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Attribution of Extreme Rainfall Events in the South of France
Using EURO-CORDEX Simulations

L. N. Luu' (2, R. Vautard® (), P. Yiou" (), G. J. van Oldenborgh? "), and G. Lenderink?

"Laboratoire des Sciences du Climat et de I'Environnement, UMR 8212 CEA-CNRS-UVSQ, Université Paris-Saclay and IPSL,
Gif-sur-Yvette, France, 2Royal Netherlands Meteorological Institute (KNMI), De Bilt, Netherlands

Abstract This study investigates how climate change affects the daily extreme precipitation events
that occur in the autumn in Cévennes mountain range (South of France). We use an ensemble of 10
EURO-CORDEX model simulations with two horizontal resolutions (0.11° and 0.44°). Those data sets, after
pooling all models together, are fitted by stationary generalized extreme value and empirical distributions for
several periods to estimate a climate change signal in the tail of distribution of extreme rainfall. We find that
the exceedance probability of a 1-in-100-year event in the historical climate has increased by a factor of
2.5 £ 0.8 under the current climate. The results show that higher-resolution simulations with bias adjustment
provide a robust and confident increase in the intensity and likelihood of occurrence of the events in the
current climate in comparison with the historical climate. These changes are in agreement with an
observations-based analysis in a previous study.

Plain Language Summary This paper investigates the connection between autumn high
precipitation events in the South of France and climate change. From an ensemble of regional climate
simulations and observations, we show that the probability of exceeding 100-year precipitation events

has more than doubled, due to temperature increase.

1. Introduction

The Mediterranean region often undergoes thunderstorms in the autumn, which generate convective rain-
fall in coastal areas leading to more than 100 mm of precipitation in a day. Dedicated research programs
have been devoted to understand these impactful phenomena (Drobinski et al, 2014; Ducrocq et al,,
2014). In France, the Cévennes mountain range, which is located in the south of the country with its
weather and climate strongly influenced by Mediterranean Sea, undergoes the highest amounts of daily
precipitation in the autumn. In this region numerous extreme rainfall events in 2014, one of them with
an intensity of more than 300 mm/day occurring on different days, raised the question of the role of cli-
mate change in increasing likelihood and intensity of such events. Observations show a roughly 4% per
decade increasing trend of autumn daily maxima over the past 60 years (Vautard et al.,, 2015). They also
showed that the return period of 2014 amounts declined by a factor of 3 (95% confidence interval: 1 to
13) since the middle of the twentieth century. This change was shown to be linked to the warming trend
in the region. These results were later confirmed by an analysis over an extended region (Ribes et al.,
2018). However, a formal attribution of this change to human influence on climate could not be done from
an observational analysis only.

The attribution of such convective extreme precipitation events is emerging as a key challenge and has
received substantial efforts in weather and climate sciences. Several previous studies have used large regions
to aggregate events and infer human influence on past events. Min et al. (2011) showed a contribution of
increased anthropogenic greenhouse gases (GHGs) to the intensification of convective rainfall events in
the Northern Hemisphere using observation and multimodel simulation from Coupled Model Inter-
comparison Project phase 3, even though these models have resolutions of a few hundred kilometers and
therefore cannot represent convective events. Zhang et al. (2013) determined the contribution of human
influence on the increase in annual maxima daily rainfall and 5-day consecutive rainfall (i.e., Rx1day and
Rx5day, respectively) over the Northern Hemisphere land areas. Those indices were analyzed by observations
covering the period 1951-2005 and several coupled model simulations from the Coupled Model Inter-
comparison Project phase 5, again with resolutions of hundreds of kilometers. The results showed a 3.3%
increase in Rx1day with 90% uncertainty of 1.1% to 5.8% that is attributed to anthropogenic forcing.
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Fischer and Knutti (2015) showed that 18% of daily heavy rainfall events over continents can be mainly attrib-
uted to a human-induced warming trend since the preindustrial period.

Less robust results could be obtained in attributing extreme daily amounts over a limited region. However,
Eden et al. (2016) used a multimethod approach to find higher confidence in the attribution of the extreme
heavy rainfall event in September 2013 in Boulder (Colorado, USA). The authors determined the change in
probabilities of the event in observations and an ensemble of two general circulation model simulations
for daily amounts. Their results allowed them to draw a robust conclusion on the anthropogenic influence
on such events. Van der Wiel et al. (2017) found the increase in both intensity and probability of annual max-
imum 3-day consecutive precipitation of heavy rainfall eventin 2016 in the central U.S. Gulf Coast under 2016
climate conditions compared to 1900 climate conditions due to anthropogenic climate change. The results
show strong confidence with a good agreement between observations and model simulation with multiple
horizontal resolutions. In addition, the more realistic higher resolution model (25 km) produced a more sig-
nificant increase in probability of the event of interest.

One of the issues that can be raised for short-lived convective rainfall attribution studies using climate models
is that of resolution, as the phenomena involved have an intrinsically small scale. Recently, Prein et al. (2016)
showed that the new EURO-CORDEX high-resolution (12 km) ensemble has a better ability to capture high-
precipitation events in mountainous areas. Ruti et al. (2016) presented the results from the Med-CORDEX
ensemble showing a clear improvement in extreme rainfalls in the mountain ranges surrounding the
Mediterranean Sea with higher resolutions. This provides hope for better attributing the extreme daily events
in the areas where orography plays a key role on such events.

In this article, we focus on the attribution of extreme Mediterranean rainfall using 14 stations in the Cévennes
mountain range (as in Vautard et al., 2015) using EURO-CORDEX simulations. We verify that regional climate
model simulations in the EURO-CORDEX project can reproduce statistical features of such events in the his-
torical period and investigate their projections in future scenarios. This study completes the paper of Vautard
et al. (2015), which was based on observations. The evaluations of model simulations of extreme rainfall are
presented in section 2. Section 3 shows the attribution of extreme rainfall events in the Cévennes range.
Discussion and conclusions are drawn in section 4.

2. Evaluation of Model Simulation of Extreme Events
2.1. Autumn Maxima Rainfall (Rx1day)

We evaluate the ability of the models in simulating SON (September—November) daily maximum rainfall over
the Cévennes mountain range. Three different data sets from EURO-CORDEX with six regional models driven
by five different boundary conditions forming 10 simulations are investigated. The simulations were run
under Representative Concentration Pathway 8.5 (Meinshausen et al., 2011) and cover the 1951-2100 period
with two horizontal resolutions including 12 and 50 km (EUR-11 and EUR-44). For the finer resolution, we also
use Cumulative Distribution Function transform (CDFt) bias-corrected simulations whose method was
described in Michelangeli et al. (2009) and Vrac et al. (2012; ensemble denoted BC-EUR-11). Bias correction
is made using the WFDEI reference gridded reanalyzes corrected by observations (Weedon et al.,, 2014).
The detail of the 10 model simulations are given in supporting information Table S1. We use daily observa-
tional precipitation data of 14 stations in Cévennes mountain (Vautard et al., 2015) as reference.

We use quantile-quantile (g-q) plots to compare modeled SON rainfall maxima (Rx1day) with observations.
From the gridded model data set, we use nearest neighbor interpolation to derive the simulation at 14 sta-
tions. This method avoids smoothing extreme values from a gridded model. Then, both SON rainfall values
from models and observations are sorted in ascending order and compared for each station separately.
Thus, the quantiles of each simulation at a station are compared to the observational quantiles. For each
g-q plot between observations and models, we fit a linear regression (Y = AX + B) to all the data points. In
the regression, the model quantiles are considered as independent variables (X) and observed quantiles
are dependent variables (Y). Ideally, the slope (A) should be 1 and the intercept (B) should be 0. Those para-
meters (slope and intercept) indicate how the biases are distributed among models. An idealized linear
model, with exponential distributions for the variables and a Gaussian perturbation with a standard deviation
that is as large as the largest residual standard error of the fits described above, gives a 90% confidence
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Figure 1. Summary of g-q plot comparison of model and observation for the period of 1971-2005; colors denote different
models, and size of dots denotes the residual standard error of the linear fit. The horizontal and vertical axes show the
slope A (mm/mm) and intercept B (mm) of the fit described in section 2.1. (a) EUR-11, (b) EUR-44, and (c) BC-EUR-11.

interval of 0.6 to 1.1 for the slope (A) and —14 to 25 for the intercept (B). This allows comparing how the
simulation-observation regression differs from the ideal case.

Figure 1 summarizes the evaluation of the model skill in simulating SON Rx1day over 14 stations in the
Cévennes region for the period of 1971-2005. For EUR-44, the slopes have much higher values than 1
(Figure 1b). Therefore, the simulated values of SON Rx1day are generally lower than the observations. We
can point out the worst simulations in this case (RCA4 driven by IPSL-CM5A and MPI-ESM-LR). For EUR-11,
the slope A of the linear fit ranges from 0.5 to 3.5 (Figure 1a). This indicates a better agreement of model simu-
lations to observations, in particular for the worst cases of EUR-44. The slope A from BC-EUR-11 is in the range
of 0.5 and 2, and approximately 10% of all models and stations show a slope lower than 1 (Figure 1c). As a
result, most of the simulations tend to underestimate SON-Rx1day. In addition, we find that the residual stan-
dard errors range almost from 10 to 20 mm in the three model ensemble data sets.

2.2. Dependence of Daily Rainfall on Temperature

An increase in temperature raises the water capacity holding of the atmosphere with 6-7% per degree
warming, following the Clausius-Clapeyron relation (Clapeyron, 1834; Clausius, 1850). This increase in
water-holding capacity, and the fact that relative humidity changes are relatively small in climate change
simulations, leads to the expected increase in heavy precipitation with warming. While the sensitivity of
extremes to warming should be ideally derived from long climatic periods, deriving the dependency from
short-term variability can also provide useful information (Lenderink & Attema, 2015; O'Gorman, 2012;
Westra et al,, 2014). Therefore, we evaluate the models with a scaling method as described by Lenderink
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Figure 2. Dependency of extreme daily precipitation on 2-m temperature in the autumn (SON); (@) EUR-44, (b) EUR-11, and
(c) BC-EUR-11; the gray bar shows 90% confidence interval of dependency from OBS; the dotted black lines denote
Clausius-Clapeyron relation. SON = September-November.

and Van Meijgaard (2008) for the period of 1971 to 2005. This evaluation also enables us to confirm the
attribution of change in extreme precipitation to human influence by linking it with temperature changes
present in the model simulations, as was done by observations (Vautard et al., 2015). For this purpose, we
pair daily mean temperature and precipitation at each station together and then pool all stations together.
Then, this pooled data set is sorted in ascending order of temperature. Next, we divide the data into
several bins with their width of 2 °C and 1 °C overlap between two successive bins as in Lenderink and
Van Meijgaard (2008). In each bin, we calculate the 99th percentile of precipitation and the median of
temperature of the bin. The 90% confidence interval is estimated by 2,000 nonparametric bootstrap
samples. This analysis is conducted by using daily rainfall at 14 stations from observations and
interpolated from the three model ensembles. For 2-m temperature, we compute the mean of a box
bounded by 2.5-5°E and 43.5-45°N from the CORDEX ensembles and from ENSEMBLES daily gridded
observational dataset (E-OBS) (Haylock et al., 2008).

Figure 2 shows extreme daily rainfall scaling with 2-m temperature from different simulations and observa-
tions. Table S2 presents the slopes of the linear fit to each curve in Figure 2, which gives the average increas-
ing rate of daily rainfall following the increase in 2-m temperature. We find that the dependencies from
observations follow the Clausius-Clapeyron relation for temperature ranging from 4 to 14 °C with an
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Figure 3. The number of models (red points) contributing to pooling distribution; the blue points denote 95% confidence interval from 1,000 nonparametric boot-
strap sampling from complete pooled data sets; (a) historical and (b) current period of EUR-11; (c) historical and (d) current period of BC-EUR-11.

average increasing rate of 4.1%/°C. This rate is a bit lower than the 6-7%/°C and also different from what was
found for individual months in Vautard et al. (2015). This discrepancy could be due to the sensitivity of
extreme rainfall response to warming being lower in mountainous regions where different dynamics
control the vertical motion of air current (Shi & Durran, 2016). Generally, the intensity of daily rainfall from
EUR-44 is underestimated in comparison with observations. The best average dependent rate is 4.2%/°C
from ALADIN53 driven by CNRM-CM5 compared to 4.1%/°C from observation. The intensity for rainfall
from EUR-11 is also underestimated, and BC-EUR-11 has a better agreement with observation. The results
of extreme rainfall intensity found here are consistent with what we found out in the previous section.

3. Attribution of Extreme Events

We pool together SON Rx1day from the 14 stations and 10 models from each ensemble separately for the
historical (1970-2000) and current (2001-2030) climates, which are both scaled with observations over the
historical period (i.e., each model value at a given station is multiplied by a historical fraction of the mean over
time of all 14 observed stations divided by the mean over time of that model at that station) in order to obtain
a pooled distribution that is as homogeneous as possible. We then make the assumption, as in Vautard et al.
(2015), that this scaled and pooled data set represents a single distribution of daily rainfall events in the area.
Events are, however, not independent from one station to another, a fact that is taken into account for con-
fidence interval estimation (see below). Each 30-year model period is described by 14 x 10 x 30 years of simu-
lations, and the 58-year period of observations (1957-2014) is expressed by 14 x 58 years. The distribution of
extreme precipitation of each period is modeled statistically by fitting a stationary generalized extreme value
(GEV) distribution (Coles, 2001) to SON maxima daily precipitation (Rx1day) of pooled data for each ensem-
ble. The 95% confidence interval is estimated by using bootstrapping with a moving block technique (Eden
et al, 2016) in order to take into account the spatial dependence among 14 stations and the dependence
among 10 models of each data set. For each bootstrap sample, we randomly pick values from the pooled
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data set that could be any model or station and also take all values from other models and stations that were
highly correlated with the initial picked model and station. This allows us to take into account the correlation
among stations and models, as was done in Vautard et al. (2015). The total size of each bootstrap experiment
is 2,000.

One question with model pooling is whether extremes are represented by only one or a few models with a
significantly heavier tail than others, even after scaling or bias correction. To address this, we count the num-
ber of different models of the pooled data in the distribution tail corresponding to different return periods
(Figure 3), and compare the curve obtained with the 95% confidence interval taken from 1,000 nonpara-
metric bootstrap samples which were randomly drawn from complete pooled data sets. We count the num-
ber of models whose values are equal to or greater than a return value at a specific return period. For each
return period, we repeat the same procedure 1,000 times to estimate the reference for comparison. We find
that for the EUR-11 data set, the distribution tail includes an insufficient number of models as compared to
random picking for return periods larger than about 100 years under the 1971-2000 climate, indicating
heavier tails in some models than in others (Figure 3a). The BC-EUR-11 simulations do not seem to suffer from
this potential problem after pooling, which is not surprising because the simulation distribution is corrected
across the distribution. We also find the same result with EUR-44 data set (not shown) as for the historical
climate from the EUR-11 data set.

The parameters of GEV fits of each data set are shown in Table S3. We find that the location and scale para-
meters increase in the current climate as compared to the historical climate for all three ensembles. These
increases indicate that the distribution of extreme rainfall shifts toward higher level (location) and stretches
(scale) more widely under the current climate in comparison with the historical climate. The shape para-
meter increases inducing a larger increase of time-dependent return values in the tail of distribution.
Figure 4 shows return level plots for observations in 1957-2014, model historical simulations (1971-2000),
model simulation of the current climate (2001-2030), and near (2021-2050) and far future (2041-2070).
We discuss mainly the historical and current climate, which are assumed to represent counterfactual and
factual climate, respectively. In attribution studies, we use factual climate terminologies to imply the world
with anthropogenic effect where we are now, and counterfactual climate is of the world that might have
been with only natural change and variability and the absence of human-induced climate change (i.e., pre-
industrial climate). We bear in mind that the historical period used still includes a significant amount of
human forcing through GHGs and that most EURO-CORDEX simulations (i.e. except those from ALADIN
and RACMO) only include changes in GHGs and not aerosols. We also note that global temperature under
historical climate would be more or less 0.5 °C higher than the preindustrial period.

The risk ratio is defined by the fraction between exceedance probability of rainfall events under current (fac-
tual) and historical (counterfactual) climate. These ratios represent the increase in likelihood of occurrence of
extreme rainfall events in the factual climate and are summarized in Table S4 using three ensembles. For
example, the YYYY-Years (column label in Table S4, e.g., 1,000-Years) implies the event with its intensity equal
to or greater than 1,000-year return value at any among 14 stations in the counterfactual climate. Here we do
not show the real return values corresponding to the return period because they are different among three
data sets and two types of distributions including sorted (Empirical) and GEV-fitted pooling data set. We
mainly discuss risk ratios and changes in rainfall intensity following empirical distribution because The GEV
distribution seems unable to generate return values at large return period (Figure 4) for the three pooled
data sets.

In the EUR-44 case (Figure 4a), the intensity of a 1-in-100-year event increases by 22% but with an extensive
range of 5% to 36%. Similarly, the likelihood of occurrence of a 1-in-100-year event of historical climate may
have increased by a factor of 2.4 (1.3 to 4) under the current climate. This means that the event with intensity
equal to or greater than 100-year return value in historical climate may occur every 40 years in the current
climate at any among 14 stations (i.e., approximately 600 years at a given station).

The comparison between return level plots of historic and current climate EUR-11 is shown in Figure 4b. The
intensity of a 1-in-100-year event in the historical climate may increase by 17% (1 to 27), and the likelihood of
this event in the historical climate appears to increase by a factor of 2.2 (from 1.1 to 3.1) in current climate. For
BC-EUR-11 (Figure 4c), the likelihood of occurrence of 1-in-100-year events between historical and current cli-
mate increases by a factor of 2.5 within a confidence range of 1.8 and 3.4. In addition, the magnitude of this
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Figure 4. Return level plot from stationary GEV-fitted to model SON maxima of 1-day precipitation; (a) EUR-44, (b) EUR-11, and (c) BC-EUR-11. The blue and red shad-
ings show 95% confidence interval for historical and current climate, respectively. GEV = generalized extreme value; SON = September-November.

event appears to increase 16% in current climate compared to historical climate. The uncertainty in this
circumstance ranges from 10% to 24%. When taking rarer events, the significance of results becomes
lower in most experiments. For a 1-in-1,000-year event, the intensity of Rx1day increase 7% (—19% to
51%) from the EUR-44 ensemble and the return period of this event decreases by a factor of 1.7 (0.4 to
14.9) under current climate. For EUR-11, the likelihood of occurrence of events of comparable intensity to a
1-in-1,000-year event in historical climate may increase by a factor of 1.4 (0.7 to 4.5) in the current climate.
The magnitude of this event increases by 8% within a range of —16 and 29%. For BC-EUR-11, the increase
in intensity of a 1-in-1,000-year event is 37% (4% to 63%). The likelihood of this event in current climate
increases by a factor of 3.1 with a range of 1.8 to 7.1.

The change in likelihood (Table S4) and intensity of extreme daily events (Table S5) is consistent among three
ensembles for return periods lower than 100 years. The 95% confident interval in these cases are similar, but
BC-EUR-11 provides the most robust result. However, the higher return period (e.g., 1,000 years) shows less
agreement in changes given their uncertainty margin, specifically the change in intensity. The most reliable
increase is produced by BC-EUR-11 ensemble because there are at least three to four models contributing to
the tail of pooled distribution.

Generally, all three ensembles show an increase in both intensity and probability (exceedance probability) of
extreme rainfall under current climate, although not all are significant. This agrees well with the results of
Vautard et al. (2015) which were obtained from observational data sets only. They find that the return period
of a 1-in-1,000-year event of climate of 1950 may have decreased by a factor of 4 under climate of 2014 and
for a 1-in-100-year event, it might decline by a factor of about 2. There is a small difference between our study
and Vautard et al. (2015) because the periods considered and methods used are not the same.

LUU ET AL.

6248



~1
AGU

100

ADVANCING EARTH
'AND SPACE SCiENCE

Geophysical Research Letters 10.1029/2018GL077807

Acknowledgments

This work was supported by EC grant
162227-EUPHEME. L. N. Luu was
supported by the Commissariat a
I'Energie Atomique et aux énergies
alternatives. The EURO-CORDEX
simulation can be found at https://esgf-
node.ipsl.upmc.fr/search/cordex-ipsl.

4, Discussion and Conclusion

We have investigated the changes that occurred over the past 30 years in the likelihood in extreme daily pre-
cipitation over the Cévennes mountain range. We first evaluated the capacity of the models to simulate these
extreme events, using three ensembles with a different resolution (12 and 50 km). We find here that a higher
horizontal resolution of the model improves the quality of simulation of precipitation magnitudes because of
its ability to capture complex topography and large-scale convection, as this was shown by Prein et al. (2016).
We also find that a bias reduction with CDFt using a large-scale gridded data set (WFDEI) as a reference sig-
nificantly improves the statistical properties of extreme precipitation on daily scale even though reference
observation-based data are of relatively low resolution. In addition, a finer grid with bias correction can pro-
duce a better dependency (average dependent rate and intensity) of daily rainfall on 2-m temperature. These
findings reinforce the confidence in our analysis of changes in the probability and intensity of extreme
rainfall event.

The likelihood of occurrence and intensity of extreme daily rainfall events show an increasing trend in the
interest region. The increase is found to be more confident with EUR-11 and the most confident with BC-
EUR-11, especially in more rare events (e.g., 1,000-year event) because these events are produced by at least
three to four models. This indicates a robust estimate of the increase of probability. For instance, a 1-in-100-
year event undergoes a probability change of 2.5 (1.8 to 3.4) and 2.2 (1.1 to 3.1) for BC-EUR-11 and EUR-11,
respectively, which are both significant increases in frequency.

The changes between the two time periods used in model simulations can only be explained by the changes
in GHGs as no other external factor is changing in most EURO-CORDEX simulations. This difference in GHGs is
smaller than the difference between factual and natural simulations, but we can reasonably assume that if a
significant human influence can be detected in this case, it would be detected in factual versus natural
experiments. These changes are found consistent with the physical relation between the extreme daily
precipitation and the increase in regional mean temperature as shown in section 2. Besides, regional mean
temperature is strongly concerned with a larger scale (i.e., subcontinental or continental scale) for which
formal attribution studies of anthropogenic forcing on increasing in mean temperature were done (Stott,
2003 and Christidis, Stott, Jones, et al, 2012 for the European continent; Christidis et al., 2010 and
Christidis, Stott, Zwiers, et al., 2012 for the Mediterranean basin). We, therefore, confirm that human influence
plays an indispensable part in altering the likelihood and intensity of daily extreme rainfall events in the
Cévennes mountain area. In addition, we also find the advantage of high resolution in constraining the uncer-
tainty margin of the distribution of extreme precipitation.

These results highlight the importance of the increasing resolution in order to improve the estimation of
change in odds of extreme rainfall events. However, further improvements could be obtained using
convection-permitting models, which allow computing convective rainfall directly in a small area.
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