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[1] This article investigates an extreme rainfall event occurred over wide areas of
central Europe on August 11–13, 2002. By using a synergistic approach that includes
regional modeling, air mass tracking, and observational data sets, the importance
of moisture accumulation processes in the Western Mediterranean basin (WMB) is
acknowledged as an important mechanism responsible for the magnitude of this event.
The RAMS‐HYPACT modeling system is used to track air masses from potential marine
sources of evaporation. MODIS water vapor products, wind profilers and surface rain
gauge measurements are used to substantiate our simulations. Results show that most
of the precipitation occurring in central Europe during the initiation of the rainfall episode
(August 11) came from vapor accumulated over 4 days (August 6–9) within the WMB:
the vapor was transported, after the irruption of the Vb cyclone Ilse, through the
Italian Peninsula and the Adriatic Sea, into the target area, causing the precipitation
episode. On August 12 and 13 the marine sources of evaporation changed to include the
north‐Atlantic region. The north‐African convergence region, the eastern Mediterranean
and the Black Sea are revealed to be sources more related to the intense rainfall
experienced in eastern Europe. The subsidence‐related processes through which pollutants
and water vapor can accumulate for several days in the WMB are shown to be very
relevant for this event. The quantification of the evaporative sources, responsible for the
extreme rainfall events in central Europe, and the relative importance of marine and
terrestrial sources within a chosen regional domain are discussed in the companion
following article.
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1. Introduction

[2] Extraordinary rainfall amounts and intensities were
recorded in central Europe during the first half of August
2002. In general, because of the different time response of
small and large watersheds, it is very rare that a precipitation
event contains the intensity‐duration requirements to acti-
vate rivers characterized by very different discharge statis-
tics. Concentrated mesoscale events can produce flash
floods on small rivers. The exceptionally of the 2002 con-
sists in the fact that flash flooding was first produced on
small rivers in Austria, Bohemia, and the Erz Mountains,

followed by record‐breaking floods in larger rivers: the
Vltava, Elbe, and parts of the Danube catchments [Ulbrich
et al., 2003a]. These floods caused 36 deaths and over
15 billion USD damage [Mudelsee et al., 2004]. Intense
summer precipitations, whether or not they cause river
floods, are frequent in central Europe and are associated
with a track of cyclones known as ‘Vb‐track’. According to
Fricke and Kaminski [2002], the increase in the number of
days with extreme precipitation in summer, observed in the
long term time series from the Hohenpeissenberg Observa-
tory station in southern Germany (1881–2001), is related to
the more frequent occurrence of weather types associated
with Vb‐tracks. Simulated future scenarios for CO2‐induced
climate change show a decrease in total summer rainfall
in central Europe and an increase in heavy precipitation
events, due to a warmer atmosphere (which can carry more
water vapor) and/or an increase in the frequency of this
type of cyclone tracks [Ulbrich et al., 2003b; Christensen
and Christensen, 2003]. During the August 11–13, 2002
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rainfall episode in central Europe, Ulbrich et al. [2003b]
showed that back‐trajectory analysis point to the Western
Mediterranean Basin (WMB) as the main vapor source.
Similar conclusions were reported by James et al. [2004],
but only for the initial stages of the rainfall events.
[3] Millán et al. [2005] have drawn attention to a water

vapor accumulation excess over the WMB in recent years
due to land use changes and increased air pollution; this
excess could also explain the observed increase in torrential
rains. If the hydrological cycle of the Mediterranean region
is being perturbed, it is of key importance to identify the
water‐vapor evaporation areas responsible for the extreme
events and to determine the capacity of the region to recycle
its precipitation. In this respect, the HyMeX international
program (HYdrological cycle in the Mediterranean EXper-
iment), launched in 2006 and endorsed by the WMO’s two
major international programs dealing with weather predic-
tion and climate research (WCRP‐THORPEX and WWRP‐
GEWEX), has focused on understanding the water cycle in
this region, with emphasis on high‐impact weather events,
inter‐annual to decadal variability and associated trends in
the context of global change. The results should help us to
identify both the perturbations of the water cycle in a system
with important feedbacks between oceanic, atmospheric,
and hydrological processes, and the corrections needed to
avoid or reduce extreme rainfall and its consequences.
[4] Millán et al. [1997] has demonstrated that the WMB,

an important evaporation source during the August 2002
episode, behaves like a holding tank during summer: the
vapor, together with pollutants, can accumulate for several
days in a quasi‐closed horizontal circulation, which results
in a vertical pile‐up of accumulation layers after coastal
convergence, followed by return flows into the basin after
divergence over the top of the coastal mountains. Vapor and
pollution accumulation will continue for several days until a
disturbance vents them off, ahead of the frontal system
entering the area. Morning‐to‐evening cycles are inhibited
before a new cycle of accumulation starts over the WMB. A
similar process occurs in northern Africa around the Atlas
Mountains [Gangoiti et al., 2006a]: the convergence that
takes place at the N‐African thermal low will accumulate
in the N‐African mid‐troposphere the pollutants and water
vapor available at the Atlantic and Mediterranean marine
boundary layers (MBLs). In addition, we showed that soil
dust also accumulates in these layers [Gangoiti et al.,
2006a], which are mainly fed by daytime upslope flows in
the southern flanks. These reservoir layers can move around
the Atlas Mountains following the induced circulation of the
N‐African anticyclone. The moisture advection associated
with transiting cyclones and fronts across the WMB, with a
typical recurring time of about 3–10 days [Millán, 2007],
can be increased by the above mechanism, if the cyclone
phase and the proper dynamical forcing are simultaneously
present. Therefore, the formation of moisture reservoirs
could increase the likelihood of anomalous precipitation.
[5] This study aims at clarifying the role played by res-

ervoir layers over the WMB in the extreme precipitation
events of the 11–13 August 2002. Other marine evaporative
sources like the Black Sea and the Eastern Mediterranean
will also be investigated in order to clarify their contribu-
tion. We will need to track air masses with trajectories
ending at a selected target area during the intense precipi-

tation period (August 11–13, 2002) using a methodology
that guarantees an accurate estimation of winds and stability
at high resolution in an area of complex terrain like southern
and central Europe. In this respect, the manuscript is orga-
nized as follows: the synoptic scenario during the precipi-
tation episode in central Europe is described in section 2.
Section 3 is devoted to the mesoscale simulation and its
validation. The air mass tracing and the sequence of events
during the episode is shown in section 4, as well as the
discussion on the origin of the different air masses con-
verging over the target area. Finally, in section 5 we sum-
marize the main results. In a subsequent companion paper
[Gangoiti et al., 2011] we describe a new method developed
by our group at the University of the Basque Country and
the Fundación CEAM for identifying moisture source
regions and quantifying their respective contribution to a
selected target precipitation: the rainfall episode of August
11–13 is used for this application.

2. The Precipitation Episode: Synoptic Scenario

[6] During the first two weeks of August 2002, tracks
of midlatitude lows were shifted south of their average
location for this time of the year in southern Europe [James
et al., 2004]. During nighttime from August 5 to 6, a low
formed between the Gulf of Genoa and the Alps. It moved
eastward across northern Italy and the Adriatic Sea toward
the Western Balkans, out of the WMB, leaving important
rainfalls in central Europe on August 6–7 [Ulbrich et al.,
2003b]. On the following days, normal conditions over the
WMB, with relative high pressures from August 6 to 9,
favored coastal convergence and sea‐breezes with the cor-
responding accumulation of pollutants (and moisture), as
described by Millán et al. [1992, 1996, 1997] and Gangoiti
et al. [2001, 2006a].
[7] The accumulation mode ceased abruptly during the

passage of a new disturbance: the cyclone Ilse, located over
southern England on August 9, intensified over the Gulf of
Genoa on August 10. The cyclone inhibited the coastal
convergence of sea‐breezes and the compensatory subsi-
dence over the western basin, and forced intense south-
westerlies into the region. This resulted in warm and moist
air advection at lower levels, which crossed the Italian
peninsula, the Adriatic Sea and the western Balkans into
central Europe, along a cyclonically curved path. During
August 10 and until 0000 UTC on August 11, the track of
the surface low Ilse moved slowly across northern Italy into
the Adriatic Sea [Ulbrich et al., 2003b]. At upper levels, the
200 hPa flow showed a trough in the jet stream associated
with the formation of Ilse on August 9 (not shown). On the
next day, the trough moved southward and intensified first
over the Gulf of Lyon and then over the Gulf of Genoa
during August 11, showing a very tight short wave at
1200 UTC (Figure 1d) with a 50 ms−1 jet streak, unusual for
the summer: the upper level divergence produced over
central Europe is depicted in the same panel (white dashed
line), which shows a large area of negative pressure vertical
velocities (ascending air). Figure 1 also shows the 500 hPa
geopotential height and relative vorticity, the 850 hPa
winds, temperature and moisture, and the sea level pressure
with the 1000–500 hPa thickness. The area with the lowest
surface pressures in central Europe corresponds to the upper
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level divergence and air ascending in the whole depth of
the troposphere (Figure 2). The tracing of air masses, which
will be discussed in section 4 after the mesoscale simulation,
will show that the warm air located over the western and
central Mediterranean before August 10 was running ahead
of the trough in a highly curved trajectory on August 11
(temperatures above 12–14°C in Figure 1b and thickness

above 564 dam in Figure 1a). The region between latitudes
45–50 N, located to the north of the vorticity maxima,
shows ascending air with high relative humidity (Figure 2):
it corresponds to the region of extreme precipitation, and it
is located at the boundary between the cold north‐Atlantic
advection to the south and the warmer Mediterranean air
to the north.

Figure 1. NCEP‐reanalysis at 1200 UTC on August 11: (a) mean sea level pressure MSLP‐1000 (hPa)
in shaded colors and 1000–500 hPa thickness (dam) in contour lines; (b) 850 hPa streamlines, relative
humidity (%) and temperature (°C) in colored contour lines; (c) 500 hPa geopotential heights (dam) with
the relative vorticity (1 × 10−5 s−1) shaded; and (d) 200 hPa winds (streamlines and magnitude in shaded
colors) with the pressure vertical velocity (1 × 10−2 Pa s−1).

Figure 2. Vertical cross section across the shortwave observed in Figure 1 (longitude 12.5 E), showing
(a) relative humidity (%) in shaded colors, temperature (°C) in contour lines and winds, depicted with the
meridional and vertical component (v, pressure vertical velocity −1 × 10−2 Pa s−1) and (b) relative
vorticity (1 × 10−5 s−1) together with temperature (°C) in contours.
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[8] In the early morning of August 12 the surface trough
reached its lowest pressure over central Europe (the Czech
Republic), after turning northward from the Adriatic Sea,
and started to leave the area, advancing eastward fairly
slowly. The target area, which received the highest precip-
itation amounts during the August 11–13 episode, was
finally a vast region comprised between 45 and 53 N lati-
tude and 8–16 E longitude; it will be marked with a square
in the tracing experiments performed in section 4.

3. High‐Resolution Simulations and Mesoscale
Model Validation

[9] The combined application of the Regional Atmo-
spheric Modeling System (RAMS) [Pielke et al., 1992] and
the HYbrid PArticle Concentration and Transport model
(HYPACT) [Tremback et al., 1993], and an adequate
selection of domains/resolutions have allowed us to explain
episodes of long‐range transport of ozone in northern Iberia
and the WMB [Gangoiti et al., 2001, 2006b], and the
mechanism for the accumulation and transport of Saharan
soil dust and pollution from southern Europe to the tropical
Atlantic and the Caribbean [Gangoiti et al., 2006a]. Using
this methodology, tracks from continuous emissions of
selected sources can be used to detect preferred pathways,
travel time(s), accumulation layers and the convergence and
venting mechanisms of these air masses.
[10] A similar method is applied here, using the most

recent version of the modeling system RAMS (v6.0) and
HYPACT (v1.5) along with new domain coverage and
resolutions to cope with the objective of adequately simu-
lating the transport of vapor from source areas into the target
area. A good representation of the precipitation over the

region and a good synchronism of events between obser-
vations and simulations are required to be confident with the
HYPACT results, which will simulate trajectories for sev-
eral days. The topography and coverage of the four selected
domains (two‐way nested grids) of the RAMS‐HYPACT
modeling system are presented in Figure 3. Grid #4 is
approximately coincident with the precipitation target area,
and it has a resolution of 9 km. Intermediate grids #2 and
#3 have a resolution of 27 km, and the lowest resolution
(108 km) corresponds to grid #1. The vertical coverage of
all grids is 22 km, with maximum resolution at lower levels
(30 m) decreasing to a minimum of 1000 m above the 11 km
height. Four‐dimensional data assimilation was used for the
model run, with Newtonian relaxation toward the 6‐hourly
NCEP reanalysis data [Kanamitsu et al., 2002]: a variable
relaxation time was used, with the highest values (weak
nudging) at the center of the large domain (grid #1) and
lowest values (strong nudging) at the boundaries. The run of
the mesoscale model performed continuously, from July 27
through August 16, 2002. The topography and land cover
were interpolated from the USGS global 30″ database
[Gesch et al., 1999; Anderson et al., 1976]. Weekly avera-
ges of the sea surface temperature (SST) data, with a reso-
lution of 1° × 1°, were interpolated from the NCEP
Reynolds SST data set [Reynolds and Smith, 1994]. As the
model run extended for more than one week, SST values
were interpolated in time during the model run. Our setup
included a prognostic turbulent kinetic energy (level 2.5)
parameterization [Mellor and Yamada, 1982], with mod-
ifications for a case of growing turbulence [Helfand and
Labraga, 1988], and a full‐column two‐stream parameteri-
zation that accounts for each form of condensate (7 species)
for the calculations of the radiative transfer [Harrington

Figure 3. Topography and coverage of domains for the RAMS‐HYPACT modeling system. Grid 4 is
approximately coincident with the target area of precipitation and has the highest resolution. This zone is
now the Czech Republic, Germany, Austria, Switzerland and Italy and also Slovenia and Croatia (in the
southeast corner of grid 4), which are not represented within the area of the former Yugoslavia (the cur-
rent political borders have not been updated). The position of the HYPACT tracer sources are represented
in the lower‐left panel.
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et al., 1999]. The cloud and precipitation scheme by Walko
et al. [1995] was applied in all the domains with all the
species activated, and the LEAF‐3 soil vegetation scheme
was used to calculate sensible and latent heat flux exchanges
with the atmosphere, using prognostic equations for soil
moisture and temperature [Walko et al., 2000]. After the
mesoscale meteorology simulation, hourly wind and turbu-

lence fields obtained by RAMS were fed to the HYPACT
model to track the water vapor from a selection of sources.
[11] Figure 3 shows the position of the tracer sources,

comprising a total of 22 vertical emission line sources, from
surface level to 500 m height, placed at the main entrances
of marine water vapor to continental areas: WMB (M1 to
M8), the Atlantic Ocean (A1 to A10) and the Black Sea

Figure 4. (a, c) Observed and (b, d) simulated wind profiles at Murcia (Figures 4a and 4b) and Meiningen
(Figures 4c and 4d) from August 2 to August 16.
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together with the Aegean Sea (B1 to B4). The 5 marked
regions in Figure 3 are used to show their respective con-
tribution as ‘area sources’ by adding the tracer particles
emitted from them. Consequently, only air masses with an
initial marine origin are tracked and the role of the terrestrial
evaporative sources is discussed in the second part of this
paper [Gangoiti et al., 2011]. A total of 85200 particles per
source were released continuously from July 27 to August
14, and particle locations were tracked for the whole period
of simulation (20 days) without being removed by any other
mechanism but the venting out of the largest domain
boundaries of grid 1 in Figure 3.
[12] The described setup of the modeling system was

chosen after having discarded other alternatives, with a
different number of grids, domain coverage, resolution, and
type of nudging. After every trial, we validated the RAMS
meteorological output with NCEP data, wind and tempera-

ture profiles from the European NMC stations, output from
wind profiler radars (WPR) in Bilbao and Basel, surface
precipitation at the target area, MODIS total precipitable
water vapor, and precipitation data from the TRMM Mul-
tiSatellite Precipitation Analysis (TMPA). Results shown
here were found to be the best representation of the men-
tioned set of observations.
[13] The hourly wind speed and direction calculated by

the model and the experimental measurements from two
radiosonde stations and two WPRs are represented in
Figures 4 and 5. These are located near the Atlantic and
Mediterranean moisture sources (Bilbao and Murcia) and
inside the target rainfall area (Basel and Meiningen). The
simulated and observed wind profiles agree satisfactorily:
the high‐resolution simulation was able to capture both the
intensity and the timing of the coastal sea‐breezes and
drainage winds recorded in Murcia and the suppression of

Figure 5. Time sequence (August 6–August 15) of the (a, c) observed and (b, d) simulated wind profiles
on the vertical of two wind profiler sites: Bilbao (Figures 5a and 5b) and Basel (Figures 5c and 5d).
The wind direction is depicted in shaded colors.
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these mesoscale flow regimens coincident with the passage
of Ilse on August 10–11 (marked with a gray square),
as well as the change from southerly to northwesterly winds
observed in Meiningen on August 12 (indicated with a gray
line). The same can be concluded from the comparison
of the modeled wind profiles with the WPR outputs at
Bilbao and Basel (Figure 5). The statistical values (BIAS,
RMSVE, RMSE and correlation, defined by Zhong and Fast
[2003], summarized in Table 1, confirm the good agreement
between experimental measurements and simulations:
despite a slight general underestimation, our RAMS set‐up
was able to simulate wind profiles with statistical scores
comparable to those of other similar studies [Hanna and
Yang, 2001; Zhong and Fast, 2003].
[14] Precipitation totals during the episode (August 11–13)

are shown in Figure 6: the distribution of the simulated
precipitation (left panel) and the surface station data (right),
as depicted by Rudolf and Rapp [2003], cover a similar
region with an identical maxima‐minima distribution.
Regions with maxima above 180 mm are observed in both
panels of Figure 6 as well as in the TMPA data (not shown).

Outside of this region, with lower grid‐cell resolutions,
the precipitation was underestimated by RAMS, while the
coverage of the areas with precipitation was well estimated.
As a consequence, it seems that we need at least a grid‐cell
resolution similar to that used in grid #4 to obtain an accurate
precipitation estimate in all regions.
[15] Evolution of the water vapor total column is repre-

sented in Figure 7 for August 9 to 12, as shown by MODIS‐
TERRA IR images (left panels) and RAMSmodel simulations
(right panels). MODIS images have a resolution of 1 × 1
degree and areas covered by clouds (in white color) contain
no vapor data. Venting of the vapor over the Mediterranean
to the E and NE, ahead of the disturbance, is synchronous in
both sets of panels. The main differences in vapor totals
are concentrated in the lower left corner of the figures, at
the SW boundary of grid #1, where vapor from the African
Inter Tropical Convergence Zone (ITCZ) breaks out into the
Atlantic. Above latitude 25 N and over the landmass of
northern Africa most of the vapor is accumulated in the middle
troposphere (700–300 hPa), which is really an outstanding
feature: Figure 8a (left) shows this important concentration
of water vapor observed byMODIS. When compared with the
total column in the top panel of Figure 7 (color scale is kept
constant in both figures), it can be observed that practically all
the vapor in N‐Africa is at that height range (700–300 hPa),
and that its column, at regions with high values (1.5–2.0 cm),
is close to one half of the total column maxima found over the
Mediterranean Sea (4.0–5.0 cm in Figure 7, left). Thus, the
water vapor mixing ratio over the northern Africa landmass
shows an anomalous vertical distribution, with the lowest
values at the surface, increasing with height, and the highest
values in the middle troposphere. This anomalous pattern is
the result of the same meteorological mechanism responsible
for the accumulation of dust around the Atlas Mountains: for
water vapor, it applies to the convergence and recirculation of
moisture vented to the middle troposphere by the combined

Table 1. Wind Comparisons Between WPR Observations and
RAMS Evaluationsa

Bilbao Basel

BIAS u −1.14 1.05
BIAS v −0.42 −1.84
RMSVE 3.47 4.88
RMSE u 2.68 3.03
RMSE v 1.66 3.20
Correlation u 0.74 0.73
Correlation v 0.82 0.63

aStatistical comparison between the observations from two wind profiler
radars located in Bilbao and Basel, and wind evaluations by the mesoscale
model RAMS.

Figure 6. Distribution of (left) simulated precipitation and (right) surface station data, as depicted by
Rudolf and Rapp [2003]: totals from 06 UTC August 10 to 06 UTC August 13.
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upslope flows and coastal sea‐breezes around the Atlas
Mountains, as described in section 1.
[16] Because the mesoscale model has demonstrated its

ability to successfully simulate the observed winds, trans-
port of moisture and precipitation in the target region of
central Europe, we will now merge the modeled data and the
observations in Figure 8 to show the accumulation processes
around the Atlas Mountains and over the WMB during the
period August 6–9: Figures 8a (top) and 8b (top) depict the
moisture and winds on August 6, while Figures 8a (bottom)

and 8b (bottom) show the same data for August 9. August 6
corresponds to the initiation of the WMB accumulation
mode after the passage of cyclones over the area. It should
be mentioned that, at the same time (August 6–7), large
areas of central Europe, northern Italy, and the Western
Balkans recorded torrential rains, which contributed to
significantly raise water levels in several small rivers of
Lower Austria, and also to raise soil saturation levels in
the catchment areas of both the Elbe and Danube rivers
(section 2). In contrast, August 9 corresponds to the ending

Figure 7. Evolution of the water vapor total column from August 9 to 12, as shown by (left) MODIS‐
TERRA IR images and (right) RAMS model simulations.
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Figure 8. Vapor distribution during the first (August 6) and last (August 9) day of the accumulation
period in the WMB: (a, top left) MODIS water vapor column between 700 and 300 hPa, together with
simulated winds (grid #1) transporting the vapor (winds at 3600 m above ground); (a, top middle) MODIS
water vapor column from ground level up to 700 hPa together with winds at ground level; (a, top right)
Enlarged view of the MODIS lower water column, together with surface wind simulations at grid #3
(higher spatial resolution); (b, top left) vertical cross sections of the simulated vapor mixing ratio with
u‐w streamlines at constant latitude 38 N, and (b, top right) cross section at constant longitude 0 and
at 1200 UTC August 6.Terrain profile is represented in black at the bottom. Figures 8a (bottom) and
8b (bottom) show a similar set of drawings for August 9.
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of the accumulation mode. During this 4‐day period, the
coastal convergence (sea breezes‐upslope flows) and sink-
ing over the WMB accumulated vapor over the reservoir
layers of the basin, following the aforementioned scheme by
Millán et al. [1997], while convergence around the Atlas
Mountains fed the middle troposphere reservoir over
northern Africa. The mechanisms behind this accumulation
are illustrated in the vertical cross sections of the simulated
water vapor mixing ratio (shaded colors) and the cross wind
components (u‐w and v‐w streamlines) at a constant latitude
38 N (Figure 8b, left) and at a constant longitude 0 (Figure 8b,
right) during these two days (August 6 and 9, 12 UTC).
The cross sections show the deep vertical injections that take
place both over eastern Iberia (3000 m) and over northern
Africa (>5000 m) as a result of the combined sea‐breeze and
upslope daytime convergence over the coastal range of
mountains. These injections, and their return flows back over
the sea, lead to the vertical recirculation of the water vapor
and to its accumulation over the WMB (see changes in the
water column from Figure 8a (top middle) to 8a (bottom
middle), as well as from Figure 8b (top left) to 8b (bottom left)
and Figure 8b (top right) to 8b (bottom right)), while another
fraction is transported within the anticyclonic gyre of the
N‐African mid‐tropospheric circulation. The layer con-
taining more than 4 g/kg of water vapor extends up to 3000–
4000 m over eastern Iberia and northern Africa on August 9.
On August 10 (Figure 7), the effects of the passage of the
Atlantic cyclone Ilse over the WMB are clearly observed: the
sea‐breeze convergence over the crest of the mountains

is inhibited, and the frontal system vents off the water vapor
into central and eastern Europe, reducing the total column
of water vapor over the western Mediterranean from 3.75 to
4.0 to 1.75 cm in less than 12 h.

4. Tracing of Air Masses and Discussion

[17] Two issues must now be addressed: the source of the
water vapor responsible for the central Europe precipita-
tion events on August 11–13, and the role of the WMB and
N‐African vapor accumulation layers in the precipitation on
the target area. On August 9, 2002, the accumulation period
over the WMB, initiated on August 6 after the massive
intrusion of an air mass of N‐Atlantic origin through
southern France and the Gulf of Lyon, entered its last day.
This period is observed in Figures 4a and 4b, at the coastal
station of the WMB (Murcia), between the initiation and
finishing of the easterlies regime (sea‐breeze regimes at
eastern Iberia) flowing at lower levels and decoupled from
the westerlies blowing on top. The frontal irruption is always
followed by intense northerlies (colored in red in the figure),
which blow after a short period of southerlies (colored in
green). Notice that this systematic decoupling is not observed
in the Meiningen station. The left panels in Figure 9 show
the track of the tracer emitted in the N‐Atlantic region
(total burden of tracer particles), while the right panels show
the age of the tracked particles (each color corresponds to a
time lapse of 24 h). August 9 and 10 (1200 UTC) correspond
to the end of the accumulation period over the WMB and the

Figure 9. Tracks of the N‐Atlantic tracer (total number of particles) (top left) at the end of the accumu-
lation period in the WMB on August 9 and (bottom left) after the irruption of cyclone Ilse, and (right) age
of the respective tracks. The disturbance vented the accumulated vapor out into the target area
(white square): red arrows in the lower‐left panel indicate that the tracer is vented to the middle and upper
troposphere, ahead of the frontal system. Rainfall maxima in central Europe occurred on the following
days: August 11 and 12.
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initiation of the transport into central Europe under the per-
turbed conditions created in the region by cyclone Ilse.
Arrows show the wind transporting the main fraction of the
tracer: on the upper‐left panel they show the main paths into
the Mediterranean. Once inside the basin, the western branch
follows the combined upslope flows and coastal sea‐breezes
of eastern Iberia and northern Africa during the accumula-
tion period of August 6 to 9, while the eastern branch drifts
slowly southward, parallel to the Italian Peninsula, from
August 7 to 9. Following our simulations, the main fraction
of the tracer was transported over the Mediterranean Sea in
the lower troposphere (0–2000 m). For the lower 1000 m, the
water vapor entered the Mediterranean with an average
mixing ratio of 8.5 g/kg and exited with 12.5 g/kg, after being
transported (following the irruption of Vb cyclone Ilse)
through the Italian Peninsula and the Adriatic Sea. Then,
it crossed the Western Balkans and Eastern Europe into the
target area during August 10 (Figure 9, bottom): red arrows
indicate that the N‐Atlantic tracer was vented to the middle
and upper troposphere. The low level flow forced by the
Scandinavian Anticyclone, ahead of the disturbance, is
marked with a white arrow in Figure 9.
[18] Similar tracks are observed for the tracer emitted

from the Bay of Biscay and from the WMB itself (not
shown). The massive intrusion into the WMB for the tracer
released at the Bay of Biscay also occurred on August 6
through the Gulf of Lyon. A smaller fraction crossed Iberia
over the Ebro Valley into the WMB. The main differences
with the N‐Atlantic tracer are related to the time of arrival at
the target area on August 11. As mentioned in the previous

paragraph, the main fraction of the joint tracer released from
all these sources (marked in red in Figure 3) was vented to
the middle and upper troposphere (0–8000m) before arriv-
ing at the latitudes of the target area: Figure 10 shows a
detail of the venting of the N‐Atlantic tracer over the
Western Balkans at 00 UTC and 12 UTC on August 10. The
figure also shows the topography of the region as well as a
plan view and vertical cross‐section of the tracer distribu-
tion. The joint air masses warmed and moistened in the
WMB entrained additional water from evapo‐transpiration
over the Western Balkans, increasing their mixing ratio
before arriving at the target area on August 11. However, our
mesoscale model results show that the precipitation during
the trajectory over the Balkans would probably have com-
pensated the evapo‐transpiration, since the water vapor total
column remained constant within the air mass (4 cm), and the
average vapor mixing ratio of the lower 1000 m kept at the
same values as when leaving the Adriatic Sea (12.5 g/kg).
[19] Figure 11 shows the time‐sequence of the daily evap-

oration (accumulated during each 24 h) attributed to the initial
precipitation (0000–1200 UTC, August 11) in a southern
subset of the target rainfall area (named SR in the companion
paper), which includes Upper Austria and southeastern
Germany. The heavy rain started and ended somewhat earlier
in this region than in the north and northeast (named NR).
Most of the observed evaporation areas, estimated by the new
methodology presented in the companion paper, follow the
surface trajectories of the winds transporting the air mass
entering the WMB during the accumulation period. Since the
main fraction of the attribution occurs during the 6‐to‐8 days

Figure 10. (middle) Plan views and (right) vertical sections of the N‐Atlantic track when approaching
the target area on August 10. The plan view is shown using an amplified window (grid 2) of the region
represented in Figure 9 (bottom). Vertical venting over the Western Balkans and horizontal transport
around the Alps in a curved trajectory (white arrows) are shown. (left) The topography of the region;
its vertical section, at longitude 15E, is colored in black (in the right panels).
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preceding the precipitation event, as is shown in the com-
panion paper, the Figure 11 represents main moisture sources
during the initiation of the event in the southern region of the
target rainfall area. The evaporation at the eastern and western
branches of the air masses entering the WMB is observed
in the figure from August 6 to 9, while on August 10,
the evaporation is centered inside the trajectories approaching
the target, including the Adriatic Sea and the western Balkans.
[20] Figure 12 (top left) shows how the tracer entered the

target area on August 11, after crossing the Balkans and
Eastern Europe and veering to the West pointing to the low
pressure region developed at the northern flanks of the Alps
during the evolution of cyclone Ilse. As shown in the upper‐
right panel, the age of the tracer is 168 h (7 days): it was
emitted on August 4 from the N‐Atlantic region (Figure 3)
and, after a long journey across the WMB, moved to the
North again. The tracer reached the latitudes of the target

area not so far from the region where it was released 7 days
before, at that time flowing within a colder and drier air
mass. There is a clear similitude between the position of the
curved track of the tracer around the target and the area with
high relative humidity at the 850 hPa level, depicted in
Figure 1. On August 11, while the tracer moved to the West,
parallel to the northern flanks of the Alps, intense pre-
cipitations were recorded over the target region, and the
pressure decreased to its minimum values. Figure 12 (middle
and bottom) shows how cool N‐Atlantic air moved across
northern France on August 12 and 13, in a direct NW‐to‐SE
trajectory toward the target area, and encountered the old,
moist, and warmer air mass located over the region. The
frontal system formed by the two air masses is better
observed in the right panels, looking at the age of the tracer
over the target area. Intense precipitations were also recorded
in the region during August 12, lasting until the early morning

Figure 11. Sequence of daily evaporation maps during the accumulation period (6–9 August) and
during the convergence into the central Europe target area (August 10), attributed to the initiation of
the precipitation episode (0000–1200 UTC, August 11) in a southern subset of the main rainfall area
(12–15E, 47.5–48.5 N). The simulated surface streamlines at midday are also represented.
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of August 13: the rainfall events moved into the E and NE
region of the target area, following the slow movement of
the frontal system.
[21] From 12 UTC August 12 until August 13 intense rain

episodes were also observed in the western Black Sea region
(Bulgaria, Romania and Ukraine), moving from the SW to
the NE of the region, ahead of the frontal system located
over the Mediterranean Sea and associated with cyclone
Ilse. The frontal system is clearly discernible in Figure 12
(right middle and right bottom), with the blue colors fac-
ing the more reddish colors of the old tracer. Next, we will
show that the air mass running ahead of the frontal system at
the Black Sea contains a larger fraction of the N‐African
tracer, together with emissions from the Black Sea and the
Aegean Sea.
[22] To investigate the role of the N‐African accumulation

layers, we have to track the trajectories of the tracer emitted

from the blue colored region in Figure 3. As observed in
Figure 13, the tracer does not penetrate deeply into the
central Europe target area, but rather moves around the
East and North boundaries of the region. However, during
the severe rainfalls observed in the western Black Sea region
(August 12–13), the N‐African tracer can be observed
running ahead of the frontal system crossing the eastern
Mediterranean on August 12 (Figure 13, middle and bot-
tom): the tracer, previously accumulated in the N‐African
middle troposphere, is now vented out with the south-
westerlies over the western region of the Black Sea. The
same panels in Figure 13 show the recovery of the normal/
accumulation mode in the middle troposphere of N‐Africa,
initiated by the restitution of the upper flow behind the
frontal system (white arrows), as described by Gangoiti
et al. [2006a].

Figure 12. (left) Tracks of the N‐Atlantic tracer during the rainfall maxima in central Europe from
August 11 to 13, and (right) the age of the tracks. The tracer crossing the Balkans on August 10, moved
westward into the target area on August 11 (in the top left panel). This aged tracer (in the right panels)
encountered new tracer emissions with the same N‐Atlantic origin traveling directly inland into the central
Europe target region on August 12 (in the middle panels). At the same time, over southern Europe,
the disturbance crossed the central Mediterranean and entered the Black Sea region. During the morning
of August 13, the old tracer (transported across the WMB) was removed from central Europe (in the
bottom right panel), and the precipitation decreased in the region and intensified over the Black Sea (from
12 UTC, August 12).
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[23] According to our simulations, the air masses evapo-
rated from the violet‐colored region in Figure 3 (Black Sea
and Aegean) did not contribute to the precipitation in central
Europe during the first stage of the episode (Figure 14, top
and middle). On August 12, the tracer from this region is
found, together with the N‐African one, over the area of
Bulgaria, Romania and Ukraine, ahead of the frontal system
crossing the Mediterranean: the joint tracer occupies a large
band (Figures 13 and 14, middle), which crosses the Aegean
Sea, the western Black‐Sea, and continues to the NW over
Poland into the Baltic Sea. This location coincides with the
position of the water vapor front shown in both the MODIS
data and the mesoscale model simulations (Figure 7, bot-
tom). On August 13, during the final stage of the rainfall
event in central Europe, the tracer emitted 3‐to‐4 days
before from the Black Sea (Figure 14, bottom) moved into
the northeastern border of the target area in central Europe,
suggesting that evaporation from that region of the Black

Sea could have been feeding the rainfall at the final stage of
the episode. The exact location and quantification of the
evaporative sources in this region are evaluated and mapped
in a companion paper by Gangoiti et al. [2011].
[24] Thus, we can conclude that the intense rain episodes

in the western Black Sea region from August 12 to 13,
occurred when the N‐Atlantic air mass moving across the
Adriatic Sea and flowing in the trailing region of the frontal
system advancing along the Mediterranean Sea and southern
Europe (Figure 12, middle), was uplifted over the mountain
ranges of the Balkan Peninsula and faced the Black Sea
region. The air mass located over the Black Sea at that time,
moved ahead of the frontal system transporting water vapor
evaporated locally at the region (Figure 14, middle) and
further away, within the sea‐breeze convergence area of the
Atlas Mountains (Figure 13, middle). Thus, the evaporative
sources of the western Black Sea region episode had to be
located in a vast region extending all along the western

Figure 13. (left) Tracks of the N‐African tracer during the rainfall maxima in central Europe from
August 11 to 13, and (right) the age of the tracks. The main fraction of the N‐African accumulation layers,
following the tracer trajectories (red arrows), did not penetrate into the target area of central Europe
(marked with a black square). The tracer moved along the East boundary of the region. However, during
the second half of August 12 and during all August 13, intense rainfalls were registered in wide areas of
the western Black Sea region (Bulgaria, Romania and Ukraine). These rainfalls do have a clear relation-
ship with the N‐African vapor accumulation layers, which as shown in the middle and lower panels,
moved ahead of the frontal system marked by the tracks of the N‐Atlantic tracer in Figure 12.
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and central Mediterranean, northwestern Africa, probably
including the subtropical Atlantic, and the landmass of
southern Europe from Italy to the Black Sea.
[25] The target rainfall region of our search for water

vapor sources was initially located in central Europe, and
our mesoscale model domains were selected for the occa-
sion. The size and resolution of the main domain appear
reasonable for this investigation and although no conclusive
statement can be drawn of possible, additional contributions
from outside, the rainfall episode in the western Black Sea
region seems to be affected by moisture sources located
more to the south, outside the limit of grid #1: a large
fraction of the N‐African and the Black Sea tracers is being
lost at this grid’s southern boundary (Figures 13 and 14).
This is not the case for the N‐Atlantic air mass shown in
Figure 12. Thus, the analysis and mapping of the contri-
bution of the former regions to the rainfall episode in eastern

Europe (the western Black Sea) will need to extend the main
model domain to the south. Figure 15 documents the cov-
erage of the circulations transporting the moisture from the
tropical mid‐troposphere to central and eastern Europe.
Figures 15a and 15b show meridional moisture flux (vx
specific humidity), averaged for the 2 periods of cyclone
activity over the Mediterranean Sea observed during the first
two weeks in August 2002: when the cyclonic midlatitude
circulation is shifted to the south, affecting the Mediterra-
nean area, large amounts of mid‐troposphere moisture are
released from the ITCZ and the subtropical environment
northward. Once inserted in the cyclonic midlatitude circu-
lation, the moisture can be released as precipitation. Alter-
natively, when the cyclone activity falls out of the area, as
during the period August 6–9, the northward moisture flux
is halted and the subtropical mid‐troposphere moisture cir-
culates around northern Africa (Figure 15c) in a similar

Figure 14. (left) Tracks of the Black Sea tracer (sources B1, B2 and B3 in Figure 3) during the rainfall
maxima in central Europe from August 11 to 13, and (right) the age of the tracks. Like the N‐African
tracer in Figure 13, the Black Sea tracer did not penetrate into central Europe (the target area is marked
with a black square) during the initial stages of the event (in the top panels). However, on August 12, at
the beginning of the Black Sea rainfall events, this tracer is found (in the middle panels), together with the
N‐African tracer in Figure 13, over the area of Bulgaria, Romania and Ukraine, running ahead of the
frontal system. During the final stage of the central Europe rainfalls, on August 13 (in the bottom panels),
the tracers emitted 3–4 days before in the NW region of the Black Sea can be seen over the northeastern
border of the target area in central Europe.
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circulation to the one described by Gangoiti et al. [2006b],
with implications in the transport of desert dust and Euro-
pean pollution. This type of long‐range transport from the
African ITCZ and the eastern Atlantic into Europe could
also play an important role in the severe rainfall episodes
that occur in the Mediterranean in autumn, as shown by
Turato et al. [2004], when the Mediterranean becomes an
active zone of cyclogenesis.

[26] Thus, it is evident that further applications of our
methodology to evaluate the evaporative sources of these
types of episodes will need larger domains, mainly enlarged
to the south (transport from the tropical mid‐troposphere)
and to the west (transport from the N‐Atlantic region, as
discussed in the companion paper).

5. Conclusions

[27] The precipitation episode in August 2002 seemed to
be caused by the concurrence of several ingredients needed
for such an exceptional episode to happen: a) vapor accu-
mulation in a large area in stably stratified layers within a
non‐precipitating environment, b) a convergence mecha-
nism to bring all that vapor to a smaller domain (an upper‐
level trough, which deepened into a full scale depression as
it encountered the moist and potentially unstable air mass
accumulated over the WMB, provided the low level con-
vergence and the upper‐level divergence) and c) a frontal
and orographic lifting in a mountainous region, which
allowed the release of the accumulated moisture in a more
reduced domain. It is also important to notice that, for this
episode, the inland propagation of the rainfall events into an
exceptionally large region was favored by the efficiency of the
vapor transport after evapo‐transpiration en route over lands
already wet, which compensate the rainfall loses. This later
feature resulted after consecutive precipitation episodes during
a season characterized by midlatitude low tracks shifted more
to the south, and crossing the Mediterranean area.
[28] Our analysis of the vapor accumulation from marine

sources show that most of the precipitation taking place
during the initiation of the central Europe rainfall episode
(August 11–13, 2002) came from an air mass transported
from the WMB. This air mass, initially of Atlantic origin,
entered the Mediterranean through southern France over the
Gulf of Lyon, and through northern Iberia channeled over
the Ebro Valley. Once inside the basin, the western branch
followed the combined upslope flows and coastal sea‐
breezes of eastern Iberia and northern Africa during the
August 6–9 accumulation period, while the eastern branch
drifted slowly southwards, parallel to the Italian Peninsula.
Finally, on August 10, after the irruption of the Vb cyclone
Ilse into the Mediterranean, the water vapor accumulated in
the WMB was transported, through the Italian Peninsula and
the Adriatic Sea, and across the western Balkans into the
target area, initiating intense precipitations in central Europe
on August 11. During the second half of the following day,
a transition takes place from the Mediterranean origin of the
air masses causing the rainfall, to an Atlantic origin. This
change follows the irruption of air masses from the Atlantic
in a direct NW‐to‐SE direction into the low pressure area
developed on the target region. The colder Atlantic air
masses were up‐lifted by the mountain ranges located in
southeastern Germany, and they faced the Mediterranean air
masses inside the target region: the frontal system formed by
the two air masses moved slowly across the target region to
the East and caused intense precipitation until the early
morning of August 13. Evapo‐transpiration during the tra-
jectory over the southeastern European landmass, before
arriving at the precipitation areas on August 11, could have
played an important role in increasing the available humidity
for precipitation because of the presence of a moist land

Figure 15. NCEP‐reanalysis mean meridional moisture
flux (1 × 10−2 ms−1): red for northward flux and blue for
southward) at the 600 hPa pressure level, averaged for 3 dif-
ferent periods: (a) 00 UTC August 3–18 UTC August 5, and
(b) 00 UTC August 10–18 UTC August 12, correspond to
the passage of cyclones over southern Europe and the western
Mediterranean, and (c) 00 UTC August 6–12 UTC August 9
corresponds to a non‐perturbed period (WMB accumulation
period).
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surface (the entire region had already sustained important
precipitations on August 6–7). Our mesoscale model results
show that precipitation during the trajectory over the Balkans
into the target area would have most likely compensated the
evapo‐transpiration, since the water vapor total column of
the air mass causing severe rainfalls on August 11 remained
constant from the Adriatic Sea to the target area. Terrestrial
evaporative sources as well as their relative importance to
marine sources are discussed by Gangoiti et al. [2011].
[29] The accumulation layers above the north‐African

convergence region, the eastern Mediterranean and the
Black Sea seem to be more related to the intense rainfall
events observed in wide areas of the Black Sea region
(Bulgaria, Romania and Ukraine) during the second half of
August 12 and 13. However, it is important to account that
the caveat for this study is to have resorted to a limited area
domain and time lapse. By the intrinsic definition of any
regional model, the information from outside the domain
comes from the boundary conditions. Whatever lies outside
the boundaries is not part of the calculation: at this respect,
when tracer trajectories cross the boundaries, nothing can be
stated about their subsequent locations, even considering the
fact that they could return back inside these boundaries if a
larger domain and time lapse were selected.
[30] However, regardless of sources outside the domain,

this study emphasizes the importance of subsidence over
the WMB in the warm season as a prominent mechanism
to accumulate moisture, that can be transported and released
when a proper combination of forcings and triggering
mechanisms are set in place. The same accumulation
mechanisms could be relevant for other rainfall cases and
they should be put into test. The implications for this
important result are remarkable from the point of view of
extreme precipitation forecasting in Europe.
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