean precipitation trends show large decreases
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in the Mediterranean region (Giorgi 2002; Luterbacher
et al. 2006), while modeling studies predict a continua-
tion of those decreases into the twenty-first century
(Raisanen 2002). Emphasis in those studies has been
given to the analysis of precipitation trends and vari-
ability. However, in order to obtain an understanding of
the processes involved in determining the variability of
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the regional water budget, it is important to resolve all
components of that budget as well as the variability of
the atmospheric processes that affect those components.
In the Mediterranean region, freshwater fluxes at the sea
surface [i.e., the difference between evaporation and
precipitation (E — P) provide the major source of water
to the atmospheric hydrologic cycle (Mariotti et al. 2002).
Long-term variability of E — P over the Mediterranean
Sea will determine to a large extent the variability of
freshwater deficit and consequently variability in the
hydrography of the region and the Mediterranean outflow
into the Atlantic Ocean. Similarly, over the Black Sea
freshwater fluxes (together with river outflow) are known
to set the barotropic component of the Dardanelles
throughflow that affects the hydrographic properties and
the deep water convection in the Aegean Sea (Staneva
and Stanev 1998).

Freshwater flux variability can result from changes in
dynamic or thermodynamic atmospheric conditions and
recently special attention has been placed to potential
changes in a warming climate with respect to the location
and strength of midlatitude storm tracks (Bengtsson et al.
2006). At the same time, surface water and momentum
fluxes drive overturning and affect the basin ocean cir-
culation. Evidence for the relocation of the Mediterra-
nean Deep Water (MDW) source from the Aegean Sea to
the Adriatic Sea is associated with changes in the surface
forcing (Rubino and Hainbucher 2007; Josey 2003).

The water cycle is among the most uncertain aspects
of climate model predictions because of uncertainty in
modeling of the precipitation and evaporation fields.
However, uncertainty estimates are hard to obtain be-
cause of the lack of large-scale, sufficiently long mea-
surements of both, especially the latter. Our knowledge of
the freshwater budget over the Mediterranean is largely
dependent on in situ measurements of limited spatial and
temporal resolution and on reanalysis estimates (Peixoto
et al. 1982; Boukthir and Barnier 2000; Mariotti et al.
2002). Reanalysis methods depend on the assimilation of
in situ measurements along with some satellite retrievals,
but they model most of the parameters that are involved in
the water cycle and hence depend on model parameteri-
zations. In the last few decades, satellite instruments have
been used to determine the components of the sea surface
energy budget (e.g., Curry et al. 2004). These retrievals
have sufficient spatial and temporal coverage to deduce
useful conclusions about the variability of the water cycle
in the Mediterranean Sea at seasonal and interannual
scales; however, their accuracy has not been hitherto
evaluated in the region. The present study introduces the
satellite estimates and compares them with both rean-
alysis and in situ measurements directly and through
comparisons with earlier works (e.g., Mariotti et al. 2002).
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The objective of the present work is to use satellite
retrievals of surface freshwater fluxes to map the dis-
tribution of freshwater fluxes over the Mediterranean
basin, compare them to the reanalysis fluxes, determine
their major scales of time and space variability, and
examine the atmospheric processes that are responsible
for the water flux changes. The analysis focuses on pre-
cipitation and evaporation changes at some distance
from the Mediterranean coastline, since satellite esti-
mates are most reliably retrieved there (Grassl et al.
2000). As a result, the present analysis does not fully
close the Mediterranean water budget, nor it is intended
to, as that would require the inclusion of the coastal
regions and of river runoff estimates.

In the paper, section 2 describes the major character-
istics and relevant aspects of the satellite and reanalysis
datasets that are used in this work. The mean climatology
and variance of the freshwater cycle in the Mediterranean
Sea, derived from satellite retrievals, is described in sec-
tion 3, and four subbasins with distinct climatological
characteristics are identified for further analysis. Section 4
describes the major scales of temporal variability for all
components of the surface water budget from satellite and
reanalysis data, for each of the subbasins. Finally, a syn-
opsis and discussion of the main points derived from the
analysis are presented in section 5.

2. Datasets
a. The HOAPS-3 dataset

Satellites retrieve atmospheric parameters at global
scales that allow the derivation of global time series of
surface energy fluxes. The freshwater flux and the re-
lated energy fluxes at the air—sea interface are, however,
among the most challenging parameters to be estimated
from satellite measurements. Based on carefully con-
structed and validated algorithms applied to satellite
data, the Hamburg Ocean Atmosphere Parameters and
Fluxes from Satellite Data (HOAPS-3; Andersson 2009)
provides a state-of-the-art global climatology of sea sur-
face evaporation and precipitation as well as the related
sea surface and atmospheric state parameters. The da-
taset further includes the sea surface and atmospheric
parameters that are used to estimate surface evaporative
flux, such as wind speed, sea surface temperature (SST),
air humidity, and air—sea humidity difference. Except
for the SST, all variables are derived from Special Sen-
sor Microwave Imager (SSM/I) passive microwave sat-
ellite radiances over the ice-free global ocean. The flux
products from HOAPS3 have been evaluated with good
results against other satellite based as well as in situ flux
products (Chou et al. 2004; Bourras 2006).
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HOAPS-3 contains a neural network based precip-
itation algorithm—the National Oceanographic Data
Center (NODC)-Rosenstiel School of Marine and At-
mospheric Science (RSMAS) Advanced Very High
Resolution Radiometer (AVHRR) Oceans Pathfinder
SST product (see http://www.nodc.noaa.gov/SatelliteData/
pathfinder4km/)—that relies on temperature measure-
ments from National Oceanic and Atmospheric Ad-
ministration (NOAA) polar orbiting satellites. This
new procedure to synthesize the 85-GHz brightness
temperatures was employed during the time period (April
1988-December 1991) that for the SSM/I on the De-
fense Meteorological Satellite Program (DMSP) sat-
ellite DMSP-FO8 was defective. A new twice-daily gridded
data product of the surface latent heat flux (LH) is
calculated using a bulk aerodynamic formula (fol-
lowing Fairall et al 1996). In this formula latent heat
flux is a product of the wind speed and the difference
between the surface saturation humidity at sea and the
surface air humidity:

LH =pLvC,V (q, - q,),

where Vj is the surface wind at 10 m, ¢, is the surface
(2 m) air specific humidity, Cr is the exchange coef-
ficient for latent heat flux, and g, is the saturation spe-
cific humidity at sea surface pressure and SST. In
HOAPS-3 surface wind speed and air humidity are ob-
tained from SSM/I retrievals. Sea surface saturation
humidity comes from a Magnus formula applied to the
SST field.

The spatial resolution of the dataset that is used in this
study is 0.5° and the temporal resolution is monthly for
the period from January 1988 to December 2005, cov-
ering 18 full years. The study focuses on the retrievals of
evaporation and precipitation that constitute the fresh-
water budget at the sea surface, as well as the retrievals
of wind, SST, and air-sea humidity difference that are
used in a bulk formula to calculate the evaporation
values (Fairall et al. 1996).

SSM/I retrievals are difficult if not impossible near the
coast and over island regions where contamination by
emissions from land is significant; accordingly, this study
concentrates on the open water areas of the basin. This
topic will be discussed in section 5.

b. ERA-40 and ERA-Interim

The 40-yr European Centre for Medium-Range
Weather Forecasts (ECMWF) Re-Analysis (ERA-40;
Uppala et al. 2005) produced a comprehensive set of
global analyses describing the state of the atmosphere,
land, and ocean wave conditions starting in 1957. The
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ERA-40 project applies a modern variational data as-
similation technique (used in daily operational numeri-
cal forecasting at ECMWF) to the past conventional and
satellite observations to produce a global atmospheric
dataset with 3-hourly time resolution and 2.5° horizontal
resolution. With respect to the parameters relevant to
surface energy fluxes, the ERA-40 dataset assimilates
SSM/I radiance measurements. The use of SSM/I radi-
ances involves a one-dimensional variational analysis of
the total column water content and surface wind speed.
Sea surface temperature is specified from a variety of
conventional observations, and surface humidity values
come from both conventional observations and the use
of Television and Infrared Observation Satellite (TIROS)
Operational Vertical Sounder (TOVS) radiances in the
assimilation system.

The ERA-Interim dataset is the latest reanalysis da-
taset released by ECMWF (Berrisford et al. 2009) that
focuses on the data-rich period since 1989. At 1.5° hori-
zontal resolution, it includes many model improvements,
the use of four-dimensional variational analysis, a revised
humidity analysis, variational bias correction for satellite
data, and other improvements in data handling. ERA-
Interim uses mostly the sets of observations acquired
for ERA-40, supplemented by data for later years from
ECMWEF’s operational archive. There are a few new
observational datasets that are introduced and some of
those, such as the reprocessed winds and clear-sky radi-
ances, may have an effect on the surface energy fluxes
examined in this study.

¢. NCEP-NCAR reanalysis

The National Centers for Environmental Prediction
(NCEP)-National Center for Atmospheric Research
(NCAR) Reanalysis Project [described in more detail
in Kalnay et al. (1996)] includes the NCEP global spec-
tral model operational in 1995, with 28 “‘sigma”’ vertical
levels and a horizontal triangular truncation of 62 waves,
equivalent to about 210 km (about 1.9°). The analysis
scheme is a three-dimensional variational data assimi-
lation (3DV AR) scheme cast in spectral space denoted
spectral statistical interpolation. The assimilated ob-
servations include upper air rawinsonde observations
of temperature, horizontal wind, and specific humidity;
operational TOVS vertical temperature soundings from
NOAA polar orbiters over ocean, with microwave re-
trievals excluded between 20°N and 20°S because of rain
contamination; temperature soundings over land; cloud
tracked winds from geostationary satellites; aircraft ob-
servations of wind and temperature; land surface reports
of surface pressure; and oceanic reports of surface pres-
sure, temperature, horizontal wind and specific humidity.
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FIG. 1. Geography of the Mediterranean Sea basin and subbasins and the Black Sea.

3. Freshwater budget climatology

Strictly speaking, the term “‘“freshwater budget” in the
Mediterranean includes, in addition to evaporation and
precipitation, the continental and riverine runoff and the
water exchanges through the major straits of Gibraltar
and Dardanelles (Fig. 1). Here, the term denotes the dif-
ference between evaporation and precipitation (E — P).

a. Freshwater budget, evaporation, and precipitation

The HOAPS-3 estimated climatological average fresh-
water budget for the Mediterranean and the Black Seas
over the period 1988-2005 (Fig. 2a) is characterized by
mostly positive values, implying excessive evaporation
over the precipitation throughout the basin with negative
values occurring only over the Black Sea. Freshwater
budget maxima occur in the eastern Mediterranean
Levantine basin at about 3.5 mm day ! and minima in
the western basin at about 1.5 mm day '. The central
Mediterranean basin exhibits a 1.5-2.5 mm day ' loss
of freshwater. The largest variability due to interannual
changes (Fig. 2b) occurs in the northern Ionian Sea (up
to 2.4 mm day ') south of the Otranto Straits, in be-
tween southern Italy and Sicily and off western conti-
nental Greece, the Gulf of Lions (1.6 mm day '), and
the western Black Sea (2-2.4 mm day ).

On average, the Black Sea loses freshwater at a rate of
0.5 mm day ' mainly at the easternmost and westernmost
edges of it; however, interannual changes (1.7 mm day ')
especially in the west are large. In the following the mean
state of the freshwater balance will be described and dis-
cussion on uncertainties will be given at the end of the sec-
tion. This value is fairly close to Unluata et al.’s estimates
(0.4 mm day ') as reported in Staneva and Stanev (1998).

The geographical distribution of the freshwater bud-
get follows that of basinwide evaporation (Fig. 2¢) and

precipitation reinforces that dependence (Fig. 2e) since
precipitation is least where evaporation is largest (i.e.,
in the eastern basin). Maximum evaporation occurs in
the Levantine basin (about 4 mm day ') and mini-
mum evaporation in the western Mediterranean (about
2.2 mm day ') and the easternmost Black Sea (about
1.5 mm day ). Precipitation extremes are reversed, with
minimum values on the eastern and southernmost parts of
the Mediterranean basin (0.2-0.4 mm day ') and maxi-
mum ones in the northern Ionian Sea (1.4 mm day ') and
the westernmost Black Sea (up to 2 mm day'; Fig. 2e).

Evaporation over the Ionian waters is nearly uniform,
with values ranging from 3 mm day ™' in the northern part
of the basin near the Straits of Otranto to 3.5 mm day '
near the Libyan coast. Precipitation, however, exhibits a
preferentially zonal structure with the largest values oc-
curring in the northern Ionian Sea (1.4 mm day ')
south of the Straits of Otranto, although the interannual
variability of this signal is also the largest in the basin
(about 2.3 mm day " '; Fig. 2f). The freshwater budget in
the Ionian basin is mainly controlled by the rainfall pat-
terns in the region rather than the evaporation, which is
mostly uniform.

The Levantine, on the other hand, is a persistently dry
region, since both the mean precipitation and its vari-
ability are low. The western Mediterranean variability
patterns in the evaporation and rainfall (Figs. 2d,f) are
such that evaporation variability maxima coincide with
precipitation minima and therefore cancel out in their
contribution to freshwater budget. As a result moderate
freshwater loss variability patterns occur throughout the
observation period (Fig. 2b).

The Black Sea loses on average 1.8 = 1.1 mm day '
freshwater through evaporation and gains 1.3 =
0.9 mm day ' through precipitation, with maximum pre-
cipitation occurring off the western coast. Unluata et al.
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[as reported in Staneva and Stanev (1998)] give 2.3 and
1.9 mm day ! rates for evaporation and precipitation,
respectively.

The basinwide annual mean values from the HOAPS-3
dataset are 1037 mm yr~ ' for evaporation, 292 mm yr ™'
for precipitation, and 745 mm yr ! for the freshwater
budget. The evaporation estimate ranks the satellite value
in the middle of the range of values derived in previous

studies. Observational studies, that derive climatologi-
cal estimates based on surface marine reports from ships,
buoys, and other platform types tend to have higher
evaporation values that range from 1120 to 1150 mm yr~!
(Gilman and Garrett 1994; Castellari et al. 1998; Béthoux
and Gentili 1999; Mariotti et al. 2002). Reanalysis esti-
mates using both NCEP and ERA datasets, on the
other hand, report values ranging between 920 and
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FIG. 3. As in Fig. 2: Mean and std dev of (a),(b) HOAPS-3 wind speed (m s~ !), (c),(d) air-sea humidity difference
(g kg™, (e),(f) near-surface air humidity (g kg™"), and (g),(h) SST (°C).



5274

1170 mm yr ' (Angelucci et al. 1998; Boukthir and
Barnier 2000; Mariotti et al. 2002).

The precipitation estimate from HOAPS-3 is lower
than observational values (310-700 mm yr~ ') derived
mainly from coastal rain gauges and some midsea sat-
ellite retrievals (310770 mm yr~ ') and is also lower
than NCEP and ERA reanalysis estimates (320-
500 mm yr~'). The lower precipitation estimates from
HOAPS-3 will be discussed further in the next section.
The midrange evaporation estimates and low precipita-
tion estimates of HOAPS-3 place the freshwater budget
satellite values in the upper range of both the obser-
vational values (420-1230 mm yr~ ') and the reanalysis
values (590-680 mm yr ).

It is noted here that the estimates of previous studies
quoted above are derived based on different types of
datasets that include different sampling in their calcu-
lations of the basin-mean values. While the HOAPS
dataset and satellite microwave retrievals in general
exclude the coastal regions, ship data tend to also be
weighted more toward the open sea areas and station
data of properties such as precipitation include a coastal
bias. Reanalysis data equally weigh all regions but may
include secondary biases depending on the spatial dis-
tribution of the assimilated data. In any case, since re-
analysis data provide complete basin coverage they can
be used to test how data sampling changes the basin-
mean values. The NCEP reanalysis data for the period
1989-2001 give an evaporation value of 869 mm yr~ ! for
the whole Mediterranean basin whereas, when sampled
over the open-water grid points included in HOAPS,
they give a value of 1168 mm yr '. This implies that
the overestimate of the satellite estimate compared to
previous reanalysis studies is in part a sampling issue.
For precipitation, the NCEP reanalysis gives a value
of 412 mm yr~' for the total basin and a value of
456 mm yr~ ! for the open water grids, implying that the
HOAPS underestimate does not come from sampling
but from other factors—which, as mentioned before, will
be examined later in the text. In the satellite—reanalysis
comparisons that will be presented in the next session, the
reanalysis data are sampled at the HOAPS grid points to
produce corresponding basin-mean estimates.

b. Wind speed, air humidity, and SST

Inspection of the mean state and interannual vari-
ability of the wind speed and humidity fields (Figs. 3a,c)
shows that evaporation (Fig. 2c) has a tighter spatial
relationship with the surface humidity difference than
with the wind field, since the largest evaporation occurs
in the basin (Levantine Sea) with the smallest wind
speeds and the largest humidity difference. In particular,
the wind pattern is dominated by localized extrema as
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TABLE 1. HOAPS-3 evaporation annual means (mm day ') and
total uncertainties within HOAPS-3 given here as percentage of
the mean for each year in the satellite record.

Uncertainty (% of

Mean (mm day ') mean, mm day ')

1988 2.64 29
1989 2.45 25
1990 2.65 25
1991 2.60 33
1992 2.64 32
1993 2.73 24
1994 2.92 21
1995 2.77 24
1996 2.70 25
1997 2.72 20
1998 2.96 27
1999 2.94 18
2000 3.05 28
2001 3.11 22
2002 2.88 21
2003 3.23 28
2004 2.98 28
2005 3.16 22

in the large values over the Gulf of Lions (8 ms™;

Fig. 3a), the Cretan Passage (7.5 m s~ '), and the Kasos
Straits (6.5-7 m s~ ') on account of seasonal outbreaks.
The seasonality of the extrema in wind magnitude is
attested by the variance field shown in Fig. 3b, where
indeed most of the variability is over the western and
central basins (the Balearic, Tyrrhenian, and Ionian
Seas), as well as south of Crete, and not so much in the
eastern Levantine Sea.

On the contrary, the humidity difference between the
air and the sea, which is the sea surface saturation spe-
cific humidity less the near-surface specific humidity,
sets the north-south and east-west gradient of evapo-
ration and therefore the geographical structure of the
freshwater budget. Largest values of humidity differ-
ence (5.5 g kg™ '; Fig. 3c) are found in the Levantine
Sea where the air is on average drier (Fig. 3e) compared
with the air masses over the central Mediterranean Sea
(3.5-4.5 g kg~ !). The humidity difference is smallest over
the western Mediterranean (2-3.5 g kg~ '), particularly in
the Gulf of Lions where colder SSTs (Fig. 3g) and very dry
air masses (Fig. 3e) lead to minima in the air-sea humidity
difference.

Values of SSTs are very similar in the eastern and
central basins both in magnitude and in geographical
structure and are about 2°-5°C warmer than the western
basin (Fig. 3g). Specifically, the surface Mediterranean
waters are warmest in the Ionian (19.5°-21°C) and Le-
vantine basins (20°-22°C) and coldest in the Balearic
Sea (17°-19°C), particularly in the Gulf of Lions. SST
variability (Fig. 3h) is largest in the Ionian and the
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b: Evap annual cycle, cMed
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FIG. 4. Climatological mean annual cycle of evaporation (mm day ') in each basin (a) western Mediterranean
(WMED), (b) central Mediterranean (cMED), (c) eastern Mediterranean (¢cMED), and (d) Black Sea (BLKS).
Variance around the HOAPS-3 mean annual cycle is shown with vertical lines. The geographical definition of the

basins is given in the beginning of section 4a.

Tyrrhenian basins and weakest in the central Levantine
Sea. The easternmost part of the Mediterranean Sea
also exhibits large variability.

Particularly over the Black Sea, evaporation is mainly
wind driven and is largest over the western side (Fig. 2¢)
where the winds are stronger (Fig. 3a). The Black Sea
surface climatology is influenced by the Siberian and
Azores surface pressure patterns and strong, cold dry
wind outbreaks occur mainly in the wintertime (Staneva
and Stanev 1998). The air-sea humidity difference is
small (Fig. 3c), with the surface air being usually dry
(Fig. 3e) over cold waters (Fig. 3g). The large interannual
changes in SST over the Black Sea will be addressed in
section 4b.

In summary, the existence of the dry air over relatively
very warm surface waters in the Levantine Sea results in
large humidity air-sea differences and therefore large
evaporation and freshwater losses from the surface ocean.
In the western part of the Mediterranean, much cooler
SSTs combine with moderately moist air above to re-
duce humidity differences between the sea surface and

the surface air and therefore reduce evaporation and
freshwater exchanges between the atmosphere and the
sea. The central part of the basin has high sea surface
temperatures underneath very moist air masses, result-
ing in moderately large evaporation and freshwater ex-
changes. The Black Sea is cold and in contact with dry
air masses so that evaporation on average barely over-
whelms precipitation, resulting in only slight losses of
freshwater from the surface.

c. Uncertainties within HOAPS-3

Uncertainties in the estimates of evaporation arise
from random and systematic errors in the retrievals of
the variables due to sampling, instrument noise, and
satellite coverage as well as in the errors introduced by
calibrations and the bulk formula itself.

To examine the uncertainties associated in the HOAPS
dataset, the method of Gleckler and Weare (1996) is
adopted, in which it is assumed that the standard de-
viation of a retrieved field is entirely due to random and
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b: Precip annual cycle, cMed
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FIG. 5. As in Fig. 4, but for mean annual cycle of precipitation.

systematic errors in the retrievals—estimates. Table 1
shows the HOAPS-3 evaporation basin-mean annual
uncertainties, calculated as the percent difference of
each annual mean value from the 18-yr mean. It must be
noted that this assumption clearly provides an upper
limit of the uncertainty since part of it is the real in-
terannual variability of the system. Keeping this in mind,
the maximum uncertainty of the evaporation is 33% of
the mean. The maximum uncertainty due to random
errors in the constituent fields (results not shown here) is
22% of the mean for the surface wind speed, 20% for air
humidity, and 18% for SST. Biases of the HOAPS-3
latent heat flux estimate from the Southampton Ocean-
ography Center (SOC) climatology (Josey et al. 1998)
over the entire Mediterranean but excluding the Black
Sea are 0.63 W m 2.

The analysis presented in this section introduces
the satellite estimates of the Mediterranean freshwater
budget climatology and quantifies the contribution of
the different components and state parameters to this
budget. The use of a satellite-based dataset such as
HOAPS-3 is beneficial in estimating fluxes because all

the fields and state parameters are measured—estimated
coincidentally—colocationally and consistently used. The
dataset is therefore suitable for attribution studies that
reveal the physical mechanisms underlying complex pro-
cesses such as the water cycle.

4. Scales of variability

In this section all datasets (HOAPS-3, ERA-40, ERA-
Interim, and NCEP) are analyzed only over the regions of
common coverage. This results in description of only the
open-water flux variability and excludes variability in
coastal and marginal seas (Adriatic and Aegean).

a. The annual cycle

The climatological mean annual cycle is examined here
in the satellite and the reanalysis datasets for the period
1989-2001. The analysis is done for the four subbasins
(Fig. 1): the western Mediterranean (WMED) that ex-
tends from Gibraltar to the Straits of Sicily and includes
the Alboran and the Balearic Seas, the Gulf of Lions and
the Tyrrhenian Sea; the central Mediterranean (cMED)
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b: Freshwater Budget annual cycle, cMed

5f 5
4 L
3 L
2 L
1 L
or or
_1 b _1 .
—2 . . . . . . -2 . . . . . .
0 2 4 6 8 10 12 0 2 4 6 8 10 12
c: Freshwater Budget annual cycle, eMed d: Freshwater Budget annual cycle, BLKS
[ . . . . [ . . . ~—rorrss |
5 5 - -- ERA40
—— ERA-Int
4r 4F —— NCEP |
3t 3t
2r 2
1r 1r
or or
_1 b _1 .
-2 . . . . . . -2
0 2 4 6 8 10 12 0 2 4 6 8 10 12

FIG. 6. As in Fig. 4, but for mean annual cycle of the freshwater budget.

that stretches below the Straits of Sicily, includes the
Tonian, and ends on the western coast of Peloponnese; the
eastern Mediterranean (eMED) that includes the Libyan
Sea and the Levantine basin and reaches the coasts of the
Middle East; and finally the Black Sea (BLKS). Also in
this section, the estimates of the Mediterranean fresh-
water budget from the three different reanalysis datasets
are presented and compared to the satellite retrievals.
All reanalysis estimates and satellite retrievals show
a distinct seasonal cycle for evaporation (Fig. 4), with
minimum values in the late spring and maximum values
in the late fall to early winter in all four basins. Rean-
alyses have higher evaporation values in most basins and
seasons, with the largest differences relative to HOAPS-3
occurring during the winter months (November to
March) and the smallest during spring and summer. In
the winter evaporation differences are 1-2 mm day '
and in the spring-summer about 0-1 mm day '. This
results in a stronger seasonal cycle range in the rean-
alysis datasets (about 4 mm day ') than in the satellite
retrievals (about 3 mm day '). Only in the central and
eastern Mediterranean from June—July to September

are the HOAPS-3 evaporation values larger than the
reanalysis values. The ERA-40 evaporation values are
lower than the other two reanalysis datasets in all four
basins.

Both satellite and reanalysis estimates show that
rainfall attains a near-zero minimum in the summer and
maxima in the winter (Fig. 5). The rainfall seasonal cycle
from the reanalyses compares well with that from the
satellite estimates in all basins except in the Black Sea
where NCEP diverges from the other reanalyses and
HOAPS-3. In the Black Sea (Fig. 5d), satellite rainfall is
minimum during the summer months (June—August)
while in the ERA reanalyses those minima are about
0.5 mm day ' shallower; the NCEP reanalysis shows
maxima in August—-September.

During the winter months, the HOAPS-3 retrievals
show smaller precipitation values than all the reanalysis
datasets, with differences of 0.5, 1, and 1.5 mm day_1 in
the western, central, and eastern Mediterranean, re-
spectively. This may be due to the fact that HOAPS-3
estimates rely on SSM/I retrievals. Microwave retrievals
primarily detect precipitation that falls from cold ice
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FIG. 7. As in Fig. 4, but for mean annual cycle of the near-surface wind speed (m s~ ).

clouds and may be missing significant amounts of pre-
cipitation falling from warm, winter stratiform clouds
that often form in the vicinity of midlatitude frontal
systems. Among the reanalysis datasets, values from the
two ERA datasets are smaller that those from the NCEP
dataset in all four basins.

Consequently, the freshwater budget exhibits a sea-
sonal cycle with minimum values in the late spring and
maximum values in the late summer in both reanalysis
and satellite estimates (Fig. 6). The minimum is caused
by the small evaporation values in late spring and the
maximum by the small precipitation values in late sum-
mer. The differences in evaporation and precipitation
seasonal cycles are largest during summer and early fall
months, especially in the eastern Mediterranean (Fig. 6¢)
because of the evaporation differences there (Fig. 4c)
and in the Black Sea because of precipitation differences
(Fig. 5d).

To help explain the disagreement between the satel-
lite and reanalysis evaporation fluxes, we examine the
input variables to the bulk flux formula. From the fields

that constitute evaporation, air humidity and SST show
small differences between reanalysis and HOAPS-3
values (results not shown here) for all regions except
the eastern Mediterranean during June to September,
where satellite air humidity is on average 3 g kg~ less
than all reanalysis estimates. Wind magnitude differ-
ences, however, are significant (Figs. 7a—c). Wind speed
is significantly lower in ERA-40 than the HOAPS-3
retrievals, whereas ERA-Interim exhibits wind speed
values and seasonal variability similar to those of the
satellite retrievals in all the basins except the eastern
Mediterranean during summer—early fall. There, the
HOAPS-3 wind field is characterized by winter maxima
and summer minima whereas all reanalyses show a weak
(ERA-40) or more pronounced (ERA-Interim) maxi-
mum in the summer and equivalent large values in the
winter. Wind speeds over the Levantine basin (i.e., east
of Crete and to the south of Turkey and Cyprus) are
generally more pronounced in the reanalysis datasets
than in HOAPS-3. Nevertheless, the differences in the
summer winds and air humidity compensate to produce
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(c) eMed, and (d) BLKS. Anomalies were computed from the raw time series at each grid point after the each dataset

climatological mean annual cycle was removed.

evaporation fields with greater agreement between the
reanalysis and satellite estimates.

b. Interannual variability

The substantial changes in the freshwater budget in
the Mediterranean region have been examined pre-
viously using reanalysis and in situ measurements (e.g.,
Béthoux and Gentili 1999; Boukthir and Barnier 2000;
Mariotti et al. 2002). Here we derive the HOAPS-3 es-
timates of freshwater flux variability for the period
1988-2006 and compare them with the three reanalysis
datasets. In the following, flux and other variable anom-
alies are computed by removing the climatological mean
annual cycle from the monthly time series. Comparisons
are made only over the common grid in the satellite and
reanalysis data that corresponds to the HOAPS-3 grid
(i.e., over open water only, excluding coastal regions and
the Adriatic and Aegean Seas).

Over the period 1988-2006, evaporation (Fig. 8) has
been increasing over the Mediterranean and the Black
Seas with similar rates in all the basins even though the
year-to-year variability may differ. The trends in the

Black Sea are slightly less than those in the other basins.
The statistical significance (Mann—Kendall test) for the
evaporation trends is above 95% in all basins. The re-
analyses agree well with the satellite data in the overall
trends although the uncertainties in each year are dif-
ferent. The two ECMWF reanalyses agree better with
the satellite data in all the basins except for the period
1994-96.

Over the same period, rainfall rates show no discernible
trends except in the western Mediterranean, which expe-
rienced small increases (Fig. 9), and the Black Sea, which
experienced small decreases, but these trends are not sta-
tistically significant. Generally, the reanalyses agree well
with the satellite data on the overall trends, although the
amplitude of the year-to-year variability is more pro-
nounced in the reanalyses, especially in the eastern Med-
iterranean, and less so in the central Mediterranean and
the Black Sea. The ERA-Interim reanalyses compare
fairly well with the HOAPS-3 dataset whereas the NCEP
reanalysis shows substantial differences.

As a result mainly of the evaporation trends, the
freshwater deficit in the Mediterranean over the period of
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FIG. 9. As in Fig. 8, but for annual mean precipitation anomalies (mm day ).

1988-2005 has been increasing by 0.2-1.5 mm day ' yr

over the entire basin, with the smallest increases oc-
curring over the western Mediterranean basin and the
largest over the eastern basin (Fig. 10) and the Black
Sea. Again, the Mann-Kendall test shows that these
trends are statistically significant above the 95% level.
These increases are driven by the evaporation trends,
which are more pronounced in the central and eastern
Mediterranean and less pronounced in the western part.
At the same time, rainfall has been increasing in the
western Mediterranean by about 0.2-0.6 mm day ' yr~!
(not a statistically significant trend) counteracting the
increases in the evaporation whereas the role of rainfall
over the most of central and eastern Mediterranean is
small.

To explain the evaporation increases that drive the
freshwater deficit increase in most Mediterranean ba-
sins, the trends of the state parameters that affect evap-
oration are examined. Figures 11-13 show the trends
of wind speed, air humidity, and SST in the four basins
for HOAPS-3 and the three reanalysis datasets. Wind
speed shows increasing trend (Fig. 11) that is more pro-
nounced in the western Mediterranean and less so in the

other basins. The trend is present in both the HOAPS-3
and the reanalysis datasets, although in HOAPS-3 the
wind speed values are very low during the earlier part of
the record (1988-91). This is possibly due to low satellite
coverage during those years as only one (partly defec-
tive) SSM/I (on DMSP-F08) was in space at that time.
These trends are statistically significant above 95% only
in the Black Sea, although in all other basins the statis-
tical significance is above 90%.

Surface air humidity (Fig. 12) does not show obvious
trends with the exception of the eastern Mediterranean,
where it shows a slight increase that is statistically sig-
nificant at the 90% but not the 95% level. SST shows
strong but not statistically significant increasing trends in
all the basins (Fig. 13) except in eastern Mediterranean,
where the statistical significance is above 95%. Com-
parison of Figs. 11-13 shows that the driving mechanism
for the interannual trends in the evaporation (and thus
the freshwater deficit) is different for different basins. In
the central and eastern basins as well as in the Black Sea,
SST warming is more pronounced and drives large air—
sea flux changes, while the wind speed increases play
a secondary role. On the other hand, in the western



1 OCTOBER 2010

a: Freshwater Budget annual means, wMed
0.8 . T T T ! ! !

ROMANOU ET AL.

5281

b: Freshwater Budget annual means, cMed

0.6/ 1
0.4f
02 ,
ok
-0.2
-0.4F
—0.6-

-0.8

0.8

0.67

1990 1992 1994 1996 1998 2000 2002 2004 2006

c: Freshwater Budget annual means, eMed
0.8 T T T T T T T

1988

1988 1990 1992 1994 1996 1998 2000 2002 2004 2006
d: Freshwater Budget annual means, BLKS

0.6r

0.4r

0.2F

oF

-0.2F

-0.4F

-0.6F

-0.8

0.8 T T T T T T T T

1988 1990 1992 1994 1996 1998 2000 2002 2004 2006

8 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006

FIG. 10. As in Fig. 8, but for annual mean freshwater budget (mm day ') anomalies.

Mediterranean the driving mechanism is mostly dy-
namic (i.e., an increase in the wind driven heat losses at
the surface, with little increase in SST).

The interannual trends discussed in this section are
summarized in Table 2, along with the percentage of the
coverage in the basin that these trends are above the
95% significance level. It is shown that the freshwater
budget trends are due mostly to trends in the evapora-
tion. Precipitation changes are reinforcing freshwater
deficit increases in all basins except the western Mediter-
ranean, although the precipitation trends are not statisti-
cally significant. Additionally, the trends in evaporation
are mostly due to the humidity differences (which are due
to SST trends) in the eastern Mediterranean and the Black
Sea and to wind variability in the western Mediterranean.
In the central Mediterranean, wind and SST both exhibit
increasing trends.

c¢. NAO and the Mediterranean freshwater flux

The North Atlantic Oscillation (NAO) is the seesaw
in atmospheric pressure between the subtropical high
and the polar low (Hurrell 1995). The NAO represents
the dominant mode of wintertime variability in the

North Atlantic and through teleconnections in the ad-
jacent regions. The wintertime [December-February
(DJF)] NAO index over the period of interest (1988—
2002) exhibited a mostly positive phase during the earlier
part of the record (1988-94) and alternating positive/
negative phases after 1995 (Fig. 14a). Andersson et al.
(2010) found that HOAPS-3 precipitation patterns strongly
relate to the state of the NAO. Here, the HOAPS-3
freshwater budget and its major components are exam-
ined with respect to their dependence on NAO-related
variability.

Wintertime evaporation anomalies are found to be
weakly correlated with NAO except in the western Black
Sea region (Fig. 14b). On the contrary, wintertime pre-
cipitation anomalies are anticorrelated with NAO over
the western Mediterranean and in the northern part of
the central Mediterranean (Fig. 14c); that is, winters with
positive NAO phase are drier than winters in the neg-
ative NAO phase, as was also found by Mariotti et al.
(2002) and Andersson et al. (2010). As a result, the
freshwater deficit (E — P) is positively correlated with
NAO phases over the western basin (Balearic Sea) and
the central basin (Ionian Sea) (Fig. 14d) mostly through
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FIG. 11. As in Fig. 8, but for annual mean near-surface wind speed (m s~ ') anomalies.

precipitation and less so through evaporation. This re-
sult implies that during negative NAO phase winters,
increased precipitation and therefore increased fresh-
water input into the sea surface over the western and
central Mediterranean may hinder wintertime surface
buoyancy losses and possibly deep-intermediate water
formation. Events of reduced convection in the central
Mediterranean are described in Roether et al. (1996).
The eastern basin is not affected by the NAO, as implied
by the low correlations in E, P, and E — P.

The significant anticorrelation patterns between evap-
oration and NAO in the Black Sea are mostly set by the
wind and less so by the humidity difference (Figs. 14e,f).
Northward wind pattern shifts associated with positive
NAO lead to decreased evaporation in the Black Sea
(Fig. 14c).

SST is more strongly anticorrelated with NAO (Fig. 14h)
than the surface air humidity (Fig. 14g) throughout the
Mediterranean and the Black Sea, but their combined
effect produces a humidity difference field that is cor-
related with NAO (Fig. 14f) only over the western and
central Mediterranean. Weak NAO correlations with
wind and humidity difference result in evaporation

essentially uncorrelated with NAO over the eastern
basin.

5. Discussion

The present study demonstrates the usefulness of a
state-of-the-art satellite-derived ocean surface flux pro-
duct (HOAPS-3) in examining the mean properties and
the variability of the ocean surface freshwater budget
in the Mediterranean and Black Seas as well as in
the subbasins. The study describes the differences with
freshwater fluxes determined from the reanalysis data-
sets and indicates sources of the discrepancies relative to
HOAPS-3.

The satellite-based analysis shows a freshwater deficit
in the Mediterranean and Black Seas that averages
2.5 mm day ' but with a significant east-west asym-
metry ranging from 3.5 mm day ' in the eastern part of
the basin to about 1.5 mm day ' in the western part.
The basin mean value translates to an annual freshwater
deficit about 900 mm yr ', which places the satellite
estimate in the middle of the range derived by studies
using in situ observations and reanalysis data: Boukthir
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FIG. 12. As in Fig. 8, but for annual mean near-surface air humidity (g kg~!) anomalies.

and Barnier (2000) reported mean values of about
650 mm yr~ ! and Mariotti et al. (2002) values from 500
to 700 mm yr~ !, and Béthoux and Gentili (1999) in a
review of a number of studies reported values in the
range of 1050-1230 mm yr ™.

Missing values in the satellite fluxes near the coasts,
which are attributed to contamination of emission from
land, allow only for partial coverage of the Mediterra-
nean and the Black Seas. Budgets here are shown only
for the common area coverage in the datasets used,
which corresponds to open-water areas only, excluding
coastal regions and marginal seas (e.g., the Adriatic and
Aegean Seas).

The analysis shows that the zonal asymmetry in the
water deficit is driven by evaporation differences that
are determined by variability in the air-sea humidity
difference in the different parts of the Mediterranean
basin. The eastern Mediterranean has the largest evap-
oration flux thanks to a combination of high SST and
low air humidity values. Freshwater deficit is smallest in
the western Mediterranean and the Black Seas, where
evaporation is smallest and SSTs are colder, while sur-
face air is substantially drier over the Black Sea. Over

the central and eastern Mediterranean evaporation is
largest and SSTs are warmest, although the surface air
is drier over the eastern basin. However, over the two
basins precipitation patterns are substantially different,
leading to larger freshwater loses over the eastern than
over the central Mediterranean.

The trend analysis for the Mediterranean shows that
the freshwater deficit increases during the period 1988—
2005. The increase in freshwater deficit, which is most
prominent in the eastern part of the basin, is driven by
increases in evaporation that are associated in turn with
increases in SST. Precipitation does not show any con-
sistent trend during this period. Mariotti et al. (2002)
found an increase in the Mediterranean water deficit in
the 1948-98 period that was due to a decrease in pre-
cipitation attributed to the positive anomalies that have
dominated the NAO index since the early seventies.
This implies that the recent increase in the freshwater
deficit has a more local thermodynamic control, whereas
the increase in the earlier portion of the period was driven
by large-scale dynamical processes related to the NAO.

To obtain a measure of the uncertainty in the flux esti-
mates and the component fields, we derive the interdataset
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spread for the four datasets used in this study (HOAPS-3,
ERA-40, ERA-Interim, and NCEP). The interdataset
spread is computed as the standard deviation of each
dataset’s estimate of the seasonal (Figs. 4-7) and in-
terannual (Figs. 8-13) variability in each region, and the
results are presented in Table 3 as percent differences
from the mean value. The uncertainty estimates calcu-
lated this way are lower for the interannual variability
than for the annual cycle, with precipitation and surface
wind speed showing the highest uncertainty values.
Generally, the uncertainties are higher in the eastern

basin and in the Black Sea. Freshwater budget uncer-
tainties are lower than precipitation uncertainties, pos-
sibly due to error compensation between evaporation
and precipitation in all the basins, since evaporation and
precipitation contribute to the budget with opposite signs.
The lower uncertainties in humidity and SST may be
attributed to the fact that reanalysis and satellite data
use similar datasets for these quantities. The interdataset
spreads presented here point to the need for more in-
dependent data sources (in situ measurements, different
satellite platforms, different bulk parameterizations) in

TABLE 2. Interannual trends based on monthly mean anomalies for each flux and variable from the HOAPS dataset. Rightmost column
shows the percentage of the basin coverage (number of grid points over total number of grid points) where these trends are above the 95%

significance level.

wMED cMED eMED BLKS Area above 95% sig. level

EVAP (mm day ' yr ') 0.04 0.04 0.04 0.03 98.9%
PRECIP (mm day ™ ' yr™ 1) 0.01 —0.002 —0.001 —0.02 5%

BUDG (mm day ' yr ') 0.02 0.04 0.05 0.05 73.7%
WIND (m s~ yr™ 1) 0.04 0.04 0.04 0.05 100%
AIR HUMID. (g kg ' yr' 1) 0.001 0.01 0.03 0.03 49.7%
DHUM (g kg ' yr'!) 0.02 0.03 0.04 0.02 91.7%
SST (°C yr™ 1) 0.02 0.04 0.06 0.07 86.5%
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TABLE 3. Uncertainties (= interdataset spread = standard de-
viation as percentage of the mean) in the estimate of the regional
fluxes from the datasets used in the present study (HOAPS-3,
ERA-40, ERA-Interim, and NCEP) and for the period 1989-2001.

Entire
Field Med. wMED cMED eMED BLKS
Seasonal EVAP 16 17 20 25 29
PRECIP 42 43 43 48 56
BUDG 22 21 22 26 32
WIND 15 22 15 16 22
AIRHUM 9 9 9 11 11
SST 2 3 2 2 4
Interannual EVAP 9 11 11 9 14
PRECIP 30 34 32 47 30
BUDG 17 20 15 22 29
WIND 19 27 20 17 27
AIRHUM 4 5 3 5 9
SST 3 5 3 3 5

order to reduce the uncertainties in our knowledge of the
surface energy fluxes.

In general, the reanalysis datasets tend to have higher
evaporation values in most parts of the basin, while they
agree well with the satellite retrievals of the annual cycle
of evaporation, precipitation, and freshwater. The ERA-
Interim improves the agreement with the satellite re-
trievals relative to the ERA-40, in large part because of
an improvement in the representation of the wind speed
field. These differences in freshwater fluxes constitute an
uncertainty range that must be accounted for in modeling
studies of the Mediterranean region that use surface
freshwater forcing to simulate oceanic preconditioning
of deep and intermediate convection, water mass for-
mation, and the Eastern Mediterranean Transient.

A more thorough way to establish uncertainty ranges
in flux estimates due to different bulk formulations in
satellite retrievals, reanalyses, and model output is to
use simulator-type software that computes the fluxes
given the same bulk formula and input variables at the
same spatial and temporal intervals. This has been pro-
posed by the SeaFlux group (Curry et al. 2004) and suc-
cessfully demonstrated in cloud model evaluations [e.g.,
the International Satellite Cloud Climatology Project
(ISCCP) simulator; Williams and Tselioudis 2007].

This study shows that with regards to the water cy-
cle over open water, the Mediterranean Sea comprises
three distinct basins with different behavior and vari-
ability: the western, central, and eastern basins. The Black
Sea also displays a substantially different response in the
seasonal and interannual trends. It is therefore suggested
that turbulent fluxes over the Mediterranean are not
treated as one average over the basin but are examined
separately over each subbasin.
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While satellite-derived ocean surface fluxes show sub-
stantial promise to improve understanding of the freshwater
flux in the Mediterranean and Black Seas, comparison
with in situ measurements is needed to improve confi-
dence in the satellite-derived values. Also, the inability
of satellites to accurately sense regions near the coast
points to the need for a synthesis of satellite and rean-
alysis surface fluxes.
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