ENVIRONMENTAL RESEARCH
LETTERS

LETTER « OPEN ACCESS

The contribution of anthropogenic influence to more anomalous extreme
precipitation in Europe

To cite this article: Hossein Tabari et al 2020 Environ. Res. Lett. 15 104077

View the article online for updates and enhancements.

This content was downloaded from IP address 155.198.10.231 on 25/01/2021 at 10:48


https://doi.org/10.1088/1748-9326/abb268

I0P Publishing

@ CrossMark

OPEN ACCESS

RECEIVED
22 June 2020

REVISED
17 August 2020

ACCEPTED FOR PUBLICATION
25 August 2020

PUBLISHED
6 October 2020

Original content from
this work may be used
under the terms of the
Creative Commons
Attribution 4.0 licence.

Any further distribution
of this work must
maintain attribution to
the author(s) and the title
of the work, journal
citation and DOL.

Environ. Res. Lett. 15 (2020) 104077

Environmental Research Letters

LETTER

https://doi.org/10.1088/1748-9326/abb268

The contribution of anthropogenic influence to more anomalous

extreme precipitation in Europe

Hossein Tabari'

Department of Civil Engineering, KU Leuven, Belgium

1
2
3
4

E-mail: hossein.tabari@kuleuven.be

, Kaveh Madani*’ and Patrick Willems"*

Centre for Environmental Policy, Imperial College London, London, United Kingdom
Department of Physical Geography, Stockholm University, Stockholm, Sweden
Department of Hydrology and Hydraulic Engineering, Vrije Universiteit Brussel, Pleinlaan 2 1050 Brussels, Belgium

Keywords: extreme precipitation anomaly, latitudinal pattern, anthropogenic contribution, Anthropocene, climate change

Supplementary material for this article is available online

Abstract

Anthropogenic influences can modulate the low-frequency variability of extreme precipitation and
increase the likelihood of flooding events. It is not, however, clear how much and in what manner
the low-frequency variability has changed in recent decades as global warming has intensified.
Here, we investigate the contribution of anthropogenic influences to the time evolution of extreme
precipitation anomalies in different seasons using Coupled Model Intercomparison Project Phase 6
(CMIP6) and CMIP5 model simulations and observations over Europe. Our results show a
latitudinal dependence of changes in extreme precipitation anomalies for all seasons due to
anthropogenic impacts. While the contribution of anthropogenic influences to extreme
precipitation anomalies at low latitudes (<50°) is less than 8% in all seasons, it goes up to 26% and
41% at mid (50°-60°) and high (>60°) latitudes. Without the offsetting effect of anthropogenic
aerosols, anthropogenic emissions of greenhouse gases alone should have produced larger
anomalies than observed. For all seasons, the more extreme the precipitation, the larger the

anthropogenic influences.

1. Introduction

Climate fluctuations occur on multiple time and spa-
tial scales, which in turn, can influence the spati-
otemporal patterns of precipitation, potentially lead-
ing to dramatic social and economic consequences.
Precipitation variability may increase the likelihood
of extreme events such as floods and droughts (Tabari
2020) and endanger the food security through redu-
cing agricultural yield (Rowhani et al 2011, Stevens
and Madani 2016). In regions affected by strong low-
frequency variability such as Europe, water manage-
ment and planning, including the design and oper-
ation of engineering infrastructure have to account
for this mode of variability (Rocheta et al 2014).
A substantial portion of the precipitation variabil-
ity in Europe can be explained by large-scale ocean-
atmosphere circulations such as the North Atlantic
Oscillation (Tabari and Willems 2018). Such a link-
age triggered the hope to partly identify the driving

© 2020 The Author(s). Published by IOP Publishing Ltd

forces of the extreme precipitation anomaly and pro-
ject extreme events.

The low-frequency variability of extreme precip-
itation can also be modulated by anthropogenic cli-
mate change. In other words, human-caused changes
are able to alter existing modes of climatic variability
and dampen or amplify the natural cycle and move
the oscillation outside the range of natural variabil-
ity (Dong et al 2014). In the case of amplifying the
oscillation high period, the wet extreme period has
the potential to cause flooding. A heuristic argument
based on ‘wet gets wetter, dry gets drier’ paradigm
suggests that the increase in atmospheric precipitable
water in a warmer climate enhances moisture con-
vergence or divergence during wet or dry years, con-
sequently increasing precipitation variability (Liu and
Allan 2013, Chou et al 2013, Konapala et al 2017,
Schurer et al 2020).

To date, there is still a lack of a quantitat-
ive assessment of the response of the amplitude of
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low-frequency variability (decadal to multi-decadal
timescales) in extreme precipitation to anthropogenic
influences. The low-frequency variability of observed
monthly precipitation has increased in the interval
1890-1989 (Tsonis 1996); however, it is not clear how
much and in what manner the low-frequency variab-
ility has changed in recent decades with global warm-
ing. A recent study by Pendergrass et al (2017) sugges-
ted that precipitation variability for time scales ran-
ging from 1 d to 3 years increases in a warmer cli-
mate. Yet, how daily extreme precipitation variabil-
ity over longer time scales (decadal to multi-decadal)
responds to anthropogenic influences remains unas-
sessed. Addressing this knowledge gap can provide
important information on the physical mechanisms
behind the extreme variability for the decadal pre-
dictability and the temporal evolution of the drivers
(Solomon et al 2011), necessary for developing effect-
ive climate change adaptation strategies.

One way to examine the impact of anthropogenic
influences on the low-frequency extreme precipita-
tion variability is by climate models through which
extreme precipitation variability in real world simu-
lations is compared with that in counterfactual nat-
ural world simulations (i.e. unaffected by anthropo-
genic influences). However, climate models are far
from perfect, with systematic bias, especially suffer-
ing from the underestimation of the observed changes
in extreme precipitation and of the noise of natural
variability (Allan and Soden 2008, Trenberth 2011,
Sarojini et al 2016), even though they are able to prop-
erly capture the patterns of the forced response (Fisc-
her and Knutti 2015). The systematic bias as well as
the structural uncertainties (Sarojini et al 2016) of
these models can have a large bearing on their results
(Allen et al 2006, Santer et al 1996, Hegerl et al 2000).

The results derived from imperfect climate mod-
els need to be validated based on observations (Fisc-
her and Knutti 2015). Yet, the scarcity of long, homo-
geneous, daily ground precipitation records often
hinders the validation process (Hosseinzadehtalaei
et al 2020). Consequently, studies that benefit from
both observation and model data are limited. Most
of the previous analyses have focused on the recent
past events, for which recorded data are much more
reliable (more homogenous) and complete (less gaps
and higher spatial resolution) (Stott et al 2016, 2018).
Early instrumental records, though more challen-
ging to work with, contain a wealth of informa-
tion (Hegerl et al 2019) and may lead to more reli-
able results on decadal changes (O’Reilly et al 2017,
Weisheimer et al 2017). High quality, long records
facilitate a more powerful detection of anthropogenic
signals from the background of natural variability
(Hegerl et al 2006, Dai 2013) and reduces false correl-
ation between forcings that produce misleading res-
ults (Hegerl et al 2019). In other words, short instru-
mental records are mostly unable to properly differ-
entiate between trends and low-frequency variations
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at local spatial scales and thereby fail to identify
anthropogenic forced signals. Thus, they may fail to
provide reliable information for developing proper
future adaptation planning and disaster risk reduc-
tion activities (Li et al 2018).

Here, we investigate an important topic which is
yet not well understood, namely the contribution of
anthropogenic influences to the low-frequency vari-
ability of extreme precipitation. This study endeavors
to answer some important open questions regard-
ing the seasonality and latitudinal (spatial) pattern
of the anthropogenic contributions to extreme pre-
cipitation anomalies over Europe. We perform the
analyses using the E-OBS (ENSEMBLES OBServa-
tion) precipitation dataset along with natural (NAT),
greenhouse gas (GHG) and historical (ALL) forcing
simulations from 26 Coupled Model Intercompar-
ison Project Phase 6 (CMIP6) and 25 CMIP5 general
circulation models (GCMs). The use of such a large
multi-model ensemble makes the external forcing
response in extreme precipitation more resistant to
the random bias of the individual models (Gillett et al
2002, Deser et al 2010).

2. Materials and methods

2.1. Data

We used model simulations from the CMIP5 (Taylor
et al 2012) and CMIP6 (Eyring et al 2016) to assess
the anthropogenic influence on changes in European
precipitation extreme events. We analyzed the daily
output of historical simulations from CMIP6 and
CMIP5 GCMs, representing external natural forcing
only (‘historicalNat’ experiment; NAT), greenhouse
gas forcing only (‘historical GHG’ experiment; GHG),
and historical forcing (‘historical’ experiment; ALL).
The NAT simulations only consider volcanic aero-
sols and solar forcings, while the ALL simulations
include anthropogenic GHG and aerosols in addition
to the natural forcings. The ALL simulations from
26 CMIP6 and 25 CMIP5 GCMs were used while the
NAT and GHG simulations were available for eight
CMIP6 and thirteen CMIP5 GCMs. All the analyses
are based on the first ensemble member (rlilpl) of
each CMIP6 and CMIP5 model. The 1861-2005 and
1861-2014 periods, respectively the common peri-
ods among the CMIP5 runs and the CMIP6 runs,
were selected for this study (table 1). Prior to all the
model-based analyses, different spatial resolutions
of the CMIP6 (ranging between 0.9° and 2.8°) and
CMIP5 (ranging between 0.9° and 3.8°) GCMs were
regridded to a common rectangular grid of 2°x 2
using the bilinear interpolation method. Although a
conservative interpolation is recommended for pre-
cipitation interpolation, it was found that the reg-
ridding results are not sensitive to the choice of the
interpolation method and of the common grid size
(Tabari et al 2019).
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Table 1. Summary of the 26 CMIP6 and 25 CMIP5 GCMs used in this study.
Ensemble Model Available data period
ALL GHG NAT

CMIP6 ACCESS-CM2 1850-2014 — —
ACCESS-ESM1-5 1850-2014 — —
BCC-CSM2-MR 1850-2014 1850-2020 1850-2020
BCC-ESM1 1850-2014 — —
CanESM5 1850-2014 1850-2020 1850-2020
CESM2 1850-2014 1850-2014 1850-2014
CESM2-FV2 1850-2014 — —
CESM2-WACCM 1850-2014 — —
CNRM-CM6-1 1850-2014 1850-2020 1850-2020
CNRM-ESM2-1 1850-2014 — —
GFDL-CM4 1850-2014 — —
GFDL-ESM4 1850-2014 — —
HadGEM3-GC3 1850-2014 1850-2020 1850-2020
INM-CM4-8 1850-2014 — —
INM-CM5-0 1850-2014 — —
IPSL-CM6A-LR 1850-2014 1850-2020 1850-2020
MIROC6 1850-2014 — —
MIROC-ES2L 1850-2014 — —
MPI-ESM-1-2-HAM 1850-2014 — —
MPI-ESM1-2-LR 1850-2014 — —
MRI-ESM2 1850-2014 1850-2020 1850-2020
NorESM2-LM 1850-2014 1850-2020 1850-2020
NorESM2-MM 1850-2014 — —
SAMO-UNICON 1850-2014 — —
TaiESM 1 1850-2014 — —
UKESM1-0-LL 1850-2014 — —

CMIP5 BCC-CSM1-1 1850-2012 1850-2012 1850-2012
CanESM?2 1850-2005 1850-2012 1850-2012
CCSM4 1850-2005 1850-2005 1850-2005
CMCC-CESM 1850-2005 — —
CMCC-CMS 1850-2005 — —
CNRM-CM5 1850-2012 1850-2012 1850-2012
CSIRO-Mk3-6-0 1850-2012 1850-2012 1850-2012
EC-EARTH 1850-2009 — —
GFDL-CM3 1860-2005 1860-2005 1860-2005
GFDL-ESM2G 1861-2005 — —
GFDL-ESM2M 1861-2005 1861-2005 1861-2005
HadGEM2-ES 1859-2005 1859-2099 1859-2019
INM-CM4 1850-2005 — —
IPSL-CM5A-LR 1850-2005 1850-2012 1850-2005
IPSL-CM5A-MR 1850-2005 — —
IPSL-CM5B-LR 1850-2005 — —
MIROCS5 1850-2012 — —
MIROC-ESM 1850-2005 1850-2005 1850-2005
MIROC-ESM-CHEM 1850-2005 1850-2005 1850-2005
MPI-ESM-LR 1850-2005 — —
MPI-ESM-MR 1850-2005 — —
MPI-ESM-P 1850-2005 — —
MRI-CGCM3 1850-2005 1850-2005 1850-2005
MRI-ESM1 1850-2005 — —
NorESM1-M 1850-2005 1850-2012 1850-2012

ALL, GHG and NAT represent simulations driven by all forcings, by only greenhouse gas forcing, and by only external natural forcing,

respectively.

In addition to model simulations, we used daily
precipitation data from the E-OBS v20.0e dataset
(Cornes et al 2018) with a 0.1° spatial resolution
which covers the period from 1950-01-01 to 2019-07-
31. The dataset was developed by statistically inter-
polating about 15 000 ground raingauges. The E-OBS
observations were also regridded to the 2°x 2 grid.

2.2. Estimation of latitudinal precipitation

Given the large internal variability of extreme precip-
itation at the local scale (Fischer et al 2014, Fischer
and Knutti 2016), detection analyses were performed
on a larger scale to derive a stronger anthropogenic
signal. To detect any possible latitudinal pattern in
extreme precipitation changes over the continent,
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average precipitation for all grid cells in each latitude
over (—)10°—(4)40° longitude range was calculated
(hereafter referred to as latitudinal precipitation).
Because of a high spatial variability of precipitation
over Europe, regional precipitation is dominated by
areas with large precipitation amounts. To limit this
effect on latitudinal precipitation estimates, precip-
itation amounts were normalized locally for each
grid cell into a zero-to-one scale (1 representing the
strongest event and 0 indicating no precipitation)
before calculating latitudinal precipitation (Min et al
2009). This also facilitates the comparison between
observations and model simulations and reduces the
uncertainty in latitudinal precipitation estimation
related to a sparse gauge network to capture high spa-
tial precipitation variability in gridded observations
(Min et al 2011).

2.3. Examination of trends and nonstationarity in
extreme precipitation anomalies

Once latitudinal precipitation was estimated, the
decadal anomalies in daily observed and model (ALL
simulations) extreme precipitation were computed
using the quantile perturbation method (QPM;
Ntegeka and Willems 2008, Willems 2013) for
winter (DJF), spring (MAM), summer (JJA) and
autumn (SON) seasons (figure S1 (available online at
stacks.iop.org/ERL/15/104077/mmedia)). In QPM,
all quantiles above a given threshold (peaks-over-
threshold) in a 20-year sub-series are compared with
those in the full time series (reference series) with
the same exceedance probability. As our analysis
was performed at the European scale with diverse
extreme precipitation regimes (Lupikasza 2017), a
latitude-specific percentile-based threshold (rather
than absolute values) was selected to define extreme
precipitation, allowing a spatial (latitudinal) com-
parison as pointed out by Klein Tank and Kénnen
(2003). The thresholds chosen are the 95-99.5th per-
centiles of all precipitation data rather than wet days
to avoid the effects of varying number of wet days
in Europe on the percentile level (Fischer and Knutti
2015, Schar et al 2016). To compare the extremes
between any possible sub-period and the full period,
the time slice in the sub-period is moving with a slid-
ing window of one year from the beginning towards
the end of the full series. For example, CMIP6 sim-
ulations during 1861-2014 include 135 sub-series of
20-year long, with 1861-1880 and 1995-2014 as the
first and last sub-series, respectively. The sensitivity
of the results to the length of the moving window
was investigated by comparing the results with those
derived from 10-, 30- and 40-year moving window,
indicating a low sensitivity of the results to the mov-
ing window length (not shown). The higher quantile
values in the sub-period compared to the full period
denote a positive anomaly (>1) while lower quantile
values in the sub-period lead to a negative anomaly
(<1) (figure S1). The larger the extreme precipitation
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difference between sub-series and reference series,
the larger the anomaly.

The anomaly series of extreme precipitation
was tested for presence of trends and nonstation-
arity using the nonparametric Mann-Kendall test
(figure 1). The statistic S of the Mann-Kendall test is
calculated as:

n—1 n
S:Z Z sgn (xj—xi) (1)

i=1 j=i+1

where x; and x; are the sequential data values, # is the
length of the data set, and sgn(6) is the sign func-
tion that is equal to 1, 0, —1 if 8 is greater than, equal
to, or less than zero, respectively. The variance of S is
obtained by:

t; (ti — 1) (21,’,‘ + 5)

Var (S) = =

(2)
where m is the number of tied groups (a tied group
is a set of sample data having the same value) and ¢;
is the number of data points in the ith group. Finally,
the Mann-Kendall statistic, Zyx, is given by:

S—1
— if $>0
Var(S)
Zux =40 if §=0. (3)
S
Var(S)

The Zyk values are approximately normally distrib-
uted, and a positive Zyx value denotes an increasing
trend, whereas a negative Zyx value shows a decreas-
ing trend. The null hypothesis, HO, of no trend is
rejected if |Zpx| > |Za/2 , where Z is taken from the
standard normal distribution table and « is the signi-
ficance level.

It is well documented that serial correlations in
time series have a noticeable influence on trend test
results, with a positive serial correlation inflating the
variance of the Mann-Kendall test and rejecting the
null hypothesis of no trend while it is actually true
(Tabari and Hosseinzadeh Talaee 2011). Because of
using a moving window in the anomaly calculations,
significant serial correlations up to a few lags are cre-
ated in the anomaly series. To remove the effect of
serial correlations, the variance of the Mann-Kendall
test was modified using the effective sample size
(ESS) method (Hamed and Rao 1998) by taking into
account all significant serial correlations at the 95%
confidence level:

Var * (S) = Var (S) . rTn* (4)

where Var*(S) is the modified variance, Var(S) is the
variance of the Mann-Kendall statistic before modi-
fication, n is the actual sample size of the sample
data, and n* is the effective sample size. The following
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Figure 1. Temporal trends in latitudinal extreme (99th percentile) precipitation anomalies with a 20-year moving window in
Europe for different seasons (a, b: winter; ¢, d: spring, e, f: summer; g, h: autumn) using the ALL simulations of 26 CMIP6 GCMs
and 25 CMIP5 GCMs and E-OBS data for the 19502014 period (a, ¢, ¢, g) and for the full simulations of the GCM ensembles (b,
d, £, h). The ensemble medians of the CMIP6 and CMIP5 GCMs are marked with solid green and red lines, respectively, while
uncertainty bands represent &+ 1 ensemble standard deviation. The 5% significance thresholds for trends (Mann-Kendall Z = £
1.96) are marked with grey dotted lines. Note that the CMIP5 and CMIP6 results in the right-column panels are not comparable
as the models and the simulation periods (1861-2005 for CMIP5 GCMs and 1861-2014 for CMIP6 GCMs) are different; the
analysis only shows the latitudinal and seasonal patterns of the anthropogenic contributions.

equation is used for computing #* based on signific-  2.4. Contribution of anthropogenic influences to

ant lag-k serial correlation coefficient (ry): anomaly changes in models
" To examine the anthropogenic influences on extreme
nk = . (5) precipitation anomalies (95-99.5th percentiles), we

n—1
1+2.> (1 - %) STk compared the anomalies under ALL or GHG forcings
k=1
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Figure 2. Latitudinal pattern of relative change (RCarr, and RCgrg) for 99th percentile precipitation for the most recent 20-year
period (1986-2005 for CMIP5 GCMs and 1995-2014 for CMIP6 GCMs) in different seasons (a, b: winter; ¢, d: spring, e, f:
summer; g, h: autumn) using daily precipitation simulations from 13 CMIP5 (a, ¢, e, g) and 8 CMIP6 (b, d, f, h) GCMs. Lines and
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with those under NAT forcing as the reference series
(figures 2—5). This is different from the previous ana-
lysis on the historical trends in anomalies in which
the full time series of each simulation was used as the
reference series. The relative changes in extreme pre-
cipitation anomalies due to all anthropogenic influ-
ences (RCar1) are computed as a ratio of the quantiles
above the threshold in ALL simulations in the first
20-year time slice (1861-1880) with those in the

NAT simulations of the same time-slice with the
same exceedance probability. The sub-series was then
moved by one year from the beginning to the end
of the time period, with 1995-2014 (1986-2005) as
the last 20-year time slice for the CMIP6 (CMIP5)
GCMs. A similar procedure was followed to calculate
the relative changes in extreme precipitation anom-
alies due to GHG-alone influences (RCgng), by com-
paring GHG and NAT simulations-driven extremes.
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The mathematical expression of the method is as fol-

lows:

RC(p,s,

sy 9
t) — PNAT (pasa t) (6)
<—PGHG(F’S’t) - 1> % 100
Par (p,s,t)

where RC is the relative change for extreme precipit-
ation anomaly (%) for exceedance probability p, sea-
son sand time slice #, P4y is the extreme precipitation
of ALL simulations and P is the extreme precipita-
tion of NAT simulations. RC is computed for thirteen
CMIP5 and eight CMIP6 GCMs as the GHG and NAT
simulations are only compared with the ALL simula-
tions of the same models.
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The contributions of anthropogenic influences
to the changes in extreme precipitation anomalies
are determined as robust when at least 70% of the
GCMs agree on the direction of change (figure S2).
The agreement of at least two-thirds of climate mod-
els on the direction of climate change signals has
been applied as a common criterion to quantify their
robustness (IPCC 2013).

3. Results and discussion

3.1. Detection of trends in extreme precipitation
anomalies

Examination of trends in latitudinal extreme
precipitation anomalies over Europe shows a
latitudinal dependence of the changes for all sea-
sons (figure 1). The trends increase with latitude,
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particularly in the observed trends whose slope with
latitude is significant at the 5% level in December-
February, June-August and September-November
and at the 10% level in March-May (table s1). For
all seasons, the simulated trends are, however, sub-
ject to a large uncertainty, ranging from negative to
significantly strong positive trends. The results show
a significant increasing trend in both observed and

simulated winter extreme precipitation anomalies
across all latitudes except for the latitudes equat-
orward of 45° (figure 1(a)). Longer model simu-
lations also reveal significant increasing trends in
winter at mid-latitudes, although there is a large
ensemble spread (figure 1(b)). For spring, a sig-
nificant increasing trend is found in both model
and observed anomalies over latitudes 45°-52°
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(figure 1(c)). A significant increasing trend is also
seen in observed spring extreme precipitation anom-
alies at high latitudes (>57°), which emerges in the
longer model simulations (figure 1(d)). While no
significant trends are detected in simulated sum-
mer extreme precipitation anomalies, a significant
increasing trend is found in observed anomalies at
latitudes poleward of 53° (figure 1(e)). In longer
simulations, some insignificant simulated trends in
summer turn to decreasing trends at higher latitudes
(figure 1(f)). Both model simulations and observa-
tions show a significant increasing trend in autumn
extreme precipitation anomalies at latitudes pole-
ward of 50° (figure 1(g)). A significant increasing
trend is also detected in observed autumn anomalies
over latitudes 40°-50° (figure 1(g)). The significant
increasing trends disappear in longer model simula-
tions (figure 1(h)).

The latitudinal pattern of changes in extreme
precipitation intensity and frequency has also been
reported in previous studies (Karagiannidis et al 2012,
Westra et al 2013, Cioffi et al 2015). The intensi-
fication of extreme precipitation in mid-to-high lat-
itudes is expected to be due to an increase in the
atmospheric water-holding capacity under warmer
climates dictated by the Clausius—Clapeyron (CC)
relation of ~7% °C~! (Fischer and Knutti 2016,
Pfahl et al 2017, Norris et al 2019, Chen et al 2019).
In contrast to extreme precipitation changes in the
mid-to-high latitudes that are predominantly manip-
ulated by thermodynamics, the wetting tendency in
south Europe is offset by the dynamic effects that
strongly modifies extreme precipitation intensifica-
tion and even reverses the direction of the changes
(Fischer and Knutti 2016, Pfahl et al 2017, Norris et al
2019, Chen et al 2019). The causes of extreme pre-
cipitation changes also depend on the season, owing
to different seasonally dominant precipitation form-
ation mechanisms. For summer, formed convective
precipitation is more abundant, and hence changes
in local thermodynamic state are relevant, while for
winter, precipitation is primarily generated by synop-
tic processes and large-scale ocean to land transport,
and hence changes in the large-scale circulation and
mean state of the atmosphere must play a central role
(Brogli et al 2019).

In terms of trend magnitude, observation-based
trends are generally larger than model ensemble
median trends (figures 1(a), (c), (e) and (g)). Our
findings agree with those of Min et al (2011), Janssen
et al (2014) and Asadieh and Krakauer (2015) who
found an underestimation of observed increases
in extreme precipitation using CMIP3 and CMIP5
GCMs. As underestimation has been found in dif-
ferent generations of GCMs (CMIP3, CMIP5 and
CMIP6), one may conclude that this is an ongoing
problem with climate models that can lead to fur-
ther underestimation in their future extreme precipit-
ation projections. Inconsistent trends between model

10

H Tabari et al

simulations and observations have also been found
for mean precipitation (Zhang et al 2007, Wilcox et al
2013, Knutson and Zeng 2018) and soil moisture
(Jiang et al 2019).

The largest discrepancy between models- and
observations-based trends in terms of significance is
found for summer (figure 1(e)). This can be explained
by the convective nature of summer extreme pre-
cipitation in the study region (Rossow et al 2013),
with a smaller spatial and temporal scale (Ye et al
2017), which is typically underestimated by coarse-
scale climate models (Hirota et al 2016). This is also
evident from a larger climate model uncertainty in
south Europe compared with the north (figure 1(e)).
Tropical and subtropical regions were also identified
as the global uncertainty hotspots for future projec-
tions of extreme precipitation (Tabari et al 2019). Cli-
mate model uncertainties arise in south Europe from
the different treatment of sub-grid scale convection,
i.e. convective parameterization schemes, in different
models (Fosser et al 2015), while in the extratrop-
ics, upward velocities are controlled predominantly
by large-scale processes (synoptic eddies) and hence
extreme precipitation changes are less dependent on
convection parameterization details (O’Gorman and
Schneider 2009). The inadequate representation of
upward velocities by climate models may explain not
only the uncertainty, but also the inability of mod-
els to reproduce interannual variability in extreme
precipitation when compared to observations (Allan
and Soden 2008). The discrepancy between model-
based and observation-based trends in south Europe
may additionally be triggered by a larger observa-
tion uncertainty (Zhang et al 2007) arising from a
sparse station network in the region. Different levels
of internal variability (known modes of lower fre-
quency variability in the Atlantic Ocean (Tabari and
Willems 2018)) between observations and climate
models (Tokarska et al 2020) might also have con-
tributed to the discrepancy between simulated and
observed trends.

3.2. Contribution of anthropogenic influences to
extreme precipitation anomaly changes in models
We estimate the extent to which the historical changes
in extreme precipitation anomalies are attributable
to ALL and GHG-alone forcings. Relative change is
calculated with respect to NAT simulations and it
is expected to fluctuate around zero in a station-
ary climate. The results confirm the anthropogenic
influences on extreme precipitation anomalies over
Europe, which are varying latitudinally and tempor-
ally. The latitudinal pattern of anthropogenic con-
tributions to extreme precipitation anomalies during
the last 20-year period reveal that the influences of
ALL or GHG-alone forcings for all seasons increase
with latitude (figure 2). Based on the CMIP6 simula-
tions which include recent warming, while the con-
tribution of anthropogenic influences to the extreme
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precipitation anomalies is less than 8% in all seasons
at latitudes below 50°, it can reach to 26% and 41%
for latitudes between 50°—60° and higher than 60°,
respectively. In other words, while extreme precipit-
ation in ALL simulations is larger than NAT simu-
lations, it is not uniform across all latitudes. Simil-
arly, GHG-alone contributions to the extreme pre-
cipitation anomalies are 17%, 33% and 44% for the
respective latitude ranges. The latitudinal dependence
of anthropogenic climate change impacts on extreme
precipitation anomaly in Europe is likely to continue
in the future based on the projections of global and
regional climate models (Rajczak and Schar 2017,
Tabari et al 2019). The footprints of ALL and GHG-
alone forcings on extreme precipitation anomalies are
weaker in summer compared to the other seasons,
which can be attributed to a larger internal variabil-
ity of local summer extremes that masks the anthro-
pogenic signal (Hosseinzadehtalaei et al 2019). Con-
sidering the robustness of the contributions defined
based on the GCM agreement on the direction of
change, the contributions of ALL and GHG-alone
forcings to winter extreme precipitation anomalies
are robust across latitudes (figure S2). The contribu-
tions to spring and summer extreme anomalies are
also robust over all latitudes except for latitudes below
45°. For summer, a robust contribution is only found
for ALL forcing at high latitudes and for GHG-alone
forcing at mid and high latitudes. It is worthwhile to
note that in all cases, the GCM uncertainty is large and
varies with season and latitude.

The GHG forcing-induced climate change has
a larger impact on extreme precipitation anomalies
compared to ALL forcing induced climate change
(figure 2). A plausible physical explanation is that the
cooling effect of anthropogenic aerosols (included in
ALL simulations) through their influence on the radi-
ative transfer budget and by aerosol-cloud interac-
tions masks the GHG effects on extreme precipita-
tion (Sillmann et al 2013, 2019, Samset et al 2018,
Zhao et al 2019). Due to a relatively short lifetime
of anthropogenic aerosols, their concentrations and
thereby the cooling effects are expected to have been
largest over Europe and North America with high
industrial activities and/or biomass burning (Huang
et al 2007). The impact of anthropogenic aerosols has
also been observed in other places around the world
(Wilcox et al 2013, Song et al 2014, Hegerl et al 2019).
The decrease in precipitation over the global land sur-
face between the early to mid-20th century has been
attributed to aerosol forcing (Wilcox et al 2013).

In order to examine the evolution of the contribu-
tions from the all anthropogenic (RCxy1) and GHG-
alone (RCgng) forcings to extreme precipitation
anomalies, we calculated the contributions during
every possible 20-year period from the pre-industrial
time up to present, with reference to NAT simula-
tions (figure 3). The temporal evolution of the con-
tributions shows a general increase in anthropogenic
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influence from 1861 to 2014. A significant increasing
trend is seen for RC,p1 and RCgyg of all seasons for
both GCM ensembles excluding summer RCyyy for
the CMIP5 ensemble. In all cases, the p-value is smal-
ler for RCgng compared to RCayp, pointing to a lar-
ger trend in the former. A larger discrepancy between
RCarr and RCgyg values in recent decades reveal a
growing concentration of aerosols and their cooling
effect on the atmosphere. Specifically, the RCxyy, and
RCgng curves diverge after the 1950s when industrial
activities picked up following the Second World War
and led to the buildup of sulfate aerosols due to the
widespread burning of high sulfur coal, and thereby,
blocking out sunlight from reaching the surface of the
Earth. The RCarp and RCgyg curves in the CMIP6
GCMs converge again towards the end of the series,
which can be attributed to an aerosol decline over
Europe in recent years (Schwarz et al 2020).

Further investigation of anthropogenic contribu-
tion to the latitudinal pattern of changes shows that
the latitudinal dependence of extreme precipitation
changes was created by anthropogenic influences (fig-
ure 4). While the slope of the relative change with lat-
itude was around zero in the pre-industrial era, it has
changed to a steep slope in the recent decades. The
statistical significance testing of the ensemble median
slope evolution from the pre-industrial era to present
shows that the slope of the relative change with lat-
itude has significantly increased for both RCarp, and
RCgpg in all seasons except for MAM RCgpg in case
of the CMIP5 ensemble median and SON RCy;y for
both ensembles. The ensemble spread is, however,
large in all cases. The spatial heterogeneity of the
radiative effect of anthropogenic aerosols is attrib-
uted to the geographically variable surface emissions
of aerosols and relatively short atmospheric residence
times (Hegerl et al 2018). Furthermore, the gradi-
ent of extreme precipitation changes varies season-
ally and between the forcings so that during recent
decades, a stronger slope of the relative change with
latitude under the influence of GHG-alone forcing
is found for June-August and September-November
while a mixed pattern is seen for December-February
and March-May (figure 4).

The more extreme the precipitation, the larger
the anthropogenic influence (figure 5). The incre-
ment becomes more obvious for precipitation values
of higher than 98th percentile. This supports the pre-
vious findings that changes in more extreme precip-
itation are larger (Allen and Ingram 2002, Allan and
Soden 2008). For the most extreme event considered
(99.5% percentile), anthropogenic influences have
contributed to larger extreme precipitation anomalies
by 26%, 26%, 22% and 24%, respectively in winter,
spring, summer and autumn during 1995-2014 based
on the CMIP6 multi-model ensemble median. The
contributions for the CMIP5 ensemble for the last
20-year period (1986-2005) are 20%, 14%, 5% and
12% for the seasons, respectively. The contributions
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of anthropogenic influences on extreme precipitation
derived from the CMIP6 GCMs which include the
intensified global warming in recent years are lar-
ger than those derived from the CMIP5 GCMs. For
the 1986—2005 period, the anthropogenic influences
from the CMIP6 GCMs drop to 24%, 19%, 13%
and 15%, respectively for winter, spring, summer
and autumn (figure S3). There are still differences
between the anthropogenic contributions derived
from the CMIP5 and CMIP6 ensembles which are
attributed to different climate sensitivities of CMIP5
and CMIP6 GCMs (Tokarska et al 2020).

The anthropogenic emissions of GHGs should
have produced larger increases in extreme precip-
itation anomalies than what has been observed
(figure 5). The results show a seasonality in the cool-
ing effect of the anthropogenic aerosol with the largest
difference between RCyrp and RCghg in autumn.
This largely supports the finding of the earlier studies
on the seasonality in the climatic impacts of anthro-
pogenic aerosols (Huang et al 2007, Guo et al 2013).
The potential contribution of GHGs to more anom-
alous 99.5th percentile extreme precipitation is 29%,
28%, 25% and 37%, respectively in winter, spring,
summer and autumn, based on the CMIP6 multi-
model ensemble median. The percentages for the
CMIP5 ensemble are 38%, 33%, 22% and 34% for
these seasons. Over global land, approximately 18%
of precipitation extremes was previously found to be
attributable to human influences using the CMIP5
GCM simulations (Fischer and Knutti 2015).

4, Conclusions

The temporal trends in European multi-decadal
extreme precipitation anomalies in different sea-
sons were first examined using historical simulations
(1861-2014) from 26 CMIP6 and 25 CMIP5 GCMs
and E-OBS data (1950-2014). The temporal evolu-
tion and latitudinal pattern of anthropogenic influ-
ences on the 99th percentile of daily precipitation
were then estimated. The analysis results showed a
latitudinal dependence of changes in extreme precip-
itation anomalies over Europe for all seasons. The
observation-based trends were generally larger than
model-based ones with the largest discrepancy in
summer for south Europe where/when extreme pre-
cipitation is mainly convective which is poorly repres-
ented by large-scale climate models. In addition to the
well-known deficiencies of climate models for simu-
lations of meso-scale extreme precipitation and a dif-
ferent level of internal variability between models and
observations, there are also uncertainties associated
with observations arising from inhomogeneous tem-
poral and spatial sampling and measurement errors
such as changes in observation technique, instrument
relocations and changes in the stations” surrounding
environment, e.g. by urbanization (Tabari 2019). This
is especially the case for south Europe where a sparse
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station network leads to a larger observation uncer-
tainty.

Our results verify the temporally-varying anthro-
pogenic influences on extreme precipitation anom-
alies over Europe. The temporal evolution of the con-
tribution of the anthropogenic influences to extreme
precipitation anomalies reveals that the latitudinal
dependence of the extreme precipitation changes
must have been created by anthropogenic influences,
as the changes had a zero slope with latitude in the
pre-industrial era which has grown by few times in
the recent decades.

According to the simulations from the newest
generation of GCMs (CMIP6), while the contribution
of anthropogenic influences to the extreme precipita-
tion anomalies at latitudes below 50° does not exceed
8% in all seasons, it reaches 26% and 41% at latitudes
between 50°-60° and over 60°, respectively. A sim-
ilar spatial pattern is found for GHG-alone contribu-
tions: 17%, 33% and 44% increases in extreme pre-
cipitation anomalies for the respective latitude ranges.
The anthropogenic contribution to extreme precipit-
ation changes varies seasonally. The seasonality in the
anthropogenic contribution to extreme precipitation
is a consequence of the inherent seasonal variability in
precipitation formation processes (Lupikasza 2017).
Due to a stronger fluctuation of extreme precipitation
in summer that is often linked to free convection, the
anthropogenic signal is masked by the internal vari-
ability. Averaged over Europe, anthropogenic influ-
ences have contributed to approximately 26%, 26%,
22% and 24% larger increases in extreme precipit-
ation (99.5% percentile) anomalies, respectively in
winter, spring, summer and autumn based on the
CMIP6 multi-model ensemble median during 1995
2014. The contributions for the CMIP5 ensemble
are 20%, 14%, 5% and 12% for the respective sea-
sons during 1986—2005. Without the offsetting effect
of anthropogenic aerosols, warming due to anthro-
pogenic emissions of greenhouse gases alone should
have produced larger anomalies than observed: 29%,
28%, 25% and 37% for the respective seasons based
on the CMIP6 multi-model ensemble median. The
contributions for the CMIP5 ensemble are 38%, 33%,
22% and 34% in the winter, spring, summer and
autumn seasons, respectively. The difference between
the contributions from ALL and GHG-alone forcings
gets larger since the 1950s, when industrial activities
upraised following the World War IT and reached the
maximum in recent decades when the concentration
of aerosols and its cooling effect on the atmosphere
has intensified. The difference gets smaller towards
the end of the study period in the CMIP6 GCM simu-
lations, what can possibly be explained by the decline
in anthropogenic aerosol emissions over Europe.

The study results showed that anthropogenic
influences have altered the present modes of cli-
matic variability and thereby increased the occur-
rence probability of extreme precipitation with its
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potential dramatic natural and socio-economic con-
sequences. The anthropogenic influences are larger
for more extreme precipitation events, which are
typically used for the design of flood management
infrastructure. This calls for accounting for both
climate variability and climate change, even under
deep uncertainty (Babovic et al 2018), when planning
for new infrastructure, developing revised operation
policies for the existing infrastructure, and making
engineering infrastructure removal and rehabilitation
decisions (Vahedifard et al 2020). Given the lifetime of
installed hydraulic structures and water management
systems, they have to be able to cope with the intrinsic
decadal natural variations in meteorological pres-
sures next to the longer term gradual trends due to cli-
mate change, making their design under nonstation-
ary hydrology very challenging (Hui et al 2018).
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