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Abstract The aims of the study are twofold: firstly, to
investigate the role of the export of humid tropical air
in the formation of cool season heavy precipitating
events (HPEs) in the Mediterranean region (MR); and
secondly, to examine the possible linkage between the
export of humid tropical air and the multiyear trend in
extreme precipitation in the region. For this purpose, we
analyze the spatial distributions of a number of key
atmospheric variables with a reanalysis data for more
than 50 intense HPEs for the MR. The results of this
evaluation for both individual and composite events
suggest that the HPEs are associated with atmospheric
rivers (ARs). The MR HPEs are being characterized by
the poleward export of humid air of tropical origin into
the midlatitude MR from the Atlantic Ocean and
Arabian Sea. These export events appear to be associ-
ated with the effects of hurricanes or intense cyclones in
the North Atlantic. It was also found that the linear
trend (for 1979–2013) of the frequency of humid days
(days with precipitable water greater than 20 kg m−2) is
consistent with recent changes in the character of pre-
cipitation over the MR and southern Europe.

1 Introduction

TheMediterranean region (MR) is characterized by the remark-
able occurrence of synoptic events with exceptionally intense
rainfall (heavy precipitating events; HPEs) during the
baroclinically active cool season (Lionello et al. 2006).
Among the HPEs are synoptic cases such as those of
November 4 1966, with up to 750 mm in 24 h in Florence,
Italy (De Zolt et al. 2006; Malguzzi et al. 2006); 3–4 November
1987, with 817 mm of rain in 24 h in Gandía (eastern Spain,
province of Valencia) (Romero et al. 2000); 15 November 1985
with more than 200 mm of rain in 2 h in the Balearic Islands
(Ramis et al. 1986; Romero et al. 1998); 9 October 1994 with
450 mm in 24 h in the province of Valencia, Spain (Ramis et al.
1998); 1–6 November 1994 with more than 300 mm in 36 h in
Egypt, Israel, and northern Italy (Buzzi et al. 1998; Jansa et al.
2000); 4 December 2001 with greater than 260 mm of rainfall
in less than 24 h in Israel (e.g., Krichak et al. 2004); 4–6
December 2002 with more than 230 mm in 24 h in the
Antalya region of southeastern Turkey (Kotroni et al. 2006);
and many other extreme events (e.g., Ramis and Llasat 1994;
Doswell et al. 1998; Romero et al. 1999, 2000; Homar et al.
2007; Ramis et al. 2009; Buzzi et al. 2013). The precipitation
intensities are far in excess of an ordinary heavyMR rain event,
defined as a day with 60 mm of rain (Lionello et al. 2006).
These extreme precipitation amounts allude the possibility that
moist air from other regions may be playing a role.

A number of research projects have been devoted toward
attaining a better understanding of the physical mechanisms
responsible for the formation of the extreme weather events.
Among these projects are the Mediterranean Experiment
(MEDEX, Jansa et al. 2000, 2014) and Hydrological cycle in
the Mediterranean Experiment (HyMEX, Ducrocq et al. 2013).
A number of local physical factors affecting the development of
HPEs in the MR have been identified (e.g., Lionello et al. 2006;
Reale and Lionello 2013). In particular, these events typically
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develop during synoptic periods characterized by a trough–ridge
pattern at the surface and a diffluent flow in the mid-troposphere
(Kahana et al. 2002, 2004; Krichak et al. 2012; Ricard et al.
2012). More intense and longer lasting HPEs seem to be char-
acterized by higher values of convective available potential
energy (CAPE), a more intense inflow of moist air, and a more
humid troposphere (e.g., Krichak et al. 2012). Mid-tropospheric
dynamics and potential vorticity (PV) streamers in the upper
troposphere (Massacand et al. 1998) have been also found to
be important for generating extreme events with hazardous
weather in the MR. An important role from local topography
has also been shown (e.g., Alpert et al. 1996; Jansa et al. 2000;
Romero et al. 2000; Rebora et al. 2013).

Numerous studies have also been performed to determine
the moisture sources for the extreme precipitation events
(Krichak and Alpert 1998; Turato et al. 2004; Winschall
et al. 2012, 2014). During many HPEs, a role for evaporation
from the Mediterranean Sea has been identified (Turato et al.
2004). Trajectory analyses for the most extreme MR HPEs
find an essential source of moisture (Turato et al. 2004; Pinto
et al. 2001, 2014; Winschall et al. 2012, 2014) from the
evaporation over remote areas over the North Atlantic
Ocean. An importance of humid air originating from the
tropical Atlantic and Indian oceans and tropical Africa in the
formation of several extraordinary heavy precipitation MR
events has been also revealed (Krichak and Alpert 1998;
Krichak et al. 2004, 2006; Rubin et al. 2007).

Realization of further analyses of the role of the factor
appears timely. Additional research efforts also seem neces-
sary for a better understanding of the mechanisms responsible
for the precipitation intensity during HPEs. Midlatitude
storms that obtain their moisture from the tropics are in some
cases characterized by a strongly confluent flow ahead of a
polar cold front, which concentrates the water vapor into
narrow plumes (atmospheric rivers, AR) that are part of the
broader warm conveyor belts (Carlson 1980) associated with
extratropical cyclones (Zhu and Newell 1998; Ralph et al.
2004; Ralph and Dettinger 2011). ARs over the ocean are
typically (Lavers et al. 2011; Ralph and Dettinger 2011) long
(2,000–3,000 km) and narrow (a width of 400–1,000 km)
plumes with high values of precipitable water (PW) (greater
than 20 kg m−2) with a strong southerly wind component
(greater than 12.5 m s−1) in the lower troposphere (2–3 km).

The AR plumes form within a broader region of generally
poleward heat transport in the warm sector. ARs have been
found to be responsible for more than 90 % of the total
poleward atmospheric water vapor transport through themiddle
latitudes (Ralph and Dettinger 2011). When landfall takes
place, the ARs are often characterized by the most intense
HPEs occurring over coastal mountains. The mechanism ap-
pears to be also playing a role in the formation of theMRHPEs.

The aims of the current study are twofold: firstly, to inves-
tigate the role of the export of humid tropical air in the

formation of cool season HPEs in the MR; and secondly, to
examine the possible linkage between the export of humid
tropical air and the multiyear trend in extreme precipitation in
the MR and Europe.

The paper is organized into six sections. The description of
the data and methodology used are given in Section 2. A
discussion of four MR HPEs is presented in Section 3. An
analysis of the composite synoptic patterns that characterize
HPEs over different parts of theMR is performed in Section 4.
An evaluation of the role of the export of humid air from the
tropics in the multiyear trend of extreme precipitation in the
MR is presented in Section 5. A summary and discussion of
the findings are given in Section 6.

2 Data and methodology used

The daily data to be evaluated includes sea level pressure
(SLP), 500-hPa geopotential height (H-500), precipitable wa-
ter (PW), as well as the zonal and meridional wind vector
components, and specific humidity from the National Centers
for Environmental Prediction (NCEP)–National Center for
Atmospheric Research (NCAR) reanalysis project (referred
to as NNRP) (Kalnay et al. 1996). The NNRP data are avail-
able for the entire globe with a 2.5°×2.5° spatial resolution.
The NNRP data assimilation system includes 28 levels with T-
62 horizontal resolution. Data confined to the cool season’s
months (September–May, rainy season in the MR) are used.

Although the application of gridded data from reanalyses
for climate investigations has become widely accepted, there
are significant limitations to the data because of important
changes in the global observational system during the second
half of the twentieth century, as well as regional global
warming trends in temperature, water vapor, kinetic energy,
and so on. Nevertheless, for the investigation of short time
scale synoptic events as well as for frequency evaluations
(e.g., Krichak et al. 2013), these limitations are less relevant.
Following the methodology tested by Krichak et al. (2012),
the CAPE data used (computed for the most unstable parcel in
the lower troposphere) are from the 20th Century Reanalysis
(20CR, Compo et al. 2011), which is based on a more homo-
geneous data, than is the NNRP.

Analyses of the spatial distributions of several atmospheric
variables, namely SLP, H-500, PW, vertically integrated mois-
ture flux convergence (VIMFC) between 1000 and 700 hPa,
CAPE, and the vertically integrated meridional moisture flux
between 1000 and 700 hPa (VIMF), are performed in the
following. The VIMFC and VIMF are calculated in accor-
dance with the following definitions:

VIMFC ¼ −
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Here q is the specific humidity, g is the gravitational acceler-
ation, and p is the air pressure. The values of VIMFC are
expressed in units of 10−5 kgm−2 s−1, VIMF in units of kilograms
per meter per second, CAPE in units of joules per kilogram, and
PW in units of kilograms per square meter. Values of SLP and H-
500 are expressed in hectopascals and geopotential decameters,
respectively, and the wind components in meters per second.

Following earlier studies (e.g., Ralph et al. 2004; van
Zomeren and van Delden 2007; Ricard et al. 2012) and taking
into account the coarse spatial resolution of the reanalysis data
in this study, an AR is defined as taking place when three
conditions are satisfied—elevated values (above 20 kgm−2) of
PW, values of VIMFC greater than 50 10−5 kg m−2 s−1, and a
VIMF greater than 50 kg m−1 s−1.

For the current analysis, an earlier compiled MEDEX set of
the MR HPEs has been updated based on the results from
additional publications. The final set used here contains about
100 HPEs which took place in the MR during 1962–2007. The
data adopted here are examined in five separate subregions over
the MR (Fig 1), broadly representing (A1) - the Iberian
Peninsula, (A2) - southern Europe and the Balearic and
Tyrrhenian Seas, (A3) - the Balkan Peninsula, (A4) - the
Black Sea and Turkey, and (A5) – the southeastern MR.
In accordance with the focus of the analysis, for each subre-
gion, we use data for ten precipitation events (Table 1) with the
highest values of the area-averaged vertically integrated south-
erly moisture flux in the 1000–700-hPa layer.

The advanced Hybrid Single-Particle Lagrangian Integrated
Trajectory (HYSPLIT) system, of the National Oceanic and
Atmospheric Administration/Air Resources Laboratory
(NOAA/ARL), is applied here for a three-dimensional back-
ward trajectory calculation (Draxler andRolph 2013) to trace the
air mass transport prior to its arrival in the MR. The system uses

previously gridded meteorological data to calculate the trajecto-
ries, according to a Lagrangian approach. The advection of a
particle is computed from the average of the three-dimensional
velocity vectors for its initial and the first guess position at each
time step. The velocity vectors are linearly interpolated in both
space and time. The trajectories discussed below are based on
the three-dimensional wind vector components from the NNRP.
The time period of the trajectory calculations (12 days) is chosen
to be long enough to identify the origin of the air masses.

We also use the data on precipitation fraction due to very
wet days, i.e., the number of days per season that the daily
precipitation amounts exceed the 95th percentile (referred to
as R95pTOT) and their multiyear trends during 1979–2013
over Europe and significant parts of the Mediterranean region
from the data archive of the European Climate Assessment &
Dataset project (ECA). The data archive (Klein Tank and
Koennen 2003; Klok and Klein Tank 2009) (http://eca.knmi.
nl/) is based on daily observational data from more than 700
stations provided by 62 meteorological services and research
institutions that passed homogeneity tests. Analyzing the
spatial distribution of precipitation fraction data associated
with very wet days appears to be helpful for understanding
the physical mechanisms that drive the recent trends in
extreme precipitation over Europe (e.g., Krichak et al. 2013).

The R95pTOT trends in the ECA data (in %) are compared
with the corresponding trends (based on the NNRP data for the
above time period) in the frequency of days with PW values
greater than 20 kg m−2 for September–November, December–
February, and March–May (in the following referred to as
humid days, HDs). In this evaluation, the criterion is adopted
following Ralph et al. (2004) as a proxy for the identification of
those grid points that have features that are appropriate for the
formation of ARs. Statistical significance of the trends is

Fig. 1 The Mediterranean region. Subregions used in the analysis. Full
Mediterranean (24–50 N, 15W–45 E); A1 = Iberian Peninsula (36–48 N,
15–0 W), A2 = Southern France–Balearic and Tyrrhenian Seas–Bay of

Genoa (36–48 N, 0–15 E), A3 = Adriatic Sea–Greece (36–48 N, 15–30
E); A4 = Turkey–Black Sea–Northeastern Mediterranean (36–48 N, 30–
45 E); A5 = Southeastern Mediterranean (24–36 N, 23–38 E)
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evaluated with theMann–Kendall trend test with the number of
degrees of freedom corresponding to the number of years.

3 Evaluation of individual synoptic events

In this section, we revisit four well-investigated events that are
characterized by HPEs in different parts of the MR (4
November 1966, 3 November 1987, 4 December 2001, and
4 December 2002; each of these cases was briefly addressed in
Section 1) to demonstrate the role of humid air transport from
remote areas. The choice of these cases was motivated by the
extreme intensity of precipitation during these events.

It is interesting to note that each of these cool MR season
HPEs took place during periods characterized by intense hurri-
canes or deep Atlantic storms. The most aggressive MR HPEs
may be seen as a later stage in a process starting from the
formation of the Atlantic storm. Indeed, the HPE of 4
November 1966 in Italy took place during the lifetime (4–14
November) of hurricane Lois (Sagg 1967) which was registered
as a tropical depression on 4 November (but apparently existed
even earlier as a weaker vortex) while located east-southeast of
Bermuda (32.3 N, 64.8 W) and dissipated 10 days later a few
hundredmiles offshore Portugal. The HPE of 3 November 1987
in Spain developed at the end of the life span of Atlantic tropical
depression number 14 (Case and Gerrosh 1988). This system
formed on 31 October in the western Caribbean. On November
4, the depression merged with a weak extratropical cyclone over
northern Florida and accelerated toward the northeast.

The HPE of 4 December 2001 in Israel formed during the
period of hurricane Olga. This hurricane was of a nontropical
origin (Avila 2001). It formed on 24 November in the North
Atlantic (29 N, 50 W) as a tropical storm. Olga became a
hurricane by 26 November (32.3 N, 55.9 W). Moving north-
ward, it weakened (30 November) to tropical depression status
(26.9 N, 62.6 W), again regained tropical storm status on 2
December, and finally dissipating on 5 December. The

poleward export of moist air toward Newfoundland and
Labrador Sea (including intense convection) in the formation
of the 4–5 December 2001 HPE in Israel has been shown
(Krichak et al. 2004, 2006). For this event, they showed that
the HPE corresponded to the final stage in a chain of extreme
weather events which started from an acceleration of a coherent
tropopause disturbance (CTD) over the Labrador Sea. Two
branches of this event, southern and northern, have been iden-
tified. The southern branch was associated with the strengthen-
ing of the subtropical jet stream, which affected the HPE in the
southeastern MR. The northern branch was characterized by an
eastward drift of the CTD, moist air transport from the hurri-
cane to the North Atlantic and the European–Mediterranean
region, a strengthening of the Icelandic Low, and the formation
of an upper tropospheric potential vorticity streamer over west-
ern Scandinavia. The displacement of the streamer to the MR
played a major role in the development of a powerful cyclone
over the northeasternMR as well as the formation of a so-called
Red Sea Trough (RST) system (e.g., Tsvieli and Zangvil 2005)
over the Arabian Peninsula and northeast Africa.

The HPE of 5 December 2002 in Turkey developed during
the period of a North Atlantic storm (Bancroft 2003) (4–6
December) that was characterized by the development of a
deep cyclone off the Newfoundland coast, which formed on
November 30. On December 4, the storm had a central pres-
sure 944 hPa (62 N, 36 W). This resulted in the system being
the deepest for the 6-month period in the North Atlantic.

The existence of very intense synoptic development in the
North Atlantic appears to be critically important for understand-
ing the mechanisms responsible for the extraordinary amounts
of precipitation during the four MR HPEs. To demonstrate this
issue, we present maps of the spatial distribution of SLP and
PW (Fig. 2a–d), H-500 and CAPE (Fig. 3a–d), as well as those
for the meridional components of the VIMF and VIMFC
together with the 850-hPa winds (Fig. 4a–d). The results from
a computation of the 12-day backward air mass trajectories for
the four HPEs are presented in Figs. 5, 6, 7, and 8.

Table 1 Highly precipitating events in the subregions A1–A5 during 1962–2007 characterized by highest values of subregion area-averaged vertically
integrated southerly moisture flux in the 1000–700-hPa layer

A1 A2 A3 A4 A5

1 20 October 1982 09 November 1971 21 December 1962 20 November 1994 10 December 1964

2 15 November 1985 11 January 1987 07 December 1966 21 January 1980 12 December 1984

3 03 November 1987 18 January 1987 05 February 1978 01 March 1984 03 December 1991

4 03 October 1987 09 December 1992 05 December 1978 04 March 1987 01 January 1992

5 08 October 1992 06 October 1996 17 January 1981 20 November 2001 15 December 1992

6 20 October 1992 10 January 1997 27 March 1993 20 January 2003 07 February 1995

7 31 January 1993 08 November 2001 22 February 1997 10 January 2004 27 January 2000

8 04 November 1997 14 November 2001 26 March 1998 16 November 2004 04 December 2001

9 21 November 2000 10 December 2003 13 October 1998 19 October 2006 13 October 2004

10 09 November 2001 02 November 2004 23 December 2003 11 November 2007 07 December 2004

S.O. Krichak et al.



3.1 HPE in Italy on 4 November 1966

Figure 2a is characterized by an anticyclone (SLP above
1,030 hPa) centered north of the Black Sea, a low level depres-
sion with the lowest SLP values near 995 hPa over the southern
Alps, and an elongated narrow zonewith high PWvalues (above
30 kg m−2) extending northward in the warm sector of the
cyclone. Although one of the source areas for the high PW zone
appears to be over tropical Africa (see also Fig. 5, which shows
the trajectories reaching the HPE location at 1,500 and 2,000 m
above ground level), the main area from where the air moisture
was transported during the previous days is located over the
tropical Atlantic (20 N, 30 W), where extremely high (35–
40 kg m−2) PW values are observed. Figure 3a shows an upper
level trough over Europe and the Mediterranean with a diffluent
upper level southwesterly flow favoring upward motions over
Italy. The trough is positioned to the west of the main low level
depression over the southern Alps. The area south of Italy is also
characterized by high (~1,200 J kg−1) values of CAPE.

The patterns of VIMF, VIMFC, and the wind vector com-
ponents at 850 hPa (Fig. 4a) indicate a narrow elongated zone

with large values of the southerly component of VIMF and
VIMFC in the lowest 300-hPa layer of the atmosphere (ap-
proximately 500 kg m−1 s−1 and 550 10−5 kg m−2 s−1, respec-
tively), which extends from south of the Sahara into the MR
and farther northward into Europe.

The high PW, CAPE, VIMF, and VIMFC values over Italy
allow for the identification of an AR. Consistently, the results
of the backward trajectory calculation (Fig. 5) for this event
suggest that the origin of the humid air is from the central and
eastern tropical North Atlantic.

3.2 HPE in southeastern Spain on 3 November 1987

According to Fig. 2b, this synoptic event is characterized by a
cyclone (1,005 hPa) centered over the northeastern Atlantic to
the southwest of Spain (45 N, 11 W), an anticyclone (maxi-
mum SLP of 1,030 hPa) extending from eastern Europe to the
northeastern Atlantic, and a large area with high (above
30 kg m−2) PW values reaching from southern France to the
northern part of the Iberian Peninsula. A large area over the
northeastern Atlantic off the northwest coast of Africa is also

Fig. 2 Sea level pressure (SLP) contours [hPa] (dash) (contours every 5 hPa); PW [kg m−2] (every 5 kg m−2, after 15 kg m-2, shaded): a 06:00 UTC 4
November 1966, b 06:00 UTC 3 November 1987, c 06:00 UTC 4 December 2001, and d 06:00 UTC 4 December 2002

Role of tropical moisture exports for the Mediterranean HPEs



characterized by high amounts of PW (up to 30–40 kg m−2).
The location of the troughs at H-500 (Fig. 3b) and SLP
(Fig. 2b) indicates a nearly equivalent barotropic vertical
structure, allowing for conditions with persistent deep con-
vection in the region.

Elevated CAPE values (~500 J kg−1) can be seen over
northwestern Africa, the western MR, as well as the Iberian
Peninsula (Fig. 3b). The pattern in Fig. 4b shows highVIMFC
values over the same region (above the 300 10−5 kg m−2 s−1),
with the largest VIMF occurring over Spain. The results of
backward trajectory calculations (Fig. 6) show an air mass
intrusion to the HPE region over southeastern Spain from the
subtropical northeastern Atlantic Ocean (reaching the location
at 1,500 m) and the tropical eastern Atlantic–western Africa
(at 2,000 m), the latter being the region characterized by
extreme PW values (Fig. 2b).

As in the case discussed above, the event of 3 November
1987 is characterized by an intense intrusion of humid air
from tropical North Atlantic as well as the presence of elevat-
ed values of CAPE, as well as high PW, VIMF, and VIMFC
values over Spain which may be indicating the presence of an
AR.

3.3 HPE in Israel of 4 December 2001

The synoptic event is characterized by a narrow SLP trough
located over the Arabian Peninsula (Fig. 2c), a H-500 trough
(552 gpdm) centered over the eastern MR that produces an
influx of cold air into the region (Fig. 3c), an elongated zone
with large values of CAPE (~450 J kg−1) over the southeastern
MR, and an inflow of high amounts of humid air from the
Persian Gulf area (i.e., originating from the Arabian Sea) into
the eastern Mediterranean (Fig. 4c). In Fig. 4c, the elevated
values of VIMF (greater than 200 kg m−1 s−1) and VIMFC
(greater than 300 10−5 kg m−2 s−1) are concentrated into
narrow zones and found over the Arabian Peninsula and the
eastern MR, respectively.

Again, this synoptic event is characterized by an intense
intrusion of humid air into the region. The results of the
trajectory analysis (Fig. 7) show that an air mass from the
northwestern Atlantic acts as the source region for this eastern
MR HPE. The trajectory is in agreement with Krichak et al.
(2004), according to which warm humid air collected by
hurricane Olga significantly contributed to the MR HPE of
December 2001. Another backward trajectory in Fig. 7

Fig. 3 As in Fig. 2, but for CAPE [J kg−1] (shaded) and H-500 [contour (dashed) interval 8 gpdm]

S.O. Krichak et al.



indicates an inflow of air with high PW values which origi-
nated from a location near the Persian Gulf. As before, the
peculiarities allow for the identification of AR conditions in
the 4 December 2001 MR HPE.

3.4 HPE in Southern Turkey on 5 December 2002

The synoptic situation during this event is characterized by a
surface cyclone (1005 hPa) centered over southern Italy
(Fig. 2d). A meridionally oriented high pressure region
(1035 hPa) is found in Fig. 2d to the east of the Caspian
Sea. A second subtropical high (1030 hPa) is located over
the northeastern Atlantic. This event is characterized by a
large elongated zone with very high PW values (above
35 kg m−2) over the central North Atlantic. The cyclone
located over the central Mediterranean, as well as the region
over western Turkey, is also characterized by high PW values
(25–30 kg m−2) (Fig. 2d). Figure 3d shows an upper level
trough extending over western Europe and the central
Mediterranean with a diffluent upper level southwesterly flow
favoring upward motion over coastal Turkey. The trough is
positioned over the main low level depression found in

Fig. 2d. We also note that the northern and central parts of
the MR are characterized by an elongated zone (Fig. 3d) with
large (above 400 J kg−1) values of CAPE. In Fig. 4d, an
elongated region with elevated values of VIMFC (greater than
300 10−5 kg m−2 s−1) and very high values of VIMF (greater
than 700 kg m−1 s−1), together with the wind vectors, suggests
the presence of an AR over the northeastern Atlantic Ocean.
Another area with elevated values of VIMF (above
100 kg m−1 s−1) and VIMFC (200 10−5 kg m−2 s−1) is also
found extending from the Arabian Peninsula to the central
MR. The results of a trajectory calculation (Fig. 8) indicate a
lower troposphere influx of air from areas with high PW
values over the North Atlantic (along the north African coast)
and southern Europe (Fig. 2d). The trajectories also show an
influx of air from the Red Sea. We conclude that the location
of the troughs and the lower troposphere wind field as well as
the region with high values (Fig. 2d) of PW (above
20 kg m−2), CAPE, VIMF (over 200 kg m−1 s−1), and
VIMFC (above 100 units) located to the southeast of the
MR allow us to also suggest that an AR (although quite short
in length ~1,000 km) played an important role in the
December 5, 2002 HPE.

Fig. 4 As in Fig. 2, but for VIMF (contours every 100 kg m−1 s−1), VIMFC (shaded, see shading intervals in the corresponding legends)
[10−5 kg m−2 s−1] (only positive values are plotted) and wind vectors (m s−1) on the 850-hPa isobaric surface

Role of tropical moisture exports for the Mediterranean HPEs



It may be summarized that each of the cases considered was
characterized by the atmospheric conditions appropriate for the
formation of ARs. Although the analysis does not allow for a
full understanding of the action of the heavy storms in the
Atlantic on the air mass transport into the MR, the overall role

of the humid tropical air in the MR HPEs seems evident. The
presence of the humid air of tropical oceanic origin during the
events appears to be a major factor for the development of the
HPEs in the MR.

Fig. 6 As in Fig. 5, but for 0600 03November 1987 at 39.47 N, 00.38W

Fig. 7 As in Fig. 5, but at 1,000 and 1,500 m AGL and for 0600 04
December 2001 at 32.57 N, 34.59 E

Fig. 8 As in Fig. 5, but at 700 and 1,000 m and for 0600 05 December
2002 at 36.90 N, 30.68 E

Fig. 5 Twelve-day backward air mass trajectories to the location of the
heavy precipitation event at 1,500m (red) and 2,000m (blue) above ground
level (AGL) on 0600 UTC 04 November 1966 at 43.78 N, 11.25 E

S.O. Krichak et al.



4 Analysis of composite patterns

To attain additional understanding of the role of the export of
tropical moisture in the formation of MR HPEs, composite
calculations for the same as above characteristics are per-
formed. The analysis is performed separately for the five
subregions shown in Fig. 1. Due to the similarity between
the results for some of the neighboring subregions, we present
here the results for only three (A1, A2, A5) of the five
subregions.

4.1 Composites for subregion A1

The patterns for subregion A1 are shown in Fig. 9. A cyclone
over the Iberian Peninsula and an anticyclone (1025 hPa) over
central Europe can be seen at approximately the same loca-
tions as those in Fig. 2b for 3 November 1987. Also as in
Fig. 2b, a zone with high PW values (up to 35 kg m−2 in the
tropics and 15 kg m−2 at about 55 N) is found over the North
Atlantic (Fig. 9a) (15 N–55 N, 20 W–40 W). Another area

with high PW values (above 20 kg m−2) is found over north-
western Africa (Fig. 9a).

Also, the composite H-500 pattern (Fig. 9b) for the A1
subregion has much in common with that for the 3 November
1987 case (Fig. 9b). As in Fig. 3b, a trough is positioned over
the Iberian Peninsula, and a ridge is directed toward the central
MR and western Europe. A narrow zonewith increased values
(above 300 J kg−1) of CAPE extends (Fig. 9b) from Africa
northward to the central MR and southeastern Iberian
Peninsula. Figure 9c shows an elongated, northward directed
850-hPa wind field with elevated values of VIMF (above
100 kg m−1 s−1) and VIMFC (above 100 units) in the lower
troposphere that extends from northwest Africa to the Iberian
Peninsula, indicating that this area has a high potential for the
occurrence of ARs.

A second region with even higher VIMF values (up to
150 kg m−1 s−1) as well as high values of PW and VIMFC
over the midlatitude North Atlantic (50 N, 40 W) shows the
location of a region (for the A1 HPE situations) where there is
an export of humid air with characteristics appropriate for the
formation of AR conditions.

Fig. 9 Composite patterns for subregion A1. a Sea level pressure (SLP)
contour [hPa] (contours, dash); PW [kg m−2] contours (solid, every
10 mm), b H-500 [gpdm] (contours, dashed) (every 10 hPa), CAPE

(shaded) [J kg−1], c VIMFC (shaded [10−5 kg m−2 s−1], only positive
values are plotted), VIMF [contour, plotted are isolines of 25, 50 and
100kg m−1 s−1] and 850-hPa wind vector (m s−1)
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4.2 Composites for subregion A2

The composite patterns for the A2 HPEs present a similar
situation, characterized by a more eastward location of the
region where humid air is exported into midlatitudes. Indeed,
the composite SLP field (Fig. 10a) is characterized by a
cyclone (1015 hPa) centered over Italy and high pressure over
Eurasia. The H-500 pattern (Fig. 10b) is characterized by a
trough (552 hPa) reaching the MR at approximately the same
location as that on 4 November 1966 in Fig. 3a. A poleward-
oriented zone with high PW values (up to 35 kg m−2 in the
tropics and 20 kg m−2 at about 55 N) is found (Fig. 10a) over
the North Atlantic over the meridional belt of 40 W–10 W
(Fig. 10a).

Over the MR, the patterns in Fig. 10 are characterized
by two regions with elevated values of PW (greater than
20 kg m−2), VIMFC, and VIMF (i.e., conditions appropri-
ate for the formation of ARs), one with ~100 units of
VIMFC and 100 units of VIMF centered over eastern
Spain, and the other with values of VIMFC (150 units),
VIMF (100 units), and CAPE (90 J kg−1) located in the
vicinity of Italy.

4.3 Composites for subregion A5

The features that characterize the days with HPEs over sub-
region A5 are given in Fig. 11. Here, the SLP pattern
(Fig. 11a) is characterized by a northward-oriented trough
located over the eastern Mediterranean (EM). The H-500
pattern (Fig. 11b) shows a trough directed southward into
the northeastern Mediterranean. Such synoptic conditions
are typical for the Active Red Sea Trough (ARST) which is
typically characterized by extreme rains and floods in the
eastern MR and northeast Africa (Kahana et al. 2002, 2004;
Tsivieli and Zangvil, 2005; Krichak et al. 2012; de Vries et al.
2013).

High PW values (up to 30 kg m−2 in the tropics and
15 kg m−2 at about 50 N) are found (Fig. 11a) over the
North Atlantic (15 N–50 N, 40 W–20 W) located farther
northwest compared to those in Figs. 9a and 10a. The same
area is also characterized by high VIMF and VIMFC values
(Fig. 11c). Another region with high PW (above 20 kg m−2)
values is found over the southern EM (Fig. 11a). This area is
also characterized by large VIMF (up to 100 kg m−1 s−1) and
VIMFC (greater than 100–150 kg m−2 s−1) values (Fig. 11c).

Fig. 10 As in Fig. 9, but for subregion A2
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It must be noted that the occurrence of HD conditions at a
particular grid point may not be seen as being sufficient for the
formation of HPEs. The concurrent existence of additional
conditions, including intense frontal zones, unstable atmo-
spheric conditions, local orographic effects, etc., is necessary
for the determination of the HPE precipitation amount, local-
ization, and timing.

5 Climatology and trends of extreme precipitation

The results of the above analysis suggest that a large fraction
of HPEs in southern Europe and theMRmay be developing as
a direct consequence of the export of humid (typically of
tropical origin) air into the midlatitude MR, taking place over
the North Atlantic Ocean and the Arabian Sea–Arabian
Peninsula.

We next analyze the climatology of the poleward export of
tropical moisture, by calculating the spatial distribution of the
multiyear mean frequency of HDs per season. With this aim,
at all grid points, the total number of days where PWexceeds a
threshold value of 20 kg m−2 is counted within each season.

This calculation is limited to the last 35 years (1979–2013), a
time period which is recognized as being characterized by the
effect of anthropogenic global warming (e.g., Gualdi et al.
2013). The linear trends of the frequency of HDs during this
35-year time period are also estimated.

The spatial distribution of the frequency of HDs during the
September–November (SON), December–February (DJF),
and March–May (MAM) seasons are given in Fig. 12a–c,
respectively. During SON (Fig. 12a), a very high frequency
of HDs (30 to 80 days) is typical of the oceanic or near-
oceanic tropics and midlatitudes in the northeast Atlantic
Ocean (30 W–20 W, 15 N–55 N) and subtropical east Africa
(30 E–60 E, 15 N–30 N). A relatively high frequency of HDs
(20–30 days) also characterizes the eastern North Atlantic
near the coastal zone of the Iberian Peninsula. Most of the
area north of 55N lattitude in the Atlantic Ocean as well
aswestern and central Europe and the northern coast of
Mediterranean Africa, is characterized by a 2–10 HDs per
season. A lower number of HDs (1–3 days) characterizes the
EM and noncoastal areas of northern Africa.

The pattern for DJF (Fig. 12b) resembles that for SON.
However, some important differences between SON and DJF

Fig. 11 As in Fig. 9, but for subregion A5
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Fig. 12 Multiyear mean
frequency of occurrence of humid
days according to the NNRP data
for 1961–1990: a SON, b DJF, c
MAM (contour interval 10 days
season−1)

Fig. 13 a–c Linear trend in the frequency of occurrence of humid days during 1979–2013 according to the NNRP data (contour interval 0.5 days decade−1)
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can be seen. Namely, for DJF, the westernMR is characterized
by a much higher frequency of HDs than during SON. Also, a
much higher frequency of HDs occurs in the eastern MR
during DJF (up to 20 days per season versus less than 10 days
during SON). The seasonal change alludes to a rise in the
contribution of tropical moisture both in the western and
eastern parts of the MR in the formation of HPEs during
winter. The pattern for MAM (Fig. 12c) is quite different from
that for DJF and is more similar to that for SON (Fig. 12a).

The linear trend of the HD frequency for 1979–2013 is
shown in Fig. 13 (shaded values indicate statistical signifi-
cance at p<0.05). For SON (Fig. 13a), much of western
Europe, the western MR, and northwestern Africa were char-
acterized by very small trends. In contrast, a region with
positive statistically significant trends (~1 day decade−1) for
the North Atlantic Ocean west of the British Isles can be seen.
An elongated zone with positive trend values (~1 day de-
cade−1) is found from central Africa to the central MR.
Another location with a notable trend (up to 2.3 days
decade−1) can be seen over the Arabian Sea. The pos-
itive trend zones are separated by the areas with a
negative HD trend over western Europe (−0.7 day de-
cade−1), over the southern part of the eastern
Mediterranean (−0.3 day decade−1), and over Caspian
Sea (−2 days decade−1).

For DJF (Fig. 13b), there are no statistically significant HD
frequency trends for central and eastern Europe. A narrow
zone with positive statistically significant trend values can be
seen extending from central Africa to the central

Mediterranean. Small positive statistically significant trend
values are found for the North Atlantic.

During the MAM season (Fig. 13c), the tropical eastern
Atlantic–west Africa is characterized by strong (up to 1.7 days
decade−1) HD frequency trends. Another zone with positive
values of the trend (0.6 day decade−1) occurs over the central
MR. A zone with small positive trend values over the North
Atlantic is also present. A large area from tropical east Africa
to northeastern Africa and the Red Sea basin to the Middle
East is characterized by negative values of the HD trend (−0.6
to −1.0 day decade−1).

To conveniently compare the linear HD trends with the
R95pTOT trend values, the region of the study is divided into
ten separate subregions (Fig. 14): the E1–E10 subregions
broadly represent E1—British Isles, E2—Iberian Peninsula,
E3—western Scandinavia, E4—western Europe, E5—central
Mediterranean, E6—eastern Scandinavia, E7—central
Europe, E8—eastern Mediterranean, E9—northeastern
Europe, and E10—eastern Europe. These trends are displayed
in the form of histograms (Figs. 15, 16, and 17), for the SON,
DJF, and MAM seasons, respectively. In the histograms, each
of the E1–E10 subregions is represented by the R95pTOT
data at the stations with the highest values of statistical
significance.

During SON (Fig. 15), the signs of the HD and R95pTOT
trends are in reasonably good agreement. Indeed, positive
values of the R95pTOT and HD trends characterize all the
subregions except for E1 (British Isles), where negative values
of the trends are found. These results suggest that there is a

Fig. 14 The region of
evaluation—the E1–E10
subregions broadly represent
E1—British Isles–Europe’s
Atlantic coast (44 N–58N, 9W–7
E), E2—Iberian Peninsula–
northwestern Africa (30 N–44 N,
9 W–7 E), E3—western
Scandinavia (58 N–72 N, 7 E–23
E), E4—western Europe (44 N–
58 N, 7 E–23 E), E5—central
Mediterranean (30 N–44 N, 7 E–
23 E), E6—eastern Scandinavia
(58 N–72 N, 23–39 E), E7—
central Europe (44 N–58 N, 23–
39 E), E8—eastern
Mediterranean (30N–44N, 23 E–
39 E), E9—northern eastern
Europe (58 N–72 N, 39 E–55 E),
and E10—eastern Europe (44 N–
58 N, 39 E–55 E)
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linkage between the trends in HD and those for R95pTOT
during the 35-year time period for most subregions in south-
western Europe and the MR. The situation is very different
during DJF (Fig. 16), when the HD trends in HD in most
subregions are negligible. During the MAM season (Fig. 17),
however, the spatial distribution of the positive and negative
R95pTOT and HD trend values is similar in subregions E1,
E2, E4, E5, E8, and E10. This result again suggests a linkage
between the trend in HD and that in R95pTOT in the British
Isles, Iberian Peninsula, western Europe, central
Mediterranean (positive trends), eastern Mediterranean, and
eastern Europe (negative trends).

6 Discussion and conclusion

The results of this study complement our understanding of the
origin of the water vapor participating in heavy precipitation
events in the Mediterranean region.

Our results suggest that the humid air eventually
transported from the North Atlantic Ocean area into the
Mediterranean region together with the water vapor evaporat-
ed from the surface of the midlatitude North Atlantic (e.g.,
Turato et al. 2004; Winschall et al. 2012) may be seen among
the major factors contributing to the intensity of the cool

season heavy precipitation events in the otherwise relatively
dry MR. The export of humid air from the North Atlantic is
typical for the occurrence of HPEs in the western MR, where-
as the HPEs over the eastern MR are strongly affected by the
export of humid air originating from the Arabian Sea.

This physical mechanism is also playing an important role
in southwestern Europe. Indeed, recent findings (Zolina et al.
2009, 2010) show statistically significant trends in precipita-
tion in Europe during the last several decades. Available
observational data indicate that the spatial pattern of these
trends is rather complex. The total amount of cool season
precipitation in Europe has increased over the north, and
especially over the northwest, and it has declined over a large
fraction of southern Europe (Reale and Lionello 2013). Over
much of Europe (Zolina et al. 2010), wet periods have under-
gone a 15–20 % increase in duration during 1950–2008 and
are now characterized by more abundant precipitation.
Furthermore, the results from large-scale evaluations are also
supported by regional studies (Frei et al. 2000; Zolina et al.
2008; Lionello et al. 2006). The spatial patterns of the
R95pTOT trends from the ECA archive (http://eca.knmi.nl/)
also support this conclusion.

The results of the current investigation suggest that the
multi-year trends in extreme precipitation over southern
Europe during the last 35 years may at least partly be ex-
plained by the trends in the frequency of the events character-
ized by the exports of humid air from tropical into
midlatitudes in the Atlantic. Based on data for a large number
of HPEs in the MR, we show that days with torrential precip-
itation during the cool season are typically characterized by
the establishment of humid atmospheric conditions character-
ized by extreme values (the threshold value used is PW greater
than 20 kg m−2) in or near to the MR, with the air moisture
typically originating from the tropical Atlantic Ocean and
Arabian Sea. The export of the humid air from the tropics
typically takes place during intense synoptic developments in
the North Atlantic. We show that this humid tropical air which
contributes to the development of the MR HPEs is organized
into atmospheric rivers often characterized by high values of
PW, VIMF, and VIMFC, with a relatively short length scale.

Fig. 15 Histograms with the linear 1979–2013 least square trends for
September–November in R95pTOT (%decade−1) (light gray) and in
number of HDs (days decade−1) (dark gray) for stations representing
subregions E1–E10

Fig. 16 As in Fig. 15, but for DJF

Fig. 17 As in Fig. 15, but for MAM
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The results of this study provide evidence of a positive
trend in the frequency of HDs over the North Atlantic (north
of 50 N) during 1979–2013, particularly during SON. It
appears to be of a special interest that this study reveals the
existence of a narrow zone with positive values in the fre-
quency of HDs over western Africa. This result appears to be
in support of recent findings (Rubin et al. 2007) on the role of
tropical plumes over Africa in extreme precipitation over the
MR. Our analysis also reveals a zone with a negative HD
frequency trend over northeastern Africa and the Middle East.
This suggests a possible explanation for a drop in the number
of days with Red Sea Troughs after 1997 (Alpert et al. 2004),
due to the decline in the export of humid tropical air originat-
ing from the Arabian Sea, which could be a consequence of
the rise of the frequency of such events over the North
Atlantic.

The HD trends detected may be possibly associated with
the diminishing Arctic sea ice cover during the same 1979–
2013 time period found in the observational data (e.g., Barnes
2013) as well as from climate model simulations (e.g., Gualdi
et al. 2013). Indeed, recent studies suggest a role for Arctic ice
melting in increased winter snowfall in large parts of North
America, Europe, and eastern Asia (Liu et al. 2012) and
enhanced poleward moisture transport (Scoccimarro et al.
2012; Zhang et al. 2013) during recent decades. These chang-
es in Arctic sea ice could play a role in the rise in the frequency
and intensity of the intrusions of humid tropical air into
midlatitudes. Although the physical mechanisms involved
are not fully understood (Barnes 2013), such a hypothesis
appears plausible. Additional investigation of this issue is
necessary.

Assuming a continuation of the recent past climate trend,
our results suggests a possible further rise in the frequency of
cool season extreme precipitation over the central MR along
with a northward expanse and further decline in extreme
precipitation over northeastern Africa and the eastern MR.
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