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Abstract
We present future climate change projections for three INDECIS-ISD indices representative of extremes
for precipitation (Rx1day), maximum (XTX) and minimum (NTN) temperatures, using an ensemble of
state-of-the-art RCM simulations from EURO-CORDEX. To this aim, we compute delta change maps using
the reference CMIP5 historical period (1986-2005) and two future time slices (mid term, 2021-2050) and
long-term (2071-2100), analysing the projections for RCPs 4.5 and 8.5.
Overall results indicate a strong positive signal for the temperature-related extremes in all seasons, with
a projected increment of minimum temperatures particularly accentuated in the northern part of
Europe (Scandinavia) in winter, and strong increments of hot extremes in the Mediterranean during the
summer. Regarding extreme precipitation, an overall increase is projected over most of the continent
throughout the year, except for the Iberian Peninsula in spring and autumn (also Italy in spring) and the
Mediterranean region in summer. However, model uncertainty is large, since the multi-model spread is
similar to or larger than the signals. Overall, the largest impacts are expected as a result of the strong
positive signals projected for extreme heat, as characterized by XTX, for which a special focus is
undertaken in our discussion.

Introduction
The assessment of climate change impacts in coastal areas and regions with complex orography poses a
challenge related to shortcomings of the Global Climate Models (GCMs). The use of dynamically
downscaled projections can help to reduce the regional uncertainties and to provide more accurate
results for specific regions. In this deliverable, we show future climate projections of three selected
INDECIS ISD indices representative of hot, cold and precipitation extremes using Regional Climate Model
(RCM) simulations from the EURO-CORDEX project (Jacob et al. 2014, Kotlarski et al. 2014).
EURO-CORDEX is the European branch of the CORDEX initiative, which is a program sponsored by the
World Climate Research Program (WRCP) to organize an internationally coordinated framework to
produce improved regional climate change projections for all land regions world-wide, building upon an
ensemble of GCM-RCM couplings. EURO-CORDEX oversees the design and coordination of ongoing
ensembles of regional climate projections of unprecedented size (to date more than 150 simulations,
from more than 30 modelling groups) and resolution (0.11º and 0.44º horizontal resolutions). The value
of the EURO-CORDEX ensemble has been shown via numerous peer-reviewed studies (Jacob et al. 2020)
and its use in the development of climate services. The increased resolution with respect to the global
counterparts can be regarded as an added value of regional climate simulations (Torma et al. 2015). The
results of the newer EURO-CORDEX ensemble strengthen those obtained in the previous GCM-RCM
intercomparison project ENSEMBLES (van der Linden and Mitchell 2009) regarding temperature
changes. Small signals are found for precipitation, although the new generation of RCM simulations
exhibit an added value by providing higher daily precipitation intensities, which are mostly missing in the
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global climate model simulations. Moreover, the state-of-the-art projections provide a significantly
different climate change of daily precipitation intensities resulting in a smoother shift from weak to
moderate and high intensities (Jacob et al. 2020, Soares and Cardoso 2020).
Different nature thresholds are typically used to quantify extremes and their impacts, therefore robust
methodologies are needed in order to produce reliable climate change projections. Despite the common
use of percentile-based indices, they have little bearing on impacts on human activities and agricultural
products (Grotjahn 2020). Consequently, many impact studies rely on absolute exposure limits. As an
example, absolute temperature thresholds play an important role in climate services provision.
Furthermore, the assessment of impacts in regions with complex orography, intricate coastlines and/or
small islands poses a challenge related to the inherent shortcomings of Global Climate Models (GCMs),
related to their coarse spatial resolution and limited ability to model small-scale processes which
depend on the orography and land-sea interactions (see e.g. Sanjay et al. 2017, Karl et al. 1999,
Peterson et al. 2002). These problems are partially alleviated by the higher resolution and better
resolved processes of the RCMs. However, systematic biases remain. The application of some sort of
bias adjustment (BA) can alleviate this problem and becomes essential when absolute thresholds are
examined (e.g. Zhao et al. 2015, Dosio 2016, Matthews et al. 2017, Li et al. 2020). BA thus serves to
place all models on equal footing, at the expense of some additional uncertainty due to the adjustment
method (Casanueva et al. 2020a, Iturbide et al. 2020). In this deliverable we skip this added source of
uncertainty by using a subset of INDECIS-ISD indices (Table 1) which do not depend on absolute
thresholds. Instead, they are relative to each model’s maximum/minimum precipitation/temperature
values, in order to gain an insight into the likely future impacts. As long as climate change signals are
considered, systematic biases on a given percentile cancel out since the deltas are computed relative to
the historical period for each GCM-RCM (Table 2). Thus, the presented results correspond to the
original, raw model outputs, without bias adjustment.

Data and Methods
Index selection and calculation procedure
We consider three INDECIS-ISD indices representative of potential changes in extreme precipitation
(Rx1day), extreme heat (XTX) and extreme cold (NTN), that are calculated upon the daily time series of
the following Essential Climate Variables (ECVs, Table 1): precipitation, maximum near-surface (2m)
temperature and minimum near-surface (2m) temperature, respectively. The original monthly index
values are then seasonally aggregated as the seasonal maximum, maximum and minimum values
respectively. The climate change signals (deltas) are computed as the difference between the future
(mid term, 2021-2050, and long-term, 2071-2100) and the historical climatologies, considering the
standard baseline period of CMIP5 (1986-2005, Taylor et al. 2012).
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As stated in the introduction, the chosen indices do not require bias adjustment because the deltas are
calculated using data from each model separately, therefore, systematic biases cancel out. Thus, the
presented ensemble projections avoid the added uncertainty associated with the bias correction
method, required for other threshold-dependent indices.
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ISD*

Index Code

ECV

Description

2

XTX

Maximum temperature

Maximum value of monthly maximum air
temperature

6

NTN

Minimum temperature

Minimum value of monthly minimum air
temperature

47

Rx1day

Precipitation

Monthly maximum 1-day precipitation

Table 1. INDECIS ISD subset used for the assessment of climate change. *The ISD numbers correspond to
the index description provided in INDECIS D4.1 (“Report on the Inventory and Catalog of Indices
Datasets”) and INDECIS D4.2 (“Report on Indices of INDECIS-ISD, including definitions, and
accompanying sectorial data”), where further details in these indices can be found.

The indices have been calculated using the R package climate4R.indices, implementing several INDECIS
ISD and indicators of circulation variability within the climate4R framework for climate data access,
processing and visualization (Frías et al. 2018, Iturbide et al. 2019).

RCM-GCM ensemble
A subset of the EURO-CORDEX (Jacob et al. 2014, Kotlarski et al. 2014) multimodel ensemble (16 GCMRCM couples stemming from 13 GCMs and 7 RCMs, see Table 2) has been chosen considering the
availability of data for both RCPs (4.5 and 8.5) for full comparability among indices and experiments. For
instance, to date RCP4.5 is not available for CCLM5-0-6 v1, therefore all the GCM-RCM couples
corresponding to this RCM have been discarded for this analysis for full comparability of results. Note
the uneven distribution of the models within the matrix (e.g. 9 out of the 16 couples correspond to
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RCA4_v1). Still, the multimodel ensemble mean is derived from all available simulations, with no special
weighting. Only simulations at 0.44º resolutions are used.

CCLM4-817_v1
MPI-ESM-LR_r1i1p1

ALADIN53
_v1

WRF331F_
v1

RACMO22
E_v1

RACMO22
E_v2

X

X

MPI-ESM-LR_r2i1p1
CNRM-CM5_r1i1p1

REMO200
9_v1

RCA4_v1
5

X

X
X

EC-EARTH_r1i1p1

X

EC-EARTH_r12i1p1

X

MIROC5_r1i1p1

X

HadGEM2-ES_r1i1p1
CinquiniIPSL-CM5AMR_r1i1p1

X

X

X

CanESM2_r1i1p1

X

CSIRO-Mk3-6-0_r1i1p1

X

CM5A-MR_r1i1p1

X

NorESM1-M_r1i1p1

X

ESM2M_r1i1p1

X

Table 2. GCM(rows)-RCM(columns) matrix of the EURO-CORDEX multi-model ensemble considered in
this study. The ensemble is complete, i.e., for all the GCM-RCM pairs both RCP 4.5 and 8.5 all indices are
available.
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Regridding
All the indices have been computed using the native RCM grids as delivered through ESGF (Cinquini et al.
2014, https://esgf.llnl.gov) at a horizontal resolution of 0.44º. After the index calculation, all data have
been re-gridded onto a regular 0.5 degree resolution grid (as displayed in the figures) to build the
ensemble results, using a first-order conservative remapping approach. The use of this grid is aligned
with the IPCC-WG1 Atlas products, to be delivered for AR6, publicly available in the Atlas repository
(https://github.com/SantanderMetGroup/ATLAS/tree/master/reference-grids). Conservative mapping
methods attempt to preserve fluxes (or other integrals) during the interpolation process (in particular
precipitation). The method is also applied to temperatures (and temperature-realted indices) in order to
have full comparability of results among variables. This conservative remapping approach has been used
in the framework of the EURO-CORDEX project. The basic remapping operand is conservative remapping
as defined in CDO (Schulzweida 2018).
The regridding procedure has the following characteristics:
1. Variables exposing a large sensitivity to land-sea contrast are remapped with reference to landsea mask in the native grid and the regular grid. This includes virtually all (near-) surface
variables. In this study, the indices using the land-sea contrast are NTN and XTX, for which a
sharp land-sea transition is assumed.
2. A common land-sea fraction (sftlf) regular reference grid is employed. NetCDF files containing
such information at both input/output resolutions have been prepared for that aim.
3. Variables not categorized in step (1) are remapped straightforwardly with disregard of land sea
mask. In this study, this refers to Rx1day, as long as precipitation does not exhibit a strong landsea contrast.
4. Isolated islands or lakes in the regular grid (typically sized at grid cell mesh) which are not
represented in the native grid will not be processed in step (2).
Therefore, regarding the land-sea contrast: first interpolation is done over land, then over sea, and lastly
over the whole area. Afterwards, the interpolated sea and land are merged, after which some missing
values will appear along the coastlines. These areas will be filled with the data from the "whole area"
interpolation. As result, in conservative remapping the variables that are sensitive to land-sea transitions
are dually interpolated, i.e. land-sea separated, and then re-combined in one file. Residual missing
values (NaN) in the interior domain are filled with values from a straightforward remap. The regridding
procedure is further detailed in the following link, that also contains the necessary code and input grids
to reproduce the interpolation step:
https://github.com/SantanderMetGroup/ATLAS/tree/mai-devel/SOD-scripts/bash-interpolationscripts/AtlasCDOremappeR_CORDEX
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Results
Reference values for sectoral indices

7

The analysis of the reference values of sectoral indices in the period 1986-2005 provides the starting
point for the delta changes and related uncertainties. The largest values of Rx1day occur in western
Scandinavia, northwestern Iberian Peninsula and the main mountain ranges (Alps, Pyrinees, Carpathians
and Dinaric Alps) in winter and autumn, with Rx1day of approximately 50-70mm/d (Fig.1, left). The main
flow regimes in winter, dominated by advection from the west and northwest, and a southerly flow of
humid Mediterranean air in autumn can explain such precipitation extremes (CH2018, 2018). Rx1day
values decrease gradually from winter to spring and from spring to summer. The largest values in spring
and summer are found in the main mountain ranges (40-60mm/d) and might be explained by
convection activity. The multi-model spread is below 10mm/d in large parts of the continent but it
reaches up to 20 and 30 mm/d in the southern Alpine rim in winter and autumn, respectively (Fig. 1,
right).
Temperature extremes present a north-south gradient and orographic pattern, with larger XTX and NTN
southwards and lower values in the north and the mountainous areas. XTX is above 35ºC in spring and
summer and between 22ºC-30ºC in autumn in large parts of the center and south of the continent (Fig.
2, left). Minimum temperature extremes (NTN) are found in the Scandinavian Peninsula and the Alps
with values well below -30ºC in winter, between -30ºC to -20ºC in spring, between -22ºC to -15ºC in
autumn and above -5ºC in summer (Fig.3, left). In the rest of Europe, NTN varies between -22 and 0ºC in
winter, -14ºC and 4ºC in spring, 2 to 10ºC in summer and -8ºC to -4ºC in autumn. Model uncertainty is
small for temperature extremes in the historical scenario (Fig.2 and 3, right panels), being below 5ºC
except for NTN in spring and winter in northern Europe, where it amounts up to 10ºC.
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Fig. 1. Left: EURO-CORDEX multimodel ensemble mean (n=16) seasonal climatologies of the Rx1day
index (mm/d) as simulated by the historical experiment for the period 1986-2005. Right: Multimodel
spread, represented by its standard deviation.
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Fig. 2. Left: EURO-CORDEX multimodel ensemble mean (n=16) seasonal climatologies of the XTX index
(ºC) as simulated by the historical experiment for the period 1986-2005. Right: Multimodel spread,
represented by its standard deviation.
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Fig. 3. Left: EURO-CORDEX multimodel ensemble mean (n=16) seasonal climatologies of the NTN index
(ºC) as simulated by the historical experiment for the period 1986-2005. Right: Multimodel spread,
represented by its standard deviation.
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Climate change signals of sectoral indices
Climate change projections of Rx1day indicate a continuous increase along the four seasons in large
parts of the continent, which amounts to 2-4mm/d by mid-century and 6-9mm/d towards the end of the
century (Fig.4). The increase is projected to affect most of the continent, except for the Iberian
Peninsula in spring and autumn (also Italy in spring) and the Mediterranean region in summer. Indeed,
some drying is projected over the Iberian Peninsula and the Alps towards the end of the century,
especially in summer (up to 6mm/d less). Multi-model spread is large, mostly similar to or even larger
than the projected signals, especially in the regions with higher historical records. Large discrepancies
among models are also found in the regions where a summer reduction of Rx1day is projected. Results
for the intermediate emission scenario (RCP 4.5) are similar to those for RCP8.5 for mid-century, with a
clear stabilization towards the end of the century (Fig. A1).
Extreme maximum temperatures are projected to increase up to 2.5ºC evenly across Europe throughout
the year by mid-century (Fig.5, left). Changes accentuate towards the end of the century in southern
Europe in spring and autumn and extend to Central Europe in summer (increases of up to 6ºC, Fig.5,
right). Interestingly, increments of about 5-6ºC are also found in the Scandinavian Peninsula in spring
and in the Alps and the Carpathians in winter. Overall, model agreement is large, with an ensemble
spread of less than 2ºC in most of the cases (note slightly higher values in Scandinavia and the Alps in
spring).
Unlike changes of XTX, which are featured in the south of the continent, NTN is projected to increase to
a greater extent in northern and north-eastern Europe (Fig.6), which are precisely the regions with the
lowest NTN. These increments amount to 2-7ºC by mid-century and 8-12ºC by the end of the century
throughout the year except in summer (increments of up to 2ºC for mid-century and 5ºC by the end of
the century). In winter, the notable increase of NTN is evident in most of the continent, except for the
Mediterranean region and the British Isles. As for XTX, multi-model uncertainty is small (below 2ºC),
except for some areas in Scandinavia in winter and spring (up to 5ºC).
As for precipitation, the two scenarios become more distinct by the end of the century, with the largest
increases of XTX ranging between 3-4ºC (Fig. A2) and NTN between 6-8ºC (Fig. A3), whilst keeping the
same spatial pattern as for RCP8.5 across seasons.
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Fig. 4. First and third columns: Delta maps of Rx1Day considering the periods 2021-2050 and 2071-2100,
respectively, for RCP 8.5 against the historical baseline 1986-2005. Second and fourth columns: standard
deviation of the deltas for their respective periods.
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Fig. 5. First and third columns: Delta maps of XTX considering the periods 2021-2050 and 2071-2100,
respectively, for RCP 8.5 against the historical baseline 1986-2005. Second and fourth columns: standard
deviation of the deltas for their respective periods.
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Fig. 6. First and third columns: Delta maps of NTN considering the periods 2021-2050 and 2071-2100,
respectively, for RCP 8.5 against the historical baseline 1986-2005. Second and fourth columns: standard
deviation of the deltas for their respective periods.
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Sectoral climate change impacts based on the selected indices
The projected changes of the considered climate indices have many implications in different impact
sectors. As described in the INDECIS deliverable 4.2, Rx1day is relevant for agriculture and water
resources and the temperature extremes (XTX and NTN) for agriculture, tourism, water resources and
human health. Despite the large increments for Rx1day, we refrain from elaborating further
interpretations given the large multi-model uncertainty and focus on the temperature extremes.
The negative impacts of extremely high temperatures are remarkable on human well-being, human
activities, ecosystems and biodiversity. The results shown in the previous section suggest that large
areas of the continent might suffer from substantial increases in the highest temperature during day and
the lowest during night. Hereafter, some of the related impacts of such changes are examined.
The consequences of major heat waves for human health have become apparent from the fatalities of
recent events such as the 2003 heatwave in Europe (more than 70,000 excess deaths across 12
European countries - Robine et al. 2008 -, and economic losses amounted to more than 13 billion euros de Bono et al. 2004) and the 2010 heatwave in Russia (Barriopedro et al. 2011). Currently the human
thermoregulatory capacity of around a quarter of the world’s population is affected by climate and such
climatic conditions are projected to increase with increasing green-house gas emissions especially in the
humid tropics (Mora et al. 2017).
The exposure-response relationship between temperature and heat-related impacts are usually built by
either identifying “trigger points” or exposure limits linked, for instance, to the increased risk of health
events (mortality, hospitalizations) associated directly and indirectly with heat (Petitti et al. 2016) or
analyzing the health outcomes in days which are a priori defined (e.g. surpassing a threshold or specific
climatological percentile - Ragetli et al. 2017). The variety of such limits for a particular application is
large, e.g. trigger points related to mortality are consistently higher than those for other relevant health
events (e.g. hospitalizations and heat-related illnesses - Petitti et al. 2016). Staying below certain
exposure limits (e.g. ambient temperature below 35ºC - Kjellstrom et al. 2009a - and core body
temperature below 38ºC - Kjellstrom et al. 2009b) reduces the risk of heat-related illnesses, but does
not preclude the possibility of other adverse effects such as a loss of labour productivity (Casanueva et
al. 2020b). The individuals’ natural response to protect themselves against the risk of heat-related
illnesses is to slow down the intensity of the activity/work and/or limit working hours, thus minimizing
body heat production and reducing heat exposure, respectively (Ioannou et al. 2017). As a consequence
of these strategies, labour productivity and economic output are reduced (Kjellstrom et al. 2018, Orlov
et al. 2019). For instance, Dunne et al. 2013 found a reduction in labour capacity to less than 40% by
2200 in peak months, with most tropical and mid-latitude regions experiencing extreme heat stress,
under the strongest emission scenario. Likewise southern Europe might experience a widespread loss of
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working hours by at least 15%, reaching more than 50% in some locations in Spain, Italy, Greece and
Cyprus by the end of the 21st century under RCP8.5 (Casanueva et al. 2020b).
Excessive heat has also an impact on biodiversity and crop yields, with large or small impacts depending
on the development stage of the plant (Grotjahn 2020). In particular, the negative impact of heat during
the reproductive stage of the crops is a major threat to yield in many parts of the world (Deryng et al.
2014, Hatfield and Prueger 2015). Deryng et al. 2014 found strong heat stress effects for maize, which
are responsible for up to 45% of global average yield losses, and spring wheat, responsible for up to 52%
reduction of global average yield gains, under RCP8.5 by the 2080s relative to the 1980s. Furthermore,
maize pollen viability decreases with temperatures above 35ºC and rice production ceases above 40ºC
(Hatfield and Prueger 2015, Grotjahn 2020 and references therein). Beyond damages in crop yields, high
temperatures are associated with greater water usage, e.g. maize water demand doubles as
temperatures increase from 27ºC to 35ºC (Grotjahn 2020).
According to the IPCC (IPCC 2019), the observed global warming has led to widespread shrinking of
the cryosphere, with mass loss from ice sheets and glaciers (very high confidence), reductions in snow
cover (high confidence) and increased permafrost temperature (very high confidence). Our results show
a large and robust projected increase of NTN (winter, spring, autumn) and XTX (spring and summer) in
typically cold European regions such as Scandinavia and the Alps. In light of this situation, glacier mass
loss, permafrost thaw and decline in snow cover might continue in the next decades, with an increasing
rate throughout the 21st century. These might have unavoidable consequences for river runoff, local
hazards and terrestrial and freshwater ecosystems (IPCC 2019).
Limiting global warming to 1.5ºC is essential to mitigate all the above mentioned effects of extreme heat
conditions (Lo et al. 2019).

Work Package 6 / Deliverable 6.4

16

Conclusions
This work shows climate change projections of three climate indices describing extreme precipitation
and temperatures using a large ensemble of EURO-CORDEX regional climate models driven by CMIP5
global climate models under two different scenarios (RCP 4.5 and 8.5). Our results suggest that large
areas of Europe might suffer from substantial increases in the highest temperature during day (XTX) and
the lowest during night (NTN). Changes of XTX accentuate towards the end of the century in southern
Europe in spring and autumn and extend to Central Europe in summer, whereas NTN is projected to
increase to a greater extent in northern and north-eastern Europe, which are precisely the regions with
the lowest NTN. These non-linear increments in the tails of the temperature distribution highlight even
further the need to investigate the negative impacts of extremely high temperatures, which are
remarkable on human well-being, human activities, ecosystems and biodiversity.
Highest 1-day precipitation (Rx1day) is selected to account for extreme precipitation. Rx1day is
projected to increase continuously along the four seasons in large parts of the continent, except for the
Iberian Peninsula in spring and autumn (also Italy in spring) and the Mediterranean region in summer.
The increase of Rx1day might be related to an intensification of the hydrological cycle associated with a
warming-related increase of atmospheric moisture content (Schmidli et al., 2007 and references
therein). This is in agreement with the Clausius–Clapeyron relation that describes how a warmer
atmosphere can hold more water vapour, which produces in turn more intense precipitation. We found,
however, large ensemble spread relative to the signals.
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Appendix 1. Delta maps of indices for RCP 4.5
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Fig. A1. Same as Fig. 4, but considering the RCP 4.5 scenario. The color palette range and interval has
been kept identical to Fig 4 for better visual comparison.
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Fig. A2. Same as Fig. 5, but considering the RCP 4.5 scenario. The color palette range and interval has
been
kept
identical
to
Fig.
5
for
better
visual
comparison.
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Fig. A3. Same as Fig. 6, but considering the RCP 4.5 scenario. The color palette range and interval has
been kept identical to Fig. 5 for better visual comparison.
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