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A B S T R A C T

European wintertime precipitation is known to be skilfully estimated in reanalysis data and model simulations
since it is highly correlated with large scale, low frequency modes of variability, namely the North Atlantic
Oscillation (NAO). Since the NAO is mainly a wintertime mode of variability, the skill of estimating
precipitation becomes more limited in other seasons, most importantly in summer, when precipitation is mainly
a result of mesoscale convection. In this study, we use the Weather Research and Forecast (WRF) model,
to show the added value of using a high resolution, convection-permitting model to estimate precipitation
extremes. The results show that WRF succeeds to correct the failure of ERA-Interim reanalysis to capture the
positive trends over the last decades of European extreme precipitation in summer and transition seasons, that
are indicated by observational data (E-OBS) and previous literature. Partial improvements are evident using
ERA5 reanalysis, specifically in Spring and in Autumn. In winter, changes in European extreme precipitation
over the last decades are dominated by variations in the NAO index, and are well reproduced both in reanalysis
data and in the high resolution WRF downscaling.
1. Introduction

One of the most discussed effects of the current climate crisis is the
change in the occurrence of extreme precipitation (Trenberth, 2011;
Trenberth and Josey, 2007). Considering the rarity and the spatial
heterogeneity of the events (Myhre et al., 2019), the determination of
the existence of statistically significant trends is very challenging. A
very large number of multidecadal time series is necessary to address
the issue. Nevertheless, in the scientific community there is a growing
consensus on the fact that there are more regions in which heavy
precipitation is increasing than decreasing (IPCC, 2013; Papalexiou
and Montanari, 2019; Seneviratne et al., 2012). The use of mod-
els and reanalysis data to support the observed trends is limited by
their relatively low spatial resolution, especially considering that long
simulations are required.

In some cases, observations have shown that heavy precipitation is
correlated with large scale variability patterns, a link that is also well
represented in models. For example, the changing frequency of atmo-
spheric blocking is known to influence precipitation and temperature
extreme variability over Europe (Sillmann and Croci-Maspoli, 2009;
Buehler et al., 2011). Similarly, the trends observed in the occurrence
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of extreme North Atlantic cyclones impact heavy precipitation events
in Europe (Wang et al., 2006; Raible, 2007).

Another important link that has been investigated in several stud-
ies is the one relating European precipitation to the North Atlantic
Oscillation (NAO) (Hurrell, 1995; Walker and Bliss, 1932; Thompson
and Wallace, 1998; Deser, 2000; Totz et al., 2017; Guérémy et al.,
2012). The NAO is an alternation of high and low pressure anomalies
between Icelandic and Azores pressure centers. A positive NAO phase
is associated with low pressure anomalies in the Icelandic pressure
center, and high pressure anomalies in the Azores pressure center. It
deflects the Atlantic storm-track Northward, resulting in wet conditions
over Northern Europe and dry conditions over Southern Europe. The
opposite happens during the negative NAO phase. Previous literature
has shown that both mean precipitation and the occurrence of extreme
precipitation events in Europe during winter are influenced by the
phase of the NAO (Scaife et al., 2008; Cohen et al., 2014; Casanueva
et al., 2014). Considering that the NAO is well reproduced in reanalysis
products, this relationship results in a relatively good skill of reanal-
ysis to reproduce statistical properties of winter mean and extreme
precipitation.
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Fig. 1. (a) An example of the probability distribution function of the observed
precipitation data of ERA-Interim reanalysis in winter season (DJF) for the region
(9◦E ± 3◦ , 45◦N ± 3◦, hatched in the map) (black), and the corresponding Gamma
probability distribution function (red), with the 95th percentile threshold marked in
(blue). b) Daily timeseries of wintertime ERA-Interim precipitation that is used to obtain
the distribution function in (a), with the 95th percentile threshold marked by the blue
line. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

The skill of models to reproduce the statistical properties of seasonal
precipitation becomes significantly lower in the other seasons, most
importantly in summer (Casanueva et al., 2014), when rainfall is partly
associated with localized convection. A good representation of the
convective scales requires the use of a high resolution, convection-
permitting model, an approach that has been adopted in many studies
(e.g. Schär et al., 2016; Leutwyler et al., 2017; Ban et al., 2015,
2020), as model physics and parameterizations play an important role
in precipitation downscaling (Dereczynski et al., 2020), especially in
complex orography regions (Giorgi et al., 2016). For example, it has
been shown that summertime precipitation is highly underestimated
over the UK using ERA-Interim reanalysis data (de Leeuw et al., 2015),
and in Europe using CMIP5 models (Huang et al., 2017). ERA-Interim
is known to have lower frequencies of extreme precipitation events
due to its low spatial resolution (Skok et al., 2015), and summer
extreme precipitation trends in Europe are also characterized by spatial
variability that can have opposite signs in close regions (Zolina et al.,
2005, 2008). For these reasons, the use of high resolution, convection-
permitting models is a promising approach to have an added value for
a better quantification of precipitation.

In this study, we compare heavy precipitation statistics and trends
from observations, reanalysis, and high resolution dynamically down-
scaled data over a period of 30 years. Using different spatial and tempo-
ral resolution of the data, we assess their role in causing climatological
changes to heavy precipitation.

In Section 2, we introduce data and methods, and in Section 3
we present and discuss the results. Discussion and summary are in
Section 4
2

2. Data and methods

2.1. Data

The daily observational dataset is obtained from the EU-FP6 project
UERRA (https://www.uerra.eu) and the Copernicus Climate Change
Service, named E-OBS. It is constructed through a conditional simu-
lation procedure interpolating station-derived meteorological observa-
tions, and comes as an ensemble dataset available on a 0.1 and 0.25
degree regular grid starting from 1950. In this study, the 0.1 degree
ensemble is used from the period 1979 to 2008 which is the period
that overlaps with the high resolution WRF simulations. More details
about E-OBS construction are found in (Cornes et al., 2018).

In this study, E-OBS gridded dataset is taken as the reference
‘‘truth’’. However, it is noted that gridded observation datasets also
have some limitations that arise from interpolation and homogenization
techniques (Hofstra et al., 2009; Frei and Schär, 1998). For example,
over complex terrain like the Alpine region, precipitation is underesti-
mated by up to 40% with respect to rain gauge dataset (Frei and Schär,
1998; Isotta et al., 2014).

Reanalysis data are obtained from the European Centre for Medium-
Range Weather Forecasts (ECMWF) ERA-Interim (Dee et al., 2011) for
precipitation and sea level pressure, in the period from 1979 to 2008.
The spatial resolution is about 80 km. The most recent reanalysis data
ERA5 is also used, for the same period, with spatial resolution of about
31 km (Hersbach et al., 2020).

For the high resolution dynamical downscaling of reanalysis data,
we use the output of the simulation run by Institute of Atmospheric
Sciences and Climate — CNR using the Weather Research and Forecast-
ing (WRF) model. The simulation is run over the Euro-Cordex domain,
forced by ERA-Interim reanalysis from 1979 to 2008. The output has
been recorded at 3-hourly temporal resolution. The microphysics is
treated according to (Thompson et al., 2004). The grid spacing is 0.037◦

(about 4 km) in an inner domain, two-way nested into an external
domain with 0.11◦ grid spacing and directly forced by ERA-Interim at
the boundaries. In this convection permitting simulation, no convective
parameterization scheme is used. More details on the WRF dynamical
downscaling can be found in Pieri et al. (2015).

The WRF simulation had previously been validated by comparing
precipitation climatology with various observational data such as E-
OBS, CRU and GPCC (Pieri et al., 2015). It was found that WRF 4-km
simulation has a lower bias with respect to E-OBS data, compared with
ERA-Interim reanalysis, specifically in the summer season JJA. Over the
European domain, the percentage differences of WRF 4-km to E-OBS is
17%, while it is 21% for ERA-Interim to E-OBS.

In general, WRF 4-km simulation tends to perform exceptionally
well in summer (3% with respect to HISTALP in the Great Alpine
Region (GAR) and 17% with respect to E-OBS). Percentage differences
rise to 34% with respect to E-OBS in winter season. More details about
the simulations and the validation are found in Pieri et al. (2015).

2.2. Methods

The North Atlantic Oscillation is defined in Hurrell et al. (2003)
by calculating the leading mode of the Empirical Orthogonal Function
(EOF) for sea level pressure anomalies obtained from ERA-Interim
reanalysis, for the domain (90◦ W−40◦ E, 20◦ N−80◦ N). Monthly data
of DJF, JJA, MAM, and SON are considered to calculate the leading
mode of the season. The linear trend of the period from 1979 to 2008
is removed, and the dataset is weighted by the square root of cosine of
latitude (North et al., 1982), then the covariance matrix is computed.
It is worth noting that the leading EOF pattern (here named NAO
regardless of the period of the year in which it is computed) looks
different in different seasons. While typical wintertime NAO pattern
has two centers of action over Iceland and the Azores, summer NAO
is characterized by a pattern that is shifted northwards with a slight

https://www.uerra.eu
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Fig. 2. The value of the 95th percentile of winter (left) and summer (right) precipitation using daily E-OBS (1st row), daily ERA-Interim reanalysis (2nd row), daily WRF
downscaling (3rd row) and 3-hourly WRF downscaling (4th row) for the period from 1979 to 2008. (Unit: mm/day).
anticlockwise rotation of the axis of the maximum pressure gradient,
and a significantly weaker Icelandic center of action (Folland et al.,
2009; Bladé et al., 2011).

To estimate the 95th percentile of precipitation at each grid point,
we use the procedure described in Husak et al. (2007) and Zolina et al.
(2009). First, a distribution function is obtained using the whole (daily
or three hourly) time series. We then fit a gamma distribution to the
distribution function using shape parameter 𝛼 and scale parameter 𝛽.
To obtain 𝛼 and 𝛽, let 𝑥 be precipitation time series with length 𝑛𝑝:

𝐴 = ln(�̄�) −
∑𝑛𝑝

𝑖 ln (𝑥𝑖)
𝑛𝑝

𝛼 = 1
4𝐴

(1 +
√

1 + 4𝐴
3

)

𝛽 = �̄�
𝛼

Once the Gamma distribution is defined at each grid point, the
corresponding 95th percentile threshold is obtained from the Gamma
Cumulative Distribution Function. A sample of fitting Gamma proba-
bility distribution function to the probability distribution of observed
3

precipitation data from ERA-Interim is shown in Fig. 1. The fig-
ure shows the probability distribution function for the region (9◦E ±
3◦, 45◦N± 3◦) and the fitted Gamma distribution, which becomes more
accurate when representing more extreme values of precipitation.

The interannual variability of extreme precipitation is then esti-
mated following the procedure described in Papalexiou and Montanari
(2019): we record the top 2.5% most extreme precipitation events
over the 30 years of study. Then, a monthly time series of frequency
of occurrence and accumulated intensity of extreme precipitation is
obtained. The effects of the choice of the percentile of events studied
was tested using 1.25%, 2.5%, 5%, and has no substantial influence on
the conclusions.

To examine the effect of grid resolution on extreme precipita-
tion trends, WRF 4-km simulation is also upscaled to match ERA-
Interim grid resolution. Using First-order Conservative Remapping
(Jones, 1999), WRF 4 km curvilinear grid was remapped to ERA-
Interim longitude–latitude grid with a resolution of 80 km.
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Fig. 3. Temporal correlation coefficient of monthly accumulated precipitation that exceeds the 95th percentile with NAO PC index in winter (left) and in summer (right) for daily
E-OBS (1st row), daily ERA-Interim reanalysis (2nd row), daily WRF downscaling (3rd row) and 3-hourly WRF downscaling (4th row). Only statistically significant correlation
(𝑝 < 0.05) is shown.
3. Results and discussion

3.1. Extreme precipitation threshold

The extreme precipitation threshold is defined as mentioned in Sec-
tion 2.2 by fitting a Gamma distribution function to precipitation dis-
tribution function at each location, and identifying the corresponding
95th percentile value of the Gamma distribution.

Fig. 2 shows maps of the 95th percentile threshold of winter and
summer precipitation for E-OBS, ERA-Interim reanalysis and its high
resolution dynamical downscaling using WRF for daily and 3-hourly
time scales. Spring and winter 95th percentile thresholds are shown in
supplementary material, Figure S7.

The figures show that the patterns of the 95th percentile are in good
agreement in the different seasons for the four datasets, where higher
extreme thresholds follow coastlines and complex terrain regions. The
high resolution data accommodates more detailed structures of extreme
thresholds (Fig. 2e,f,g,h), particularly in regions with complex terrain
(i.e. the Great Alpine Region). The different amplitudes of the 95th
4

percentile between low resolution reanalysis and higher resolution E-
OBS and WRF is owed to the spatial averaging in the low resolution grid
box in ERA-Interim. Therefore, as expected, the high resolution down-
scaling is crucial for an accurate definition of the extreme precipitation
at a given location.

The differences between the daily and 3-hourly accumulated pre-
cipitation in high resolution WRF output have a seasonal pattern:
the 95% threshold is typically larger for daily values, except for the
summer season. This can be rationalized as short-duration summer
precipitation is typically a result of intense convective events. Con-
sistent with Hodnebrog et al. (2019), sub-daily extreme precipitation
pattern differs from that of the daily pattern, in which higher extreme
value is indicated in the 3-hourly WRF simulation. This can be seen
by comparing Figs. 2(f,h), where 3-hourly summer precipitation has
generally a higher threshold than that of the daily.

3.2. Large scale synoptic variability

Many studies show how the North Atlantic Oscillation drives win-
tertime mean precipitation in Europe (e.g. Hurrell, 1995; Hurrell et al.,
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Fig. 4. Seasonal trends of extreme precipitation event frequency for daily E-OBS (1st row), daily ERA-Interim reanalysis (2nd row), daily ERA5 reanalysis (3rd row) and 3-hourly
ERA5 (4th row). Unit: (1/year).
2003). Here, we show that not only mean rainfall is correlated with
NAO, but also extreme precipitation are affected by the NAO phase
(consistent with Casanueva et al., 2014). Fig. 3 shows the temporal
correlation of the monthly accumulated precipitation exceeding the
95th percentile (shown in Fig. 2) with the NAO index, for winter and
summer. Only significant correlations (𝑝-value <0.05) are shown. For
wintertime extreme precipitation, the figure shows the well known
dipole-like correlation, in which extreme precipitation over northern
Europe is correlated to NAO, while extreme precipitation over southern
Europe is anti-correlated to NAO. As the leading mode of variabil-
ity over the North Atlantic European sector in summer (here called
summer NAO) is different from the winter NAO pattern, the correla-
tion pattern between the summer NAO and extreme precipitation also
differs compared to the winter pattern. Here we find anti-correlation
signals over limited areas in northern Europe and unlike in Casanueva
et al. (2014) and Bladé et al. (2011) no correlation between the summer
NAO and extreme precipitation in southern Europe.

The temporal and spatial high resolutions are also examined using 4
km spatial resolution, daily and 3-hourly temporal resolution. Further
positive correlation signal between the NAO and extreme precipitation
5

in DJF appears over the Great Alpine Region in WRF 4 km simulation
as in Fig. 3(e,g), a signal that is not evident in ERA-Interim reanalysis.
By comparing the 3-hourly WRF simulations in figures (S2) for the
transition seasons (SON and MAM), negative correlation of the short-
lived extreme precipitation events with the NAO become significant for
wider regions over Europe.

3.3. Seasonal trends of extreme precipitation

According to the Clausius–Clapeyron relation, when global temper-
ature increases, the air can hold more moisture. More moisture means
more frequent and intense extreme precipitation, as more latent heat
released during condensation further increases the buoyancy of the air,
favoring further upward motion and thus more condensation. This is
concluded by some studies (e.g. Fischer and Knutti, 2016; Zolina et al.,
2008; Papalexiou and Montanari, 2019), where rain gauges data and
models show that the trend of extreme precipitation is positive in many
locations, in correspondence to the warmer climate of the last decades.
Here, we follow a similar analysis as in Papalexiou and Montanari
(2019), by recording the top 2.5% most extreme precipitation events,
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Fig. 5. Similar to Fig. 4, except for WRF daily data (1st row), WRF 3-hourly data (2nd row) and daily WRF data regridded to ERA-Interim resolution (3rd row).
then calculating the linear trend of extreme precipitation intensity and
frequency of occurrence as detailed in Section 2.2.

Figs. 4, 5, S3, S4 show seasonal trends of extreme precipitation
frequency of occurrence for daily E-OBS, daily ERA-Interim, daily and
3-hourly ERA-5 and WRF. Similarly, Figs. 6, 7, S5, S6 show seasonal
trends of extreme precipitation intensity.

For wintertime, left column of Figs. 4–7 show mostly positive trends
over Northern Europe, and generally negative trends over Southern
Europe, an aspect that is common for all datasets, except for the 3-
hourly WRF experiment, in which positive trends dominate in most of
the domain.

The characteristic positive/negative dipole of daily precipitation
trends for north/south Europe can be explained by the variability of
NAO over the studied period (Scaife et al., 2008; Goodess and Jones,
2002; Pinto and Raible, 2012; Santos et al., 2018). As the NAO trend
in the 1979–2008 period is positive, extreme precipitation increases in
northern Europe, and drier conditions prevail over southern Europe.
This wintertime characteristic dipole is summarized in Fig. 8. The figure
shows the ratio of the count of grid points with positive trends to the
count of grid points with negative trends, divided for Northern and
Southern Europe. The separation latitude is taken at 49◦N, which marks
the change of the sign of precipitation correlation with winter NAO
index in Fig. 3.

For summer and transition seasons, some agreement in the patterns
between E-OBS, ERAI, ERA5, and WRF daily are evident (right column
of Figs. 4–7). In summer, the Mediterranean Sea is considered an
important source of moisture feeding extreme precipitation over central
Europe (Hofstätter and Chimani, 2012; Messmer et al., 2015; James
et al., 2004; Stohl and James, 2005; Krug et al., 2021), a source that
is driven by the so-called Vb cyclone track, which is characterized by
upper level strong south-westerly wind from the Mediterranean driv-
ing surface low pressure systems toward central Europe (van Bebber,
6

1891). In spite of this large scale control of summer precipitation, that
should be well captured by reanalysis data, ERA-Interim and ERA5 fail
to show positive trends of extreme precipitation over central Europe
based on E-OBS (Figs. 4, 6)(d,f). The dynamical downscaling obtained
in the WRF 4 km run succeeds to correct these trends (Figs. 5, 7(b,f))
and resemble the trends identified in E-OBS (Figs. 4, 6a). This result
emphasizes the importance of resolving convective precipitation using
high resolution models (Giorgi et al., 2016).

Extreme precipitation variability in non-winter seasons can be dis-
cussed in light of the warming Mediterranean Sea. This warming re-
duces baroclinicity, most importantly over the western Mediterranean
region (Raible et al., 2009). Cyclonic activity tends to be suppressed,
explaining the negative extreme precipitation trends over southwestern
Europe (left column of Figs. 4–7). Moreover, the warmer sea has also
been shown to cause enhanced precipitation over the Adriatic region,
reducing moisture transport by Vb-cyclones to the eastern flanks of the
Alps and central Europe (Messmer et al., 2016), where indeed negative
extreme precipitation trends are observed.

The vast majority of the individual extreme precipitation time series
does not have a statistically significant trend at the 95% confidence
level (computed using Mann–Kendall test), as it can be expected given
the very large interannual variability in the occurrence of extreme
precipitation events. Nevertheless, it is still interesting to analyze them.
In fact, in the null hypothesis of stationarity, we expect uncorrelated
time series to present a similar number of positive and negative trends.
A preferential occurrence of positive (or negative) trends thus allows us
to reject the null hypothesis of stationarity. We computed the ratio of
the count of positive to the count of negative trends over the domains
as shown in Figs. 4–7 for extreme precipitation frequency and intensity
(Fig. 9). A ratio higher than 1 means that there are more positive trends
in the frequency of occurrence than negative ones. The opposite applies
for ratios less than 1. As the number of degrees of freedom to compute
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Fig. 6. Seasonal trends of extreme precipitation intensity for daily E-OBS (1st row), daily ERA-Interim reanalysis (2nd row), daily ERA5 reanalysis (3rd row) and 3-hourly ERA5
(4th row). Unit: (mm/day/year).
the ratio increases, the ratio should approach one in the null hypothesis
of stationarity. The number of degrees of freedom in the system is not
easily determined, but it is certainly much smaller than the number of
grid points, because storms and large scale environmental conditions
generate spatial correlations. In this study, we arbitrarily used 500 as
the number of degrees of freedom, while the number of grid points was
between O(103) and O(105), depending on the dataset used. E-OBS data
indicate a ratio smaller than one for DJF and larger than one for all
other seasons.

Wintertime extreme precipitation, as it has already been discussed,
mainly reflects a dynamical change in the large scale atmospheric circu-
lation associated to the NAO phase. The fact that the locations in which
extremes decrease are more than the locations in which they increase
can be linked to the fact that a large region in Europe has precipitation
which are anti-correlated with NAO. Extreme precipitation in the rest
of the year shows an overall increasing trend both in the frequency
of occurrence and in their intensity (ratio larger than one) in the E-
OBS dataset, suggesting that the overall increase expected in response
to a warming world could be responsible for the observed signal over
Europe.

Fig. 9 shows that ERA-Interim and ERA5 fail to capture the in-
creasing frequency and intensity of extreme precipitation in summer
7

and transition seasons, while they succeed in representing extreme
precipitation changes in winter. This latter result is consistent with its
link to NAO variability, that is well represented in reanalysis products.
An improvement in using ERA5 with respect to ERA-Interim is evident
in SON for frequency trends, and in MAM and SON for intensity trends.
This could be due to the improved convective parameterization in
ERA5 (Hersbach et al., 2020).

Higher temporal and spatial resolutions from WRF dynamical down-
scaling simulations show more consistent ratios with respect to gridded
observation data (E-OBS), for which the ratio of the number of positive
to negative trends for non-winter seasons is captured. During fall,
however, high resolution WRF output indicates a larger increase in
intense precipitation over time than the gridded product E-OBS.

For the short-duration extreme precipitation events (WRF 3-hourly),
Figs. 5, 7(c,d) & 9 show that, regardless of the season, positive trends of
extreme precipitation frequency and intensity dominate the European
domain, which is consistent with Hosseinzadehtalaei et al. (2020),
Cannon and Innocenti (2019) and Kendon et al. (2014). Moreover,
Fig. 7(c,d) also shows the previously mentioned general positive trend.
However, it also illustrates that the summer (JJA) has the strongest and
most widespread positive trends with respect to other seasons. This is
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Fig. 7. Similar to Fig. 6, except for WRF daily data (1st row), WRF 3-hourly data (2nd row) and daily WRF data regridded to ERA-Interim resolution (3rd row).
discussed by Mishra et al. (2012) and Lenderink and van Meijgaard
(2010), where it was shown that in summer the dependence of short-
duration extreme precipitation on air temperature (Clausius–Clapeyron
scaling) doubles with respect to winter.

Further investigations are carried out for the added value of the high
resolution and the convection resolving dynamical downscaling. The
analysis is repeated on WRF simulations after statistically regridding
(upscaling) the data (see Section 2.2) to a resolution equivalent to that
of ERA-Interim. Figs. 5, 7(e,f) show seasonal trends of extreme precipi-
tation frequency and intensity for the regridded WRF simulations. The
figures show that the trends of regridded WRF simulations in DJF do
not change, and are consistent with those in E-OBS and ERA-Interim.
In summer and transition seasons, regridded WRF still shows trends
similar to these of the high resolution simulations. This is also shown
in Fig. 9, where upscaling WRF from 4 km to a lower resolution does
not dissipate the added value of the high resolution simulation, showing
the same ratio as the high resolution data in all season.

We conclude that the difference in the statistical properties of ex-
treme precipitation between ERA reanalysis and their WRF dynamical
downscaling is not related to the size of the grid box over which
averages are taken, but indeed it is related to the differences in the
representation of small scale dynamics. We hypothesize that this is due
to the convective parameterization used in the reanalysis, that provides
different results from the mesoscale convection resolving WRF down-
scaling. We conclude that the dynamical downscaling at high resolution
has a relevant impact on the statistics of extreme precipitation.

The 3-hourly ERA5 reanalysis shows inconsistent trends (summa-
rized in Fig. 9) in some regions with respect to 3-hourly WRF and
the previously mentioned literature regarding the sub-daily increase
of extreme precipitation events as in Figs. 4, 6(g, h). ERA-Interim 6-
hourly temporal resolution in Figure S7 shows that no improvements
in the trends are becoming evident when considering a higher than
daily temporal resolution. Overall, we conclude that a higher temporal
8

resolution in the data obtained from a spatially low resolution model
does not lead to significant improvements in the statistical properties
of extreme precipitation.

4. Discussion and summary

In this study, different metrics of intense precipitation variability
over the European region were analyzed using different data prod-
ucts. Gridded observations of daily precipitation (E-OBS) indicate that
in the 30-year long study period and for all seasons except winter,
more locations experienced an increase in extreme precipitation, both
in term of frequency and of intensity, than those which recorded
a decreasing trend. ERA-Interim reanalysis data, instead, showed an
overall decrease in the intense precipitation in all seasons. Higher
resolution ERA5 reanalysis showed results that better match those of
E-OBS, but still reported an overall limited increase in the extreme
precipitation especially during the summer season. The study then in-
vestigated the added-value of the dynamical downscaling of reanalysis
with a convective-permitting model (WRF on a 4 km grid spacing). The
patterns of extreme precipitation (95th percentile) look consistent in
low and high resolution outputs, except for the detailed structure over
the mountainous regions. The downscaling shows statistics of extreme
precipitation that better match those computed on the gridded obser-
vation dataset E-OBS. Seasonal trends of frequency of occurrence and
intensity of extreme precipitation were shown to be highly dependent
on the temporal and spatial resolution for all seasons except for winter.

In different seasons, different factors are responsible for shaping
extreme precipitation trends. In winter, the main driver of mean and
extreme precipitation variability is the NAO (Hurrell, 1995; Casanueva
et al., 2014). The overall consistency of all the data products during
DJF is related to the fact that extreme winter precipitation in Europe
is mainly controlled by the phase of the NAO, which is well d both
in low and high resolution runs as it is a large scale process. During
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Fig. 8. Wintertime (DJF) ratio of positive to negative trends of extreme precipitation
events frequency in E-OBS, ERA-Interim and ERA5 reanalysis, WRF daily data. Trend
summation is calculated for northern and southern Europe. North: 49.1◦N–63◦N. South:
4◦N–49◦N. Error bars indicate the spread of the ratio by random sub-sampling within
he domain.

he 30 years of the analysis, NAO went from a period dominated by
negative phase to a period more dominated by a positive phase.

he effect of this increase in NAO index is reflected in a reduction of
xtreme precipitation over the studied area. Investigation in a different
eriod with a more stable NAO leads to different results for winter pre-
ipitation. It is still uncertain how future climate NAO will behave, as
here is no observational-based evidence of a positive NAO trend forced
y anthropogenic forcing. This remains an active area of research.

Another driver for European precipitation extremes in different
easons could be the Mediterranean Sea. It has been shown that the
editerranean is a hot-spot for global warming (Giorgi, 2006) with

ncreasing SSTs, which was particularly large in the period 2000–
012 (Rayner et al., 2003). Increased evaporation due to a warmer
editerranean leads to enhanced moisture transport into Central Eu-

ope, possibly leading to more precipitation extremes there (Volosciuk
t al., 2016). At the same time, precipitation can be reduced over
he North Eastern Alps, due to a premature loss of moisture along
he Adriatic Sea (Messmer et al., 2015). Dynamical changes under
lobal warming scenarios, such as a poleward shift of cyclone tracks
ver Europe, might have the effect of decreasing the frequency of Vb
yclones (Messmer et al., 2020), further complicating the anticipation
f future evolution of extreme precipitation.
9

Fig. 9. Ratio of positive to negative trends of extreme precipitation events frequency
in E-OBS, daily ERA-Interim reanalysis, daily and 3-hourly ERA5, WRF daily data at
4 km and regridded to ERA-Interim grid (WRF daily regrid), and WRF 3-hourly data,
as shown in Figs. 4, 5, 6 & 7. Error bars indicate the spread of the ratio by random
sub-sampling within the domain.
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