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The Mediterranean region is particularly exposed to heavy precipitation and flash flooding. Every autumn the
region is affected by these weather-related hazards, frequently with immense costly and deadly consequences.
What makes an already potentially damaging period in terms of heavy precipitation, even more intense? This is

Mediterranean . the underlying question in this study, in which the atmosphere and the ocean conditions in October 2018 are
Large-scale conditions . . . . . s i e -
ST examined to identify anomalies favoring this intensification. Furthermore, the model representativity of the over-

averaged precipitation period and underlying anomalies is analyzed across scales using climatological, seasonal,
and event-based COSMO high-resolution model simulations.

Our investigation shows that October-2018, in the context of the climatological series from 1982 to 2018,
could be marked as an unprecedented period because of the presence of intense and numerous low-pressure
systems. Additionally, atmospheric moisture values placed this time above the climatological average, mainly
for the high percentiles of the TCWV hourly anomalies. Specific humidity showed similar behaviour as TCWV
except for pressure levels lower than 700 hPa, probably in relation to the evolution of the former Hurricane
Leslie. The atmosphere-ocean interaction presented combined strong sea surface temperature (SST) and evap-
oration anomalies. April to October SST clearly exceeds climatological values while October-2018 presents both
strong monthly anomaly and intense evaporation peaks preceding the most intense precipitation events. These
large-scale features’ anomalies were in general well captured by the high-resolution regional climate model
simulations at climatic and seasonal scales leading to an accurate representation of accumulated precipitation for
the October period. However, the numerical weather prediction simulations on an event scale revealed low
predictability, in agreement with former investigations, due to differences at the location and intensity of the cut-
off lows and particularly at the atmospheric moisture field.

The conclusions of this study show that it is not the most extreme period in terms of single anomalies which
lead to extreme wet seasons, but the synergy of atmospheric and oceanic anomaly conditions with a constant
interplay which made Autumn/October 2018 an extreme season/month.

High-resolution modelling

1. Introduction floods. These events are characterized by their virulence and devastating

socioeconomic impacts (Dobrovicova et al., 2015; Kron et al., 2019).

The western Mediterranean region (WMed) is frequently affected by
heavy precipitation events (HPE) and flash flooding (Ferretti et al.,
2000; Delrieu et al., 2005; Nuissier et al., 2011; Buzzi et al., 2014;
Khodayar et al., 2021), especially during the autumn season. The
densely populated coastal areas and the geomorphological characteris-
tics of the region including a steep orography surrounding the WMed
favour the mostly convective nature (Llasat et al., 2010) of HPEs in the
region. The presence of small catchments promotes and aggravate flash

In addition to the presence of a favourable large-scale situation and
low-level convergence (Homar et al., 2002; Romero et al., 1999; Mar-
tinez et al., 2008; Nuissier et al., 2011; Michaelides et al., 2018), the
genesis of convection has been related to the moisture concentration and
orography in the area (Pastor et al., 2010; Ehmele et al., 2015; Khodayar
et al., 2018a). The warm Mediterranean Sea acts as a heat and moisture
reservoir during late summer and early autumn (Pastor et al., 2001,
2015, 2018, 2020) from where low-level jets transport moisture and
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instability towards the HPE areas (Duffourg and Ducrocq, 2011; Ricard
et al., 2012; Khodayar et al., 2018b).

HPEs in the WMed concentrate in the months of September, October,
and November (SON) with 75% of the major episodes occurring in this
period (Insua-Costa et al., 2021). Hence, autumn months can be
considered as the “extreme precipitation season” in the region. The high
intensity of these periods could be a consequence of individual
outstanding extreme precipitation events, the accumulated precipitation
from multiple lower-intensity precipitation events, or a combination of
both factors. The conditions leading to extreme wet seasons are still far
from being completely understood in terms of underlying mechanisms
and socio-economic impacts. Some recent research activities have been
devoted to improving the understanding in terms of rainy seasons (e.g.,
Flaounas et al., 2021), demonstrating the complex interconnection be-
tween seasonal precipitation and synoptic-scale weather patterns,
pointing out cyclones and warm conveyor belts as significant contribu-
tors to extreme wet seasons in most regions of the globe. In general,
these investigations focus on a global scale and look into the responsible
large-scale weather systems.

Different studies conducted in the last year’s show an intensification
of the water cycle at a global level. Durack et al. (2012) described the
“rich get richer” mechanism explaining the intensification of the global
water cycle from 1950 to 2000. This intensification was also described
by Skliris et al. (2016) from observational data and climate projections.
At a regional level, Mariotti (2010) identified an increase in evaporation
in the Mediterranean since the mid-1970s primarily driven by SST in-
crease. These trends in evaporation and SST could be a reason to drive
the environmental conditions in the Mediterranean to be more prone to
the development of HPE/extreme events in the context of climate
change in the long term. But these feedback/intensification mechanisms
present on the water cycle could also be part of shorter time scales
leading to extreme precipitation seasons at regional scales. Thus, the
accurate knowledge of the mechanisms behind these intense precipita-
tion periods is of pivotal importance for better forecasting HPEs and to
prevent their future potential damages. This is particularly relevant in a
changing climate, in which future scenarios for the north-western
Mediterranean (NWMed) project increased number and intensity of
HPEs (Scoccimarro et al., 2016; Llasat, 2021; Tramblay and Somot,
2018).

This investigation intends to bring an insight into the atmospheric
conditions and associated anomalies leading to the over-damaging wet
autumn season of 2018 in the NWMed. In this period, Spain (Lor-
enzo-Lacruz et al., 2019), France (Caumont et al., 2021) and Italy
(Davolio et al., 2020) were remarkably affected with devastating con-
sequences, both from the economical point of view as well as the number
of fatalities (Paprotny et al., 2018; Swiss, 2020). Furthermore, the model
representativity of the intense rainy period is assessed across scales, at
climatic, seasonal, and sub-seasonal, using high-resolution COSMO
model simulations (Doms et al., 2013; Baldauf et al., 2011).

This study is structured as follows: Section 2 describes the data used
and the methodology applied. Section 3 describes the autumn season of
2018 in terms of precipitation activity and Section 4 discusses the results
focusing on the synoptic conditions, the atmospheric water vapour
distribution and the SST and associated evaporation. Section 5 examines
the model representativity across scales and conclusions are presented in
Section 6.

2. Data and methods
2.1. Observations

2.1.1. CMORPH

CMORPH (Joyce et al., 2004) is a precipitation product produced at
the Climate Prediction Center (CPC) throughout the Morphing Tech-
nique which uses passive microwave observations from low Earth orbit
satellites and infrared data, subject to a bias correction with rain gauge
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measurements from the CPC over land and observations from the Global
Precipitation Climatology Project (GPCP) over the ocean. Precipitation
estimates are derived at a horizontal resolution of 8 km at the Equator
and at a 30-min temporal resolution, covering the period from January
1998 to present at a global scale. In this study, precipitation estimates
were downloaded for the period 2000-2019.

2.1.2. ERA5

ERAS5 (Hersbach et al., 2020) is a comprehensive global reanalysis
dataset, from 1979 to near real-time, which assimilates as many obser-
vations as possible in the upper air and near-surface. ERA5 reanalysis of
the global weather and climate has been developed by the European
Centre for Medium-range Weather Forecasting (ECMWF) under the
auspices of EU-funded Copernicus Climate Change Service (C3S). For the
present study, hourly geopotential and specific humidity data on pres-
sure levels, as well as total column water vapour data, from 1982 to
2018 were accessed in the Meteorological Archival and Retrieval System
(MARS) through the C3S Climate Data Store (CDS) facility (https://cds.
climate.copernicus.eu/). The regular latitude-longitude grid (0.25° for
the high-resolution deterministic reanalysis) on 37 pressure levels was
selected, an interpolation post-processing conversion from the native
reduced-Gaussian grid directly provided by the CDS facility. No-gaps
consistent data could be collected for an extensive area, EU
(21.5N-62.5N, 45.0W-40.0E), in order to obtain a coherent represen-
tation of our regional system.

2.1.3. Sea surface temperature and ocean evaporation

For the study of sea surface temperature, we have used data from the
National Centers for Environmental Information. 2020. Daily L4 Opti-
mally Interpolated SST (OISST) In situ and AVHRR Analysis Version 2.0
PO.DAAC, dataset accessed 2021-02-01 at https://doi.org/10.5067/GH
AAO-4BCO02 (Reynolds et al., 2007). AVHRR_Ol is a blended SST data set
covering the Mediterranean region with a smoothed and complete field
at 0.25° spatial resolution with daily data available from September
1981 up to the present. Extensive information and descriptions of the
data set can be found in Banzon et al. (2016) wherein the authors state
its suitability for climate analysis.

In the case of evaporation, we have used the Objectively Analyzed
air-sea Fluxes (OAFlux) for the Global Oceans project data set (Yu and
Weller, 2007). This dataset provides data for different air-sea fluxes and
variables from which we have selected moisture flux (ocean evapora-
tion). OAFLUX data covers the entire globe with 1° spatial resolution
and offers monthly data from 1958 to 2018 and daily data since 1985. In
our study, we have used monthly data as our intention was to produce a
long enough climatology of evaporation in the Mediterranean region.

2.2. Modelling: COSMO and COSMO-CLM

The simulations used in this study are performed with the non-
hydrostatic Consortium for Small-Scale Modeling (COSMO) model (e.
g., Doms et al., 2013; Baldauf et al., 2011) in version 5.0. Three different
types of simulations are done: a climatological run (CLIM) covering the
years 1999-2018 (the first year 1999 is treated as spin-up), a seasonal
run (SS) covering the period from September 1 to October 31, 2018, and
event simulations (EV) for each of the investigated episodes covering
only a short time frame from hours to few days (Table 1). The clima-
tological and seasonal simulations are run in the climate mode of the
COSMO model (COSMO-CLM) using the CLM version 15 (e.g., Rockel
et al., 2008). The episodic simulations are run in NWP mode (numerical
weather prediction). While in NWP mode the slow-changing variables
like SST, plant cover, and others are kept constant over the simulation
period, they are updated regularly in COSMO-CLM.

For all three simulation types, a 7 km and a 2.8 km horizontal res-
olution were used. The 7 km runs are forced using hourly ERA5 rean-
alysis data. The simulation domain covers Western and Central Europe
and a large area of the North Atlantic (Fig. 1). Both shallow and deep
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Table 1
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Model characteristics (Part 1) of the long-term climate run (CLIM), the seasonal simulations (SS), and the episodic simulations (EV) performed with the COSMO model.
CLIM and SS are run in climate mode (COSMO-CLM), while EV 1-3 are run in NWP mode.

Simulation Resolution Initial & Start-end of the simulation period Duration Latitude range, Vertical levels Integration time step
Boundary Longitude range
Conditions
CLIM 0.0625° ERA5 01/01/1999 20y 25.9°N - 61.1°N 50 60 s
~7 km 00 UTC 32.8°W - 36.3°E
0.025° CLIM 7 km - 33.0°N - 46.9°N 60 20's
~2.8 km 01/01/2019 14.4°W - 6.1°E
00 UTC
SS 0.0625° ERA5 01/09/2018 00 UTC 61d 19.5°N - 59.9°N 50 60 s
~7 km - 50.6°W - 37.0°E
0.025° SS 7 km 01/11/2018 00 UTC 31.5°N - 50.0°N 60 20s
~2.8 km 16.0°W - 21.9°E
EV1-MALL (ES) 0.0625° ERA5 08/10/2018 18 UTC 36 h 21.3°N - 58.8°N 50 60 s
~7 km - 48.7°W - 34.8°E
0.025° EV1-MALL 10/10/2018 06 UTC 31.5°N - 50.0°N 60 20s
~2.8 km 7 km 16.0°W - 21.9°E
EV2-AUD (FR) 0.0625° ERA5 13/10/2018 18 UTC 48 h 21.3°N - 58.8°N 50 60 s
~7 km - 48.7°W - 34.8°E
0.025° EV1-AUD 15/10/2018 18 UTC 31.5°N - 50.0°N 60 20s
~2.8 km 7 km 16.0°W - 21.9°E
EV3-VAIA (NI) 0.0625° ERA5 26/10/2018 06 UTC 114 h 21.3°N - 58.8°N 50 60 s
~7 km - 48.7°W - 34.8°E
0.025° EV1-VAIA 31/10/2018 00 UTC 31.5°N - 50.0°N 60 20's
~2.8 km 7 km 16.0°W - 21.9°E
o
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Fig. 1. Simulation domains for the 7 km (reddish) and 2.8 km (blueish) COSMO simulations.

convection are parameterized using the convection scheme of Tiedtke
(1989). The 7 km runs are then used as forcing for the 2.8 km simula-
tions. The simulation domain of the 2.8 km simulations mainly covers
the Iberian Peninsula and the western Mediterranean region. Only
shallow convection is parameterized in this case with the Tiedtke (1989)
scheme. An overview of the model setup, physics, and parametrizations
is given in Tables 1 and 2. In all cases, no further data assimilation was
applied.

For the episodic simulations, the simulation periods are selected
based on hourly observed CMORPH precipitation (Joyce et al., 2004)
spatially averaged over the investigation domains of the corresponding
event. First, the timing of the maximum precipitation (peak) is extrac-
ted. Second, we look for the point in time when the precipitation starts to
increase towards this peak (reference point RP1) and also for the time
when the decrease after the precipitating peak ends (reference point
RP2). In the case of multiple peaks within 24 h, the last peak is used to
estimate RP2. The starting point of the simulation then is 18h prior to

RP1 to have a spin-up of 6h followed by 12h of simulation time almost
unaffected by boundary effects. With respect to a possible shift in time of
the simulated precipitation event, the ending of the simulation is 6h
after RP2 (Table 1). Doing so, there should be enough buffer to fully
capture the events.

The single events investigated affect in particular the Balearic island
of Palma de Mallorca in Spain on the 9 to 10 October 2018 (EV1(event):
MALL, ES), the Aude region in France on the 14 to 15 October 2018
(EV2:AUD, FR), and north and north-eastern Italy on the 27 to 29
October 2018 (EV3:Vaia, NI).

2.3. Methodology

To assess the precipitation conditions during the autumn season and
particularly the October period of 2008, the climatological anomaly was
calculated using 90-60-30 day windows using ERA5 precipitation ob-
servations for the whole period under investigation. Following Flaounas
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Table 2
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Model characteristics (Part 2) of the long-term climate run (CLIM), the seasonal simulations (SS), and the episodic simulations (EV) performed with the COSMO model.
CLIM and SS are run in climate mode (COSMO-CLM), while EV1-3 are run in NWP mode.

Simulation ~ Resolution  Convective PBL scheme Radiative scheme Microphysical scheme Soil scheme
scheme
CLIM 0.0625° Deep and second-order TKE closure at Ritter and Geleyn (1992): Cloud water condensation and TERRA-ML (
~7 km shallow ( hierarchy level 2.0 (Mellor and delta-two-stream radiation evaporation by saturation Jacobsen and
Tiedtke, Yamada, 1974). Prandtl-layer: scheme; short and longwave adjustment. Precipitation formation Heise, 1982;
1989) stability and roughness- length fluxes (employing eight spectral by a bulk microphysics Doms et al.,
0.025° Only shallow ( dependent surface flux intervals); full cloud-radiation parameterization including water 2013)
~2.8 km Tiedtke, formulation (Louis, 1979) feedback. vapour, cloud water, cloud ice, rain
1989) and snow with 3D transport for the
SS 0.0625° Deep and precipitating phases (Doms et al.,
~7 km shallow ( 2013).
Tiedtke,
1989)
0.025° Only shallow (
~2.8 km Tiedtke,
1989)
EV1-3 0.0625° Deep and
~7 km shallow (
Tiedtke,
1989)
0.025° Only shallow (
~2.8 km Tiedtke,
1989)

et al. (2021), an extreme wet season stands for the 90-days period with
the largest accumulated precipitation in the last 40 years, whereas a
secondary extreme season is the 90-days period that exhibits at least
90% of accumulated precipitation of the primary extreme season.

The large-scale synoptic situation and the atmospheric water vapour
content as well as the SST and associated evaporation are investigated to
assess the atmospheric and Mediterranean Sea conditions and to identify
possible anomalous behaviour during October 2018.

Synoptic conditions involved during October 2018 were investigated
and put in correlation to the historic rest of the 1982-2018 Octobers.
Specifically, geopotential heights, downloaded through the C3S-CDS
facility (Hersbach et al., 2018), for ERA5 hourly data, on different
pressure levels (300, 500, 700, 850, 950 and 1000 hPa) at 0.25° spatial
resolution were investigated. A percentile analysis was performed on
each dataset that featured a whole month of geopotential heights for
each of the 0.25° grid points. As a result, for each of the pressure levels,

21 percentile maps were obtained for each of the 37-year Octobers: one
map for each geopotential percentile ranging from 0™ to 100th in 5th
steps. 2D distributions of climatological means for each of the geo-
potential percentiles were obtained through the average of the
1982-2018 Octobers at 0.25° spatial resolution. In this manner, quan-
tification of the anomalies was performed by subtracting each climato-
logical mean distribution from its corresponding geopotential percentile
map. In the particular case of these geopotential maps, a large region of
interest (ROI) was defined (EU: 21.5N-62.5N, 45.0W-40.0E). In addi-
tion, different ROIs have been further defined in relation to other at-
mospheric variables: total column water vapour, SST and evaporation
fluxes’ calculations (Fig. 2).

As HPEs must be fuelled with atmospheric water vapour available,
total column water vapour (TCWV) fields from the ERA5 hourly dataset
were also considered for the analysis. These fields were transformed into
probability density functions (PDF) as TCWV frequency distributions for

50°N-  Area
[ AUD
MALL
VAIA
WMED
e Var
[ ssT
Wy
[] PRECIP
40°N
35°N
30°N

Fig. 2. Analysis areas for SST and evaporation (solid lines), total column water vapour (dashed lines) and CMORPH precipitation (shadowed boxes) covering WMed

and the HPE events’ areas in October 2018.
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different ROIs, considered as the atmospheric moisture recharge areas
for each of the precipitation events that took place during October 2018.
All these ROIs, besides containing the 3 localizations of the main pre-
cipitation events during the October 2018 period, take into account a
large sea area where moist air masses develop: EV-MALL (ES):
40.5N-37.5N, 1.0E-5.0E; EV-AUD (FR): 43.75N-39.5N, 2.5E-8.0E; and
EV-VAIA (NI): 46.5N-34.5N, 8.0E-19.0E (Fig. 2).

Considering each of the ROIs, for each of the 1982-2018 Octobers
containing hourly TCWYV fields, a PDF can be estimated, and the average
of the outcome series of PDFs over the 1982-2018 period be considered
as the climatological average PDF for the whole 37-year period. In a
similar way as anomalies are calculated, a PDF difference between the
distribution associated to October-2018 and the climatological average
will provide information on TCWV extremes for that month and specific
ROL Furthermore, for the examination of the SST and the evaporation
fluxes using satellite data new ROIs are defined (Fig. 2). This is to
consider the contribution of water vapour to the atmosphere from the
areas near the precipitation localization, avoiding those areas not
directly intervening in the HPE, also the moisture recharge of the air
mass along its path over the sea for at least 48 h prior to the precipitation
event. To this end, air mass near-surface trajectories have been
computed with HYSPLIT (not shown).

3. October 2018 and the “Mallorca”, “Aude” and “Vaia” events

The CMORPH 2018 October accumulated precipitation anomaly
against the 2000 to 2019 climatology presents monthly precipitation
well above the corresponding climatology for most of the western
Mediterranean region (Fig. 3a). Specifically, anomalies are observed
along the northern coast of the western Mediterranean, from the Gulf of

CMORPH, precipitation anomaly (Oct. 2018, 2000-2019)

Accumulated precipitation anomaly (mm)
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Fig. 3. (a) Spatial distribution of the precipitation anomaly for October 2018
with respect to the 2000-2019 CMORPH climatological values in the WMed.
Black boxes locate the investigation domain for each event. (b) Climatological
temporal anomaly (“wet month 30 day moving window™) for the 95th
percentile using CMORPH observations within the WMed.
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Valencia to the Gulf of Genoa, as well as in northern and southern Italy,
with precipitation accumulations between 100 and 300 mm above the
climatological monthly mean. This indicates that October of 2018 could
be identified as an extreme wet month with a monthly average value of
24 mm above the climatological mean for the 95th percentile (Fig. 3b).
Besides, anomalies exceed 30 mm in the last two weeks of the month
highlighting the importance of the extreme precipitation events that
occurred during this period.

Individual outstanding extreme precipitation events characterize the
period affecting the WMed. Among them, three periods stand out
because of the intensity of precipitation and the damage inflicted in the
affected areas. These cases affect in particular the Balearic island of
Palma de Mallorca in Spain on the 9 to 10 October 2018 (EV1:MALL),
the Aude region in France on the 14 to 15 October 2018 (EV2:AUD), and
north and north-eastern Italy on the 27 to 29 October 2018 (EV3:VAIA).
These events have been individually described in detail in the literature,
nevertheless, a brief description is given in the following.

Torrential rain during the afternoon of October 9th, 2018, in the
north-east of Mallorca island resulted in flash floods leading to 13 fa-
talities and severe economic damage (Lorenzo-Lacruz et al., 2019). A
cut-off low centered to the east of the Iberian Peninsula, and a weak
easterly flow over the western Mediterranean Sea characterized the
synoptic scale and low-level atmosphere during this episode. Convective
cells initiated over the sea to the east of the island and penetrated
Mallorca successively resulting in heavy and persistent rain. Precipita-
tion records over 200 mm were measured at several stations with most
of the precipitation registering between 16:00 and 22:00 LT. The oper-
ational forecasting tools and services were in this case unable to predict
the devastating situation showing a remarkable underestimation of
accumulated precipitation in the affected region.

On 14 and 15 October, the Aude watershed in south-western France
was affected by heavy precipitation leading to severe flash flooding
(Caumont et al., 2021). Up to about 300 mm of rain in 11 h were pro-
duced by a back-building quasi-stationary mesoscale convective system.
This was a “typical” Mediterranean HPE following a classic synoptic
situation, in which the former Hurricane Leslie was involved in the
formation of a Mediterranean surface low. The presence of a former
hurricane and the positive Mediterranean SST anomaly were shown to
contribute to the severity of the case (Mandement and Caumont., 2021).
The event showed limited predictability given the small size of the
watersheds affected.

On 27-29 October, a very intense precipitation and windstorm event
affected the eastern Italian Alps (Giovannini et al., 2021). Up to 850 mm
accumulated in the three days period of the event. On the synoptic scale
a trough over the eastern Atlantic extending to France and Spain char-
acterized the situation, while at the surface a wide cyclonic area over the
WMed moved towards northwestern Italy. This event was well predicted
regarding the well-defined large-scale forcing, also the complex local
scale features. However, total precipitation amounts were significantly
underestimated.

4. Atmospheric and Oceanic anomalies in the western
Mediterranean for the October 2018 conditions

4.1. Synoptic situation and atmospheric water vapour content

Synoptic conditions leading to extreme precipitation at coastal lo-
cations in the western Mediterranean are mostly characterized by upper-
level cut-off lows filled with cold air that can remain nearly stationary
for days or even move westward opposite to the general flow (Ferreira,
2021). During October 2018, several cut-off cyclones travelled
throughout the Mediterranean region. On October 7, a cut-off depres-
sion emerged from a sharp mid-tropospheric trough offshore the west
coast of France and moved southwest quickly. It centered at the east of
the Iberian Peninsula on October 9, producing heavy precipitation on its
easterly flank, especially at the south-eastern part of Mallorca Island. As
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soon as the depression moved westward, it was re-included in the
upper-level main flow in the afternoon of October 10. On October 13,
extratropical cyclone Leslie impacted Portuguese coasts, pulled by an
Atlantic sharp trough, with its remnant core crossing the Gulf of Biscay.
The strong associated vorticity led upper-level cold air to be advected
over the Balearic Sea south of the Pyrenees. Additionally, a long airmass
tail associated with extratropical cyclone Leslie could be identified to be
incorporated over the Balearic Sea through the Gibraltar Strait and
Alboran sea. The heaviest precipitation occurred during the night from
October 14 to 15 in southern France, while the cold depression moved
southeast into the WMed. On October 18, a new upper-level cut-off low
formed from an Atlantic trough and positioned quickly to the Strait of
Gibraltar, creating a wide easterly flow at the Mediterranean region,
resulting in heavy and prolonged precipitation leading to an HPE
episode in the eastern coast of the Iberian Peninsula. The cut-off
depression extended over the Gulf of Cadiz, moving westward first
and then northwest to the southern coasts of Portugal on October 20 and
finally leading to an extreme precipitation event on October 21 at Ma-
laga province in the south of Spain. In the evening of October 27, a broad
trough developed towards the south reaching the entire Iberian Penin-
sula, even further to northern Africa. On its easterly flank, cyclogenesis
formed a deep low in the Gulf of Genoa for the next 2-3 days, after
which, it moved northward advecting copiously moist air masses over
the Northern Italy region and producing two heavy and consecutive
precipitation events.

From a descriptive approach using ERA5 information, October 2018
was characterized by many low-pressure air masses that detached from
the northern zonal circulation and affected the Western Mediterranean
region. The 5th and 95th 300 hPa geopotential percentile anomalies are
provided in Fig. 4 for October 2018 as a 2D-map centered at the Iberian
Peninsula (additional Figure Al provided in the Appendix for the 500
hPa level). Although not shown, it was recognised that 300 hPa pressure
level better captured the geopotential anomaly differences in our region
of interest. Geopotential negative anomalies for the 5th percentile are
observed for the whole Iberian Peninsula and part of the Western
Mediterranean, denoting an anomalous low-pressure synoptic condition

o, A8

5th percentile

300hPa geopotential anomaly

<= | | g
/ -3000 -2000 -1000 0 1000 2000 3000

Fig. 4. Spatial distribution of the 300 hPa geopotential anomalies (in m?s~2)
for the 5th and 95th percentiles at 0.25° latitude/longitude resolution centered
at the Iberian Peninsula for October 2018, each based on their respective
climatological percentile mean for the period 1982-2018.
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for October 2018. Additionally, the 2D-spatial distribution associated
with the 95th percentile shows no anomalies at the Iberian Peninsula
region, but positive anomalies at high latitude regions, indicating an
above normal high-pressure temporary condition at that zonal region.

At a defined ROI centered at the Iberian Peninsula (IP: 34.5N—44.5N,
10.0W-5.0E), spatial averages of anomaly scores and climatological
means were estimated for each ith 300 hPa geopotential percentile. The
ratio of both spatial averages provided a percentage value of the
anomaly for the ROI in question. Fig. 5 contains these anomaly per-
centages as a heatmap, where red cells associated with the lowest geo-
potential percentiles can be related to monthly synoptic situations that
are relatively dominated by blocking highs over the region of interest IP,
i.e., atmospheric anticyclonic fields that block or divert the common
path of cyclones and troughs towards the Iberian Peninsula for this time
of the year. On the contrary, blue cells associated with the lowest geo-
potential percentiles can be connected to more abundant than usual cut-
off lows that mostly emerge from an Atlantic trough and make their way
to the Iberian Peninsula. As a general rule, the more positive (negative)
these anomaly percentages associated with the lowest percentiles, the
greater the number and intensity of the blocking highs (cut-off lows)
above normal. As seen from the heatmap, October 2018 shows the
greatest number and deepest detached lows for the climatological period
considered, reaching the anomaly percentage negative values around
3% and 2.4% for the 0™ and 5th 300 hPa geopotential percentiles,
respectively. These values conformed to an unprecedented situation not
found previously in the climatological period from 1982 to 2018. The
second October in the ranking of negative anomaly percentages corre-
sponded to 2008, for which extreme precipitation conditions were also
reported (SAIH, Automatic System of Hydrological Information, http://
saih.chj.es/chj/saih/) at the Mediterranean Iberian Peninsula from
October 9th to 12th.

Furthermore, red cells corresponding to the highest and intermediate
geopotential percentiles can be related to a predominance of high-
pressure air masses over the region of interest IP, that can be trans-
lated into relatively strong anticyclones or persistent and elongated
ridges aloft more frequently than usual. On the contrary, blue cells
corresponding to the intermediate geopotential percentiles can be con-
nected to sustained relatively low atmospheric pressure conditions that
are more frequent than usual, extending as troughs aloft over large areas
of continental Europe. White cells of the heatmap denote geopotential
percentiles that meet the average synoptic conditions represented by the
climatological mean for the period 1982-2018. It is also remarkable
how anomalies linked to the intermediate and highest geopotential

Fig. 5. Heatmap of anomaly percentages (climatological mean normalised
anomalies) for each of the 1982-2018 Octobers, the Iberian Peninsula region
and for a selected set of 300 hPa geopotential percentiles.
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percentiles for October 2018 were irrelevant, indicating typical high
pressure air masses over the Iberian Peninsula for this particular month
of the series.

Total column water vapour (TCWYV) fields from the ERA5 hourly
dataset were also considered to construct PDF time series for the defined
ROIs and for the WMed area. Fig. 6 shows the time series of the TCWV
PDF difference between each of the ROI October-2018 and the clima-
tological average. Positive (negative) values for the PDF difference
denote TCWV values for which October-2018 PDF marks above (under)
the climatological average PDF. This climatological average leads to a
wide-spread distribution shape since it contains a very large number of
heterogeneous air masses for the 37-year period considered. As seen
from the positive values in PDF difference, the smaller (larger) the ROI
size, the narrower (wider) shape of its associated PDF, denoting a more
homogenous (heterogenous) air mass. From the negative values in PDF
difference, an evident wide distribution shape is always observed, dis-
playing the range where the climatological average PDF runs through
the October month, showing at the same time its dependence on the day
of the month (DOM). The figure shows how the frequency of moist air
masses rises before and during each of the HPE at their associated ROIL
with respect to the climatological average. For the whole WMed, moist
air masses are more frequent than the average October, represented by
the broad blue strip that denotes the position for the 37-year climato-
logical average.

In order to analyse hourly anomalies for the TCWV fields in a ROI,
the median of the 37-year climatological average PDF was determined
hourly, since it is not exactly constant throughout the October month
but decreases slowly from the beginning to its end. For each grid point in
the WMed region, hourly anomalies for TCWV were derived by sub-
tracting the obtained median from the hourly TCWV fields. Fig. 7 shows
the resulting statistical analysis as a time series boxplot of these hourly
anomalies for the 1982-2018 Octobers in the WMed region. Some of the
highest and lowest percentiles of the hourly anomalies, as well as their
maximums and minimums for all the Octobers, are also plotted as
whiskers marks. Although not outstanding in the 37-year period,
October 2018 contains a great number of positive hourly anomalies,

WMED
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being their highest percentiles in a high ranking of the October series. It
is remarkable how a positive climatological trend can be encountered
for the high percentiles in the October series, the higher the percentile,
the larger the trend. In contrast, for the low percentiles, a linear
regression of their time series results in a negligible trend. A larger
positive (negligible) trend for the high (low) percentiles may indicate a
37-year period tendency for the moist air masses to become moister and
for the relative dry air masses to stay on the same moisture levels.
Therefore, October 2018 can be considered as a month above the
average for atmospheric moisture content, precisely around 7.3%
(6.5%) moister for its 50th (94th) percentile of the TCWV hourly
anomalies. For each percentile, this anomaly percentage is a normalised
measure of the excess (lack) of moisture above (under) an average, and it
is estimated as the difference between the percentile value and the
average of the October percentiles series normalised by its 37-year-
period TCWV absolute mean value. Large TCWV anomaly percentages
for the highest percentiles of hourly anomalies may be considered as an
additional ingredient for the onset of HPEs.

A similar analysis can be done for the specific humidity (SH) fields
for each of the pressure levels (500, 700, 850, 950 and 1000 hPa) that
were selected, taken each level independent of the other. In this sense,
hourly anomalies for the SH fields associated with each pressure-level
were calculated in relation to their 37-year climatological average
PDF in a similar process as done with the TCWV fields for the WMed
region. Again, a time series boxplot of the hourly anomalies was done for
each of the pressure levels, and a statistical analysis was performed on
the highest and lowest percentiles. Positive climatological trends were
also encountered for the high percentiles in each of the October series, in
a similar way as that found for the TCWV hourly anomalies. SH anomaly
percentages were estimated in a process following the same procedure as
described above. Fig. 8 joins the previously obtained TCWV anomaly
percentages and the currently estimated SH anomaly percentages for
each of the pressure levels that were considered in a line graph for the
October 2018 and WMed region. As seen from the figure, the moistest
pressure level above the average would correspond to the 700 hPa layer,
the anomaly percentages displaying an enlargement as level pressure

Fig. 6. Time series of the differences between prob-
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Fig. 7. Time series boxplot showing main features of the probability density functions associated with total column water vapour hourly anomalies (mean, median,
quartiles, several percentiles and maximum and minimum) for WMed during the Octobers from the 1982-2018 period. Period trends for the different percentiles and
maximum and minimum values are represented as straight lines with their respective slopes (A).
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Fig. 8. For the WMed region, TCWV and SH anomaly percentages obtained for October 2018 for a selected set of pressure levels and some high percentiles. TCWV
anomaly percentages are represented as horizontal lines only for comparison purposes.

increases until attaining their lowest values (negative) at 500 hPa.

4.2. Sea surface temperature and evaporation

Among many other mesoscale features, the Mediterranean Sea plays
an important role in both the water cycle and/or the genesis and
development of HPE events in the Mediterranean region. Fig. 9a shows
the 2018 mean daily WMed SST compared with the 1982-2018 mean
climatology. Western Mediterranean SST in 2018 was clearly above the
climatic mean from most of April until the end of October with espe-
cially high values in August and September when SST values exceeded
the standard deviation values in the basin, probably leading to a huge
energy accumulation in the WMed area. Regarding evaporation, larger
variability for daily values in 2018 than in the case of SST can be seen in
Fig. 9b. It is noticeable the presence of some peak evaporation events in
or around October. Two major evaporation events can be seen during
the last days of September and the start of October that importantly
exceed the standard deviation values, with a significant contribution of
moisture to the atmosphere. Another two smaller but significant events
can be seen during the month while the highest evaporation event
occurred at the end of October, starting on October 25 and with its
maximum on October 30.

The same analysis was run for the HPE events of Aude, Mallorca and
Vaia areas (additional Figures A3, A2, A4 provided in the Appendix). In
all three cases, SST for the studied regions showed the same behaviour of
the WMed basin with values exceeding standard deviation in August and
September and values above climatic mean during October (not shown).
Regarding evaporation in the HPE areas, in all three cases, intense
evaporative events could be seen preceding the precipitation event
period.

To better signal October 2018 “extraordinary” character time series
of monthly anomalies for SST and evaporation in the WMed basin were
computed, shown in Fig. 10. As expected from Fig. 9, August value of
SST anomaly clearly exceeded the 75th percentile while September
2018 shows the highest anomaly for this month in the complete
1982-2018 period. Regarding evaporation anomalies, October 2018
presents a very high positive anomaly also substantially greater than the
75th percentile. To gain perspective of the actual character of October
2018 a composite of SST and evaporation anomalies is shown in Fig. 11.

In Fig. 11 October 2018 is in the warm-wet quadrant, in the same way
as in other October months. While there are years, such as 2014, that
show very high SST anomalies, but no notable anomaly in terms of
evaporation, on the contrary, a year such as 2003 shows a strong posi-
tive evaporation anomaly but an almost neutral SST one. October
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months in years such as 2009, 2011, 2016 and 2018 show a noticeable

combination of high monthly anomalies, although not the highest ones,

for both SST and evaporation.

WMED Evaporation vs SST monthly anomalies 1982-2018
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Fig. 11. Evaporation vs SST monthly anomalies (1982-2018). Each circle de-
notes a month, blue dots represent October for each year in the series. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 10. (a) SST and (b) evaporation 2018 monthly anomalies (red for positive values and blue for negative ones). Light grey box span for the minimum-maximum
values of the anomaly series 1982-2018 and dark grey box stands for the 25th-75th percentile interval. (For interpretation of the references to colour in this figure

legend, the reader is referred to the Web version of this article.)
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5. Model representativity across scales

The model representativity of the October 2018 conditions regarding
accumulated precipitation and previously identified anomalies is
examined at climatic, seasonal, and sub-seasonal scales. The perfor-
mance of the climatic and seasonal suite of simulations well represents
the monthly mean of the accumulated precipitation (Fig. 12a), the
anomaly large-scale conditions, the total column water vapour anomaly
as well as the positive evaporation anomaly (Fig. 13).

Despite a slight underestimation of the accumulated precipitation at
the CLIM simulation, this as well as the SS simulation capture each one
of the extreme precipitation events during October 2018, although with
differences with respect to observations. Differences less than 2%
regarding typical geopotential variations at 500 hPa are identified
(Fig. 13a). Differences between CLIM and ERA5 anomalies as well as SS
and ERAS anomalies for percentile 5th are very similar to percentile
differences regarding magnitude and spatial distribution. Total column
atmospheric moisture anomaly differences between CLIM and SS
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simulations and ERAS are in general less than 10% (Fig. 13b). Both CLIM
and SS simulations reveal, in relation to ERAS5, a slight overestimation
over the WMed, whereas the CLIM simulation is drier over the Atlantic
in comparison with the SS simulation showing a greater anomaly. This
could be in relation to the different representations of former extra-
tropical cyclone Leslie, which enters later from Portugal on the SS
simulation, relevant in terms of its role as supplier of moisture during the
extreme precipitation periods (Mandement and Caumont, 2021). An
increased moisture advection to the Mediterranean region caused by the
interaction of former tropical cyclones was discussed by Pinto et al.
(2013). Monthly mean evaporation from sea surface and anomalies over
the WMed are also well captured in the CLIM and SS simulations
(Fig. 13c). In all model realisations greater evaporation is found over the
WMed and Atlantic Ocean midlatitudes, especially in the SS simulation,
while lower evaporation is located over the Eastern Mediterranean
(Fig. 13c).

The ability of the different model configurations, as expected, gets
weaker when simulating the single HPEs. In general, it is known that

Fig. 12. Daily precipitation (bars) and total accu-
mulated (lines) precipitation during October 2018
over (a) WMed, (b) MALL, (c) AUD and (d) VAIA from

150 CMORPH (observations, blue bars and solid line),
120 CLIM (RCM, red bars and dashed line), SS (seasonal
% RCM, yellow bars and dot-dashed line) and EV (NWP,

purple bars and dotted line) at 2.8 km grid spacing
except CLIM over WMed and VAIA (at 7 km) since the
regions were not included in the innermost domain of
2.8 km. The duration of the corresponding event is
marked by the grey shaded rectangles in the figures.
In all cases a conservative upscaling to the coarser
grid spacing of CMORPH is performed. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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Fig. 13. For October 2018 and 7-km COSMO domains, (a) geopotential anomaly difference at 500 hPa and 5th percentile between CLIM and ERAS (left) and SS and
ERAS (right), (b) mean TCWV anomaly difference between CLIM and ERA5 (left) and SS and ERAS (right), and (c) mean evaporation anomaly difference between

CLIM and OAFLUX (left) and SS and OAFLUX (right).

high-intensity short-duration convective events are in general not well
reproduced by RCMs, despite their relevance, and the performance of
NWP models highly depends on the specific model configuration and
horizontal grid spacing (Khodayar et al., 2016). In this regard, the CLM
and SS simulations (RCM configurations), as well as the event simula-
tions (NWP configuration) capture the intense precipitation periods with
different degrees of accuracy. The EV1-MALL shows very low predict-
ability and is not accurately captured by any of the model simulations
employed (Fig. 12b). This agrees with previous investigations pointing
out the inability of predictive models to foresee this event (Lor-
enzo-Lacruz et al., 2019; Carri6 et al., 2022). EV2-AUD and EV3-VAIA
are better reproduced following the described higher-predictability of
these cases (Caumont et al., 2021; Lorenzo-Lacruz et al., 2019). Even so,
important differences are found between the simulations and the
observed rainfall in these cases (Fig. 12c and d).

On an event scale, the simulations show relevant differences
regarding the state of the atmosphere, which contributes to their general
low predictability. The discrepancies among simulations and reference
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observations depend on the features of each HPE. To illustrate this
analysis, the event showing the worst model representation, EV1-MALL,
and the one with the best representation, EV3-VAIA, are discussed
(Fig. 14). The latter, EV3-VAIA is generated due to a pronounced large-
scale trough that slowly displaces eastward over the WMed generating
an important water vapour advection over northern Italy (Fig. 14, right).
The well-defined large-scale situation is well simulated by all model
configurations. Discrepancies in the geopotential field can be noticed
over the Iberian Peninsula, still far from the extreme precipitation
affected area, in relation to the position of the upper-level low center.
Also, the spatial distribution of daily mean TCWV over the Mediterra-
nean Sea shows a moister environment, in relation to the strong moist
flow towards the Alpine region, on the SS.

CLIM and EV simulations, which contribute to the precipitation
overestimation of model simulations, of the same order, in comparison
to the observations (Fig. 12d).

In contrast, the EV1-MALL is poorly represented in the simulations.
The representations of the synoptic conditions show differences
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resolution domains.

associated with the location and intensity of the cut-off low over
peninsular Spain, close to the Balearic Island, affected by the extreme
event (Fig. 14, left). CLIM and SS simulate a more pronounced depres-
sion at 500 hPa than ERAS, generating a stronger gradient along eastern
Spain, as well as a shift of its center toward west as also observed at the
EV1-MALL simulation. Also, a different TCWV pattern is simulated in
the CLIM and EV simulations suggesting that main water vapour
advection occurs over the Gulf of Lion instead of over Mallorca,
contributing to the underestimation of precipitation in those simula-
tions, oppositely to the SS configuration that seems to capture TCWV
distribution more accurately over the Balearic Islands despite significant
differences in the area between Tunisia and Sicily.

6. Conclusions

In the present study, a comprehensive investigation of the underlying
mechanisms leading to an extreme wet season in a well-known and
recurrent heavy precipitation period for the western Mediterranean re-
gion is presented.

The Mediterranean region, every autumn, suffers heavy precipitation
and flash flooding with catastrophic personal and socio-economic con-
sequences. The autumn season of 2018, and particularly the October
month, was particularly intense in terms of damaging extreme
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precipitation in the region, with millions of Euros and more than 20
personal losses. In this period, numerous heavy precipitation events
affected the WMed, among them three historic extreme precipitation
events defined the period. The first case occurred over the Balearic is-
land of Palma de Mallorca in Spain on the 9 to 10 October 2018 (EV1:
MALL, ES), on the 14 to 15 October, the Aude region in France (EV2:
AUD, FR) was affected, and finally north and north-eastern Italy on the
27 to 29 October 2018 (EV3:Vaia, NI) lived a severe storm with over-
damaging consequences.

In this investigation, the atmosphere and the ocean conditions in
October 2018 are examined to identify large-scale factors, and their
anomalies, contributing to the occurrence of the extreme wet period.
Furthermore, the model representativity of the identified anomalies is
analyzed across scales using climatological, seasonal, and event-based
COSMO high-resolution model simulations.

Our results confirm that the atmosphere over the WMed region
during October 2018 was moister than the nearly 40-year-period
average investigated, practically for all the highest percentiles of total
column atmospheric water vapour and specific humidity hourly anom-
alies up to the 500 hPa level. The observed moistest anomaly was
identified at about 700 hPa, probably in relation to the moistening of the
mid-tropospheric levels by the effect of the former hurricane Leslie
(Caumont et al., 2021). Geopotential anomalies at the 300 and 500 hPa
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levels were also exceptionally negative, indicating a frequent and
over-averaged presence of cut-off lows over the region. Western Medi-
terranean SST was also clearly above the climatic mean from about April
until the end of October. SST values exceeded the standard deviation in
August and September leading to a huge energy accumulation in the
WMed area. In relation to this, the presence of some peak evaporation
events could be identified preceding and during October. In all three
extreme events investigated, intense evaporation preceded the precipi-
tation event period. The joint assessment of the evaporation vs SST
monthly anomalies for the period 1982-2018 showed that October 2018
is not the most extreme period in terms of one or another which led to
extreme wet seasons but the combination of relatively high values of
both.

The relatively low predictability of the events, as pointed out in
previous investigations using NWP configurations, was confirmed in this
study across scales despite the use of high-resolution model simulations,
about 3 km. Climate, seasonal and NWP simulations were confronted
with observations regarding the monthly mean and event characteristics
of the period. Results showed that while the accumulated precipitation
for the October period was well represented by the CLIM and SS simu-
lations, following an accurate representation of the large-scale synoptic
forcing anomalies, the atmospheric water vapour content, and the SST
positive anomaly, on the event scale simulations relevant discrepancies
were identified. Differences at the location and intensity of the cut-off
lows and particularly at the atmospheric moisture field distribution
turned out to be key to obtain an accurate representation of the amount,
timing, and location of the event-based extreme precipitation.

This study provides a comprehensive view of one of the most extreme
precipitation periods in the Western Mediterranean region in the last
decades contributing to better understanding the underlying mecha-
nisms leading to extreme wet seasons and their model representativity.
Findings from this investigation let us conclude that it is the synergetic
occurrence of ocean and atmospheric anomalies, which creates the
favourable environment for an extreme precipitation season defined by
high-intense precipitation events, rather than the single maximum or
extreme anomalies from each one of the investigated factors.

Our results contribute to researchers’ goal of improving the capa-
bility of mesoscale models to better represent extreme precipitation
seasons and events, additionally aiding forecasters to evaluate the
adequate information from other sources when the usual forecasting
tools fail. It will be of great interest to evaluate if the conditions
described in this study are common to all autumn seasons/months
characterized as “extreme seasons/periods”. As such, this will be a
future effort of the authors. Furthermore, key features as the correct
representation of the former hurricane Leslie, in this case in terms of its
contribution to the atmospheric moisture distribution during the study
period, suggests the need to further invest in the assimilation of station
data over land and sea in high-resolution convection permitting models.
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