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ABSTRACT: In this study, we aim to better understand the current and future projections of precipitation extremes in

Europe in the context of climatic variability over a long-term period from the last millennium to the end of the twenty-

first century. The daily gridded precipitation data from five global climate models (GCMs) of phase 5 of the Coupled

Model Intercomparison Project (CMIP5) are chosen to investigate natural variability and precipitation extremes during

the last millennium (850–1849), the historical (1850–2005) period, and two representative concentration pathway

(RCP2.6 and RCP8.5) scenarios (2006–99). First, the seasonal and annual precipitation and extreme statistics from

GCMs are evaluated using reconstruction and observation. Second, the spatial and temporal patterns of extreme pre-

cipitation from GCMs are investigated from the last millennium to the end of the twenty-first century. Meanwhile, the

characteristic changes of extreme precipitation for the five regions of Europe are further analyzed. The results revealed

the following: GCMs underestimate extreme precipitation and overestimate mean precipitation compared with the

observations from European Climate Assessment and Dataset (ECA&D); the majority of Europe except southern

Europe will most likely have large magnitude increases in the extreme precipitation and mean precipitation in the future

under both RCP scenarios; there is no systematic change of precipitation extremes from the last millennium to the

historical period from all GCMs; and larger magnitude increases are shown in 100- and 200-yr than in 5- and 10-yr return

period precipitation from both RCP scenarios. In addition, short-duration extreme precipitation will most likely increase

more than longer-duration extremes.
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1. Introduction
In recent decades, Europe has experienced a significant in-

crease in hydrological extremes that have significantly im-

pacted socioeconomic and natural systems. A series of recorded

flood events have occurred, such as the disastrous August 2002

flood in central Europe and the devastating flood in Germany

in 2013 (Ulbrich et al. 2003; Merz et al. 2014). However, such

extreme events have long return periods and rarely appear

in observational datasets (Hirabayashi et al. 2013). Thus, key

challenges remain in understanding the characteristics of

European precipitation extremes and their future changes

(Beniston et al. 2007).

Most importantly, it is difficult to quantitatively assess the

climatological significance of extreme events due to the high

degree of natural hydroclimate variability and the limited

length of observations. Europe is one of the few regions in the

world with substantial coverage of long instrumental records,

documentary evidence, and high-resolution spatiotemporally

natural proxies. Previous studies have used historical precipita-

tion documents and dense proxy records to infer climate var-

iability in Europe at decadal to centennial time scales longer

than the instrumental data record. For example, Pauling et al.

(2006) presented seasonal precipitation reconstructions for
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Europe covering the period 1500–1900 together with gridded

reanalysis data from 1901 to 2000 based on documentary evi-

dence and natural proxies (i.e., tree-ring chronologies, ice

cores, corals, and a speleothem). They discovered that condi-

tions during the Medieval Climate Anomaly (MCA) period

(AD 900–1150; hereafter all dates are AD) were considerably

wetter than today, while climate was dry during most of the

‘‘Little Ice Age’’ (LIA; 1500–1850), and these findings were

also confirmed by Feurdean et al. (2015). In addition, it is worth

noting that the divisions of the MCA and LIA periods vary in

different regions. Such studies are an essential source of

information necessary to understand climatic processes and

variability. However, these approaches can only be applied

in regions that have abundant multiproxy records with suf-

ficient chronological control. Hence, it is necessary to adopt

other approaches to understand the precipitation charac-

teristics for the period prior to instrumental records, such as

evaluating whether simulations from climate models and

reconstructions from proxy data are compatible realizations

of the unknown past climate evolution (Bothe et al. 2013;

Klein et al. 2016). From this perspective, Shi et al. (2016)

investigated the spatiotemporal characteristics of annual

and seasonal rainfall changes from the MCA (950–1250)

to the LIA (1500–1800) based on the last millennium

simulations of phase 3 of the Paleoclimate Modeling

Intercomparison Project (PMIP3). They examined the long-

term variation of precipitation in arid central Asia and eastern

China based on the PMIP3 last millennium simulations of nine

models. In comparison with the reconstructions, they discov-

ered that only one model, MRI-CGCM3, was able to broadly

reproduce the reconstructed humidity pattern in Asia (Shi

et al. 2016).

The CMIP5 GCMs provide a means for understanding the

range of long-term natural variability and also yield future

projections under the ongoing global warming scenario. Many

studies, using various trend detection methods (Min et al. 2011;

Westra et al. 2013) and datasets (Alexander et al. 2006; Donat

et al. 2013; Kharin et al. 2007), have found that about two-

thirds of the data-covered global land areas exhibit positive

trends in precipitation extremes for the latter half of the

twentieth century. Increasing trends in precipitation extremes

were observed over many regions of Europe, notably for

northern and eastern Europe, while decreases were observed

in southern Europe (Donat et al. 2013; Groisman et al. 2005;

Madsen et al. 2014; van den Besselaar et al. 2013). The de-

tection of such trends in observational statistics is challenging,

however, due to the substantial spatial and temporal variability

of extreme events (Groisman et al. 2005). This has also been

demonstrated by RCM projections in Europe (Rajczak and

Schar 2017), which have revealed that the frequency or in-

tensity of heavy precipitation events has likely increased over

the past decade. Such a trend will presumably continue into the

future, as indicated bymodeling studies associated with EURO-

CORDEX regional climate models (RCMs). For Europe, assess-

ments of regional changes, impacts, and subsequent adaptation

measures are often based on finer-resolved RCM ensembles

(e.g., PRUDENCE and ENSEMBLES). For example, Fowler

et al. (2007) used four models, including three RCMs from

Prediction of Regional Scenarios andUncertainties for Defining

European Climate Change Risks and Effects (PRUDENCE)

and an atmosphere-only GCM with a similar spatial resolution.

By comparing return values for the current (1961–90) and future

(2070–99) climates, they determined that in northern Europe,

along with the increasing mean precipitation, extreme short-

term precipitation events will possibly increase in both mag-

nitude and frequency. In addition, Lehtonen et al. (2014)

compared the control period simulations with the high-resolution

ENSEMBLES observations (E-OBS v7.0)—a gridded obser-

vational precipitation dataset—in order to evaluate the

performance of the models and explore seasonal changes in

indices, such as the maximum 1-day precipitation and the

maximum 5-day precipitation. They determined excessive or

scarce precipitation in Europe based on simulations performed

with 10 GCMs and, for comparison, with 5 RCMs driven

by one GCM, which indicated that there will be a shift toward

a climate with more extreme precipitation in Europe as

greenhouse-gas-induced global warming continues. In addi-

tion, Scoccimarro et al. (2016) investigated possible changes in

the distribution of heavy precipitation events in a warmer cli-

mate over the Euro-Mediterranean region, using the results

of a set of 20 climate models taking part in CMIP5 under the

representative concentration pathway (RCP) 8.5 scenario.

Those GCMs indicated a stretching of the right tail of pre-

cipitation event distribution at the end of the twenty-first

century, even over regions showing a decrease in the mean

precipitation, which would correspond to strong increased

availability of water vapor content in the atmospheric col-

umn in the future.

It is difficult, however, to evaluate the future projections of

precipitation extremes and floods, given the high degree of

natural variability, the anthropogenic forcing, and the limited

instrumental measurements covering only the last 100 years.

Rarely studies have examined the changes of extreme precip-

itation characteristics over a long-term period of more than

1000 years by combining the last millennium with a projection

to the end of the twenty-first century. Schindler et al. (2015)

analyzed the internal variability of daily precipitation for

preindustrial simulation of a stationary climate based on one

GCM of CMCC-CM. Their results implied that preindustrial

precipitation from the climate model with 30 years seemed

enough for characterizing the internal variability of daily pre-

cipitation in many regions (especially in the midlatitudes);

however, some exceptions exist, which need 50 years or even

more. They also recommended that climate simulations from

moreGCMs are needed in order to get a robust result. Ljungqvist

et al. (2016) pointed out the divergence between reconstructed

hydroclimatic anomalies and model output in the simulated

intensification of hydroclimatic variability in the twentieth

century, which suggested the use of paleoclimate data to place

recent and predicted changes of hydrological extremes and

trends in a millennium-long context.

In this study, we attempted to explore the characteristics

and changes of precipitation extremes from the last millen-

nium to the end of the twenty-first century in Europe due to

the impact of past and projected anthropogenic climate change.

Twomajor questions were addressed: 1) Could the last 100 years’
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instrumental measurements (1900–present) represent precipi-

tation variability and extreme statistics over a long-term period

of more than 1000 years? 2) What are the projected changes of

different levels of precipitation extremes (i.e., 5-, 10-, 20-, 50-,

100-, and 200-yr return) in Europe due to future anthropogenic

climate change?

To answer the above questions, we used the daily precipi-

tation from five CMIP5 GCMs over 1250 years, including the

last millennium projections from 850 to 1849 (past1000), his-

torical projections from 1850 to 2005 (historical), and future

projections from 2006 to 2099 (RCP2.6 and RCP8.5). A series

of extreme indices were chosen to comprehensively analyze

and evaluate the characteristics of extreme precipitation in

Europe, including annual maximum 1-, 5-, and 15-day precip-

itation totals corresponding to the 5-, 10-, 20-, 50-, 100-, and

200-yr return periods. In addition, we divided Europe into five

regions according to their common geographical locations

(https://www.mapsofworld.com/europe/), namely northern, south-

ern, central, eastern, and western Europe, in order to facilitate a

more detailed investigation and a discussion of uncertainty and

spatial variability.

The organization of this manuscript is as follows. After this

brief introduction, a description of the study area and data is

presented, followed by the methods utilized. Next, the results

of an evaluation of the CMIP5 GCMs’ ability to simulate mean

and extreme precipitation statistics, as well as the character-

istics and changes of precipitation extremes over a 1000-yr

period in Europe, are presented. This paper ends with a dis-

cussion followed by conclusions.

2. Study area and data description

a. Study area

Most of Europe lies in the temperate zone and is affected by

the ocean. It is characterized by mild and rainy weather

throughout the year. The annual precipitation in western

Europe and the western part of northern Europe is distributed

relatively homogeneously, varying between 600 and 1000mm

in most areas. Due to frequent cyclone activity in winter,

precipitation is somewhat higher. In the eastern part of

northern Europe, as well as central and eastern Europe, the

greatest amount of precipitation occurs in the summer months

due to the increased continentality. In southern Europe, due to

the influence of both the polar front and the cyclone activity

associated with the Mediterranean front, precipitation pri-

marily occurs in winter, with anticyclonic dominance resulting

in less precipitation in summer. Annual precipitation in this

region is approximately 350–900mm.

b. Data

1) CMIP5 MODELS AND EXPERIMENTS

In this study, the daily precipitation data from fiveGCMs in

the CMIP5 were used (Table 1). The CMIP5 experiments

including the last millennium simulations (past1000; 850–

1849), the historical simulations (historical; 1850–2005), and

the anthropogenically forced simulations of the twenty-first

century (RCP2.6 and RCP8.5; 2006–99) are listed in Table 2.

The last millennium simulations have reconstructed time-

evolving exogenously-imposed forcing. The historical simu-

lations include changing anthropogenic and natural forcing

factors, which are imposed to reproduce climate evolution

through the twentieth century as accurately as possible. Two

pathway scenarios, RCP2.6 and RCP8.5, are used in the paper

for comparison. The radiative forcing in RCP8.5 (the high CO2

concentrations scenario) increases throughout the twenty-first

century before reaching a level of about 8.5Wm22 at the end

of the century (Peters et al. 2012; Lewis 2017). In addition to

this ‘‘high’’ scenario, the RCP2.6 scenario is an aggressive

mitigation trajectory, where the greenhouse gas emissions

reach a maximum near the middle of the twenty-first century

and then decline by the end of the twenty-first century (Dai

et al. 2016). Both periods are from 2006 to 2099. The CMIP5

GCMs were used where data were available for all experi-

ments, resulting in a significantly reduced number of available

models (i.e., BCC-CSM1.1,MIROC-ESM,MPI-ESM-P,MRI-

CGCM3, and CCSM4) compared to the total number of

CMIP5 GCMs since few groups contributing to past1000 sim-

ulations were available. In addition, daily data from the MPI-

ESM-P model are missing in the projection of the RCP2.6 and

RCP8.5 scenarios from the CMIP5 archive.

2) PROXY PRECIPITATION DATA OF THE PAST1000
PERIOD

Millennium-long precipitation reconstructions based on

documentary evidence and natural proxies such as tree-ring

chronologies were used as reference data in this study. InEurope,

the reconstructions of seasonal precipitation covering the period

1500–2000 (108W–408E and 358–708N; 0.58 3 0.58 resolved grid)

were available (Pauling et al. 2006). The four seasons were

defined as winter (December–February), spring (March–May),

summer (June–August), and autumn (September–November).

TABLE 1. Basic information for the CMIP5 models selected for

evaluation over the study area.

Model Institute

Resolution

(lat 3 lon)

BCC-CSM1.1 Beijing Climate Center, China 2.88 3 2.88
MIROC-ESM Atmosphere and Ocean

Research Institute (The

University of Tokyo),

National Institute for

Environmental Studies, and

Japan Agency for Marine-

Earth Science and

Technology, Japan

2.88 3 2.88

MPI-ESM-P Max Planck Institute for

Meteorology, Germany

1.98 3 1.98

MRI-CGCM3 Meteorological Research

Institute, Japan

1.1258 3 1.1258

CCSM4 National Center for

Atmospheric Research,

U.S. Department of Energy/

National Science

Foundation, United States

0.98 3 1.258
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Due to the limitation of available reconstruction data, we can

only compare the spatial distributions of seasonal precipita-

tion between the CMIP5 GCMs and the reconstructed data.

3) HISTORICAL PRECIPITATION OBSERVATION

In this study, the performances of extreme precipitation

simulations from the CMIP5 GCMs during the historical period

were evaluated based on the station observations from the

European Climate Assessment and Dataset (ECA&D) for

1922–2005 (https://eca.knmi.nl//dailydata/predefinedseries.php).

The observed stations whose number of missing days exceeded

10% of the total number of days in the historical period were

removed from the analysis in this investigation. After quality

checking, 1402 stations were available for use over Europe, as

shown in Fig. 1.

3. Methods

a. Precipitation evaluation for the past1000 period
To evaluate the performance of the CMIP5 GCMs for the

past1000 period, we compared the past1000 simulations with

the multiproxy reconstructed data. The spatial resolutions of

the five chosen CMIP5 GCMs varied from (1.128 3 1.128) to
(2.88 3 2.88), as listed in Table 1. Therefore, we regridded all

the CMIP5 GCMs to the same grid size (1.08 3 1.08) using

bilinear interpolation (Jiang et al. 2015) for the past1000

evaluation for comparison with the reconstructed data, which

were also regridded to the same resolution.

b. Precipitation evaluation for the historical period

To evaluate the performance of the CMIP5 GCMs for the

historical period, we compared the historical simulations with the

ECA&D station precipitation data. The CMIP5 GCMs gridded

precipitation data were interpolated to the 1402 ECA&D obser-

vation stations using the inverse distance weighted (IDW) method

for comparison consistency. Therefore, the calculations of the

simulated and observed extreme indices were all station-based.

In addition, we divided the European continent into five

regions according to common geographical divisions: northern

Europe (NE), southern Europe (SE), central Europe (CE),

eastern Europe (EE), and western Europe (WE). The area-

averaged precipitation indices were likewise examined in order

to obtain a more coherent picture of the projected changes.

In this part of the comparison, the values of simulated and

TABLE 2. List of selected CMIP5 experiments with major imposed

forcings and periods.

Experiment Major imposed forcings Years

Past1000 Volcanic aerosols, well-mixed

greenhouse gases, land use, orbital

parameters, and solar changes

850–1849

Historical Anthropogenic (greenhouse gases,

aerosols, ozone) and natural (solar,

volcanic)

1850–2005

RCP2.6 Anthropogenic (greenhouse gases,

aerosols, ozone scenarios) and

natural (solar) forcings. Radiative

forcing reaches a level of about

2.6Wm22 at the end of the twenty-

first century.

2006–99

RCP8.5 Anthropogenic (greenhouse gases,

aerosols, and ozone scenarios) and

natural (solar). Radiative forcing

reaches a level of approximately

8.5Wm22 by the end of the twenty-

first century

2006–99

FIG. 1. Spatial distribution of the chosen 1402 observation rain gauges from theECA&D for the

period 1922–2005.
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observed extreme indices were computed based on the daily

area-averaged precipitation in each region.

c. Anomaly analysis

We utilized anomaly analysis based on model precipitation

at the annual scale from the CMIP5 GCMs from the past1000

to the future2099 (Wei and Ma 2003; Huang et al. 2013). For

this analysis, the averaged annual precipitation (Rmean) and

averaged maximum 1-day precipitation over five regions in

Europe for the period 1971–2000 from the ECA&D data were

calculated as the baseline values. The deviation (%) of the

annual-scale precipitation anomaly during a long-term period

of 1250 years was then calculated by the percentage change of

the simulated area-averaged annual precipitation (Rtot) and

maximum 1-day precipitation (Rx1day) from the CMIP5

GCMs for the period 850–2099 compared with the baseline

values. In addition, the 30-yr moving average method was also

employed to analyze this percentage change of precipitation

anomaly:

D
p
5
S
p
2O

p

O
p

, (1)

where Dp, Sp, and Op are the deviation (%) of precipitation

anomaly, the simulated area-averaged precipitation indices,

and the baseline value, respectively.

d. Extreme precipitation indices

According to the WMO guideline (Klein Tank et al. 2009),

extreme precipitation is defined as a pronounced precipitation

event occurring during a period, with daily total precipitation

exceeding a certain threshold defined for a given location. In

our study, the statistical analysis of extreme precipitation was

based on daily precipitation and the extreme precipitation in-

dices included the maximum 1-day, 5-day, and 15-day precip-

itation amounts that exceed a level associated with the chosen

return periods (i.e., 5, 10, 20, 50, 100, and 200 years) for all

observed stations in Europe. Moreover, the same extreme

precipitation indices were applied for the five European sub-

regions. All of the extreme precipitation indices used in this

study are listed in Table 3.

In addition, we use generalized extreme value (GEV) dis-

tribution to derive the return-period-based precipitation amounts

from the statistical cumulative density functions of the con-

ceptual distributions for the precipitation extremes based on

the observed data and simulated precipitation of the CMIP5

GCMs. The GEV method is widely applied for modeling ex-

treme events inmeteorology andmany other fields (Coles et al.

2003; Khaliq et al. 2006). The GEV technique was introduced

into meteorology by Jenkinson (1955) and is used extensively

to model extreme natural phenomena such as precipitation

(Gellens 2002). The probability density function (PDF) and

cumulative distribution function (CDF) of the GEV are as

follows:

f (x)5
1

a

�
12k

�
x2 j

a

��1/k21

exp

�
2

�
12k

�
x2 j

a

��1/k�
, ð2Þ

F(x)5 exp

�
2

�
12k

�
x2 j

a

��1/k�
,k 6¼ 0, (3)

where a, j, and k are the scale parameter, location parameter,

and shape parameter, respectively.

Estimates of the extreme quantiles, known as the return

level zp, corresponding to the return period

t5
1

p
, (4)

where p is the probability of occurrence, can be obtained by

Z
p
5 j2

a

k
f12 [2log(12p)]2kg . (5)

In this study, we divided the future period 2016–99 into two

42 years including 2016–47 and 2048–99, and then we used the

F test and t test (significance level 0.01) in five regions to de-

termine whether the variance and mean of the two samples are

significantly different. The results in Table 4 show that most of

the areas (except for NE and EE) were stationary, so we

adopted the stationary GEV assumption in the study.

e. Period division
To compare the extreme precipitation changes over the

entire 1250-yr study period, we divided the time series into four

equal-length periods: 959–1042 (past1), 1559–1642 (past2),

1922–2005 (history), and 2016–99 (future). This was to deal

with the fact that the values of extreme precipitation indices

are significantly affected by sample size (i.e., time period); thus,

the time periods of extreme precipitation from various exper-

iments should be consistent. However, the time periods of the

past1000 (850–1849) and the future RCP2.6 and RCP8.5 pro-

jections (2006–99) are longer than those of the historical period

and the observed ECA&D data (1922–2005). To maintain

consistency, the historical period of 1922–2005 was first chosen

as the evaluation period baseline due to the limited observa-

tion time span. Therefore, the same time period of 84 years in

the past1000 and future projections was determined accord-

ingly. Furthermore, in the Northern Hemisphere, during the

past1000 period, paleoclimatic reconstructions were recog-

nized to include two periods, a climatic perturbation known as

the MCA and a planetary cold period referred to as the LIA,

extending from 950 to 1250 and from 1500 to 1800, respectively

(Matthews andBriffa 2005). Thus, we selected the periods 959–

1042 within the MCA and 1559–1642 within the LIA to rep-

resent the entire past1000 projection. In addition, the RCP2.6

TABLE 3. Definition of extreme precipitation indices.

Acronym Definition Units

Rmean Averaged annual precipitation mm

Rtot Area-averaged annual precipitation mm

Rx1day Annual maximum 1-day precipitation mm

R50YR Estimate of return value for 1-day,

50-yr event

mm

R100YR Estimate of return value for 1-day,

100-yr event

mm
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and RCP8.5 scenarios were used as the future projections

(2016–99) representing anthropogenic global warming. All of

the extreme precipitation indices for the observed stations and

the five regions were calculated based on those four time

periods.

f. Frequency distribution

One of the main questions addressed in this study was

whether the last 100 years of instrumental measurements

(1922–present) could adequately represent the precipitation

variability and extremes statistics over a long-term period of

more than 1000 years. To answer it, we analyzed the precipi-

tation frequency distribution of Rtot and Rx1day, and their

changes from the past1000 to the future2099 in five regions of

Europe. Our analysis consisted of the following steps. First, the

Rtot and Rx1day frequency distributions of the ECA&D ob-

servations and CMIP5 GCM simulations were obtained for the

evaluation period of 1922–2005. We then compared the two

simulated distributions with the observed distributions and

bias-corrected the mean of the simulated Rtot and Rx1day

distributions from the CMIP5GCMs comparedwith themeans

of the observed Rtot and Rx1day distributions in the historical

period. Second, the same bias corrections were applied to the

Rtot and Rx1day distributions of the CMIP5 GCMs for the

past1000 (past1 and past2) and the future projections. Finally,

we investigated the distribution changes of Rtot and Rx1day

from the historical period to the future2099 and from the

past1000 (plus the historical period) to the future2099 over the

five regions of Europe.

g. Statistical significant test
The t-test method was applied in this study to detect if the

means of two data series are significantly different from each

other (Efron 1969). In this test, the null hypothesis (H0) as-

sumes that no difference exists in the mean precipitation be-

tween the two periods; the alternate hypothesis (H1) assumes

difference exists in the mean precipitation between the two

periods. If standardized test statistics jTj . T12a/2,n1m22,

where n and m are lengths of the two periods, H0 is rejected

and a statistically significant change exists in the hydrologic

time series of two periods. The critical value of T12a/2,n1m22

for a significance level of 0.01 (the degree of freedom is 82)

from the t-test critical value table is 2.637.

4. Results

a. Evaluation of precipitation in the past1000
The spatial distributions of the relative differences of sea-

sonal precipitation between the CMIP5 GCMs and the

reconstructed data are shown in Fig. 2. The CMIP5 GCMs

precipitation varies more widely in the distribution compared

with the reconstructed precipitation for all seasons. In gen-

eral, the CMIP5 GCMs underestimate seasonal precipitation

in CE, SE, theUnited Kingdom, and the west coast of Norway

compared with the reconstructed data. Particularly in sum-

mer, all five CMIP5 GCMs underestimate the precipitation

over most regions of Europe. Meanwhile, the precipitation

from the CMIP5GCMs is higher in the eastern part of NE and

the northern part of CE than the reconstructed precipitation

for all seasons except summer. In addition, the spatial dis-

tributions from the five CMIP5 GCMs are similar, although

differences exist in various regions.

b. Evaluation of precipitation in the historical period
The differences between the CMIP5 GCMs and the ECA&

D from 1922 to 2005 for Rmean, Rx1day, and estimates of

return values for 1-day, 100-yr events (R100YR) are depicted

in Fig. 3. When comparing the model-simulated precipitation

climate with observations, it can be seen that in general the

CMIP5 GCMs tend to overestimate the Rmean values in al-

most all areas of NE, CE, and WE while underestimating

Rmean in some areas of SE and EE. However, the CMIP5

GCMs underestimate Rx1day and R100YR in Europe even

while Rmean is overestimated in some regions, although dif-

ferences about the over- or underestimation level can be seen

from different GCM models. For example, in NE, a bias of

Rmean is up to about1200% fromCCSM4while whose biases

of Rx1day and R100YR are still from around220% to240%.

This indicates that the CMIP5 GCMs tend to underestimate

the magnitude of extreme precipitation events over most re-

gions of Europe, as shown in Figs. 3b and 3c.

Boxplots of the bias from the CMIP5 GCMs compared with

the ECA&D data for four precipitation indices—Rmean,

Rx1day, and estimates of return value for 1-day, 50-yr events

TABLE 4. The results of the F test and t test for the maximum

1-day precipitation under both RCP2.6 and RCP8.5 scenarios

(2016–99); N means no significant difference and Y means signifi-

cant difference.

F test t test

Model RCP2.6 RCP8.5 RCP2.6 RCP8.5

NE

BCC-CSM1.1 N N N Y

MIROC-ESM N N N Y

MRI-CGCM3 N N N N

CCSM4 N N N Y

SE

BCC-CSM1.1 N N N N

MIROC-ESM N N N Y

MRI-CGCM3 N N N N

CCSM4 N N N N

CE

BCC-CSM1.1 N N N N

MIROC-ESM N N N Y

MRI-CGCM3 N N N N

CCSM4 N N N N

EE

BCC-CSM1.1 N N N Y

MIROC-ESM Y Y N Y

MRI-CGCM3 N Y N Y

CCSM4 N N N Y

WE

BCC-CSM1.1 N N N Y

MIROC-ESM N N N Y

MRI-CGCM3 N N N N

CCSM4 N N N N
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FIG. 2. Spatial distributions of the relative precipitation differences between the five GCMs and the reconstructed data (1500–1850) in

(a) spring, (b) summer, (c) autumn, and (d) winter.
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(R50YR) and R100YR—in the five European regions are

plotted in Fig. 4. It can be seen that almost all regions exhibit

positive biases of Rmean and negative biases of the other three

extreme indices (Rx1day, R50YR, and R100YR). Only the

CCSM4 model shows a negative value of the median for

Rmean in SE although there is a clear positive skewness to the

upper quartile. That is to say, the CCSM4 Rmean is slightly

underestimated in some areas of SE comparedwith the ECA&D.

These results are consistent with the findings depicted in

Fig. 3. In addition, from Fig. 4, we can also see that some

models display poor skill in the simulation of extreme pre-

cipitationwhile providing good estimates ofRmean. For example,

although the box plots of the Rmean biases from the BCC-

CSM1.1 model show narrower ranges and better medians,

which are closer to 0 compared with other models, this model

performs poorly in these five regions when simulating extreme

indices.Koutroulis et al. (2016) investigated theoverall agreement

between the probability density functions, derived from daily

precipitation or different percentile values, of the observed and

the 23 GCMs’ data. They found that same GCM shows distinct

abilities for simulating the distribution of mean and extreme

precipitation, which was consistent with the results in our study.

Figure 5 shows the empirical distributions of Rtot and

Rx1day from the CMIP5 GCMs over all five regions in the

FIG. 3. Spatial distributions of the relative precipitation differences between the CMIP5 GCMs and ECA&D observations for the

period 1922–2005 for (a) mean annual precipitation, (b) maximum 1-day precipitation, and (c) estimates of return values for 1-day, 100-yr

events. The relative differences are equal to model simulations minus observations, divided by observations.
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historical period compared with those from the observations.

The distributions of Rtot and Rx1day from the CMIP5 GCMs

vary considerably, and the intraregional differences are almost

as large. In general, the Rtot values from almost all CMIP5

GCMs are higher than the observed values with the same value

of F(x) in all regions except BCC-CSM1.1 and MIROC-ESM

models of NE. All of the CMIP5 GCMs underestimate the

Rx1day magnitude in CE and SE. What is interesting is that

the BCC-CSM1.1 and MIROC-ESM models underestimate

the Rx1day magnitude in other three regions, but other models

(i.e., MPI-ESM-P, MRI-CGCM3, and CCSM4) overestimate

the Rx1day magnitude compared with observed Rx1day. The

distribution patterns of Rtot from theCMIP5GCMs display no

clear consistency with those from observations. In addition, the

Rx1day distributions from the MRI-CGCM3 and CCSM4

models are the most consistent with those from the ECA&D

observations in NE, EE, and WE.

c. Anomaly analysis

The area-averaged time series of annual precipitation anom-

alies (in percent) over 1250 years including past1000 (850–1849),

historical (1850–2005), and future (2006–99) projections in the

five European regions are presented in Fig. 6. Figure 7 shows a

similar presentation of the maximum 1-day precipitation

anomalies. For both Figs. 6 and 7, the baseline values are the

observed precipitation for 1971–2000 from the ECA&D, as

shown in Eq. (1). The inconsistency of 1850 between the two

periods of past1000 (850–1849) and historical (1850–2005) is

smoothed by 30-yr moving averaging in Figs. 6 and 7. We can

see from the figures that 1) compared with the observed pre-

cipitation, the annual precipitation values (Rtot) from the

CMIP5 GCMs are overestimated, while the extreme precipi-

tation values (Rx1day) from these models are underestimated;

2) there is a stable fluctuation of Rtot before 1950 and an ob-

vious increase after 1950 until the end of the twenty-first cen-

tury under both two RCP scenarios across all of Europe, with

the exception of SE; 3) obvious increases are exhibited in all

CMIP5 GCMs simulations of Rx1day after 1950 until the end

of the twenty-first century under both two RCP scenarios

across all of Europe; and 4) the uncertainty bands of the future

Rtot and Rx1day increase are wide regarding both scenarios.

The Rtot and Rx1day values are projected to increase much

more from the RCP8.5 scenario than that from the RCP2.6.

Additionally, 5) the MIROC-ESM model displays the highest

future increases from the RCP 8.5 for both Rtot and Rx1day

compared with the other CMIP5 GCMs, although all of the

CMIP5 GCMs project increase; and 6) it should be noted that

over SE, the increase of extreme precipitation is associated

with a decrease in annual precipitation. This inconsistency may

be a result of an increased number of dry days in combination

with more intense convective extremes, translating to lower

mean precipitation, which may result in more hazards from

both floods and droughts (Fowler et al. 2007).

d. Spatial distribution changes

The changes of spatial distribution of Rmean and average

Rx1day of the CMIP5GCMs from past1 to past2, from past2 to

the historical period, and from the historical period to the fu-

ture2099 are illustrated in Figs. 8 and 9. The grid points of

Rmean and average Rx1day with nonsignificant change at the

0.01 significance level based on the t test are shown. As shown

in Fig. 8a, the range of Rmean changes from past1 to past2

varies from 25% to 5% in most areas and Rmean values tend

FIG. 4. Boxplots of distributions of the biases between the

CMIP5 GCMs and ECA&D station data of the four indices from

1922 to 2005 for all five European regions—Rmean: averaged an-

nual precipitation, Rx1day: maximum 1-day precipitation, R50YR:

estimate of return value for 1-day, 50-yr event, and R100YR:

estimate of return value for 1-day, 100-yr event.
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to increase in some areas of NE and decrease in most areas of

southwestern Europe from past1 to past2. In addition, the

differences between models are relatively large. For example,

there is an obvious decrease in WE, SE, CE, and EE for MPI-

ESM-P and MRI-CGCM3; conversely, MIROC-ESM shows

an increase in the same regions except Spain and Portugal.

Figure 8b reveals that the range of Rmean changes from past2

to historical, varying from 210% to 10%, is larger than that

from past1 to past2. Moreover, there is an increase in NE and a

decrease in SE, CE and most areas of EE for BCC-CSM1.1,

MRI-CGCM3, and CCSM4, but MPI-ESM-P and MIROC-

ESM indicate a decreasing trend over almost the whole of

Europe. We can also see that almost all GCMs show no

significant change in mean annual precipitation from past1000,

including both the past1 (959–1042) and past2 (1559–1642)

periods, to the historical period for the vast majority of grid

points in Figs. 8a and 8b, except MPI-ESM-P from past2 to

historical. There are no grid points or only a few grid points

with significant change from the ensemble mean of all GCMs.

This may because only a few grid points show significant

change and the uncertainty of limited models. In general,

Figs. 8a and 8b illustrate that there are minor changes from the

past1000 (including past1 and past2) to the historical period.

Larger changes varying from 220% to 20% from the his-

torical period to the future2099 under both the RCP2.6 and

RCP8.5 scenarios than that from the past1000 to the historical

FIG. 5. The empirical distributions of annual precipitation andmaximum 1-day precipitation during the historical

period (1922–2005) in each of the five European regions for the five CMIP5GCMs. The x axis is the calculatedRtot

and Rx1day values, and the y axis is the value of empirical distribution function.
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period are shown in Figs. 8c and 8d. In addition, Rmean tends

to increase in most areas in the future, with the exception of

some decreases in SE, especially in Spain and Portugal with a

decrease, confirming the results shown in Fig. 6. Also, there are

more areas exhibiting significant changes for almost all GCMs

from the historical period to the future2099, especially a sig-

nificant increase in NE.

For the average Rx1day extreme precipitation indices

shown in Figs. 9a and 9b, we can see that the changes from

past1 to past2 and from past2 to the historical period from all

CMIP5 GCMs display similar spatial distributions to Rmean,

which is helpful to discern uniform trend for a particular re-

gion. In addition, only a very small percentage of grid points

show a statistical difference for average Rx1day from past1 to

past2 and from past2 to the historical period for all GCMs.

Moreover, the average Rx1day changes varying from220% to

20% over some areas of Europe from the past1000 to the his-

torical period are greater than the range of Rmean changes.

All of the CMIP5 GCMs indicate that Rx1day will most

likely increase acrossmost of Europe from the historical period

to the future2099 under both theRCP2.6 andRCP8.5 scenarios

in Figs. 9c and 9d. Additionally, the changes of Rx1day from

the historical period to the future2099 are projected to reach

30% in many areas under the RCP8.5 scenario. In Fig. 9d, we

could see that in general, the maximum 1-day precipitation

increases from historical to RCP8.5 in most grid points of

Europe. The increases inmost of the grid points are statistically

significant from all GCMs except CCSM4 and from the en-

semble mean result. It is worth noting that the increase of the

maximum 1-day precipitation from historical to future2099

under the RCP2.6 scenario is less than that under the RCP8.5

scenario.

FIG. 6. The 30-yr moving average of the percentage of areal-averaged annual precipitation anomalies from the

past1000 to the future2099 (RCP2.6 and RCP8.5) for each model and region. The lower and upper bounds of the

uncertainty bands of future period represent the RCP2.6 and RCP8.5 scenario, respectively.
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In addition, a comparison of the geographical patterns of

changes in Rmean and Rx1day reveals that the projected

Rmean and Rx1day increases coincide in some areas. In those

areas (e.g., NE), more extreme precipitation events are pro-

jected to occur. To conclude, Figs. 9 and 10 reveal that there

are no big changes of extreme precipitation from the past1000

to the historical period, while an obvious increasing trend of

extreme precipitation from the historical period to the fu-

ture2099 is seen.

e. Extreme indices changes

Figures 10 and 11 show the estimated 1-, 5-, and 15-day

precipitation from the ensemble mean of five CMIP5 GCMs

under 5-, 10-, 20-, 50-, 100-, and 200-yr return periods from the

past1000 to the future2099.

In general, the ensemble mean of five CMIP5 GCMs shows

no robust change trend from the past (past1 and past2) to the

historical period for 1-, 5-, and 15-day precipitation amounts

under different return periods in Europe. By contrast, it is clear

that the extremes in the future are predicted to increase in the

context of climate change. There are, however, some excep-

tions, such as the fact that the future 1- and 5-day precipitation

amounts for 100- and 200-yr return periods of the model en-

semble mean under the RCP2.6 scenario are less than the

historical period values in CE. In some regions of CE, Rx1day

is projected to decrease, which may mean a decrease in ex-

treme events. In general, the precipitation extreme events

under the RCP8.5 scenario are projected to increase much

more than that from the RCP2.6 scenario for most CMIP5

GCMs and regions.

In addition, as the return period gets longer, the extremes

projected by the RCP8.5 show a greater increase in magnitude,

especially for the 100-yr precipitation and 200-yr precipitation.

There is an overall decreasing trend in return periods for each

FIG. 7. The 30-yr moving average of the percentage of areal-averaged maximum 1-day precipitation anomalies

from the past1000 to the future2099 (RCP2.6 andRCP8.5) for eachmodel and region. The lower and upper bounds

of the uncertainty bands represent the RCP2.6 and RCP8.5 scenario, respectively.
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FIG. 8. Relative changes in the average annual precipitation across Europe during the periods (a) from past1 to past2, (b) from past2 to

historical, (c) from historical to RCP2.6, and (d) from historical to RCP8.5. In all cases, the relative changes are computed by dividing the

differences of average annual precipitation between the two periods by the corresponding value of the previous period. The oblique line

denotes nonsignificant change at the 0.01 significance level based on the t test. The subgraph titled ‘‘All’’ shows the changes in ensemble

mean of five GCMs.
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FIG. 9. Relative changes in the averagemaximum 1-day precipitation across Europe during the periods (a) from past1 to past2, (b) from

past2 to historical, (c) from historical to RCP2.6, and (d) from historical to RCP8.5. In all cases, the relative changes are computed by

dividing the differences of average maximum 1-day precipitation between the two periods by the corresponding value of the previous

period. The oblique line denotes nonsignificant change at the 0.01 significance level based on the t test. The subgraph titled ‘‘All’’ shows

the changes in ensemble mean of five GCMs.
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FIG. 10. Changes of extreme indices (1-, 5-, and 15-day precipitation) with different return periods (5, 10,

and 20 yr) from past1000 to future2099.
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FIG. 11. Changes of extreme indices (1-, 5-, and 15-day precipitation) with different return periods (50, 100,

and 200 yr) from past1000 to future2099.
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extreme index that is indicative of increasing precipitation

extremes. The 1-day, 200-yr return period values of the model

ensemblemean inCE in the historical periodbecomeapproximate

or even less than 100-yr return events in the future for theRCP8.5,

which is also similar to other extreme indices. FromFigs. 10 and 11,

we can also see that short-duration extreme precipitation such

as 1-day precipitation under different return periods will increase

significantly. This result indicates that the greater the number of

consecutive days, the smaller the precipitation change from the

years 850–2099, regardless of the return period.

f. Extreme frequency distribution changes
Figure 12 shows the frequency distribution changes of Rtot

in all regions of Europe: from the past1 to the past2; from the

past2 to the historical period; from the historical period (1922–

2005) to the future (2016–99); and from the past1000 [i.e., 959–

1042 (past1) and 1559–1642 (past2)] plus the historical period

to the future2099. From these results, we can see that the fre-

quency of higher Rtot is projected to increase in the future

from both two emission scenarios compared with that from the

historical period for all CMIP5 GCMs in all of Europe except

SE. For example, in the future, values of Rtot varying from 800

to 1000mmyr21 drop in frequency while the frequency of

values varying from 1000 to 1500mmyr21 increases in both the

RCP2.6 and RCP8.5 scenarios for all CMIP5 GCMs in NE. An

opposite change can be seen in SE, with the Rtot projected to

decrease from 500–700 to 300–400mmyr21, which confirms

the results in Figs. 6, 8c, and 8d. A wider range of changes of

frequency distribution can be found in the future from the

RCP8.5 scenario compared with that from theRCP2.6 scenario

for most of the CMIP5 GCMs. Also, when comparing

the changes from the historical period to the future2099 and

the changes from the past1000 (plus the historical period) to

the future2099, the difference varies more in the CMIP5GCMs

than in regions. For example, the BCC-CSM1.1 and CCSM4

models have the same waveforms, while the waveforms of the

other two models, MIROC-ESM and MRI-CGCM3, are the

opposite, which indicates that frequency changes of the Rtot

from the past1000 to the historical period from four CMIP5

GCMs are of large uncertainty. Finally, the changes of fre-

quency distribution from the past1 to the past2 (first column)

and from the past2 to the historical period (second column)

vary from 220% to 20% except MIROC-ESM, which also

indicates minor changes of Rtot from past1000 to the historical

period.

Similar to Fig. 12, Fig. 13 shows the frequency distribution

changes of Rx1day in all regions of Europe: from the past1 to

the past2 periods; from the past2 to the historical period; from

the historical period (1922–2005) to the future (2016–99), and

from the past1000 [i.e., 959–1042 (past1) and 1559–1642

(past2)] plus the historical period to the future2099. We can

see from Fig. 13 that the frequency of higher Rx1day values is

projected to increase significantly in the future from both two

emission scenarios compared with that from the historical pe-

riod; for example, there is an increase in the frequency of

Rx1day with 15–25mm and a decrease in the frequency of

Rx1day with 5–15mm for the BCC-CSM1.1 andMIROC-ESM

in NE under both the RCP2.6 and RCP8.5 scenarios. The

increase of Rx1day in the future can be found in all CMIP5

GCMs in Europe but magnitude varies in the different regions

and different CMIP5GCMs, especially in EE, where the change

is miniscule. Also, the changes of frequency distribution in

Rx1day from past1 to past2 (first column) and from past2 to the

historical period (second column) vary from 210% to 10% for

almost all CMIP5 GCMs, showing that precipitation extremes

change very little from past1000 to the historical period. Finally,

there are small differences of frequency change between the

third and fourth column in all regions, which indicates that with

or without the past1000, the distribution changes of Rx1day

from the historical period to the future2099 are quite similar.

Overall, there are no consistent impacts but small changes

from all CMIP5 GCMs can be seen about the magnitude and

frequency change of Rtot and Rx1day from the past1000 to the

historical period. However, there is a significant increase in the

magnitude and frequency of extreme precipitation projections

from the past1000/historical period to the future2099, which

indicates a potential nonstationary characteristic of European

precipitation extremes under warming climate.

5. Discussion

a. Comparison of the changes between the mean and

extreme of the precipitation
When comparing the CMIP5 GCM-simulated precipitation

with observations, it can be found from above results that the

mean precipitation is evidently overestimated in most regions

of Europe and underestimated in some areas of southern and

eastern Europe, while CMIP5 GCMs tend to underestimate

the precipitation extremes (e.g., maximum 1-day precipitation

and 100-yr precipitation). Similar results can be found in pre-

vious studies in Europe. For example, Lehtonen et al. (2014)

found that GCMs tend to underestimate the frequency and

intensity of heavy precipitation events, while RCMs with their

finer horizontal resolution performed well in simulating ex-

treme precipitation. Chan et al. (2014a,b) and Kendon et al.

(2014) also compared the errors and differences in the pre-

cipitation simulated by the same RCMs at two different spatial

resolutions (i.e., 1.5 and 12 km). They concluded that the

convection-permitting RCM (at 1.5 km) is more suitable to

represent extreme precipitation than the RCM at lower spatial

resolution, which underestimates daily extremes. Therefore,

the coarse resolution of GCMs may not be enough to describe

convective precipitation and orographic precipitation, which is

probably one of the main reasons for the underestimation of

extreme precipitation in GCMs.

The percent changes in precipitation extremes are not en-

tirely correlated with the changes in mean precipitation among

GCMs projections in this study. It can be found that annual

precipitation is projected to decrease over southern Europe

and increase in other regions, but precipitation extremes are

projected to increase over most of Europe. This is consistent

with the results of Trenberth et al. (2007), who concluded that

the number of heavy precipitation events (e.g., the 95th per-

centile) increased across many land areas, even in regions

with a reduction in total precipitation amounts. In most regions

of Europe, increases in extremes are likely to be related to
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proportionately more precipitation in areas affected by exist-

ing storm tracks and associated dynamical moisture conver-

gence, which lead to the greater moisture-holding capacity of

warmer air in combination with a slight poleward shift of the

midlatitude storm tracks (Lehtonen et al. 2014). However, in

parts of southern Europe, increases in precipitation extremes

are associated with decreases in annual precipitation. This in-

consistency may be a result of an increased number of dry days

together with more intense convective extremes, resulting in

lower annual precipitation.

b. Projected changes in European extreme precipitation
indices
On the European scale, both short-duration and longer

return-period extreme precipitation events are projected to

increase considerably except in southern Europe in the future

FIG. 12. Absolute changes of annual precipitation frequency in each region (first column) from past1 to past2, (second column) from

past2 to the historical period, (third column) from the historical period to future2099, and (fourth column) from past1000 to future2099.

Dotted lines represent the RCP2.6 scenario, and solid lines represent the RCP8.5 scenario.
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(2006–99) in this study, although there is uncertainty as to the

absolute magnitude. Christensen et al. (2019) also pointed out

while projections using large ensembles of GCMs consistently

indicate a future decrease in summer precipitation over

southern Europe [confirming the results of Barcikowska et al.

(2020)] and an obvious increase over northern Europe, indi-

vidual models substantially modulate these distinct signals of

precipitation changes. Also, Hodnebrog et al. (2019) found

that daily and subdaily extreme precipitations intensify com-

pared to the mean in most of the European regions for a wide

range ofGCMs andRCMs. The increase of heavy precipitation

events is also consistent with the theory of a warming climate

(Prein et al. 2017; Allen and Ingram 2002) and the observed

significant increasing amounts of water vapor in the atmo-

sphere (Lenderink and Fowler 2017; Willett et al. 2008). In

addition, several other climate variables in the future exhibit a

FIG. 13. Absolute changes of maximum 1-day precipitation frequency in each region (first column) from past1 to past2, (second column)

from past2 to the historical period, (third column) from the historical period to future2099, and (fourth column) from past1000 to fu-

ture2099. Dotted lines represent the RCP2.6 scenario, and solid lines represent the RCP8.5 scenario.
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tendency toward wetter conditions. For example, 1000-hPa

relative humidity and cloudiness in wintertime showed in-

creasing trends at high latitudes (Ruosteenoja et al. 2017),

which could also contribute to the increase of extreme

precipitation.

We acknowledge that there will be uncertainty in the ex-

treme precipitation analysis using stationary GEV for future

RCP8.5. However, it will not impact the main conclusions of

our study since themain goal of our work is not to examine how

much extreme precipitation increase in the future under

RCP8.5. The return period of precipitation extreme events in

historical periods will become smaller in the future. For ex-

ample, 200-yr events in the historical period will likely occur

more often (i.e., becoming 100-yr events) in the future under

the RCP8.5 scenario for almost all regions of Europe. The

differences of the precipitation extremes change between the

historical and future periods are in line with some existing

studies of Europe. For annual 5-day and 10-day precipitation

amounts in the United Kingdom, Fowler and Kilsby (2003)

found that 50-yr events for the period 1961–90 became 8-, 11-,

and 25-yr events in eastern, southern, and northern Scotland

during the 1990s. More recently, Martel et al. (2020) suggested

that extreme precipitation (i.e., a 100-yr return period over the

reference period) becomes 2 to 4 times more frequent for

maximum 1-day and 5-day precipitation in Europe in the future.

c. European extremes in longer time from the past1000 to

the historical period
This study has explored the characteristics of precipitation

extremes in Europe from past1000 to future2099. We find that

all CMIP5 GCMs show a mild variability based on statistical

significance test in extreme precipitation changes from past1

(the subperiod in the MCA) to past2 (the subperiod in the

LIA). In addition, changes in the magnitude and frequency of

precipitation extremes from the past1000 to the historical pe-

riod are not clear and consistent with each other among the

CMIP5GCMs.However, an increase of precipitation extremes

is detected to be unambiguously and statistically significant

in anthropogenically forced simulations from the nineteenth

century to the end of the twenty-first century, which is con-

firmed with previous studies (Fowler et al. 2007; Lehtonen

et al. 2014). Extending the length of time series, the frequency

distribution changes of extreme values from the historical pe-

riod (plus past1000) to the future2099 do not indicate a sig-

nificant difference compared with those from the historical

period to the future2099.

In the study, the results (Figs. 10, 11, and 13) show there is no

significant trend for extreme precipitation in the past1000 pe-

riod in Europe. This is similar with what is shown in the study of

Landrum et al. (2013), which demonstrated that there were no

statistically significant differences of effective precipitation

(i.e., precipitation minus losses from evaporation, etc.) be-

tween the MCA (AD 900–1150) and LIA (AD 1500–1850)

periods of the past1000 by using the last millennium simula-

tions of CCSM4. To further verify the difference of precipita-

tion between the MCA and LIA periods, we performed a t test

to compare the annual precipitation of both periods from all

the GCMs; the results show that there is no significant

difference between those two periods in the five European

regions. This is different from the study of Feurdean et al.

(2015), which found that the MCA period was wetter than the

LIA period from the multiproxy analysis by using the re-

constructed data. It is well known that Europe has mostly a

mild maritime climate and the sea temperature may have

strong impact on precipitation in Europe. It would be helpful

to understand the change of precipitation in past1000 if the

change trends of the sea temperature were available for

Europe. Xu et al. (2017) analyzed the variations of El Niño–
Southern Oscillation (ENSO) and North Atlantic Oscillation

(NAO) based on the outputs of the last millennium (850–1849)

and historical experiments (1850–2005) from two climate

models CCSM4 and MPI-ESM-P. The calculated Niño-3.4
indices from sea surface temperature displayed stable mul-

ticentennial fluctuations during the last millennium and a

fast-increasing trend since 1900. This trend of sea surface

temperature is similar as what we see from the precipitation

during the past1000 in Europe.

This study attempted to examine whether the period cov-

ered by instrumental observations could represent extreme

precipitation variability in a longer period including both

past1000 and historical periods. First, we can see that almost all

GCMs show no significant change inmean annual precipitation

and maximum 1-day precipitation from the past1000 to the

historical period for themajority of grid points in Europe based

on the significance test (see Figs. 8 and 9). However, the

maximum 1-day precipitation increases significantly from the

historical period to the future2099 in most grid points of

Europe. A previous study by Lehtonen et al. (2014) also stated

that in regions of Europe where mean precipitation remains

effectively unaltered, there is a statistically significant increase

in the maximum 1-day precipitation. Besides, the precipitation

distribution changes from the historical period to the future

2099 are slightly different from the changes from the past1000

plus the historical period to the future 2099 in all regions (see in

Figs. 12 and 13). This can be seen from both annual precipi-

tation andmaximum 1-day precipitation. Therefore, there is no

clear evidence for nonstationary precipitation extremes in

Europe from the past1000 to the historical period in this study,

although a greater range of extremes can be seen in a longer

period. Lewis (2017) showed similar results, indicating no

systematic difference in precipitation extremes with increasing

length of time series (1000 year) compared to the observed

values (100 year). Our results indicate that the period en-

compassed by around 100 years of instrumental records cap-

tures the precipitation variability and distribution of past 1000

years in Europe, although there are uncertainties from the

CMIP5 GCMs, of which only five available members are used

in this study.

6. Conclusions
This study has explored the characteristics of precipitation

extremes and their changes over 1250 years (from the past1000

to the future2099) in Europe using CMIP5 experiments.

Observations and model simulations of the historical experi-

ment as well as proxy reconstructions and past1000 simulations

in overlapping periods were compared.
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The following conclusions can be drawn:

d When comparing the model-simulated precipitation with

observations (ECA&D), CMIP5 GCMs tend to overesti-

mate mean precipitation with the exception of southern

Europe and underestimate the magnitude and frequency of

extreme precipitation over most regions of Europe.
d In general, the annual precipitation and extreme precipita-

tion tend to increase in the future from all GCM projections

over most regions of Europe although the change from the

RCP8.5 is much larger than that from the RCP2.6 scenario.

Southern Europe, however, exhibits a slight increase of

extreme precipitation associated with a decrease of annual

precipitation in the future.
d There was no systematic change of precipitation extremes in the

fiveEuropean regions from the past1000 to the historical period,

while an extraordinary increase in the frequency andmagnitude

of extreme precipitation events is apparent in the future GCM

projections, which indicates nonstationary extremes in Europe.
d A greater magnitude increase can be seen in 100- and 200-yr

return period precipitation than in 5- and 10-yr return period

precipitation. At the same time, short-duration extreme

precipitation (e.g., 1-day precipitation) will most likely in-

crease more than longer-duration extreme values (e.g., 15-

day precipitation). This may lead to more extreme flooding

in Europe under global warming scenarios.
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