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The Mediterranean region has been declared a climate change hotspot due, among other reasons, to an expected increase in the
torrential rains that frequently affect this densely populated area. However, the extent to which these torrential rains are connected
to other regions outside the Mediterranean remains uncertain. Here we simulate 160 extreme precipitation events with an
atmospheric model enabled for state-of-the-art moisture tracking and demonstrate that large scale moisture transport is a more
important factor than evaporation over local sources. We find that the average precipitation fraction with source in the
Mediterranean is only 35%, while 10% is from evapotranspiration over nearby land in continental Europe and 25% originates in the
North Atlantic. The remaining 30% comes from several more distant source regions, sometimes as remote as the tropical Pacific or
the Southern Hemisphere, indicating direct connections with multiple locations on the planet and a global scale energy
redistribution. Our results point to the importance of approaching these extreme episodes from a more global rather than purely
regional perspective, especially when attempting to attribute them to climate change.
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INTRODUCTION

Determining the origin of the moisture fuelling extreme
precipitation events (EPEs) is key to attributing changes in
their intensity and frequency to climate change'? The
Clausius-Clapeyron equation establishes a quasi-exponential
increase in humidity with temperature, of about 7% per degree
Celsius, which implies that global warming inevitably leads to
more available water vapour in the atmosphere, increasing the
odds of heavy rainfall>=. In turn, increased heavy rainfall can
enhance flooding and other anthropogenic factors, such as
urbanization and deforestation®’, can further intensify this effect.
In fact, Europe is currently undergoing an extraordinary flood-rich
period, characterized by much higher temperatures than in
previous periods of the kind®. The search for the moisture sources
feeding such flooding events is essential to evaluate whether
anomalously high evaporation somewhere, as for example in
response to warmer sea surface temperatures, may be enhancing
precipitation in them.

Mediterranean countries are particularly affected by these EPEs,
which often lead to catastrophic flooding®. In some specific cases,
up to 800 mm of rainfall’® and up to 1000 deaths'"'? have been
recorded in a single day. Many of these fatal episodes are
associated with the development of severe convective systems,
whose associated rainfall can be intensified by a temperature rise
to a much greater degree than in the case of stratiform
precipitation'>'>. Some studies have already pointed to an
increase in the frequency of heavy rainfall in Mediterranean
Europe'®, and climate projections show a strengthening of this
trend for the coming years'’—23,

The formation of these events has traditionally been explained
as being a consequence of the potential instability and water
vapour content associated with the high heat and evaporation
fluxes from the Mediterranean Sea, which in late summer can
reach temperatures of 30°C. However, different studies have
suggested that other ocean basins, especially the Atlantic, may

contribute significant amounts of moisture to the high precipita-
tion values recorded during these episodes?*32, The results
provided by these previous studies have therefore opened up an
important question: could a very humid flow associated with
large-scale circulations outside the Mediterranean be a discrimi-
nating factor among many similar local situations in which only
one produces an EPE? Or, in other words, are EPEs in the
Mediterranean dominated by local-scale mechanisms, or are they
more connected to processes in other parts of the planet than
previously thought?

The aim of this study is to definitively clarify the origin of the
humidity fuelling these catastrophic episodes in southern Europe
and, therefore, to identify the regions that should be taken into
account when attributing these episodes to global warming. The
main novelties of these work are: (1) we use a moisture tagging
tool coupled to an atmospheric model®3, an Eulerian technique
that has been considered as representative of “ground truth” due
to its high accuracy compared with other moisture tracking
methods>*3°, (2) the domain of study used covers almost the
entire Northern Hemisphere in order to assess the influence of
possible tropical-extratropical interactions and, in general, poten-
tial connections with very distant regions and, finally, (3) we
simulate a very large number of EPEs (160). All of which allows us
to draw more robust and general conclusions than in previous
studies?*3?, which have generally used qualitative moisture
tracking tools and focused on a smaller number of cases and a
smaller study region.

RESULTS

Moisture always comes from multiple sources

The 160 studied EPEs are the strongest registered in the
Mediterranean areas of Spain, Andorra, France, and Italy
(Fig. 1a)%¢ in the period 1980-2015. Therefore, the results shown
below are only valid for the western side of the Mediterranean and
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Fig. 1

Precipitation fractions from the different sources. a Region of study in which the extreme precipitation episodes were detected.

b Simulation domain and the 12 moisture sources analyzed, which are represented with different colours. All sources are of 2D type, except
for those on the northern (magenta) and southern (dark blue) boundaries, which are of 3D type (see Methods section). ¢ Box diagrams for the
160 simulated events according to the moisture source: Tropical Land (TL), Local Land (LL), Remote Land (RL), Tropical Pacific (TP), Tropical
Atlantic (TA), Indian Ocean (I0), Mediterranean (MED), North Atlantic (NA), North Pacific (NP), Lakes and Inland Seas (LA), Southern Hemisphere
(SH) and Arctic (AR). The abbreviation UN refers to moisture of undefined origin. The orange dot on the diagrams and the orange number on
the x-axis show the average contribution of each source for the 160 cases. d Cumulative bar chart with contributions from all sources in four
representative cases. The y-axis shows the date on which these episodes occurred.

could be substantially different in the eastern part. Figure 1b
shows the 12 analyzed moisture sources and the semi-
hemispheric domain employed by the atmospheric model
enabled for moisture tracking. The simulations are initialized
30 days before the onset of the events to allow sufficient time for
moisture to evaporate. Even so, a small fraction of the total rainfall
cannot be assigned to any of the 12 sources (white in Fig. 1c, d)
because it corresponds to precipitation fed by old moisture,
evaporated before the start of the simulations.

The precipitation fractions coming from each source are shown
in Fig. 1c, from highest to lowest contribution from left to right.
The Mediterranean Sea (red) is the main moisture source with an
average input to precipitation of almost 35%. Although variability
is high and its maximum contribution is 70%, it is rarely dominant
(greater than 50%). The North Atlantic (dark green) is the second
most important source, with an average and maximum percen-
tages of 25 and 70%, respectively. Moisture from local recycling,
i.e, moisture evapotranspired over land areas near the study
region (light red), has an average contribution of 10.2% with
higher values in warmer months (see Supplementary Fig. 1),
occasionally exceeding 40%. The fourth most important contribu-
tion is from a very distant source, the tropical Atlantic, with almost
10% and a maximum above 35%.
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Combining the contributions of these four sources, we obtain a
precipitation fraction of less than 80%. The remaining 20% share
comes from a string of small contributions from different sources,
which together play a fundamental role in intensifying rainfall. In
fact, although their average individual contributions are small,
variability is high and in some cases, these generally minor sources
play a major role. In Fig. 1d we show the precipitation fractions in
four relatively recent cases that caused flooding in the Mediterra-
nean region, representing the wide variety and great difference in
contributions from one event to another (see Supplementary Fig.
2 for an extended version of this figure). It has been previously
pointed out® that a wide variety of sources can contribute to
Mediterranean precipitation extremes; however, the precise
source contribution numbers have not been quantified until now.

Remote contributions prevail in the most intense cases

We group all sources into two categories: local, which are those
closest to the studied region, i.e., the Mediterranean Sea and
surrounding continental lands (red and light red in Fig. 1b) and
remote, encompassing the remaining 10 sources, which are
farther away. In addition, we have classified the studied events
according to their magnitude®®. The aim is to clarify whether
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Fig. 2 Comparison between remote and local contributions. a Total contribution from remote sources (blue) versus local sources (red)
averaged for all cases studied (left) and for the 25 highest magnitude cases (right). b Same comparison but for the Atlantic Ocean versus the

Mediterranean Sea.

moisture from sources outside the Mediterranean is mainly
responsible for the precipitation recorded in the most
extreme cases.

Figure 2a shows that for the 160 studied cases, the average
contribution of remote sources to precipitation is 10% higher than
that of local sources. This difference is somewhat accentuated if
we only consider the 25 most extreme cases, which were
associated with major floods®S. In these catastrophic cases, local
sources contributed with slightly more than 40% and remote
sources almost 60% of the moisture. Considering the main local
source and the main remote source (Fig. 2b), i.e,, the Mediterra-
nean Sea and the Atlantic Ocean (combining North Atlantic - NA
and Tropical Atlantic - TA in Fig. 1), we can see that their average
contribution for the total number of cases is practically the same
(34.6% Mediterranean Sea vs. 34.7% Atlantic). However, in the
most extreme cases, the contribution of the Atlantic is marginally
higher.

While Atlantic moisture advection maybe especially important
for the most extraordinary EPEs in particular areas®®, we would like
to emphasize that, commonly, the difference between the most
extreme cases and the rest is small. Therefore, it would not be
correct to interpret that in general, extraordinary cases are always
dominated by remote sources and that weaker events are always
dominated by local ones.

With regard to variations related to atmospheric pattern, we
find that the cases associated with the arrival of Atlantic cyclones
from the west, both at low and high levels of the atmosphere,
have a greater contribution from this oceanic basin, whereas
Mediterranean lows, which usually favour south-easterly winds,
have a greater Mediterranean contribution (see Supplementary
Fig. 3). However, although moisture contributions vary with
weather type, neither the Mediterranean nor the Atlantic is
predominant (contribution greater than 50%) on average for any
of the atmospheric configurations that usually result in cata-
strophic precipitation in the western Mediterranean. In particular,
our estimates of the contribution of the Mediterranean are lower
than in previous studies?’’, even for the most favourable
synoptic patterns.

High efficiency of Mediterranean water vapour

In terms of total precipitable water (TPW) contained in the
atmospheric column during the events, the contribution of the
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Mediterranean Sea is lower than in terms of precipitation.
Specifically, the fraction of TPW with Mediterranean origin is
27.4% on average, about 7% less than in precipitation (Fig. 3a). For
the Atlantic Ocean, the opposite is true, its contribution is higher
in terms of TPW (39.4%) than in terms of precipitation (34.7%). This
shows that Mediterranean water vapour is more efficiently rained
than water vapour from remote regions.

The underlying reason lies in the vertical distribution of
humidity from the different sources, which violates the well-
mixed assumption. This hypothesis, which is implicitly included in
many of the numerical models for the study of moisture
origin®®*2, proposes that water vapour is perfectly mixed
vertically, so that the fraction of vapour from any moisture source
would be independent of height. Our results demonstrate that
this assumption does not hold. Figure 3b shows that, for the
average of the 160 studied cases, the fraction of water vapour
from the Mediterranean is much higher at low levels (30-40%)
than at high levels (15-20%). Since high specific humidity values
at low levels are essential to establish a highly potentially unstable
environment*3, we conclude that Mediterranean moisture plays a
particularly remarkable role in terms of convective available
potential energy. On the contrary, the vapour fraction of Atlantic
origin is more important aloft, especially for water vapour coming
from the more distant tropical Atlantic. Thus, in the strong
convection occurring in these episodes, the total condensate has a
higher contribution of low level converging moisture than of
entraining water vapour in the updraft at mid and upper levels.

Tropical-extratropical interactions

Some authors have proposed that tropical moisture exports*
could be a precursor of flooding in the Mediterranean
region®°314> The argument is that some extratropical low-
pressure systems can descend sufficiently in latitude so as to
capture fairly moist air masses from the intertropical convergence
zone and advect them into the mid-latitudes via tropical plumes
or atmospheric rivers*®~*8, increasing the water vapour content in
the atmospheric column in those locations and thus the
probability of excessive rainfall. Eastward moving tropical cyclones
or their extratropical remnants may also play a key role in some
cases, by injecting large amounts of tropical moisture into the
Mediterranean basin?**°, However, the extent of the influence of
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Fig.3 Vertical distribution of the moisture from the different sources. a Comparison between the Mediterranean and Atlantic contributions
to the 160 studied events in terms of rainfall (blue) and total precipitable water (TPW, green). Note that the dots in the lower right corner show
the outliers of the Atlantic contributions and that the Mediterranean boxplot has no outliers. b Cumulative plot showing the vertical
distribution (in pressure levels) of water vapour fractions from the different sources.

these tropical-extratropical interactions on Mediterranean pre-
cipitation extremes remains unclear.

We show that the average percentage of precipitation fed by
tropical moisture is 17.3% (summing TA, Tropical Pacific - TP,
Tropical Land - TL, Indian Ocean - 10, and Southern Hemisphere -
SH in Fig. 1), with maximum values above 40%. Although most of
it (9.9%) corresponds to tropical Atlantic moisture, in some cases
this input can come from much more distant regions. As an
example, Fig. 4a shows the precipitable water amount originating
in the tropical Pacific region for an extraordinary EPE that affected
Catalonia (Spain) in February 1982. More than 5% (see Supple-
mentary Fig. 2) of the total precipitation can be traced to a
moisture plume from that remote tropical Pacific provenance that
managed to cross the entire Atlantic. In total, the tropical
contribution, in this case, amounted to 34.7%.

Previous studies emphasize the importance of African tropical
moisture in some EPEs?>27:313745-48 ‘\We find that, although its
contribution can indeed reach significant values in some cases (up
to 15%, Fig. 1¢), there could be a misunderstanding in this respect.
This is because much of the moisture advected from the interior of
the African continent does not actually originate in that area.
Figure 4b-d, which corresponds to the catastrophic flooding
episode of Var (France) in 2010, illustrates this fact adequately.
More than 30% of the rainfall was fed by an African tropical plume
(see bottom bar in Fig. 1d). However, the moisture evapotranspi-
rated over tropical land (Fig. 4b) explains only 14% of the total
rainfall. This means that African tropical plumes also transport
moisture from other sources, such as are in this Var case, moisture
originating in the Southern Hemisphere (7.23%, Fig. 4c) or in the
tropical Atlantic (11.54%, Fig. 4d). Southern Hemisphere moisture
would come mostly from the tropical South Atlantic, with minor
contributions from South America and Southern Africa. The
comparison between this case (Fig. 4b-d) and that of 1982 (Fig.
4a) also reflects that, although remote moisture inputs in the
Mediterranean basin tend to occur via North Africa following the
cyclonic circulation typically associated with Mediterranean EPEs

npj Climate and Atmospheric Science (2022) 9

(as shown in Supplementary Fig. 3), moisture trajectories further
back in time can be very varied.

If we add moisture coming from other extremely distant
sources (Remote Land - RL, Arctic - AR, and North Pacific - NP in
Fig. 1) to the tropical moisture, we find that on average 24.1% of
the total extreme precipitation in the Mediterranean region is due
to moisture transport on scales of several thousand kilometres.
This percentage could potentially reach 30% if we consider that
the moisture of undefined origin (5.3%, Fig. 1c) has a residence
time of more than 30 days and, therefore, had probably travelled
long distances.

Some authors propose indirect connections between Mediter-
ranean rainfall and climatic anomalies in remote regions, i.e.,
teleconnections. For example, a positive correlation with El Nifio-
Southern Oscillation (ENSO) has been claimed®®=>2. The process
that would link both events would be an anomalous atmospheric
circulation pattern in the Atlantic Ocean that would appear during
El Nifio years favouring moisture transport from this basin into the
Mediterranean°". Based on these results, one would expect that
Atlantic contributions to Mediterranean EPEs occurred during El
Nifo years would be higher. However, we do not find a significant
correlation between ENSO and the moisture contribution share
from the Atlantic, or even from the Pacific to these events (see
Supplementary Fig. 4). Therefore, although we do not doubt of the
existence of the correlation found between Mediterranean rainfall
and ENSO, we question the mechanism put forward to explain
such correlation. Rather, our results suggest a more direct
connection between the Mediterranean and different parts of
the planet. A connection that is direct in the sense that it simply
reflects the extensive interrelations within Earth’s general atmo-
spheric circulation, whereby evaporation thousands of kilometres
away ends up intensifying an EPE in the Mediterranean without
the need for any organized anomalous dynamic pattern linking
the two processes. This long-distance moisture supply implies
energy redistributions of the same scale, which are very relevant
for Earth’s climate balance.
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DISCUSSION

The large precipitation amounts that are usually registered during
individual events in the Mediterranean region require high values
of water vapour in the atmospheric column to occur. However,
with only the moisture provided by the Mediterranean Sea, such
high values would hardly be reached. Even adding local recycling
and despite the high precipitation efficiency of the low-level
Mediterranean humidity, it would generally not be sufficient to
produce catastrophic rainfall amounts; thus, a contribution from
remote sources is necessary. This contribution from afar is often,
but not always, the main input for these events. Moisture
transport from the tropics and, in general, from extremely distant
sources, plays in many cases an essential role as a precipitation
enhancer. Our simulation results suggest that the key contribution
of this long distant moisture transport may actually be the norm,
not just for the Mediterranean, but elsewhere across the hemi-
sphere as well. Therefore, when studying Mediterranean pre-
cipitation extremes, and perhaps extremes in general, in the
context of climate change, a global perspective must be taken,
considering that alterations in remote regions, for example, of sea
surface temperature, can have a direct influence on these
potentially catastrophic events.

METHODS
Daily extreme precipitation event detection and ranking

The 160 analyzed events were extracted from a database of daily
hazardous precipitation events covering the period from 1980 to 2015,
which was presented in a previous article®®. The precipitation data used
came from the high-resolution MESCAN gridded precipitation dataset>,
Events were detected by combining a statistical threshold, based on
normalized daily precipitation anomalies, with a constant threshold, set at
60 mm. An event was detected when the daily precipitation in at least one
MESCAN grid cell exceeded the combined threshold. Once events were
detected, they were ranked according to their magnitude, which was
defined based on the recommendations established by the World
Meteorological Organization. Specifically, the magnitude of an event was
defined using precipitation excess above the threshold and the area
affected by it. In the present study, only the 160 events with the highest
magnitude were analyzed. To construct Fig. 2, the top 25 events in the
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ranking were considered. Supplementary Fig. 5 shows the location and
amount of maximum precipitation for each of the 160 studied cases.

Simulation set-up

For each of the 160 analyzed events, a total of 12 simulations of 31 day
duration were performed, one for each studied moisture source. Therefore,
the total number of simulations was 1920, approximately equivalent to a
period of 160 years, which involved a high computational cost (about 2
million core-hours). The atmospheric model used was the Weather
Research and Forecasting (WRF) version 3.8.1°%. This model was configured
with a horizontal resolution of 20 km and a total of 39 vertical levels. The
simulation domain (Fig. 1b) had 1416 by 362 grid points, in the east-west
and north-south directions, respectively. Since the simulation domain
forms a longitudinal belt, periodic boundary conditions were used at the
east and west boundaries. Initial and boundary conditions for the northern
and southern boundaries were taken from 5th generation of ECMWF (The
European Centre for Medium Range Weather Forecasts) global reanalysis
(ERA5>°) and updated every 6h. As detailed in the main text, the
simulations were initialized 30 days prior to the extreme precipitation day
under consideration in order to allow sufficient time for moisture to
evaporate. If the simulations had been started at a time closer to the event,
much of the involved moisture would have already been present at initial
time and would not have been tagged by the moisture tracking tool.
Importantly, a spectral nudging technique®® was employed to prevent the
simulation from deviating substantially from the large-scale reanalysis
fields, which allowed the model to provide realistic results even 30 days
after the start of the simulation. Spectral nudging was applied to
geopotential height, horizontal wind, and temperature at all model levels
using a nudging coefficient of 0.0008 s~' and wavenumbers of 58 and 15
in the x and y directions, respectively. Finally, the main parameterizations
used were: Yonsei University (YSU) for the boundary layer®’, WRF single-
moment 6-class (WSM6) for microphysics®®, and Kain-Fritsch for convec-
tion®, These parameterizations were selected since they are currently the
only ones compatible with the moisture tracking tool*>. For a validation of
the model results, please see Supplementary Fig. 6.

Eulerian-online moisture tracking technique

The modified WRF model for moisture tracking is named WRF-WVTs and
has been validated in depth®. Since the moisture tagging tool is coupled
to a continuously updated mesoscale atmospheric model, this method
incorporates the most advanced knowledge of the physical processes to
which atmospheric humidity is subject*2.

npj Climate and Atmospheric Science (2022) 9
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The technique is similar to the release of a dye into a liquid, which allows
the movement of a portion of it to be traced. Continuing with this analogy,
in our case, the dye would be applied to each water vapour molecule
departing from a certain region of interest, so that they can be
distinguished from molecules coming from other sources. Finally, when
water vapour condenses and precipitates, one can know the precipitation
fraction associated with the dyed molecules, i.e., the fraction coming from
the region of interest.

Mathematically, the technique is based on the prognostic equation for
moisture:

9qy, 2 <<’9qn> (3%) (aqn>
=-V-Vq, +vq- Vg, + + + )
ot d ot BL ot Microphysics ot Convection
m

Where g, refers to the different moisture species considered (water
vapour, cloud water, rain water, snow, ice, and graupel). The WRF
atmospheric model is modified so that Eq. (1) is replicated, but in this case,
the source term due to evaporation (which is considered in the third term
on the right-hand side, i.e,, in the boundary layer parameterization) is
nullified outside of the moisture source region of interest. Therefore, the
new equations will prognose tracer moisture, coming from the source of
interest. The fields in Fig. 4 are thus obtained by vertically integrating the
tracer moisture as follows:

1 o
TPW = — t -d 2
Pg/ps q(p) - dp, @
Where TPW is the tracer precipitable water, tq is the tracer moisture (sum
of the six species), p is the atmospheric pressure and p and g are the water
density and gravitational acceleration, respectively.

The equations for total moisture and tracer moisture, which are in
Eulerian form, must be solved simultaneously, i.e., online, the reason being
that the tracer moisture evolution is subject to the total amount of
moisture. For example, the phase changes for tracer moisture must be
calculated as a function (proportionally) of the phase changes of the total
moisture, and never separately. Finally, the moisture deposition schemes
are also replicated to determine the amount of rainfall associated with the
tracer moisture, namely the tracer precipitation (TP).

To calculate the precipitation fractions from each analyzed source (Figs.
1¢, d and 2), the Mediterranean study region was divided into 7 subregions
(see Supplementary Fig. 5). For the calculation of the fractions in a given
EPE, only those subregions affected by the event were considered, i.e.,
those where the established precipitation threshold was exceeded. For
example, if an event affects regions 1 and 3, the precipitation fractions (PF)
would be calculated as:

ZijemTPf'(J + ZiJeR3TP:'(J
2ijertPij T 2ijersPi

Where Pj; is the total amount of precipitation accumulated at a given grid
point (i, j), TPf‘_j is precipitation coming from the “k” moisture source, and
i,j € R1 refers to the model grid points in region 1 and i,j € R3 the
model grid points in region 3. The precipitable water and water vapour
fractions in Fig. 3 would be calculated in the same way as the precipitation
fractions.

In Eg. (2) “k" ranges from 1 to 12, since 12 different sources were
analyzed. The choice of sources was based primarily on the fact that we
were interested in distinguishing between: (1) local and remote, (2) tropical
and non-tropical, (3) marine and continental. The sources in the interior of
the domain (Fig. 1b) are all of type 2D, i.e, they are used to track the
evaporated moisture on them. However, the two sources at the northern
and southern end of the domain (AR and SH in Fig. 1b) are of type 3D. This
type of source is used to track all the moisture contained in them at any
vertical level. In our case, these two 3D sources were selected to track all
moisture entering from the northern and southern edge of the domain, i.e.,
that coming from the Arctic region or the Southern Hemisphere. Thus, this
source configuration takes into account all possible moisture sources.

PRk = 3

ENSO correlations

We performed a correlation analysis between precipitation fractions from
the Atlantic Ocean and Pacific Ocean and the El Nifio 3.4 index®. The
objective was to check whether in EPEs occurred during the positive ENSO
phase, moisture contributions from the Atlantic or the Pacific are higher.
For this purpose, Pearson correlation coefficients, which measure the linear
relationship between precipitation fractions and the El Nifo 3.4 index,
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were calculated. The statistical significance of this linear relationship is
computed from a two-tailed t-test.

DATA AVAILABILITY

The precipitation fractions from each of the sources for the 160 simulated events can
be found in the attached CSV file as supplementary material. All other data generated
during the current study are available on request from D.I.C.

CODE AVAILABILITY

The WRF-WVTs model code is freely available for download at https://github.com/
damianinsua/WRF-WVTs.
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