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ABSTRACT

Heavy precipitation is a major hazard over Europe. It is well established that climate model projections

indicate a tendency toward more extreme daily rainfall events. It is still uncertain, however, how this changing

intensity translates at the subdaily time scales. The main goal of the present study is to examine possible dif-

ferences in projected changes in intense precipitation events overEurope at the daily and subdaily (3-hourly) time

scales using a state-of-the-science climate model. The focus will be on one representative concentration pathway

(RCP8.5), considered as illustrative of a high rate of increase in greenhouse gas concentrations over this century.

There are statistically significant differences in intense precipitation projections (up to 40%)when comparing the

results at the daily and subdaily time scales. Over northeastern Europe, projected precipitation intensification at

the 3-hourly scale is lower than at the daily scale. On the other hand, Spain and the western seaboard exhibit an

opposite behavior, with stronger intensification at the 3-hourly scale rather than the daily scale. While the mean

properties of the precipitation distributions are independent of the analyzed frequency, projected precipitation

intensification exhibits regional differences. This finding has implications for the extrapolation of impacts of

intense precipitation events, given the daily time scale at which the analyses are usually performed.

1. Introduction

Examination of whether or not precipitation is projected

to intensify over the twenty-first century represents a topic

that has received a large amount of attention in the scien-

tific community because of the potential implications in

terms of flood hazard. Future climate scenario simulations

performed with standard protocols [CMIP3 (Meehl et al.

2007) and CMIP5 (Meehl and Bony 2012; Taylor et al.

2012), among others] allow investigations of the changes in

meteorological parameters at different time scales.Most of

the analyses of the statistics of intense precipitation events

are basedondaily ormonthly data fromboth global ocean–

atmosphere coupled general circulation models (CGCMs)

and regional climate models (RCMs). Many investigations

inspecting projected changes of climatological and/or
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intense/extreme precipitation events over Europe rely on

daily climate model data (e.g., Wetherald and Manabe

1999; Kharin and Zwiers 2000; Hegerl et al. 2004; Kharin

et al. 2007; Hegerl et al. 2007; Kiktev et al. 2007; Min et al.

2009; Seager et al. 2012). Much less is known, however,

about changes in extreme precipitation events at subdaily

scales (Lenderink and van Meijgaard 2008; Jones et al.

2010; Hanel and Buishand 2010; Kendon et al. 2014; Ban

et al. 2014; Chan et al. 2014a), with the existing results

pointing to an overall greater increase in subdaily rather

than daily intense precipitation events in a warmer cli-

mate (Kendon et al. 2014). A super-Clausius–Clapeyron

scaling (Trenberth et al. 2003; Molnar et al. 2015) at the

subdaily scale has also been found during the summer

(Lenderink and van Meijgaard 2008) based on observa-

tional studies. However, the spatial variability of the

aforementioned differences is still uncertain.

Hourly extremes are generally dominated by convective

precipitation. Convective precipitation tends to be of short

duration (1–4h), while long-duration (12h to 3 day) ex-

tremes tend to have larger spatial scales and are often as-

sociatedwith synoptic weather systems (Chan et al. 2014b).

Themain goal of the present study is to compare projected

changes in intense precipitation events at the daily and

subdaily scales. The relevance of this analysis also stems

from the evidence that not only flood events (more related

to sustained intense precipitation) impact our society, but

also intense events with a few hours’ duration can have a

great societal impact. Prominent examples are the extreme

rainfall events registered overBoscastle (UnitedKingdom)

in August 2004 (Burt 2005) and over Sardinia (Italy) in

November 2013. To address this issue we use a high-

resolution, fully coupled general circulation model, de-

veloped to provide climate projection data for the Fifth

Assessment Report of the Intergovernmental Panel on

Climate Change (IPCC; Stocker et al. 2013). Changes in

intense precipitation statistics are investigated at daily and

3-hourly time scales, following one representative concen-

tration pathway (i.e., RCP8.5; Riahi et al. 2011) featuring

the highest rate of increase in greenhouse gas concentra-

tions for the twenty-first century among the RCPs consid-

ered in the latest IPCC report.

The paper is organized as follows: Section 2 describes

the model, together with a short description of the climate

simulations and the methodology. Section 3 presents the

results of the analyses, while section 4 summarizes the

main points of the study and concludes the paper.

2. Data and methods

a. Model and simulations

The model we employ is the Centro Euro-Mediterraneo

sui Cambiamenti Climatici coupled atmosphere–ocean

general circulation model (CMCC-CM; Scoccimarro et al.

2011; Bellucci et al. 2013), which has been implemented and

developed in the framework of the phase 5 of the Coupled

Model Intercomparison Project (CMIP5; Meehl and Bony

2012). Themodel is an evolution of the IstitutoNazionale di

Geofisica e Vulcanologia (INGV) Scale Interaction Ex-

periment [SINTEX-G (SXG); Gualdi et al. 2008; Bellucci

et al. 2008] and theCMCCEarth SystemModel (Fogli et al.

2009; Vichi et al. 2011). The global ocean component is

OPA 8.2 (Madec et al. 1998), in its ORCA2 global config-

uration. The horizontal resolution is 28 3 28 with a merid-

ional refinement near the equator, approaching aminimum

0.58 grid spacing. The model has 31 vertical levels, 10 of

which lie within the upper 100m.ORCA2 also includes the

Louvain-La-Neuve (LIM) model for the dynamics and

thermodynamics of sea ice (Fichefet andMorales-Maqueda

1999). Ocean physics include a free-surface parame-

terization (Roullet and Madec 2000) and the Gent and

McWilliams (1990) scheme for isopycnal mixing.

The atmospheric model component is ECHAM5

(Roeckner et al. 2003) with a T159 horizontal resolution,

corresponding to a Gaussian grid of about 0.758 3 0.758.
This configuration has 31 hybrid sigma-pressure levels in

the vertical and a 10-hPa top. The parameterization of

convection is based on the mass flux concept (Tiedtke

1989), modified following Nordeng (1994). Moist pro-

cesses are treated using a mass-conserving algorithm for

the transport (Lin and Rood 1996) of the different water

species and potential chemical tracers. The transport is

resolved on the Gaussian grid. A more detailed de-

scription of the ECHAM model performance can be

found in Roeckner et al. (2006).

The communication between the atmospheric model

and the ocean models is carried out with the Ocean

Atmosphere Sea Ice Soil version 3 (OASIS3) coupler

(Valcke 2006). At every coupling step (set to 160min),

heat, mass, and momentum fluxes are computed and

provided to the ocean model by the atmospheric model.

Sea surface temperature, sea ice cover and thickness,

and sea surface velocities are provided to the atmo-

spheric model by the ocean model. No flux corrections

are applied to the coupled model.

Two periods are analyzed: 1) the period 1986–2005

(labeled as PRESENT), corresponding to the last part of

the ‘‘historical’’ CMIP5 simulation, and 2) the period

2081–2100 (labeled as FUTURE), run under the high-

end RCP8.5 scenario (Riahi et al. 2011). Both the

summer [June–August (JJA)] and winter [December–

February (DJF)] seasons are considered, but a major

attention is devoted to the winter season. During this

season, the so-called atmospheric rivers (AR) have been

identified as major agents for extreme precipitation

events (Lavers et al. 2013, Hagos et al. 2015). The special
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focus on the winter season is justified by the well-

established capability of current climate models in sim-

ulating extreme events over Europe during this season,

unlike what is found during summer (Toreti et al. 2013).

The atmospheric grid resolution used in most climate

models is only convection-permitting and does not re-

solve the convection processes explicitly. The use of

convection parameterizations is a known source ofmodel

error, especially during summer over Europe, when deep

convection is the main source of extreme precipitation

events (Ban et al. 2014, Kendon et al. 2014).

The historical simulation is performed forcing the

model with observed concentrations of greenhouse

gases, aerosols, ozone, and solar irradiance, starting

from an arbitrary state of a quasi-equilibrium control

run. The RCP8.5 scenario follows a rising radiative

forcing pathway leading to 8.5Wm22 in 2100.

b. Methods

At each grid point, the distribution of precipitation

events is evaluated for the two target seasons (JJA and

DJF) and 20-yr PRESENT and FUTURE periods, over

Europe, using both daily and 3-hourly accumulation time

windows. It is well known that intrinsic climate fluctua-

tions occur not only on interannual to decadal time scales

but also over periods as long as 50yr (Deser et al. 2012),

but the 20-yr time window considered here is deemed

sufficient to sample the internal temporal variability

over the investigated region (Schindler et al. 2015). As a

result, four different distributions (two seasons and two

20-yr periods) are obtained, and the corresponding

90th percentiles (90p) are calculated. The 90p threshold

is then used to define a ‘‘heavy precipitation’’ event

(Scoccimarro et al. 2013). Dry events (here defined as

lower than 0.2mmday21 precipitation events) were not

considered when computing the percentiles.

To assess whether 3-hourly intense events fall within

daily intense events, the list of days with intense events

was finally computed for every model grid point using

both daily and 3-hourly time series.

3. Results

The PRESENT climate precipitation activity over

Europe based on this model (Scoccimarro et al. 2015)

FIG. 1. DJF (a) precipitation climatology and (b) standard deviation as resulting from the PRESENT climate

simulation using 3-hourly data (in mmday21). (c),(d) The relative changes in FUTURE (rcp85) with respect to the

PRESENT (hist) run (in%).White patterns over land indicate regions with precipitation lower than 0.2mmday21.
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was shown to be in close agreement with GPCP obser-

vations (Bolvin et al. 2009) both in terms of climatology

and intense events statistics during winter and summer.

Many studies focusing onEuropean precipitation’s future

changes project an increase in the annual climatological

precipitation over northern Europe and a decrease over

the Mediterranean area, especially during summer (e.g.,

Heinrich and Gobiet 2011; Nikulin et al. 2011; Smiatek

et al. 2009; Scoccimarro et al. 2015). Despite the un-

certainties affecting the amplitude of the models’ re-

sponses, there is a high degree of cross consistency in the

sign. The CMCC-CM model results confirm these find-

ings for both winter (Fig. 1) and summer (Fig. 2). In

particular, mean precipitation over northeastern Europe

is projected to increase up to 70% in winter (Fig. 1c),

where also the variability is projected to increase mark-

edly (Fig. 1d). This increase is confirmed, although to

a lesser extent, by multimodel ensemble averages of

CMIP5 simulations (e.g., Fig. 2 in Scoccimarro et al.

2015). It is interesting to note that the coefficient of var-

iation (the standard deviation normalized by the mean)

for precipitation is always greater than one: the standard

deviation exceeds the average precipitation during both

seasons, in particular in the southern part of Europe

during the winter season (Fig. 1, left panels).

In terms of heavy precipitation (90p; Fig. 3 for DJF)

the model suggests an increase in the FUTURE period

when compared to the PRESENT over almost the

entire domain, in agreement with previous works (e.g.,

Trenberth et al. 2003;Meehl et al. 2005; Chou et al. 2009;

Scoccimarro et al. 2013). This occurs in both seasons

(see Fig. S1 in the supplemental material for JJA pro-

jections) although the projected 90p changes are more

evident during the winter than during the summer. In

summer, only the southern part of the Mediterranean

domain shows a projected reduction of intense pre-

cipitation events in the future climate, consistent with

previous RCMs’ results (Rajczak et al. 2013). It is worth

noting, however, that the use of parameterization to

represent convection is a strong limitation, especially in

representing summer precipitation over Europe. The

general increase of the 90p values is consistent with

a larger moisture-holding capacity of the warmer air,

contributing to greater moisture convergence (e.g.,

Tebaldi et al. 2006; Giorgi et al. 2011).

The timewindow used to accumulate the precipitation

field in the analyses (i.e., daily or 3-hourly) affects the

spatial distribution of the projected changes of the 90p,

particularly during winter (Figs. 3c,d), whereas a much

weaker dependency is found in the summer (Fig. S1 in

FIG. 2. As in Fig. 1, but for JJA.
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the supplemental material). Over the northeastern part

of the study region (including northeastern Europe and

western Russia; hereafter referred as the NE domain)

the projected changes in 90p are lower at the 3-hourly

than at the daily time scales (Figs. 3c,d). Notably,

Kendon et al. (2014) found a similar behavior over the

southern United Kingdom when comparing hourly to

daily precipitation. The values of the 90p increase by

20%–30% at the 3-hourly scale, while they are up to

60% larger when using the daily data. On the other

hand, the projections of 90p changes at the 3-hourly

scale over Spain and a large part of France and northern

Italy are larger than at the daily scale.

The discrepancy between the analyses performed

at different time scales is better clarified when examin-

ing the list of intense events identified with the daily and

3-hourly data. More than 50% (up to 70% over the NE

domain) of the DJF intense events defined at 3-hourly

time scale occur in days that are not identified as intense

precipitation days according to the daily-based statistics

(Fig. 4). On the other hand, the number of 3-hourly in-

tense events occurring in days that are not defined as in-

tense precipitation days is significantly reduced during

summer (Fig. 5). Despite the model tendency to over-

estimate the described fraction (not shown) when com-

pared to observations [TRMMMultisatellite Precipitation

Analysis (TMPA); Huffman et al. 2007], this finding sug-

gests that 3-hourly and daily events belong to distinct

populations that share a common mean but different dis-

tributional properties on the upper tails. Moreover, this

feature appears to be independent of the background

climatological state because it remains substantially un-

altered when comparing PRESENT to FUTURE (Fig. 4).

According to our findings, the conclusions we can

draw about projected changes in intense precipitation

(as identified by the 90pmetric) are highly dependent on

the data sampling frequency used in the analysis. The

differences between the future projections computed at

FIG. 3.Maps showing the 90th percentile (90p) of DJF precipitation computed at (top) daily (dd) and (bottom)

3-hourly (3h) time scales, showing (a),(b) the historical (1986–2005) 90th percentile and (c),(d) the percentage

change in the FUTURE (rcp85) run (2081–2100) with respect to the PRESENT (HIST) run. Units are mm day21

for (a) and (b) and % for (c) and (d). White patterns over land indicate regions with precipitation lower than

0.2 mm day21.
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the daily and at the 3-hourly time scale (Fig. 6a) are large

and not uniform over our domain, with a 30% larger

response in 90p for daily compared to 3-hourly time

scales over the NE domain but a 20% smaller response

over Spain. The statistical significance of the described

differences was estimated via a bootstrap significance

test (Scoccimarro et al. 2012). To explain this finding, we

computed the difference between 3-hourly and daily

projections in the number of precipitation time steps.

The smaller projected changes of the 90p at the 3-hourly

time scale over the NE domain (red patterns in Fig. 6a)

is consistent with a broader spread in the precipitation

distribution at the 3-hourly time scale in the projected

future climate, compared to what is obtained using daily

time series (red patterns in Fig. 6b), reflected in a pro-

jected increase of the dry days/dry hours ratio. Themore

pronounced 90p projected changes at the 3-hourly scale

over Spain (blue patterns in the top panel of Fig. 6) is

consistent with a narrower projected precipitation dis-

tribution at the 3-hourly compared to the daily scale

(blue patterns in the bottom panel of Fig. 6), and thus

with a decrease of the dry days/dry hours ratio.

Interestingly, themore pronounced projected changes

in the 90th percentile over the Mediterranean regions

(blue patterns in Fig. 6a) at the 3-hourly scale are con-

firmed based on the 95th and 99th percentiles (see

Fig. S2 in the supplemental material). This sensitivity

analysis suggests that events responsible for intense and

extreme events at the high frequency are the ones also

defining the upper tails of the distribution at the daily

frequency. On the other hand, the smaller projected

changes at the 3-hourly time scale over the NE domain

are less evident when focusing on the 95th and 99th

percentiles. These results confirm that the 3-hourly ex-

treme events are not participating in defining the upper

tails of the precipitation distribution at the daily fre-

quency over this region, as also supported by Fig. 4.

FIG. 4. Percentage of days with 3-hourly intense events that are

not identified as intense based on the model outputs at the daily

scale. Data are shown for DJF (see Fig. 5 for the summer distri-

bution) for the (top) PRESENT (HIST) and (bottom) FUTURE

(RCP85) runs. Units are %.

FIG. 5. As in Fig. 4, but for JJA.
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4. Discussion and conclusions

This study examined the projected changes in pre-

cipitation over Europe under a global warming scenario

using daily and 3-hourly duration data. Results are

based on a climate projection performed with the

CMCC-CM model under radiative forcing conditions

set by the RCP8.5 scenario. While the mean properties

of the precipitation distributions are independent of the

analyzed temporal scale, significant differences in the

projections of intense precipitation are found when

considering alternative (i.e., 3-hourly vs daily) time

windows for the accumulation of the precipitation field.

This finding has implications for the inferences we make

as to the potential impacts of intense precipitations on

several fields because this analysis is usually carried out

FIG. 6. (a) The differences in the estimation of the future changes in DJF 90th percentile

(90p), when computed at the 3-hourly scale, compared to the daily scale (3h2 dd). This map is

obtained by subtracting the results in Fig. 3d from those in Fig. 3c. White patterns over land

indicate regions with seasonal precipitation lower than 0.2mmday21 or regions where the

differences are not statistically significant. (b) The differences between 3-hourly and daily

future projections of the number of rainy time steps (defined as precipitation greater than

0.2mmday21). Units are %. White patterns over land indicate regions with seasonal pre-

cipitation lower than 0.2mmday21.
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at the daily time scale (Pendergrass and Hartmann

2014), which is also due to the problematic assessment in

subdaily rainfall satellite estimates (Liu andAllan 2012).

We found that the future spread of precipitation in

time is more pronounced at the 3-hourly rather than

daily scales over NE domain. This can be related to a

reduced short-term (in time over a fixed grid point)

precipitation activity in the future climate, leading to a

future increase in the dry days/dry hours ratio when

compared to the present period. In particular, over the

NE domain (red patterns in Fig. 6) this is consistent with

climate projections suggesting a general weakening of

the storm track and a reduction in storm numbers in

the northernmost part of the Atlantic Ocean and the

Norwegian Sea. Here a reduction in storm numbers

(Bengtsson et al. 2006; Solomon et al. 2007), together

with an increase of precipitable water, could reduce

the role played by intense fast-moving extratropical

cyclones in determining heavy precipitation events

changes in a warmer climate.

Consistently, climate models show an increase on the

order of 40%–60% of the column integrated water

content in the NE domain (more than 3 times what is

projected over the southwestern part of Europe) at the

end of the century for this scenario during winter

(Scoccimarro et al. 2015). Moreover, because the frac-

tion of the total precipitation (see Fig. S3 in the sup-

plemental material) associated with snow dominates

both total and heavy winter precipitation north of 558
latitude, and since the intensity distribution of snowfall

is important in terms of economic impacts (O’Gorman

2014), we decided to verify the fraction of heavy (.90p)

precipitation events associated with snow both at

3-hourly and daily time scales. Over the NE domain

and for the 3-hourly case, the fraction of heavy events

associated with snow is higher both in PRESENT

(Fig. 7a) and FUTURE (Fig. 7b) periods when com-

pared to the daily scale. This suggests that snow is the

major source of short duration intense precipitation

events over this region. The amount of snow associated

with heavy precipitation events is projected to decrease

by between 20% and 50% (Fig. 7c) over NE domain.

Heavy precipitation events at the 3-hourly scale are

more sensitive to snow changes, and are more affected

by the projected snow reduction when compared to the

daily results. This is also reflected in the 90p projection

differences shown in Fig. 6.

On the other hand, our findings suggest a future in-

crease in intense precipitation events more pronounced

at the subdaily time scale over Spain and over the

western European seaboard (blue patterns in Fig. 6).

Thus, at least over Spain and parts of western Europe,

changes in short-duration precipitation extremes in

winter may well exceed expectations based on pro-

jections relying on daily time series analyses and the

Clausius–Clapeyron relationship, in agreement with

findings in Lenderink and van Meijgaard (2008). This

is consistent with the resulting increase of the convec-

tive activity over the Mediterranean regions in the

FUTURE climate, when compared to the PRESENT

climate (Fig. 8). Since convective precipitation is critical

in explaining the upper tail of the precipitation distri-

bution over large parts of Europe, additional work is

needed to establish to what extent the more pronounced

3-hourly intense events projection can be related to

changes in future convective precipitation. A multimodel

assessment is indeed necessary to corroborate our results:

we hope this study highlights the importance of storing

high-frequency (i.e., 3 hourly) model outputs, over long

time periods, within international climate modeling

FIG. 7. Fraction of heavy precipitation (.90p) events associ-

ated with snow during DJF. (a) Difference between snow fraction

in 3-hourly heavy events and daily heavy events in the PRESENT

period (3h2 dd). (b) As in (a), but for the FUTURE period. only.

(c) Projection (FUTURE 2 PRESENT) of the fraction of snow

in 3-hourly heavy events. Units are %.
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frameworks such as future coupledmodel intercomparison

projects both at the global and the regional scale.
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