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This study shows satellite observations and new findings on the time and spatial distribution of the Total Precipitable Water (TPW)
column over the Mediterranean Sea throughout the year. Annual evolution and seasonality of the TPW column are shown and
compared to the estimated net evaporation over the Mediterranean Sea. Daily spatiotemporal means are in good agreement with
previous short-term field campaigns and also corroborate hypothesis and conclusions reached from previous mesoscale modelling
studies: (a) from a meteorological point of view, Mediterranean Basin should be considered as two different subbasins (the Western
and the Eastern Mediterranean); (b) accumulation processes may affect the radiative balance at regional scale and the summer
precipitation regimes. Furthermore, these satellite observations constitute strong empirical evidences that, (a) from late May to
early October, contrary to what happens in the Eastern Mediterranean Basin (EMB), there is a net accumulation of TPW on the
Western Mediterranean Basin (WMB) that favours the instability of the atmosphere, (b) there is a seasonal anticorrelation between
the seasonal variability of the TPW column over the two Mediterranean subbasins, (c) solar radiation can not be the only driver
for the annual variability of the TPW column over the Mediterranean Sea, and (d) both previous features are seasonally dependent

and, therefore, their effects on the TPW column are attenuated by annual variability.

1. Introduction

The Mediterranean Basin presents certain orographic and
biogeographic peculiarities that reinforce the importance of
atmospheric mesoscale processes in its climate. It also has a
long history of environmental changes as well as a present-
day strong anthropogenic pressure but, in spite of that, it
is one of the most important biodiversity hotspots in the
world [1]. Therefore the study of the availability of the Total
Precipitable Water (TPW) over the Mediterranean Basin, the
main sources and atmospheric pathways for water vapour
imports (and exports) into (and from) the Mediterranean
troposphere, and their seasonal variability in the Mediter-
ranean Basin are relevant issues, among others, to integrate
feedback driving climate change in terms of precipitation
regimes, radiative balance, secondary pollutants production,
ventilation conditions, and so forth [2, 3].

This study is based on direct systematic measurements
of the TPW column and the monthly mean net evaporation
over the Mediterranean Sea obtained from the Climate
Forecast System Reanalysis (CFSR, NCEP, National Centre
for Environmental Prediction).

2. Background

The origin and motivation of this seasonal characterisation
lie in different empirical (field campaigns and atmospheric
measurements) and numerical experiments during, at least,
the last twenty-five years.

Since the early 90s, satellite data yield vertically integrated
tropospheric ozone values over the Western Mediterranean
of the order of 50 to 55 Dobson units during June-August
(average of 125-150 pg/m’ within an 8 km column) which
corresponded to a difference of 10 Dobson units when
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comparing with the mean values measured simultaneously
over the Eastern Mediterranean [4].

On those days, different international field campaigns
(Table 1) in the Western Mediterranean evidenced the preva-
lence of mesoscale circulations, with marked diurnal cycles
and large spatial dimensions, under summer conditions.

Different EU-funded projects (Table 1) put in evidence
that not only were these diurnal cycles of mesoscale circula-
tions strongly linked to air pollution but they were the main
drivers of the vertical recirculation of atmospheric pollutants
along and over the Western Mediterranean coasts [5-8].
As a result, further evidences on high regional background
tropospheric ozone were recorded from different ground-
based and airborne measurements during large field cam-
paigns which took place in Western, Central, and Eastern
Mediterranean areas [6].

Later on, with the development of the high-performance
computing devices and of the numerical modelling codes
at the mesoscale, different numeric and computer exercises
corroborated the feasibility of this vertical recirculation [9-
12].

With the pass of the years and with longer time-series
of (measured) near-surface pollutants, it was possible to
identify, define, and quantify the, so-called, accumulation
cycles which could explained the ozone anomaly previously
published by Fishman in 1990 [13, 14].

Moreover, since the early nineties, with the availability of
the Water Vapour channel on board of different geostationary
satellites, some authors, like Holmlund [15, 16], Laurent [17],
Le Marshall et al. [18], Merrill [19], Tokuno [20], Velden et al.
[21], and Rattenborg [22], have shown that wind information
can be derived from geostationary satellite water vapour
images using the movement of cloud and water vapour
as tracers of opportunity. This information is useful to
determine both upper-level moisture content and the wind
fields that correspond to the water vapour layers [23].

Since the early 2000s, a new generation of high-resolution
instruments aboard on new meteorological satellites enabled
the possibility of studying a large amount of different chemi-
cal species and meteorological magnitudes from above. Soon,
the first spatial patterns of some trace gases, like the water
vapour, also show both the daily oscillation of air masses all
over the Western Mediterranean Sea and its seasonality [3].

The observed daily pattern consisted of maximum values
of the TPW along the inland coastal mountain ranges all
around the Western Mediterranean Basin and, driven by noc-
turnal katabatic flows from the coastal mountains towards
the sea, maximum values of the TPW were allocated over
the sea. The same data showed the seasonality of this pattern
reinforcing the suspicion that this was further evidence of the
vertical recirculation and, therefore, the lack of net ventilation
in the lower troposphere over this Western side of the
Mediterranean [3].

Further on, more recent studies have also evidenced, for
example, using reanalysis data, the spatial extent and strength
of the (vertical and horizontal) mesoscale circulations in this
region of the Mediterranean Sea and also the daily pulsation
and seasonal variation of the surface divergence field over the
Western Mediterranean Sea [24]. In this subbasin (Figure 1),
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during the night drainage winds flow from the coasts towards
the sea, generating a net convergence and weak upwelling
motions and, during the daytime, the activation of sea
breezes (advection of air masses over the sea towards inland)
causes a net divergence of the horizontal wind field and a
generalised subsidence of the air masses aloft driving, during
the afternoon, a quasi-synchronized clockwise rotation of
the wind direction of sea breezes all around the Western
Mediterranean coasts [24].

Thanks to the availability of longer time-series obtained
from satellite observations, now the analysis and character-
isation of the accumulation (recharge), ventilation (advec-
tion), and discharge (rain) of the TPW and, as one of the
direct consequences, its variability along the years and its
implication on the hydrological cycles within the Western
and Eastern Mediterranean begin to be possible.

This manuscript aims to show some of the preliminary
steps followed towards a seasonal characterisation of the
TPW over the Mediterranean. In the near future, authors
hope to be able to finish the complete study on this regard
identifying and quantifying key-parameters explaining the
behaviour described in this advance of our findings.

3. Data Bases

The TPW column dataset (MODO05_L2) is provided by the
MODIS instrument (MODerate Resolution Imaging Spectro-
radiometer) on board the TERRA Sun-synchronous satellite
(formally known as EOS AM-1). TERRA circles Earth in a
polar orbit, perpendicular to the direction of Earth’s spin, at
705 km altitude crossing the equator southward (descending)
at 10:30 Local Time (LT) and again northward (ascending)
at 22:30 LT. During the daytime, a near-infrared algorithm is
applied over clear land areas of the globe and above clouds
over both land and ocean. Over clear ocean areas, water
vapour estimates are provided over the extended glint area.
An infrared algorithm for deriving atmospheric profiles is
also applied both day and night. Level 2 data are generated
at the 1 km spatial resolution of the MODIS instrument using
the near-infrared algorithm during the day and at 5 x 5 one-
kilometer resolution both day and night using the infrared
algorithm when at least nine Fields Of View (FOVs) are
cloud-free.

The dataset used in this study consist of the diurnal time
pass of TERRA over the Mediterranean Sea (i.e., around 11:00
LT) and, thus, this study is based on one measured data item
by day covering an eleven-year period (2000-2010).

The estimated net evaporation over the Mediterranean
Sea (defined as evaporation minus precipitation) has been
calculated as monthly mean from the NCEP (National Cen-
tre for Environmental Prediction) Climate Forecast System
Reanalysis (CFSR) dataset, with a resolution of 0.5°x 0.5" [25].

4. Results and Discussion

At first, the visual inspection of the persistence of a clear TPW
spatial heterogeneity over the whole Mediterranean Sea sug-
gested the idea of choosing two equal areas centred on each
part of the dipole formed by the maximum and minimum
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FIGURE 1: Mean divergence/convergence (red/blue colors) and horizontal wind field (vectors) for the 10-year period 1998-2007. Daily pulsation
between night and day ((a, ¢) and (b, d)) is more evident during summertime than during autumn/winter time ((a, b) and (c, d)). Scale colors
of the divergences are represented (1/s). The scale for the vector wind field is 10 m/s.

TPW monthly mean values, calculated simultaneously on the
western and eastern sides, respectively (Figure 2).

The rectangle over the Western Mediterranean Basin
(WMB) was defined within 0.2°E to 8.2°E and 37.1°N to 41.1°N.
In the same way, on the Eastern Mediterranean Basin (EMB),
the rectangle extends from 26.6°E to 34.6°E and 31.9°N to
35.9°N (Figure 3). Both rectangles cover similar areas to
assure enough data for averaging and the intercomparison
between them.

To obtain the daily means (one value per day), we
calculated the daily spatial mean of the TPW column and net
evaporation in the two selected rectangles at the two sides of
the Mediterranean Sea (boxes at Figure 2). The spatial average
of the diurnal (around 11:00 LT) daily data provides the 11-year
time-series of daily mean values of TPW column on each side
of the Mediterranean (not shown). To avoid the noisy annual
evolution obtained and to identify more clearly the seasonal
variation of the 11-year period (2000-2010), we calculated the
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FIGURE 2: Mean values of the TPW column measured by TERRA
during August 2005. Red squares indicate the two areas of study
(where mean time-series of TPW values were calculated). Scale units
are cm.

Total precipitable water vapour and evaporation

0.6

Total precipitable
water Vapour (cm)
Evaporation (cm/day)

(Month)

—— WMB vapour
—— WMB evap

——— EMB vapour
—-—- EMB evap

FIGURE 3: Daily spatiotemporal mean within the two selected boxes
and over eleven years (2000-2010) of net evaporation (thin and thin-
dashed lines) and column of TPW column (bold and dotted-bold
bell-shaped lines).

mean year by averaging the daily values of the TPW column
observed from MODIS and the net evaporation estimated
using the CFSR dataset (Figure 3).

While over the WMB the mean TPW column has one
maximum centred on the summer season (July-August), over
the EMB there are two maxima at the end of spring season
(May-June) and at the beginning of autumn (September-
October) season (bold and dotted-bold bell-shaped red lines
in Figure 3). Thus, annual oscillation of the TPW column
at the EMB does not follow the annual variation of solar
irradiation (with a maximum at summer and a minimum
during winter season).

Regarding the spatial mean of net evaporation averaged
over the same eleven-year period over both sides of the
Mediterranean, we obtained minimum values in April, May,
and June and maximum values reaching on November-
December.

According to the fact that climatologic SST reach higher
values on the EMB than on WMB [26], mean net evaporation

on the eastern side of the Mediterranean Sea remains higher
than on the Western side throughout the year. However, net
evaporation from the sea and the TPW column over the
same regions are, in general terms, uncorrelated and even
anticorrelated during some months of the year.

The TPW column reaches higher values in the EMB than
in the WMB for most of the year except during summer
season. During summer season, evaporation on both sides of
the Mediterranean Sea increases while the TPW column over
the EMB decreases. Moreover, mean time-series clearly show
the seasonal anticorrelation between the TPW column at the
EMB and the WMB.

These features can not be attributed only to a higher
evaporation rates from the sea surface since climatic values
of SST in the EMB is about three degrees higher than
in the WMB and, furthermore, near-surface wind speeds
are not so different on both sides of the Mediterranean.
Rather it might be because, during the summer months,
while in the Western Basin (under the influence of the
Azores anticyclone) mesoscale vertical recirculation (low net
ventilation conditions) is the most recurrent meteorological
characteristic, and in the EMB advective conditions prevail
in the midupper troposphere due to the Asian Monsoon
system, that is, higher ventilation conditions with high rates
of renewal of air masses aloft [2, 27-29].

On the contrary, during wintertime troposphere in the
Western Basin is much more ventilated than in summer
whereas in the eastern side the extension of the Siberian
Anticyclone system favours stagnation conditions in the
troposphere [27-29]. This might be why, at this time of the
year, the values of TPW column in the Eastern Basin are
higher than in the Western Basin.

That said it is remarkable that net evaporation and TPW
column are not unequivocally related over the Mediterranean
Sea and that, additional to the solar irradiation and the
net evaporation, other seasonally dependent meteorological
factors must exist governing both annual evolutions of the
TPW columns.

Furthermore, if all the abovementioned patterns of the
TPW columns over the two Mediterranean subbasins are
more strongly driven by the prevailing mesometeorology
rather than by local processes (e.g., the net evaporation), then
their spatiotemporal variability must be in good concordance
with previous measurements and modelling experiments on
both sides of the Mediterranean Sea.

Using these observations, further detailed and quantita-
tive analysis will be done using different statistical techniques.
Authors plan to continue this study to characterise the spatial
and seasonal differences of TPW column in both Mediter-
ranean basins and the possible correlation between this type
of instability of the atmosphere (due to TPW accumulation
processes) and the occurrence of some weather extremes and
air quality episodes, in the Mediterranean Basin.

5. Conclusions

The annual evolution and spatial distribution of the Total
Precipitable Water (TPW) vapour column over the Mediter-
ranean Sea is seasonally dependent and different on both



sides (western and eastern) of the basin, coherently with
different previous studies performed in the Mediterranean
Basin since the nineties. Moreover, the 11-year averaged values
show a seasonal anticorrelation between the variability of the
TPW column over the two Mediterranean subbasins.

Solar radiation can not be the only driver for the annual
variability and the spatial heterogeneities of the observed
TPW column over the Mediterranean Sea since there is no
correlation neither with the evaporation from the sea surface
nor with the sea surface temperature.

Considering the previous studies performed in the
Mediterranean Basin, it seems reasonable to propose as pos-
sible drivers the (seasonally dependent) mesoscale processes
that prevail in the region, for example, the daily cycles of
air masses and the poor ventilation conditions that lead
accumulation processes of air masses over the Mediterranean
Sea and coastal areas (i.e., accumulation of evaporated water
vapour and emitted pollutants).

More and more detailed studies are necessary to deepen
the direct and indirect consequences of the observed seasonal
variations and spatial heterogeneities of TPW values over
the Mediterranean Sea. Some different social challenges,
for example, floods, draughts, and air quality episodes of
secondary pollutants (aerosols, ozone, etc.). might be related,
directly or indirectly, to values of TPW column. It is rea-
sonable to hypothesize that the time evolution and spatial
distribution of TPW values in the troposphere may be one
of the key trigger mechanisms (a) for the sudden heteroge-
neous and anisotropic instability of the troposphere at the
mesoscale under synoptic high pressure conditions, (b) for
the development of unpredicted air quality (coastal) episodes,
(c) for the variations and heterogeneities of the radiative
balance in the basin (since water vapour is a greenhouse
gas), and (d) for the spatial heterogeneities and changes in
the main chemical mechanisms of formation/degradation of
secondary pollutants (since changes in the atmospheric water
vapour content drive changes in the concentration values of,
among other chemical elements [30], the hydroxyl (OH™)
and hydroperoxyl (HO, ") radicals, which are very important
elements in the chemistry of tropospheric ozone). On this last
aspect, it is worth adding how previous studies on the Aegean
Sea (Eastern Mediterranean) have demonstrated the great
abundance of hydroxyl radicals in this area and their great
importance for the concentrations of tropospheric ozone and
methane in the region.
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