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ABSTRACT

A characterization of the large-scale environment associated with precipitating systems in the Mediter-
ranean region, based mainly onNOAA-16 Advanced Microwave Sounding Unit (AMSU) observations from
2001 to 2007, is presented. Channels 5, 7, and 8 of AMSU-A are used to identify upper-level features, while a
simple and tractable method, based on combinations of channels 3Ð5 of AMSU-B and insensitive to landÐsea
contrast, was used to identify precipitation. Rain occurrence is widespread over the Mediterranean in win-
tertime while reduced or short lived in the eastern part of the basin in summer. The location of convective
precipitation shifts from mostly over land from April to August, to mostly over the sea from September to
December. A composite analysis depicting large-scale conditions, for cases of either rain alone or extensive
areas of deep convection, is performed for selected locations where the occurrence of intense rainfall was
found to be important. In both cases, an upper-level trough is seen to the west of the target area, but for
extreme rainfall the trough is narrower and has larger amplitude in all seasons. In general, these troughs are
also deeper for extreme rainfall. Based on the European Centre for Medium-Range Weather Forecasts
operational analyses, it was found that sea surface temperature anomalies composites for extreme rainfall are
often about 1 K warmer, compared to nonconvective precipitation conditions, in the vicinity of the affected
area, and the wind speed at 850 hPa is also stronger and usually coming from the sea.

1. Introduction

The Mediterranean region is a densely populated area
under climatic and environmental stresses, particularly
concerning the availability of water resources, and is one
of the most responsive regions to climate change (e.g.,
Hulme et al. 1999; Giorgi 2006). While the water avail-
ability is of great importance, severe weather events
causing heavy rainfall and ßoods also add to the so-
cioeconomic distress. The Mediterranean Experiment
(MedEx) database presents several cases of severe
weather (including strong winds, storms and ßoods)
throughout the Mediterranean region, many of which
caused millions of euros in damages. In fact, trend
analysis of daily rainfall data for the period of 1951Ð95

based on 265 Mediterranean stations have shown that
the central-western Mediterranean faced a change in the
rainfall distribution with a reduction of mean precipi-
tation totals but an increase in the occurrence of heavy
precipitating events (Alpert et al. 2002).

Several factors play a role in the development and
occurrence of heavy rainfall in the Mediterranean, for
example, cyclones and cyclogenesis (Jansa` et al. 2001;
Kahana et al. 2002; Zangvil et al. 2003; Tsvieli and Zangvil
2007), upper-level troughs (Massacand et al. 1998; Fourrie«
et al. 2003; Chaboureau and Claud 2006; Kotroni et al.
2006), and mesoscale convective systems (Riosalido 1990;
Delrieu et al. 2005). In many instances these factors act in
synergy, bringing together all the elements favorable to
strong rainfall. For example, Nuissier et al. (2008) and
Ducrocq et al. (2008) have shown that a combination of
orographic forcing, low-level moisture convergence, strong
evaporation and a stationary convective system have all
contributed to the intensity of three heavy precipitation
events in south of France. In the Alpine region, narrow,
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northÐsouth-oriented upper-level troughs often act to
impinge moisture-loaded air into its relieves, promoting
the release of conditional instability and producing heavy
precipitating events that lead to severe ßoods (e.g.,
Massacand et al. 1998; Fehlmann et al. 2000; Hoinka et al.
2006; Martius et al. 2006).

Despite our knowledge of the necessary key ingredi-
ents for a strong rainfall, its predictability is limited at
best to a couple of days because there is a large range of
processes that play a role, as well as uncertainties of the
system due to the inherent nonlinearity of the atmo-
spheric dynamics and the several scale interactions. In
this sense, there has been an increased interest in iden-
tifying and quantifying the sources of uncertainties that
affect the forecast and climate projection in the Medi-
terranean region. It is thus important to have a descrip-
tion as precise as possible of the environment in which
such high-impact weather systems develop. This work
aims at contributing to this effort, more speciÞcally, to
contrast the large-scale environment of systems yielding
moderate or very intense precipitation. To this end, we
use the data provided by the Advanced Microwave
Sounding Unit (AMSU) radiometer to detect moderate
and heavy precipitating areas and their embedded
upper-level environment. AMSU observations allows a
screening of precipitation over the whole of the Medi-
terranean basin, including the sea, where in situ obser-
vations are scarce, providing a complementary picture
from studies based on reanalysis and ground station data.
In addition, operational analyses data of sea surface
temperature (SST) and near-surface winds from the
European Centre for Medium-Range Weather Forecasts
(ECMWF) are used to describe near-surface large-scale
conditions. This study complements that of Funatsu et al.
(2008), which addressed the relationship between upper-
level troughs and associated precipitation in the Medi-
terranean region using AMSU. They found that when an
upper-level trough is present there is moderate precipi-
tation in its vicinity in at least 60% of the cases, with little
interseasonal variation, while the frequency of convec-
tive rain presents a pronounced regional and seasonal
dependency. Here we address the issue from the oppo-
site point of view (i.e., we base our analysis on events of
precipitation and examine what are the large-scale con-
ditions in which they are embedded). We then compare
the results obtained here with other ÔÔregionalÕÕ clima-
tologies (e.g., Alpine region, south of France, Israel), and
also examine conditions for less studied regions in the
Mediterranean (e.g., North Africa).

A description of the AMSU data is provided in section 2,
as well as the methodology for detection of rain and
upper-level systems. Section 3 presents the spatial and
seasonal distribution of precipitation for the Mediter-

ranean basin as a whole, including a veriÞcation of results
against alternative climatologies. The contrast between
the large-scale circulation for precipitating systems with
or without convective nature in speciÞc regions that are
frequently affected by heavy rainfall is presented in sec-
tion 4. The Þnal Section contains a summary and discus-
sion including a comparison of our results with those of
other authors, in relation to large-scale circulation pat-
terns and weather regimes.

2. Data and method

AMSU is a cross-scanning microwave instrument
ßying on board the National Oceanic and Atmospheric
Administration (NOAA) polar-orbiting satellites start-
ing in 1998. It consists of two modules: AMSU-A, which
has channels in the molecular oxygen frequencies (50Ð58
GHz), mainly designed for atmospheric temperature
proÞle retrieval, and AMSU-B, which has three chan-
nels centered at 183 GHz (water vapor absorption line),
designed for optimal moisture retrieval. Furthermore,
both modules have window channels, which are not used
in this study. The near-nadir instantaneous Þeld of view
of AMSU-A and -B is of 48 and 16 km, respectively;
both have a swath width of approximately 2300 km.

In the present study we use onlyNOAA -16(launched
on 21 September 2000) AMSU-A and -B for the period
of January 2001 to December 2007 in order to avoid
intersatellite biases.NOAA-16 AMSU-B has small scan
asymmetries, comparable to the instrument noise (Buehler
et al. 2005) while AMSU-A data presents scan asym-
metries, but the effect is mostly signiÞcant in the win-
dow channels (23.8, 31.4, 50.3, and 89 GHz); for the
remaining AMSU-A channels this effect is attenuated
by the presence of the atmosphere (Weng et al. 2003).
(Further details on the instrument can be found in the
NOAAÕs KLM UserÕs Guide available online at http://
www2.ncdc.noaa.gov/docs/klm/.)

AMSU-A data were corrected for limb effect using
coefÞcients derived from the Radiative Transfer for
Television and Infrared Observation Satellite (TIROS)
Operational Vertical Sounder (RTTOV). Details on the
correction procedure can be found in Funatsu et al.
(2007b). After the limb correction, the data were re-
sampled to a regular 18 3 18 latitudeÐlongitude grid,
using a smoothing criterion of 1 2 (r/rd)2, where r is the
distance of the actual data point to the Þxed grid point,
and rd is the radius of search arbitrarily Þxed to 2.58.
For AMSU-B, the brightness temperature (BT) data
were resampled without smoothing to a regular grid
of 0.28 3 0.28, using a weighting of 1/r 2, where r is again
the distance of the actual data point to the Þxed grid
point. Consecutive satellite passes covering the domain
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of 108Ð608N, 108WÐ508E were concatenated in their de-
scending and ascending (approximately between 2200Ð
0400 and 0800Ð1300 UTC, respectively) motions providing
a twice-daily BT information for this area.

We use as well wind, SST, snow depth, and skin tem-
perature operational analyses from the ECMWF, rather
than the 40-yr ECMWF Re-Analysis (ERA-40) dataset
(Uppala et al. 2005), which is available only up to 2002.
The horizontal resolution is of 1.1258 3 1.1258, and ver-
tical levels range from 1000 to 1 hPa with a total sampling
of 21 levels. Although SST can be obtained from satellite
infrared and microwave measurements, retrievals are
not possible in conditions of cloud cover (for infrared) or
rain (for both infrared and microwave; Wentz et al.
2000), which constitutes the situations we are interested
in and therefore are not used in the present study.

a. Detection of upper-level troughs

Funatsu et al. (2007a,b) have shown that AMSU-A
channel 8 (A8) can be used for detection of upper-level
troughs in the Mediterranean that are frequently ob-
served in the vicinity of heavy precipitating systems.
Channel 8 has a weighting function with a peak near
200 hPa, therefore sampling the tropopause region during
summer and the lower stratosphere during winter. Warm
A8 areas were found to be near coincident with areas of
high potential vorticity (PV) in the upper troposphere,
indicating the presence of air of stratospheric origin.
Because BT is not a conserved quantity, dynamical sys-
tems cannot be characterized by a single BT threshold,
as is easily done for example with potential vorticity.
Funatsu et al. (2008) used anomalies of A8 relative to its
6-yr mean to identify upper-level troughs; they found that
an anomaly value of A8 BT (hereafter A8 9) of 3 K was
nearly coincident with areas with PV as large or larger
than 6 PV units (PVU; 1 PVU 5 102 6 K m2 kg2 1 s2 1) at
250 hPa. Such high-PV structures were present for ex-
ample in the vicinity of six events of heavy precipitation in
the Mediterranean region (Funatsu et al. 2007b). Here we
examine what are the typical A8 and A8 9values when
either nonconvective or deep convective precipitation is
present, for each season. Another diagnostic parameter
we examine is the BT differences of channels 7 and 5.
This combination of channels can give information on
the downward penetration of the upper-level trough
(Funatsu et al. 2007b), a less negative value representing
a deeper vertical penetration.

b. Detection of rain

AMSU-B moisture channels (3Ð5) detect the presence
of hydrometeors through the scattering of radiation,
which lowers the brightness temperature compared to
its surroundings (e.g., Greenwald and Christopher 2002).

Based on this property, Funatsu et al. (2007a,b) showed
that a combination of channels 3 and 5 of AMSU-B
can detect precipitating areas; a threshold of channels
3 minus 5, (B3m5)$ 2 8 K, was found to correspond sta-
tistically toa rainfall ofat least10mmin3hwhencompared
to the Tropical Rainfall Meas uring Mission (TRMM) 3B42
3-hourly accumulated precipitation product. Because
accumulated rainfall spatial distribution is highly variable
it is only possible to deÞne the quantile for 10 mm in
3 h locally (but not for the basin as a whole). Such a value
however leans toward the end tail of the precipitation
distribution. For reference, heavy precipitating events in
the Mediterranean basin have yielded accumulated rain-
fall of 262 mm (24 h)2 1 (Algiers, 9Ð10 November 2001),
230 mm (24 h)2 1 (Antalya, 5Ð6 December 2002), and
690 mm (24 h)2 1 (Nõömes, 8Ð9 September 2002).

Areas of deep convection are detected using a criterion
initially devised to identify convection in the tropical
regions (Hong et al. 2005), called the deep convective
threshold (DCT). It is deÞned such that B3m5, B4m5, and
B3m4 (i.e., AMSU-B channels 4 minus 5, and 3 minus 4,
respectively) are simultaneously equal or larger than
zero. DCT was found to correspond in the Mediterranean
region to an accumulated rainfall of at least 20 mm in
3 h in 50% of the cases also compared with TRMM data.
Both thresholds were validated for rain detection in the
Mediterranean over surfaces free of snow or ice (Funatsu
et al. 2007a,b) with radar and rain gauges from meteo-
rological ground stations for selected heavy precipitating
events.

Despite the fact that the water vapor channels are
less sensitive to the underlying surface (Deeter and
Vivekanandan 2005), over snow-covered areas or very
cold surfaces these thresholds alone may underperform
in discriminating between frozen hydrometeors and a
cold surface under a clear sky. Over such areas, we use
an additional constraint that a precipitating region must
attain an upper-tropospheric humidity (UTH) relative
to ice of at least 70%. This UTH was calculated using
AMSU-B channel 3 based on Buehler and John (2005).
We tested the precipitation threshold with the addi-
tional UTH constraint against freely available precipi-
tation data from the European Climate Assessment and
Dataset (ECAD) project (Klein Tank et al. 2002). Two
stations were chosen: Zurich, Switzerland (47.388N,
8.578E, altitude: 556 m) and Mount Aigoual, France
(44.128N, 3.588E, altitude: 1567 m). These stations where
selected because of their high-altitude locations as well
as the availability of snow cover data for the Zurich
station. B3m5 was relaxed to2 9 K only for this test,
based on its standard deviation given in Funatsu et al.
(2007b). For Zurich, we selected days from December
through March, from 2001 to 2007, where snow depth
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was larger than 0. Then, among these days (126 days),
we searched for days with precipitation larger than 0
(52 days). Only 2 out of the 52 days were detected
through the criteria B3m5 $ 2 9 K and UTH $ 70% and
no false positives were found. Unfortunately, snow
depth data is not available for the Mount Aigoual sta-
tion, but due to the station altitude, we assume that for
the period of DecemberÐMarch, either there is snow on
the ground or the ground is frozen. For this station, 848
days were considered with 287 days with precipitation.
Only 12 days are detected with the same criteria above,
among those two false positives. This simple analysis
shows that our criteria is rather stringent and results in
underestimation of the precipitating events over snow-
covered areas or regions of frozen ground. However, it
also shows that it restrains the false positives, and
therefore the detection of precipitation whenever it
occurs can be considered reliable.

3. Spatial and temporal distribution of rain, deep
convection, and upper-tropospheric humidity

We present the 7-yr average seasonal relative fre-
quency of rain over the Mediterranean basin (Fig. 1, left
column). Precipitation in general is widespread over the
entire Mediterranean basin, including the sea, in all
seasons except summer [JuneÐAugust (JJA)]. Rain is
more frequent in the northern part of the basin, while
along the northern edge of North Africa the occurrence
of rain is limited to the coastal areas and mountainous
regions (Morocco, Algeria). During summer, the coastal
regions of Israel and Egypt are generally dry (Fig. 1e). In
the latter, dry conditions prevail also in autumn (Fig. 1g).
The spatial and temporal representation obtained here
is congruent with the monthly rain rate climatology at
2.58 3 2.58 from the Global Precipitation Climatology
Project (GPCP; Adler et al. 2003), which uses a combi-
nation of satellite and rain gauge data (Fig. 2, right
column). For example, the maxima in frequency and
rainfall amount over Croatia and western Turkey in
DecemberÐFebruary (DJF), in the Alpine region in
MarchÐMay (MAM) and JJA, and over the Adriatic Sea
and coastal areas in the vicinity, as well as in Turkey in
SeptemberÐNovember (SON) are similar. Minima over
Spain in DJF and the absence of signiÞcant rainfall over
the Levant and northeastern coast of Africa are also
captured in both climatologies. Differences are noted for
example, over the Alpine area with the absence of sig-
niÞcant rainfall in DJF compared to the maximum found
in the present climatology, and the maximum occurrence
in SON located over Portugal compared to the maximum
rainfall amount west of Northern Spain (off the coast)
in the GPCP climatology. Notice however that we are

comparing two different quantitiesÑthe total frequency
of precipitation in our study and GPCP seasonally av-
eraged monthly precipitationÑwith different horizontal
resolution, therefore the match between these two spa-
tial distributions is quite remarkable.

The distribution of deep convection (DC) presents an
even more pronounced seasonality (Fig. 1, right column),
with convective events more frequent over land in sum-
mer, spreading toward the sea in autumn, then occurring
most frequently over the seain winter, and again spread-
ing toward land in spring. These results are in agreement
with independent studies based on lightning activity that
show a similar pattern of seasonal ÔÔmigrationÕÕ (e.g., Holt
et al. 2001; Christian et al. 2003). This spatial distribution
also points to areas where DC is more frequent, for ex-
ample, the Alpine region, the coastal region of Croatia, the
Balearic Islands, south of France, and Tunisia (Fig. 1h).
These regions coincide with areas frequently affected
by events of heavy precipitation and ßoods (e.g., the
MedEx database; Nuissier et al. 2008). We focus on
some of these regions in the following section, in order
to examine upper-level conditions as seen by AMSU
that characterize events of precipitation with or without
deep convection.

An important point to notice is that the rain and DC
detection method we use here is insensitive to the landÐ
sea contrast. The precipitation distribution showed in
Fig. 1 is corroborated by UTH seasonal averages and
their variances (Fig. 2, left column). The northern part of
the basin (Europe) is nearly twice as humid as that over
the African continent and even the southeastern sea.
However, the variance is large in all regions except the
easternmost Mediterranean during summer, when there
is very low UTH and low variance, in agreement with
the overall lack of precipitation. During summer there is
high variance over or near the orographic relieves such
as the Atlas Mountains, the Pyrenees, the Massif Cen-
tral, and the Alps. During autumn, a large variance
covers the central Mediterranean region, following the
coastal areas of Spain, France, Italy, Croatia, Greece,
Algeria, and Tunisia. Despite the relatively low mean
UTH in these regions, the large variance indicates the
occasional presence of precipitation in those seasons.

4. Relationship between precipitation and
large-scale features in selected locations

Here we examine the differences in the large-scale
environment that are associated with moderate rain and
those with heavy precipitation, in certain regions of the
Mediterranean. We separate precipitation events in two
ÔÔcategoriesÕÕ: one that produces rain without DC [i.e.,
nonconvective precipitation (NCP)], and the other, rain
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