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v Heavy precipitation is an episode of abnormally high rain or 
snow (95th percentile). The definition of "extreme" is a 
statistical concept that varies depending on location, 
season, and length of the historical record. 

v The mechanisms (perturbation, air mass water content and 
stability, interaction with local forcings, persistence, etc.) 
that generate an heavy/extreme event can be very different 
among different regions. 

v Same amount of heavy/extreme precipitation over different 
areas can lead to different response at ground (in terms of 
floods).

Heavy to extreme precipitation



Global characterization of extremes
Characterization of storms based on physics of rainfall,
deep convection and storm-size influences their global
distribution (based on TRMM radar data).

R) excessive rainfall rates (no truly deep-convection)
[ex. very moist convergent airflows, often exacerbated
by orographic lifting, and increase of near-surface
rainfall rates by the collision-coalescence process. Local
shallow/medium conv. associated to thunderstorms];

H) truly intense convection with intense radar returns
reaching high altitudes (but without excessive rain
rates) [deep-convection; km-10km ordinary cells to
supercells; convection intensity intended as magnitude
of the convective scale vertical velocity in a convective
cell, i.e. max height of 40/45dBz proxy by radars or
lightning rates];

RH) high rainfall rates and intense convection [40/45
dBZ echo exceeding 9/20 km].

The most intense convective cores are almost
exclusively over land, regardless of size.

1000 strongest
2015-2019

Zipser and Liu, 2021, https://doi.org/10.1007/s40641-021-00176-0



Storms with (based on TRMM radar data):
R) excessive rainfall rates (but without truly
intense convection);

H) truly intense convection with intense radar
returns reaching high altitudes (but without
excessive rain rates;

RH) high rainfall rates and intense
convection].

Zipser and Liu, 2021, https://doi.org/10.1007/s40641-021-00176-0

The most intense convective cores are
almost exclusively over land, regardless of
size.

Global characterization of extremes

1000 strongest
2015-2019



Storms with (based on TRMM radar data):
R) excessive rainfall rates (but without truly
intense convection);

H) truly intense convection with intense radar
returns reaching high altitudes (but without
excessive rain rates;

RH) high rainfall rates and intense
convection].

Zipser and Liu, 2021, https://doi.org/10.1007/s40641-021-00176-0

The most intense convective cores are
almost exclusively over land, regardless of
size.

The R-large oceans favored along the mid-
latitude storm tracks à Atmospheric Rivers
are well represented in this category.

Small-R favored over land, no in the deep
tropics.
High-elevation regions are not often
selected;
lower-elevation regions (NAM, EUR, ASIA)
favored and regions bordering the MED-
Sea.

Global characterization of extremes

1000 strongest
2015-2019



Storms with (based on TRMM radar data):
R) excessive rainfall rates (but without truly
intense convection);

H) truly intense convection with intense radar
returns reaching high altitudes (but without
excessive rain rates;

RH) high rainfall rates and intense
convection].

Zipser and Liu, 2021, https://doi.org/10.1007/s40641-021-00176-0

The most intense convective cores are
almost exclusively over land, regardless of
size.

RH-storms favored over land.

C-AFR RH-storms all sizes. 

AUS rare RH-storms.

RH-large a non-negligible percentage are 
found over oceans (small density). 
RH-large strong concentration in the central 
and high plains of NAM. 

From RH-small to RH-large over SAM from 
North to South.

Intense convective events with extreme are found almost exclusively over
continents.
Often associated to severe impacts (tornadoes, large hail, violent winds, or
flooding rains).
They are projected to increase in frequency and intensity under GW.

Global characterization of extremes

1000 strongest
2015-2019



Scales of the convection
Gettelman et al. (2022)
DOI: 10.1126/sciadv.abn3488

Earth's climate system is highly nonlinear and
characterized by a wide range of spatial and temporal
scales

Convection has spatial scales ranging m – 100 km
(storms – MCS) and time scale from min-hour-day (sh-
cum/d-cum/MCS)

how is it modeled?

https://doi.org/10.1126/sciadv.abn3488


Atmospheric convection in numerical models

>10 Km Cumulus schemes

1)Activation à Trigger function 
2)Intensity à Closure Assumptions Vertical 
Distribution à Vertical assigned profile

4-10 km Cumulus schemes still needed

Some assumptions in Cum. Schemes are violated and 
deep convection is insufficiently resolved to be 
modeled explicitly. [Prein et al., 2015]

Advantages: Improvement of early onset of convection; No “drizzle problem”; 
Better represent sub scale (TIME/SPACE) processes/interactions crucial for a realistic 
representation of local climate and extremes;
Reduced uncertainty;
Investigate new insights possibly coming out at these scales in complex topography and/or 
morphology areas.

Drawbacks: Running at km-scale is computationally demanding;
Steeper gradients can induce to numerical instabilities not easily manageable;
(Usually) small domains have to be treated carefully to manage artificial information which 
can possibly derive from “reflections” at domain borders (which also contribute to 
instability).

Skamarock 2004, 
https://doi.org/10.1175/MWR2830.1

Explicit Physics

Sub-grid scale
Physics

<4 km (finer) cumulus scheme switched off (*)CPMs

Why 
• To simulate convective precipitation
• To feedback the large scale as the convection influences  mesoscale dynamics by:

ü changing vertical stability
ü changing and redistributing heat and moisture
ü affecting surface heating and radiation trough clouds

10.22541/essoar.168987136.64498273/v1

(*) To resolve
the entrainment
processes and
turbulence
within a cloud, a
horizontal grid
spacing finer
than 100–250 m
is generally
required. Also at
km-scale part of
the cumulus
spectrum
remains
unresolved!

https://doi.org/10.1175/MWR2830.1
https://doi.org/10.22541/essoar.168987136.64498273/v1


FPSCONV CPMs added value 

Pichelli et al. (2021) https://doi.org/10.1007/s00382-021-05708-w

Italy SwitzerlandFrance

The Convection-Permitting models (CPM) allow to 
represent the most extreme precipitations laying 
at the tail of a distribution, which is usually missed 
by cumulus-parametrized models.

Autumn Hourly heavy precipitation (p99.9) 1996-2005

Observations CPMs 3km RCMs 12km
Diurnal cycle of summer precipitation – Switzerland 2000-2009

Ban et al. (2021) https://doi.org/10.1007/s00382-021-05708-w

Review in: Lucas-Picher et al. (2021)  https://doi.org/10.1002/wcc.731

IntensityFrequency

Fair result for 
the wrong reason!!
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Mean
SON  1996-2005

https://doi.org/10.1007/s00382-021-05708-w
https://doi.org/10.1007/s00382-021-05708-w
https://doi.org/10.1002/wcc.731


A measure for the Added Value (AV): pr
Ciarlo et al. (2021) https://doi.org/10.1007/s00382-020-05400-5

A new spatially distributed added value index for regional climate models

1 3

(Gutowski et al. 2016). The choice of precipitation is due 
to the availability of high-resolution observation data in 
Europe and the rest of the world, and to be able to compare 
with past studies (Torma 2015; Giorgi et al. 2016; Prein 
et al. 2016; Fantini et al. 2018). Moreover, precipitation is 
strongly a"ected by topography and by fine-scale spatial and 
temporal processes, and thus downscaling can be especially 
useful in improving its simulation.

Quantification of the added value for a present-day simu-
lation can be a relatively straightforward task if appropriate 
observations are available, but it is difficult to quantify the 
existence of added value in a future climate simulation. A 
novel way we propose to assess the potential for added value 
in climate change signals, is through the use of the same 
metric as for the present-day simulations but applied to the 
RCM and GCM change signals. This allows us to identify 
when and where the change signals diverge and how dif-
ferent they are (Giorgi et al. 2016). If these di"erences are 
shown to be large over the same locations where an added 
value was proven in the present climate validation exercise, 
then one could assume that the RCM projection could poten-
tially be more accurate compared to the GCM’s. The pro-
posed methods are described in the next section.

2  Materials and methods

We introduce here a new method for quantifying the added 
value of a variable and representing it spatially. This method 
stems from the spatial downscaling signal described by 
Giorgi et al. (2016) and the spatial correlation skill men-
tioned in Rummukainen (2016). Other studies (Kanamitsu 
and DeHaan 2011; Torma 2015; Fantini et al. 2018) use dif-
ferent metrics to describe the di"erence between simulated 
and observed PDFs, however, these are based only on parts 
of the distribution. Instead our method quantifies the added 
value by computing the absolute values of the di"erences 
across the entire PDF distributions, so that these di"erences 
do not cancel each other out. We then apply this method 
at each grid-point of the model domain so that we provide 
information on the spatial distribution of the added value.

For a variable of interest (in this case daily precipitation, 
including dry days), the method requires data from a RCM, 
the driving GCM, and an observation source (OBS; ideally 
of high-resolution) for the same time-period and frequency. 
Once the three datasets are interpolated onto a common 
grid, the PDFs can be calculated in a consistent way so that 
each grid point (for the 3 data-sets) has its own distribu-
tion, resulting in a grid of PDFs (hereafter referred to as 
PDF-grid). In order to ensure a fair comparison, the bin size 
should be identical for each grid point, however the number 
of bins must be independent to properly represent the dif-
ferent PDFs. In this paper, a bin-size of 1 mm/day is used 

in order to resolve high precipitation events in the tail-end 
of the PDFs, since the analysis is focused on wet extremes. 
The calculation of the added value index (see below) obvi-
ously depends on the bin size, and in the “Appendix” we 
present a sensitivity analysis of our results to a range of bin 
sizes. Furthermore, the grid-point maximum necessary for 
the computation of each PDF is taken as the maximum of 
all datasets at that grid point.

The resulting PDF-grid for a model is compared to the 
PDF-grid of the OBS by using the sum of the absolute di"er-
ences between the model (M) and the observation (O) across 
all bin values ( 𝜈t ), divided by the sum of O. Here, we refer to 
this as the Relative Probability Di"erence, D (described in 
Eq. (1); Fig. 1), where N is the number of events in the data-
set for a given bin 𝜈 , and Δ𝜈 is the bin size of the variable. 
This calculation is done for both the RCM and GCM and the 
resulting plots describe the spatial distribution of DM with 
respect to the observations. In this manner, the di"erence 
value DM is a unitless quantity which represents the com-
pounded discrepancies between the distributions. A smaller 
value of DM indicates a better performance by the model.
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Fig. 1  An illustrative plot of the precipitation distribution of a single 
grid point. The lines describe the distribution of a hypothetical model 
and an observation data-set. The shaded area represents the sum of 
the relative probability di"erence between the model and observa-
tions (DM)
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A measure for the Added Value (AV): tasmax
Soares et al. (2022) https://doi.org/10.1007/s00382-022-06593-7
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The CPMs to study storms response to warming climate
Mueller, Pichelli et al. (2023) https://doi.org/10.1007/s00382-023-06901-9

% bias

Mean Area bias −10%

Duration +15% 

Geometric volume +13%

Mean(pr-HPE) +5% 

HPEvol +18% 

HPE p75/p90/p99 +17% 

Severity -20% 



The CPMs to study storms response to warming climate
Mueller, Pichelli et al. (2023) https://doi.org/10.1007/s00382-023-06901-9

End-Century % bias

Mean Area bias +25%

Distance traveled +15

Duration +5% 

Geometric volume +30%

Mean(pr-HPE) +3% 

HPEvol +35% 

HPE p75/p90/p99 +5-10% 

Severity +21% 

Mid-Century % bias

Mean Area bias +10%

Distance traveled +12

Duration +2% 

Geometric volume +17%

Mean(pr-HPE) +1% 

HPEvol +17% 

HPE p75/p90/p99 <+5% 

Severity +10% 



The CPMs to study storms response to warming climate
Mueller, Pichelli et al. (2023) https://doi.org/10.1007/s00382-023-06901-9

HPE 
category

Definition

Sea over sea surface

Land over land surface

Orographic over 1000 m 

Plain below 1000 m

HPE category Definition

Plain Land Land ∩ Plain

Orographic 
Land

Land ∩ 
Orographic

Hybrid both over land 
and sea

Hybrid 
Orographic

Hybrid ∩ 
Orographic

Land Hybrid Land ∪ Hybrid

Hybrid Plain Hybrid ∩ Plain

v Regions around Mediterranean coast and South of the Alps
have larger (area av.) HPE pr à > 80mm/yr

v Prevailing HPE of these regions are Orographic-Land and 
Hybrid-Orographic (>80%). Orographic forcing is key 
ingredient in the region, as well as their interaction with sea 
surface (hybrid!).

v The Julian Alps show the greatest increase of P(HPE) from 100 
to 174 mm/yr

v HPE north-flank of Alps will double their pr at end of Century. 
Hotspot sub-regions



The CPMs to study storms response to warming climate
Mueller, Pichelli et al. (2023) https://doi.org/10.1007/s00382-023-06901-9

v Hybrid-Orographic HPEs are the 
heaviest and most severe in fall (SON), 
with increases in HPVolume by 63% 
and in Severity by 49%.

v Hotspot regions and South Italy (SI) 
have the most intense, severe and 
heavy HPEs, and the greatest changes; 
SI having HPEs 21% more intense, 
105% more heavy, 69% more severe 
and 13% more frequent.

v Across the whole domain (Allover) 
HPEs are most intense JJA (30 mm/h), 
especially over the SEA. Hybrid max 
over Liguria and SI.

v HPE occurrence frequency increases 
in regions north of the Alps by 361% 
and 274% (but less than for the 
hotspot-regions in term of intensity 
and severity).



European domain (12-25 km)

Alps domain

2000-2009

ERA-Interim driven 
sim. at the CP scale

time

Spatio-temporal constraint
DT : the event occurs in the ALP3 domain 

area in the 2000-2009 decade

Pichelli et al. (2021) DOI:10.1007/s00382-021-05657-4

HPE (P99)

North East Italy affected area (D I BERNARDO et 
al. 2003)

https://www.monzatoday.it/cronaca/monza-
alluvione-2002-brianza.html

Severe Impact

JJA

SON Human casualties/injuries
Economical losses

Ecosystem damages

CORDEX-FPSCONV
Coppola et al. (2020) 

DOI: 10.1007/s00382- 018-4521-8

Detection of disastrous storms 
Pichelli et al., 2023 https://doi.org/10.5194/egusphere-egu23-11196

https://link.springer.com/article/10.1007/s00382-021-05657-4


 
Date Region Description Impact Main area

1 Jul. 2009
(23/07/07)

Austria
Bavaria (South Germany)

Cold front inducing severe thunderstorms and hail; 
interaction between the convergence line and the foehn.

60 000 hectare arable lands devastated. Damages 15 Mln Euro. South Germany
8-13.5E 47.5-50

2 Jun. 2009
(22-25/6/09)

Austria
Bavaria (South Germany)

-Convective orographic precipitation induced by persistent large-scale forcing  due to 
a shallow North Atlantic trough.
-354 mm of rain at the Steinholz station. (lower Austria, northern foothills of the 
Eastern Alps); estimated return period of more than 100 years (Godina and Müller 
2009).
-Bavaria: 70mm/day

-Seven districts in lower Austria were already affected. Several rivers (Ybbs, 
Melk, Erlauf, Traisen, Perschling) were flooded.
-Lower Austria 60 Mln Euro claims.
-Bavaria Traunstein affected by the flooding owing to rising tributaries.

13-16E
47.4-48.5/6N

3 Sept. 2007 
(18/09/07 )

Slovenia -Cold front was moving from the west Europe towards the Alps and the prefrontal SW 
moist winds caused quasi-stationary convection over the north-western parts of 
Slovenia;
-Forcings: continuous (12 hrs from 8AM) flow of moist air from SW, strong instability, 
wind shear in the lower troposphere, orographic effects;
-precipitation: 
303 mm/24h or 157 mm/2h

catastrophic flash floods

6 casualties, 60 over 210 municipalities were reporting flood, damages for 
200 Mln Euro

13.8-14.5E
46-46.7N

4 Aug. 2005

(14-23/08/05)

Central and Eastern Europe 
(Austria, Switzerland, 
Germany)

-The low pressure system “Norbert” moved over the warmed-up Mediterranean and 
remained temporarily over the Gulf of Genoa and the Adriatic (Vb-depression), 
inducing wet flow and rain over the northern flank of the Alps
-precipitation:
Austria 120 mm and 240 mm;
Switzerland: 150 mm

Alpine floods; 1-in-100-year flows
Switzerland (14-23/08): 1.9 Mrd Euro
Austria (19-23/08): 500 Mln Euro
Germany (20-23/08): 185 Mln Euro

7-9.5E
46-47N

5 Nov. 2002

(23-27/11/02) 

Italy Persisting North-Atlantic trough inducing wet-unstable air toward Alps.
Liguria-North Apennines: 170 mm/day (Nov. 24 ); 470 mm total
Lombardia-North Alps 130 mm/day (Nov. 25th); 400 mm total 
Friuli-Eastern Alps 320 mm/day (Nov. 25); 700 mm total

Floods.
20 years return time exceeded (Scrivia, Toce);
several damages around affected areas. 
no casualties

NAL 8-10E 45.5-46.5N

6 Sept. 2002
(8-9/09/02)

France Heavy precipitation system affected the Gard region (Southern France) generated by 
an upper-level cold North-Atlantic trough, with wet pre-frontal flow. 
Precipitation:
400 mm/day

Floods destroyed numerous cars, houses, factories and commerce and 24 
casualties were recorded.
Total amount of damages ascended to
1.2 Bln Euros (Huet et al., 2003)

42.5-45.6N
1-6E

7 Aug. 2002
(5-13/08/02)

Southern and Eastern 
Europe
Italia Austria Slovenia

In August 2002 two Mediterranean low pressure systems developed, evolving from 
the West Mediterranean sea toward the north-east, causing heavy rain.
5-6/08 Liguria-Italy  180mm
10-13/08  Germany, Austria (400 mm) and Central Italy

Floods and flash floods.
River Elbe catchment: over 11 Bln Euros (64% Czech Republic, 27% of 
Germany).
Austria: 2 Bln Euro damage; 10000 houses damaged.
Germany:
180 bridges damaged, 740 km of roads, 538 km of railway.
Europe: several casualties

43.5-50N
6-17E

7.5-10E
43.7-44.7N

Pichelli et al., 2023 https://doi.org/10.5194/egusphere-egu23-11196

https://link.springer.com/article/10.1007/s00382-018-4521-8
https://en.wikipedia.org/wiki/Traunstein_(district)
https://en.wikipedia.org/wiki/Traunstein_(district)


Satellite (MODIS Terra) picture of the Po river in 
Northern Italy

A North-Atlantic upper-level trough entered the 
Western Mediterranean inducing unstable humid 
south-westerly winds over Northern Italy (black arrows 
on pressure maps), slowly evolving eastward (finally 
leaving a cut-off low on the Eastern Mediterranean). 
Interaction with orography induced persistent 
thunderstorms across Alps, Apennines and Po Valley. 

Surface fronts and MSLP

Flooding: 22 Nov. - 2 Dec. 2002 Northern Italy 
(Po/ Adda/ and tributary rivers, NWI; Friuli VG area, NEI)

The precipitation related to this event was
heavy and continuous because of the long
persistence of the wet southerly winds,
hitting areas with saturated grounds because
of precipitation of previous weeks. Moreover
the high freezing level (from 1900m to
2900m) contributed to increase the amount
of water discharged (Milelli et al., 2006,
https://doi.org/10.5194/nhess-6-271-2006).

Pichelli et al., 2023 https://doi.org/10.5194/egusphere-egu23-11196



2002
22NOV 23NOV 24NOV 25NOV 26NOV 27NOV 28NOV 29NOV 30NOV MAX

EVENT

OBS max 214.5 14.4 75.9 294.5 261.3 26.1 1.7 101.7 7.7 46.1-46.5
12.5-13.3

705.5

>P99.9 (133.6 mm/d)

P95
P99
P99.9

- - - - 
Pr-Max-Day

daily precipitation 
distribution over
Friuli (NE-Italy)

Flooding: 22 Nov. - 2 Dec. 2002 Northern East Italy

Pichelli et al., 2023 https://doi.org/10.5194/egusphere-egu23-11196



The precipitation event: observed and modeled

P95
P99
P99.9

- - - - 
Pr-Max-Day

Mueller et al. (2022, their Table 1) https://doi.org/10.1007/s00382-022-06555-z 

CPMs able to represent HPEs driven by well set
forcing (orographic and/or cold fronts), failing in
representing HPEs driven by more complex
interactions (ex. pre-frontal flow, MCS formation).

Pichelli et al., 2023 https://doi.org/10.5194/egusphere-egu23-11196



ex SON DJF MA
M

JJA

Obs 30 11 7 11

Method 2 based on storm tracks

Mueller et al. (2023, their Table 1) 
https://doi.org/10.1007/s00382-023-06901-9

ex SON DJF MAM JJA

Obs 15 8 9 17

Method 1 based daily precipitation extremes

Detection of disastrous-like storms 
Pichelli et al., 2023 https://doi.org/10.5194/egusphere-egu23-11196

Chen et al., 2024 https://doi.org/10.5194/egusphere-egu24-2525



The precipitation event in the CP-models world: projections

Mueller et al. (2023, their Table 1) https://doi.org/10.1007/s00382-023-06901-9

SON CNRM ETHZ HCLIMcom ICTP

HIST 45 47 40 32

RCP85 83 68 52 43

Present End-of-century

More HPEs hitting 
larger areas

Pichelli et al., 2023 https://doi.org/10.5194/egusphere-egu23-11196
Chen et al., 2024 https://doi.org/10.5194/egusphere-egu24-2525



Driving conditions: mean large scale dynamical signature of the events

Mslp (hPa)
Ght (m)

Tas (C)

Historical period End of Century Change

PWV (mm)

Winds 
850mb (m/s)

In the warmer climate 
at the end of the

Century, slower W/SW-
winds across the 

Mediterranean will 
favor an overload of 
moist over the sea; 
wetter flows will be 
impinging the basin 

and particularly Italian 
and Balkan orography's



Take Home message

• CPMs are useful tools for having better insight
on climatology of complex morphology
regions, especially in terms of extremes.
CPMs can be useful when interested to
impacts

• Improvements are only matter of km-scale?
NO! Single-model studies already
demonstrated that also domain-size is key-
factor for storms representation

• RCMs are still welcome not only for building
BC but also for studies about aspects where
their performances are fair

• Multi-model approach is warmly suggested to
build robustness in terms of precipitation
extremes.


