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Abstract

Internal variability, multiple emission scenarios, and different model responses to anthropogenic forcing are ultimately
behind a wide range of uncertainties that arise in climate change projections. Model weighting approaches are generally
used to reduce the uncertainty related to the choice of the climate model. This study compares three multi-model combi-
nation approaches: a simple arithmetic mean and two recently developed weighting-based alternatives. One method takes
into account models’ performance only and the other accounts for models’ performance and independence. The effect of
these three multi-model approaches is assessed for projected changes of mean precipitation and temperature as well as four
extreme indices over northern Morocco. We analyze different widely used high-resolution ensembles issued from statisti-
cal (NEXGDDP) and dynamical (Euro-CORDEX and bias-adjusted Euro-CORDEX) downscaling. For the latter, we also
investigate the potential added value that bias adjustment may have over the raw dynamical simulations. Results show that
model weighting can significantly reduce the spread of the future projections increasing their reliability. Nearly all model
ensembles project a significant warming over the studied region (more intense inland than near the coasts), together with
longer and more severe dry periods. In most cases, the different weighting methods lead to almost identical spatial patterns
of climate change, indicating that the uncertainty due to the choice of multi-model combination strategy is nearly negligible.

Keywords Model weighting - Climate models - Climate change - Euro-CORDEX - NEXGDDP - Morocco - Temperature -
Precipitation - Extremes - Projected uncertainty

1 Introduction warmer and dryer conditions (Donat et al. 2014; Driouech

et al. 2013, 2020a; Filahi et al., 2015; Sippel et al. 2017;

Morocco is one of the Mediterranean and North African
countries where observed global warming impacts are the
most noticeable (Lelieveld et al. 2016; Sowers et al. 2011;
Waha et al. 2017). Analysis of trends in precipitation and
temperature in Morocco have indicated a tendency towards
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Tramblay et al. 2013). Furthermore, most of the state-of-
the-art models agree in projecting an increase in mean
temperatures and a decrease in total annual precipitation
amounts over the country (Driouech and El Rhaz 2017;
IPCC, 2013, 2018; Polade et al. 2017), consistent with the
whole Mediterranean region. Future changes in extremes
are also expected, including increased drought and day and
night-time extreme temperature events (Betts et al. 2018;
Dosio and Panitz 2016; Giorgi et al. 2014; Molinié et al.
2018). Such changes would result in severe impacts on water
resources, agriculture, and many other socio-economic sec-
tors (Betts et al. 2018; Brouziyne et al. 2018; Doll et al.
2018; Driouech 2010; Marchane et al. 2017; Niang et al.
2014; Schewe et al. 2014; Tramblay et al. 2016; Wanders
and Wada 2015). Moreover, the negative effects associated
with climate change have been already witnessed in the past;
i.e., drought leading to a drop in water reserves, agricultural
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productivity, and electricity generation (e.g., Verner et al.
2018). As a result, several efforts aimed at implementing
appropriate adaptation actions and strategies have been
undertaken.

To effectively plan adaptation to climate change, there is
a need for detailed and precise information about the climate
conditions that are expected for the future. In particular, the
large uncertainty due to the choice of model is frequently
pointed out by the adaptation community to be one of the
main difficulties hindering the use of climate projections
(e.g., Maraun et al. 2017; Sultan et al. 2020). Furthermore,
there can be computational restrictions that, for some appli-
cations, impede the use of the full ensemble of models (e.g.,
Dalelane et al. 2018). Important efforts and accomplish-
ments have been done by the scientific community to deliver
reliable and actionable information on the relevant temporal
and spatial scales. Our main tools for providing accurate
estimates of future changes are global and regional climate
models (GCMs and RCMs, respectively). Yet, uncertainty is
an inherent feature of climate projections due to the chaotic
nature of the climate system and the various assumptions the
numerical models are subject to (e.g., the choice of emis-
sion scenario)(Blazquez and Nuifiez 2013; Hawkins et al.
2016). Moreover, when working with ensembles, how to
best handle model inter-dependencies becomes an important
question to address since the contributing models are gener-
ally not designed to be independent of each other. Shared
observational data for model tuning, common assumptions
on the climate system as well as replication of code and
shared components across different models(developed by
independent institutions) result in similarities between the
outputs (and correlation between the errors) of different
models (Abramowitz et al. 2019; Annan and Hargreaves
2017; Eyring et al. 2019; Knutti et al. 2013; Sanderson et al.
2015a). Moreover, for several models, multiple realizations
with slightly perturbed initial conditions (and therefore
highly interdependent) are provided.

Model weighting approaches are used with the aim of
reducing the unwanted uncertainty in climate model projec-
tions (Giorgi and Mearns 2003; Knutti et al. 2010; Murphy
et al. 2004; Tebaldi and Knutti 2007). However, due to dif-
ferent model performances when compared to observations
and the lack of independence among models, giving equal
weight to each available model can be suboptimal (Boé et al.
2015; Eyring et al. 2019; Knutti et al. 2010). It is widely
assumed that the reliability of a model in the future will
come determined by its ability to reproduce the present-
day climate (Hausfather et al. 2020). Consequently, some
models would deserve more important weights than others
in the construction of the multi-model ensemble depending
on their performance for a given application (e.g., Baum-
berger et al. 2017; Eyring et al. 2019; Gleckler et al. 2008;
Knutti et al. 2010, 2017). For instance, Cardoso et al. (2019)
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suggested a weighting method based on the models’ ability
to represent spatio-temporal characteristics and PDFs of var-
iables (e.g., the maximum and minimum temperature). More
consistent/comprehensive weighting approaches account for
both model performance and independence. Models that
simulate the real world poorly as well as models duplicating
other models are down-weighted (e.g., Brunner et al. 2019;
Knutti et al. 2017; Lorenz et al. 2018). Dalelane et al. (2018)
suggested using a weighting approach for the reduction of
the number of ensemble members based on their perfor-
mance and interdependencies with the objective of preserv-
ing relevant information on potential future climate states
and maximizing the independent ensemble quality score.

Based on three widely used high-resolution datasets of
climate projections (Euro-CORDEX, bias-adjusted Euro-
CORDEX, and NEXGDDP), this study evaluates the effect
of three different multi-model combination strategies (simple
averaging, model weighting based on model performance,
and model weighting based on model performance and inde-
pendence) on the climate changes projected over northern
Morocco for the end of the twenty-first century and under
two different emission scenarios (RCP4.5 and RCPS8.5). In
particular, we focus not only on temperature and precipita-
tion, but also on a number of related extreme indices for 22
local stations. Note that, to the authors’ knowledge, this is
the first attempt to undertake such a comprehensive analysis
on the advantages and limitations of different multi-model
combination approaches for this region.

The paper is structured as follows: in Sect. 2, we describe
the data, the weighting methods, and the climate indices
used. The results are presented and discussed throughout
Sects. 3 and 4. Finally, the main conclusions are delineated
in Sect. 5.

2 Data and methods
2.1 Observed data

Morocco is located in the Northwest of the African conti-
nent, extending from 21 to 37°N and bordering the Mediter-
ranean Sea in the north and the Atlantic Ocean in the West.
Moroccan climate is influenced by the Atlantic Ocean, the
Mediterranean Sea, and the Sahara (Knippertz et al. 2003;
Born et al. 2008; Driouech et al. 2009; Tramblay et al. 2012)
leading to a sub-humid to semi-arid climate in the north
and an arid to desertic climate in the south. Observed daily
precipitation, maximum and minimum temperature time
series collected at 22 Moroccan meteorological stations are
used in this study (Fig. 1) to compute the different weights
that are applied to each model based on its ability to repro-
duce the observed historical climate. These data have been
provided by the Moroccan National Meteorological Service
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(La Direction Générale de la Météorologie) and cover the
period 1971-2005. The days with missing values (less than
0.5% of the available data) were omitted from the analysis.
The geographic distribution of the 22 stations covers the
main climate regions excluding the south (Hamly et al. 1998;
Knippertz et al. 2003; Ward et al. 1999). In fact, we limit
the analysis to the northern half of the country due to the
common domain covered by the three ensembles used (see
Sect. 2.2). In particular, the Euro-CORDEX project doesn’t
cover the whole country (see Fig. 1) and some stations were
excluded to avoid undesired border effects. Nevertheless,
note that our target region corresponds to the wettest part
of the country.

2.2 Modeled data

To assess the effect of model weighting on present-day
climate and future climate change estimates, we use, for
the first time, data from three state-of-the-art multi-model
ensembles: the NASA Earth Exchange Global Daily Down-
scaled Climate Projections (NEXGDDP), Euro-CORDEX,
and bias-adjusted Euro-CORDEX ensembles. In particular,
we use daily maximum temperature, minimum tempera-
ture, and precipitation issued from the first member (first
run rlilpl) of each ensemble.

The NEXGDDP dataset consists of 21 General Circula-
tion Model (GCM) from the Coupled Model Intercompari-
son Project Phase 5 (CMIP5, (Taylor et al. 2012)), which
have been statistically downscaled to a global grid gen-
erated using the Bias-Correction Spatial Disaggregation
(BCSD) method (Maraun et al., 2017; Thrasher et al. 2012;
Wood et al. 2004) on a global grid with a spatial resolution
of 0.25°. Table S1 in the supplementary material provides
the list of the 21 models included in the NEX-GDDP data-
set. Data access, as well as detailed documentation about
NEX-GGDP, are available at https://www.nccs.nasa.gov/
services/data-collections/land-based-products/nex-gddp.

The Euro-CORDEX dataset (Jacob et al. 2014) contains
daily information at a spatial resolution of 0.11° from sev-
eral Regional Climate Models (RCMs) which have been
driven by multiple GCMs from CMIPS5. In addition, to
assess the potential added value of bias adjustment over
the raw RCM outputs, we also use the bias-adjusted Euro-
CORDEX dataset. Note that it is widely recognized that
climate model outputs should not be used directly as inputs
for impact models and some kind of adjustment towards
the observed climatology is necessary (Manzanas et al.
2019). For consistency, notice that only the 10 GCM-RCM
combinations which are simultaneously available in both
the raw and the bias-adjusted Euro-CORDEX datasets
were used for this work (see Tables S2 and S3), which can
be retrieved from the ESGF portal (https://esgf-node.ipsl.
upmc.fr/projects/esgf-ipsl/).

Covered period{years)
e 22(1981-2005)
® 25(1984-2005)
@ 33(1973-2005)

@ 35(1975-2005)

Fig. 1 Geographical distribution of the 22 stations used in this work.
The size of the circles indicates the length of the available records.
The map at the bottom-right corner shows the Euro-CORDEX
domain (light shading)

For all the three multi-model ensembles used, we con-
sider 1971-2005 as the historical reference period. Future
changes are analyzed for the period 2071-2100 (with
respect to 1971-2005). Two Representative Concentration
Pathways (RCP) scenarios, RCP4.5 and RCP8.5, were con-
sidered (Moss et al. 2010; van Vuuren et al. 2011). RCP4.5
assumes a radiative forcing increase of 4.5 W/m? by the
end of the century, relative to the pre-industrial era, asso-
ciated with a peek of global emissions around 2040 and its
stabilization until 2100. RCP8.5 assumes that emissions
rise throughout the twenty-first century leading to a radia-
tive forcing of 8.5 W/m? by the end of the century, relative
to the pre-industrial era (Riahi et al. 2011).

2.3 Model weighting

We compare three different combination approaches to
form suitable multi-model ensembles, ranging from the
most straightforward arithmetic average of models to more
sophisticated alternatives which take into account the
models’ performance and interdependence. Each of these
combination approaches/weighting methods is applied to
both historical and future climate simulations issued from
the three ensemble datasets (NEXGDDP, Euro-CORDEX
and bias-adjusted Euro-CORDEX). A multi-model ensem-
ble average (m) can be calculated as follows:

@ Springer


https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp
https://esgf-node.ipsl.upmc.fr/projects/esgf-ipsl/
https://esgf-node.ipsl.upmc.fr/projects/esgf-ipsl/

392

S.Balhane et al.

Wik My 4 e+ Wy ok My
m= ~ M

where m; are the individual models’ values, w; the corre-
spondent weight for model i and N the number of models in
the ensemble.

The first combination approach (MM-AVG in the follow-
ing) consists of calculating the multi-model ensemble aver-
age as an arithmetic mean which supposes equal weights for
all contributing models, w=wy = 1.

The second approach (MM-PEREF hereafter) is based on
models’ performance and calculates weights based on met-
rics rankings (Cardoso et al. 2019). Models that agree well
with the selected set of observations get high weights and
vice versa (see Sect. 2.3.1 for details).

The third approach (MM-PERF +1 hereafter) accounts
for both model performance and independence (Knutti
et al. 2017). Models that have poor performance get less
weight and models that largely duplicate existing models
(inter-dependent models) also get less weight (detailed in
Sect. 2.3.2).

Weights are calculated over the historical period
(1971-2005) at the annual scale, for each climate variable/
indicator (see Sect. 2.4) at each of the 22 stations consider-
ing their nearest neighbors in the models’ grids.

2.3.1 The MM-PERF method

The MM-PERF method focuses on the model's historical
run quality. Four validation metrics are computed for each
climate variable/indicator (precipitation, temperature, and
related extreme indices) by model and station. The mean
bias, the root mean square error (RMSE), the normalized
standard deviation ratio (o), and the Pearson correlation
(r) are calculated between the model and the observations
(Cardoso et al. 2019; Soares et al. 2017). Then, a ranking
of models is built based on these metrics by introducing
specific ranks (Cardoso et al. 2019). A model with higher
performance is a model with higher metrics’ ranks and there-
fore gets a higher weight.

Let’s consider n as the number of observed/modeled
timesteps, N as the number of models in each ensemble, o
and p the observation and model values respectively, and o
and p the corresponding means calculated over the histori-
cal period.

For the first two metrics (bias and RMSE), ranks are equal
to the inverse of the absolute value since the best expected
result should be closest to zero (Egs. 2 and 3). As the opti-
mal value for normalized standard deviation is 1 and since
in some cases the deviations are very small, the normal-
ized standard deviation ratio rank is its inverse in case of
values superior to 1 (Eq. 4). The correlation related rank is
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Ranks are then normalized by dividing each value by the
sum of all ranks of other models in a way to have the total
sum of the ranks for each metric equal to 1. (6).

Weights w(i) are computed by averaging the ranks of the
four metrics. And finally, each weight is normalized so that
the sum of the weights (w;) in the ensemble is equal to 1. (7).

2.3.2 The MM-PERF +1 method

The MM-PERF +1 weighting scheme extends the previous
method by additionally considering model interdependence.
It takes into account both model quality and uniqueness.
Models that agree well with observations for the selected
set of diagnostics get high weight and models that show
uniqueness (do not duplicate existing models) compared to
other models in the ensemble get also high weight (Knutti
et al. 2017; Lorenz et al. 2018; Sanderson et al. 2015a, b).
The weighting first requires defining a distance metric Di of
model i to observations, and Si/" the distance metric between
model i and model j, and a relationship to convert those into
a weight.

We use the Euclidean distance as a metric to quantify the
distances between model simulations and between model
simulations and observation as in (Sanderson et al. 2015a).
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For M models in each ensemble, the single model weight
w; for model i is defined as follows:

oo
w; = —Sl/-z (8)
1+ Z?iie o5

The numerator represents model skill by using a Gauss-
ian weighting where the weight decreases exponentially the
further away a model is from observations.

The denominator is the “effective repetitionradia of a
model” and is intended to account for model interdepend-
ency (Knutti et al. 2017; Sanderson et al. 2015a, 2015b). If a
model has no close neighbors, then all §; (i # ) are large, the
denominator is approximately one and has no effect. If two
models i and j are identical, then S,_-i is null and the denomi-
nator equals two, so each model gets half the weight. The
constants ¢, and og determine how strongly the model per-
formance and similarity are weighted, large values will lead
to an approximation of equal weighting while very small
values will lead to aggressive weighting and possibly over-
confident results (Knutti et al. 2017; Lorenz et al. 2018). The
distance oy is also called *‘radius of similarity” and is used
to adjust the (nonlinear) decrease of the exponential function
to the desired range of distances, we chose here the mean
distance between simulations as in Dalelane et al. (2018).
The quantity o}, is an analog to oy determining how strongly
the model’s error is penalized, for which we use here the
mean distance between simulations and observations. The
weights are finally normalized so that their sum equals one.

2.4 Extreme indices

In addition to annual mean temperature and precipitation, we
considered a set of four climate extreme indices to assess the
effect of weighting. The daily mean temperatures are calcu-
lated as the sum of the daily minimum and maximum tem-
peratures divided by two. The four extreme indices used here
are defined in the ETCCDI (Frich et al. 2002; Peterson et al.,
2002; Zhang et al. 2011) and are linked to high precipitation
events (R95p), drought (CDD), heat waves (WSDI) and cold
waves (CSDI) (see Table 1). Mean temperature and precipi-
tation as well as climate extreme indices are calculated at
an annual scale for the historical period (1971-2005) and
the future period (2071-2100) under the two RCP scenarios
(RCP4.5 and RCP8.5). For WSDI (CSDI), the 90th (10th)
percentile is computed independently for each day of the
year (e.g., 18 of June) based on a 5-day running window
surrounding that day during 1971-2005. The latter is also
the baseline period considered to compute the 95th percen-
tile for the case of the R95p indicator. Note that projected
changes (Sect. 3.2) for any of these three indicators are

computed with respect to the percentile values obtained for
1971-2005.

3 Results

3.1 Assessment of models’ historical runs

Evaluating the quality of climate models over the historical
period is key to understanding the reliability of the climate
change responses. Since this study aims at assessing the
effect of model weighting, this section compares unweighted
and weighted models from the three multi-model ensembles
considered and does not evaluate or compare the different
GCMs/RCMs individually. For each climate indicator (mean
temperature, mean precipitation, and related extreme indi-
ces), Fig. 2 shows the mean biases along the 22 stations of
interest (for which the nearest model grid box is considered).
The results obtained from the individual models are shown
by blue boxplots. The boxplots assigned to each of the multi-
model ensembles’ means are obtained using the three dif-
ferent weighting methods respectively (MM-AVG: orange,
MM-PEREF: green, and MM-PERF +I: pink). Note therefore
that whereas the blue boxplots contain 22 X N values (N is
the number of individual models), the remaining boxplots
(orange, green, and pink) contain only 22 values (one for
each station, as given by the corresponding multi-model
ensemble mean). This allows analyzing the multi-models’
uncertainty range before and after weighting as well as the
effect of weighting on the ensemble’s performance.

A new metric (sd,,;,) is included to assess whether the
reduction in spread exhibited by the non-blue boxplots is a
consequence of the weighting process or a simple reduction
in the sample size. For each individual model (in each blue
boxplot), we compute the standard deviation (sd;, i varying
from 1 to N) along the 22 stations. Then, we compute the
ratios between these sd; values and the standard deviation
obtained from each of the non-blue boxplots (sd,,).

For each model i, the standard deviation ratio (sd,;;,) 1s
given as follows:
sd;
Sdralio(mOdel) = E ©

m

A ratio higher than 1 would indicate that the standard
deviation of the particular model is higher than the one
issued from the weighted multi-model mean. Finally, for
each weighting approach, we compute the percentage of
ratios exceeding 1. The same procedure is also conducted
for future changes’ boxplots (Figs. 3 and 5) in Sect. 3.2.

In order to investigate whether the effect of weighting
is smoothed by the combination of all stations together,
annual evolution curves comparing observations, individual
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Table 1 List of the extreme indices used with their acronyms, full name, definition, and corresponding units

Abbreviation

Name Definition Unit
WSDI Warm spell duration indicator ~ Annual count of days with at least 6 consecutive days when TX > 90th percentile days
CSDI Cold spell duration indicator Annual count of days with at least 6 consecutive days when TN < 10th percentile days
R95p Very wet days Annual total precipitation from days > 95" percentile mm
CDD Consecutive Dry Days Maximum length of dry spell: maximum number of consecutive days with RR<1 mm  days

models, and weighted multi-model ensembles are also ana-
lyzed at local stations. These curves (Figs. S2—S6) reflect
the same conclusions extracted from the boxplots, indicating
that the three weighting approaches yield similar results even
at a local scale.

3.1.1 Temperature and related extreme events

The bias values of unweighted models show that the bias-
adjusted Euro-CORDEX ensemble performs, as expected,
relatively well in reproducing annual mean temperatures
at the local scale despite some overestimations with a
median bias of about 0.5 °C (Fig. 2a). Residual biases are
more important in the case of NEXGDDP which tends to
underestimate the mean temperature. This is probably due
to differences between the observational gridded datasets

that have been used as a reference for bias correction in the
two ensembles (Landelius et al. 2016; Maurer and Hidalgo
2008; Thrasher et al. 2012; Wood et al. 2004) and the local
observations used in this work. Cases of important differ-
ences between observational datasets for particular regions
have been in fact highlighted by previous studies (Herrera
et al. 019; Kotlarski et al. 2017; Manzanas et al. 2020). The
weighting effect is more noticeable in the Euro-CORDEX
ensemble case, with an improvement of the overall perfor-
mance and a median bias reduced from — 1 °C to around
— 0.5 °C. Based on the interquartile range of boxplots, a
considerable reduction of the spread of local biases for the
two dynamically downscaled ensembles is also noticed.
Overall, the three weighting methods have almost the same
impact for each of the three ensembles (orange, green, and
pink boxplots). Weighting produces the smallest effect in the
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Fig.2 Boxplots for biases of mean temperature (°C) (a), cold (CSDI)
(b) and warm (WSDI) (c) spells (days) indices, as well as biases of
mean precipitation (mm/day) (d), high precipitation (R95P) (mm/
day) (e) and drought (CDD) (days) (f) indices. Biases for unweighted
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individual models (blue) and weighted models (orange, green, and
pink) are obtained per comparison to stations’ observations over the
period 1971-2005. The number above each non-blue boxplot is the
percentage of sd,,;, higher than one (see the text for details)



Changes in mean and extreme temperature and precipitation events from different weighted...

395

case of NEXGDDP, for which higher biases (compared to
the other ensembles) are found. Note that important biases
exhibited by NEXGDDP when compared to local data have
also been found in previous studies (e.g., Chen et al. 2020).
These biases may be related to inherent limitations of the
bias correction approach used to generate this database, as
bias correction techniques may present serious drawbacks
when the gap between the spatial resolution of models and
observations is large (Maraun et al. 2017). To cope with
this issue, the latter study also advocated the development
of new methods combining advanced statistical modeling
with physical understanding (Addor et al. 2016; Volosciuk
et al. 2017).

The biases for cold and warm spell duration indices
(WSDI and CSDI) are shown in (Fig. 2b, c, respectively).
All multi-model ensembles tend to overestimate the numbers
of extreme temperature events, with median biases slightly
higher for warm spells. The weighting effect is obvious in
terms of reducing the spread of the biases but also provides
a slight improvement of the overall quality of ensembles. In
particular, the MM-PERF method leads to relatively smaller
median biases compared to the other weighting methods. An
exception is found for NEXGDDP, which shows a smaller
and comparable effect between the weighting methods in
the case of WSDI.

3.1.2 Precipitation and related extreme events

As for temperature related indices, the three weighting meth-
ods lead in general to similar results for each ensemble for
both mean precipitation and precipitation extreme events
(R95p and CDD). In particular, the biases’ mean value and
dispersion are reduced (Fig. 2d, e, f respectively). An excep-
tion comes from Euro-CORDEX, for which MM-AVG and
MM-PERF +1 exhibit relatively lower biases in the case of
mean precipitation and the drought index respectively. An
overall improvement of the simulated values is noted in the
case of dynamically downscaled data. Such improvement is
however more noticeable for uncorrected simulations.

We also note a better performance of bias-adjusted Euro-
CORDEX simulations for both mean and extreme pre-
cipitation events. This added value is however overtaken
by the weighting in the case of extreme events. Although
the improvements resulting from the application of weight-
ing, Euro-CORDEX multi-model mean, in agreement with
previous studies, underestimates annual mean precipita-
tion (Vaittinada Ayar et al. 2016; Zittis et al. 2019) and the
length of the longest annual dry period. The drought index
is also underestimated by the bias-adjusted Euro-CORDEX
ensemble and on the contrary overestimated by NEXGDDP.
Contrasted biases are given for the high precipitation index.
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For both precipitation and temperature indicators and in
the majority of the cases, the percentages of sd,,,;, higher
than one are clearly above 50%, which confirms that weight-
ing contributes efficiently to reducing the spread of the
biases shown by the individual models.

3.2 Assessment of future changes

Projected changes for temperature and precipitation and
their related extreme indices (CSDI, WSDI, R95p, and
CDD) are analyzed in this section under the two emission
scenarios considered (RCP4.5 and RCPS8.5) for 2071-2100,
with respect to the historical period 1971-2005. In particu-
lar, we analyze the distribution of the changes for both the
unweighted individual models and the weighted multi-model
ensemble means obtained from the MM-AVG, MM-PERF,
and MM-PERF +1 methods (Figs. 3 and 5), which allows
for a better understanding of the effect of weighting on the
uncertainty of the future projections. In addition, for the par-
ticular case of the weighted bias-adjusted Euro-CORDEX
ensemble, which was found to provide the best performance
in present climate conditions (see Fig. 2), we also look at the
spatial patterns of the projected changes (Fig. 4). For each
indicator, the Mann—Whitney U test has been applied to test
the statistical significance (at a 95% confidence level) of the
change at the station level. Note that the Mann—Whitney U
is non-parametric and does not make any assumption about
the distribution of the underlying data (James and Wash-
ington 2013).

3.2.1 Temperature and related extreme events

The boxplots in Fig. 3 show the spread of the projected
changes for annual mean temperature along the 22 stations,
as projected under the RCP4.5 and RCP8.5 scenarios (panels
a and d, respectively). The three ensembles of models pro-
ject a generalized increase in temperature by the end of the
century. Warming varies between 1.5 °C and 3 °C (3.5 °C
and 5 °C) according to RCP4.5 (RCPS8.5), depending on the
model and location, which is in agreement with previous
studies (Donat et al. 2013; Filahi et al. 2015; Ozturk et al.
2018; Waha et al. 2017; Zittis et al., 2019). Note that weight-
ing shows a better performance in reducing uncertainty for
the bias-adjusted Euro-Cordex and NEXGDDP ensembles
(with higher percentages of sd,,,;, higher than one). Moreo-
ver, in some cases, weighting can introduce slight changes
in the signals projected by the unweighted ensemble mean.
For instance, the median change corresponding to the three
weighting methods is shifted up (compared to the individual
models’ median), which indicates that higher weights are
given to the models that reproduce higher warming lev-
els. Note the importance of this result which suggests that
weighting would contribute to the provision of more reliable
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future climate information (e.g., Brunner et al. 2019). This is
also reflected in the mean temperature evolution curves (see
Fig. S5) where the weighted multi-model curves are shifted
up compared to the median curve of the individual models
at local stations.

Projected changes for CSDI are shown in the boxplots
in Fig. 3b, e. Overall, the projected signals from the three
ensembles are similar, although NEXGDDP tends to project
higher reductions for both scenarios. Changes vary from+ 1
to — 7 days for RCP4.5(+ 1 to — 9 days for RCP8.5). Most
of the models don’t project any cold spells by the end of
the century, which might be related to significant projected
increases in yearly mean minimum temperatures.

The difference between the three weighting methods
is clearer for NEXGDDP. Indeed, MM-PERF and MM-
PERF +1 methods project higher changes than MM-AVG for
which the median change is close to the individual models’
median change, indicating that higher weights are given to
the NEXGDDP models projecting higher decreases. This is
more noticeable for the Warm Spell Duration Index (WSDI),
shown in Fig. 3c, f, and confirms that higher weights are
given to warmer models. This is also noticeable from the
curves showing the annual evolution (Fig. S6) and corrobo-
rates that weighting seems to be more sensitive to the cli-
mate index than to the spatial location. This can be explained
by the fact that individual models perform better for some
indicators than for others, which results in a different weight-
ing effect (more noticeable for indicators poorly simulated
by the models, e.g., WSDI here). Moreover, the low spatial
variability of the results obtained may be presumably related
to the relatively small size of our target region, which might
explain the similar weighting effect found across the differ-
ent stations.

Changes’ variation for WSDI is larger than for CSDI
(Fig. 3b, e) and we can notice higher amplitudes for WSDI,
suggesting that the warming will gain more from high tem-
perature events than cold ones, consistent with observed
trends in Driouech et al. (2020a). Changes’ amplitudes are
even higher for NEXGDDP. Indeed, for RCP4.5 (RCP8.5),
the Euro-CORDEX ensemble projects increases up to 150
(250) days while increases of more than 200 (300) days are
expected according to NEXGDDP models. Remarkably, the
spread of the projected changes, which is the highest for
NEXGDDP, is largely reduced after weighting.

For a spatial assessment of these results, maps in Fig. 4a
show for the 22 locations of interest, the projected changes
for annual mean temperature, as given by the weighted bias-
adjusted Euro-CORDEX ensemble under the RCP8.5. In
general, the yearly mean temperature is expected to increase
significantly over Morocco in the range between 4 and
5.5 °C in inland stations and between 2.5 °C to above 3.5 °C
near the coast. The MM-PERF + 1 method shows slightly
different results in a few stations while the MM-AVG and
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MM-PERF give similar spatial patterns of changes. The
increase is statistically significant at a 95% level over nearly
all stations for both scenarios RCP4.5 and RCP8.5. The pat-
tern of changes is mostly linked to inland/coastal contrast
and is also noticed for the RCP4.5 scenario (see Fig. S1.a).
Similar results about cooler mean temperature changes near
coasts were discussed in Cardoso et al. (2019) focusing on
Portugal. The lower warming in the coastal areas may be
related to local sea-breeze circulations responsible for the
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correspond to the MM-AVG/MM-PERF/MM-PERF+1 weighting
method. A black circle indicates that the projected change is signifi-
cant at a 95% confidence level, according to a Mann—Whitney U test

transport of cooler and moisture air, hence softening the
effects of climate change local warming.

As for CSDI and WSDI indices, the spatial pattern of
projected changes across the 22 stations considered is shown
in (Fig. 4b, c respectively). The changes for both indices
are statistically significant in most of the stations. CSDI is
expected to decrease down to 5 days, especially in inland
stations. WSDI, however, is expected to increase substan-
tially: up to 100 days in coastal regions and between 100
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and 200 days in inland regions. This means that, by the end
of the century, between one and two thirds of the year would
correspond to what’s currently considered a heatwave spell.
Doubtless, this will have important effects on different socio-
economic sectors, including agriculture, health, tourism, etc.

3.2.2 Precipitation and related extreme events

The boxplots for projected annual precipitation changes
over Morocco are shown in Fig. 5a, d. Our results indicate
a high consensus between models in all ensembles towards
a decrease in annual precipitation, which is in agreement
with previous studies (Thrasher et al., 2012; Driouech et al.
2013, 2020b; Tramblay et al. 2013; Donat et al. 2014). Some
individual models from bias-adjusted Euro-CORDEX and
NEXGDDP project an increase of about 10% for the RCP4.5
scenario. Comparing the three ensembles, Euro-CORDEX
projects the highest decreases, with changes ranging from
about — 20% to — 40% under RCP4.5 (— 35% to — 55% for
RCP8.5). For the other two ensembles, the projected changes
for RCP4.5 are 5%—10% lower. The three weighting meth-
ods further reduce such differences in the strength of the
decrease, leading all of them to very similar results within
each ensemble. The weighting contributes highly to reducing
the uncertainty of precipitation changes across the different
stations (orange, green, and pink boxplots of Fig. 5a, d).
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Indeed, the standard deviation of the results found for the
three multi-model means is much smaller than individual
models, regardless of the weighting approach considered.
A similar weighting effect is also noticeable for high pre-
cipitation events (R95p) and annual longest dry spell (CDD)
despite the projected changes are intensified by MM-PERF
and MM-PERF +1 for the case of NEXGDDP (Fig. 5b, c,
e, ). In general, a decrease in the percentage of precipita-
tion amounts issued from very wet days can be expected
from all ensembles for both scenarios although some indi-
vidual models project increases up to 20%. The decrease
in R95p varies mostly, for individual models, between 440
and — 80% for RCP4.5 and between + 20 and — 100%, for
RCP8.5. Weighting leads to median changes around — 20%
for both Euro-CORDEX ensembles for RCP4.5 and around
— 45% for RCP8.5 independently from the method used.
MM-PERF and MM-PERF +1 project a 5% more decrease
in annual precipitation from very wet days for NEXGDDP.
Consistent with the projected reductions in precipitation
across the stations, all ensembles project an increase in the
number of CDD, indicating that more prolonged drought
episodes are expected in the future. The changes issued from
individual models range between — 10 and 50 days for the
RCP4.5 scenario and between — 10 and 80 days for RCPS.5.
NEXGDDP ensemble projects the lowest increase although
the spread amongst models is reduced by the weighting and
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the additional few days gained from MM-PERF and MM-
PERF + I methods respectively.

Maps in Fig. 4d, e, f show the spatial patterns of pro-
jected changes for precipitation and its related extreme indi-
ces. These maps bring to light a general and statistically
significant decrease in both mean and extreme precipita-
tion, together with a reinforcement in drought persistence.
In particular, projected changes for high precipitation events
(R95p) are more significant in the case of RCP8.5 than for
RCP4.5 (see S1). For all the ensembles, the three weight-
ing methods lead to similar projected changes. Very few
stations (2-3) exhibit some slight increase or decrease in
the amplitude of the projected changes depending on the
method and index.

4 Discussion

Finding the ideal solution for climate model weighting has
been controversial so far. Indeed, beyond the question of
whether or not to weigh the different models, the metrics and
methods used for this task have been largely discussed in the
literature, and advantages, as well as limitations, have been
found depending on the application of interest. In principle,
it seems reasonable to think that weighting models accord-
ing to their performance and interdependence may ensure
ensemble democracy (Knutti et al. 2017). Thus, one of the
aims of this work is to confirm whether or not more sophis-
ticated weighting procedures based on model performance
and independence outperform simpler ones based only on
model performance, and to compare both alternatives with
straightforward averaging (i.e., equal weights). The choice of
metrics for both first approaches, the size of each ensemble
as well as the chosen time scale constitute the main limita-
tions of this work.

There are multiple ways to proceed with model weighting
and it is very difficult to agree on an optimal way. An infi-
nite number of performance metrics can be defined: quality
assessment metrics such as correlation, root mean square
error, and bias for example (Baumberger et al., 2017 and
Cardoso et al. 2019), spatial performance assessment met-
rics such as SPAtial EFficiency metric (SPAEF) or Fractions
skill score (FSS) (Ahmed et al. 2019; Koch et al. 2018) or
any other quality scores comparing the model to observa-
tions. However, the choice of an appropriate performance
metric is quite challenging (Keupp et al. 2019; Knutti et al.
2010, 2018; Weigel et al. 2010).

Moreover, weighting approaches can be very sensitive
to the chosen metric: if weighting is based on a criterion
that is inadequate for the targeted quantity or is dominated
by variability, then there is a possibility that the result gets
worse rather than better (Weigel et al. 2010). The perfor-
mance metrics considered for this work have been selected

based on similar previous studies but other metrics might
have led to different weights and ranks and therefore to
maybe different results (e.g., Gleckler et al. 2008; Kjell-
strom et al. 2010; Ring et al. 2017).

The sensitivity to the metric choice can also depend
on the number of the models considered (Knutti 2018).
Hence, the differences we noticed between NEXGDDP
and Euro-CORDEX datasets could be more related to the
size of the corresponding ensembles (21 and 10, respec-
tively) than to the different nature (statically and dynami-
cally downscaled, respectively). Some studies select the
best performing models to constitute new “smaller” sub-
ensembles (Ahmed et al. 2019; Cardoso et al. 2019). This
would definitely give different results for the three weight-
ing approaches considered in this work. However, it can
lead to the loss of information from the eliminated models.
It can also induce some political sensitivities since it is dif-
ficult to dismiss models from certain centers or countries
in a coordinated modeling project for example.

As an alternative to assigning weights to models,
another research topic focuses on the so-called emergent
constraints which allow for reducing the uncertainties in
climate change projections through a relationship between
the observation and the projection (Wenzel et al. 2014).
This relationship (usually established through some form
of regression across models) can then be used to estimate a
constrained projection that is relatively independent of the
underlying models (Boé et al. 2009; Cox et al. 2013; Mahl-
stein et al. 2012). This method is, however, highly suscep-
tible to the quality of the observed data, the understanding
of the physical processes, and sometimes the subjective
decisions of the researcher (Keupp et al. 2019). As shown
in Caldwell et al. (2018), recent studies using emergent
constraints on equilibrium climate sensitivity have pointed
out several limitations of this method. Other options con-
sist of interpolations in a low-dimensional model space
(Sanderson et al. 2015b) or Bayesian methods (Tebaldi
et al. 2004).

Our results add evidence to the statement by Weigel
et al. (2010) that equal weighting, for some applications,
maybe the most transparent way to combine models and
can be preferable to other weighting strategies which may
not represent the true hidden uncertainties appropriately.
Furthermore, a simple evaluation of models’ performance
for the present climate is not really sufficient to rank the
‘best performing’ models (e.g., Dosio et al. 2019). Thus, it
is challenging to find a suitable methodology to subsample
an ensemble by just weighting-based approaches. We also
found that taking the independence of models within the
ensemble into consideration may not be of much help in
some applications, especially when this aspect is evaluated
based on the same kind of metrics used to evaluate the mod-
els’ performance.
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All this implies that efficient model weighting requires a
more careful investigation of models’ performance and inde-
pendence by taking into account the ability of the models
to simulate the physical driving processes which are key for
the region and application of interest.

5 Conclusion

We investigate in this work the effect of model weight-
ing over a collection of widely used multi-model ensem-
bles -Euro-CORDEX, bias-adjusted Euro-CORDEX, and
NEXGDDP- over northern Morocco. We apply three dif-
ferent weighting methods of reference nowadays and use
6 climate indices: mean temperature, CSDI, WSDI, mean
precipitation, R95P, and CDD. All model simulations were
first evaluated against local observations issued from a
set of 22 meteorological stations for the historical period
(1971-2005).

Our results show that weighted ensembles provide better
scales than unweighted ones. In particular, weighting is use-
ful in centering the model simulations towards the observed
quantities and reducing their biases’ mean value and disper-
sion. This suggests that weighted ensembles may provide
more reliable (i.e., less uncertain) future projections in the
climate change context.

None of the three weighting approaches is found to be
systematically better than the others; they provide similar
results in most of the cases. The bias-adjusted Euro-COR-
DEX ensemble shows the smallest bias for mean tempera-
ture but a similar weighted median bias (compared to the
two other multi-model ensembles) for warm (WSDI) and
cold extreme events (CSDI). The bias-adjusted Euro-COR-
DEX exhibits also the smallest bias for mean precipitation
and its related extreme indices (CDD and R95p). Our results
indicate also a better performance of dynamical downscaling
(i.e., Euro-CORDEX) with respect to global bias-corrected
datasets (i.e., NEXGDDP), in particular for the reproduction
of extreme indicators at the local scale. Nevertheless, it is
important to remark that the raw Euro-CORDEX simula-
tions also present their own biases (large in some cases),
requiring thus the posterior application of bias correction
or other more advanced post-processing. Furthermore, the
results highlight that even bias-corrected datasets (bias-
adjusted Euro-CORDEX and NEXGDDP) still show biases
when compared to local observations. This highlights the
issue of uncertainty linked to observational datasets as well
as the fact that the bias correction effect depends on the
method, the parameter, and the scale.

Future changes of the six climate indicators consid-
ered were also investigated under two emission scenarios
(RCP4.5 and RCP8.5). Our results show that all models
project a significant temperature increase over Morocco,
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more severe in inland regions than near coasts for both
scenarios. Moreover, the vast majority of the models sug-
gest an increase of warm spell durations by the end of the
century while cold spells are not expected. Besides, most
of the models agree on an alarming decrease in precipita-
tion and accordingly longer and more severe dry condi-
tions. Based on the multi-model mean changes, most of
the models show a decrease in the amount of precipitation
issued from high precipitation events although some indi-
vidual models project an increase.

A difference between the three weighting approaches is
found for the NEXGDDP ensemble in the case of extreme
indices, especially WSDI and CDD. MM-PERF and MM-
PERF +1 tend to project more severe changes (less pre-
cipitation and higher warming) highlighting the fact that
more warming/drying models are given higher weights
(these models are considered more reliable). For the other
indicators, the uncertainty due to the choice of the multi-
model combination strategy is nearly negligible, with the
three weighting methods leading to almost identical spatial
patterns of climate change over Morocco.

Overall, although weighting is important in sum-
marizing the climate models’ information and reducing
the projected changes’ uncertainties, it represents some
limitations. In particular, we illustrated that metric-based
weighting does not always lead to considerable improve-
ments compared to the basic ensemble average. Using
model weighting approaches may require more under-
standing of the physical processes related to the applica-
tion of interest.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00382-021-05910-w.

Acknowledgements The authors are grateful to the Direction Générale
de la Météorologie of Morocco for providing the station-based data-
sets of temperature and precipitation. This work was conducted in the
context of Saloua Balhane’s predoctoral program funded by Moham-
med VI Polytechnic University. We thank the NCCS (NASA Center
for Climate Simulation) for providing NEXGDDP data (https://www.
nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp)
and the ESGF (Earth System Grid Federation) for providing Euro-
CORDEX data (https://esgf-node.ipsl.upmc.fr/projects/esgt-ipsl/). We
thank the editor, and the two anonymous reviewers for their construc-
tive comments and suggestions that helped us to substantially improve
the original manuscript.

Funding This work was conducted in the context of Saloua Balhane’s
predoctoral program funded by Mohammed VI Polytechnic University.

Data availability Euro-CORDEX and NEXGDDP are freely avail-
able at the ESGF data portal (https://esgf-node.ipsl.upmc.fr/projects/
esgf-ipsl/) and at https://www.nccs.nasa.gov/services/data-collections/
land-based-products/nex-gddp respectively. Stations’ observation data
is available at the Direction Générale de la Météorologie.

Code availability The code is available upon request.


https://doi.org/10.1007/s00382-021-05910-w
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp
https://esgf-node.ipsl.upmc.fr/projects/esgf-ipsl/
https://esgf-node.ipsl.upmc.fr/projects/esgf-ipsl/
https://esgf-node.ipsl.upmc.fr/projects/esgf-ipsl/
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp
https://www.nccs.nasa.gov/services/data-collections/land-based-products/nex-gddp

Changes in mean and extreme temperature and precipitation events from different weighted... 401

Declarations

Conflicts of interest On behalf of all authors, the corresponding author
states that there is no conflict of interest.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Abramowitz G, Herger N, Gutmann E, Hammerling D, Knutti R, Leduc
M, Lorenz R, Pincus R, Schmidt GA (2019) ESD Reviews: Model
dependence in multi-model climate ensembles: weighting, sub-
selection and out-of-sample testing. Earth Syst Dyn 10:91-105.
https://doi.org/10.5194/esd-10-91-2019

Addor N, Rohrer M, Furrer R, Seibert J (2016) Propagation of biases in
climate models from the synoptic to the regional scale: Implica-
tions for bias adjustment. J Geophys Res Atmospheres 121:2075—
2089. https://doi.org/10.1002/2015JD024040

Ahmed K, Sachindra DA, Shahid S, Demirel MC, Chung E-S
(2019) Selection of multi-model ensemble of general circula-
tion models for the simulation of precipitation and maximum
and minimum temperature based on spatial assessment metrics.
Hydrol Earth Syst Sci 23:4803-4824. https://doi.org/10.5194/
hess-23-4803-2019

Annan JD, Hargreaves JC (2017) On the meaning of independence in
climate science. Earth Syst Dyn 8:211-224. https://doi.org/10.
5194/esd-8-211-2017

Baumberger, C., Knutti, R., Hirsch Hadorn, G., 2017. Building con-
fidence in climate model projections: an analysis of inferences
from fit. Wiley Interdiscip. Rev Clim Change 8. https://doi.org/
10.1002/wcc.454

Betts RA, Alfieri L, Bradshaw C, Caesar J, Feyen L, Friedlingstein P,
Gohar L, Koutroulis A, Lewis K, Morfopoulos C, Papadimitriou
L, Richardson KJ, Tsanis I, Wyser K (2018) Changes in climate
extremes, fresh water availability and vulnerability to food inse-
curity projected at 1.5 °C and 2 °C global warming with a higher-
resolution global climate model. Philos. Transact A Math Phys
Eng Sci. 376. https://doi.org/10.1098/rsta.2016.0452

Blazquez J, Nufiez MN (2013) Performance of a high resolution global
model over southern South America. Int J Climatol 33:904-919.
https://doi.org/10.1002/joc.3478

Boé J, Hall A, Xin Qu (2009) September sea-ice cover in the arctic
ocean projected to vanish by 2100. Nat Geosci 2(5):341-343

Boé J, Terray L (2015) Can metric-based approaches really improve
multi-model climate projections? The case of summer temperature
change in France. Clim Dyn 45:1913-1928. https://doi.org/10.
1007/300382-014-2445-5

Born K, Christoph M, Fink AH, Knippertz P, Paeth H, Speth PE (2008)
Moroccan climate in the present and future: combined view from
observational data and regional climate scenarios. https://doi.org/
10.1007/978-3-540-85047-2_4

Brouziyne Y, Abouabdillah A, Hirich A, Bouabid R, Rashyd Z,
Benaabidate L (2018) Modeling sustainable adaptation strategies
toward a climate-smart agriculture in a Mediterranean watershed
under projected climate change scenarios. Agric Syst 162:154—
163. https://doi.org/10.1016/j.agsy.2018.01.024

Brunner L, Lorenz R, Zumwald M, Knutti R (2019) Quantifying uncer-
tainty in European climate projections using combined perfor-
mance-independence weighting. Environ Res Lett 14:124010.
https://doi.org/10.1088/1748-9326/ab492f

Caldwell PM, Zelinka MD, Klein SA (2018) Evaluating emergent con-
straints on equilibrium climate sensitivity. J Climate 31(10):3921-
3942. https://doi.org/10.1175/JCLI-D-17-0631.1

Cardoso RM, Soares PMM, Lima DCA, Miranda PMA (2019) Mean
and extreme temperatures in a warming climate: EURO COR-
DEX and WREF regional climate high-resolution projections
for Portugal. Clim Dyn 52:129-157. https://doi.org/10.1007/
s00382-018-4124-4

Chen S, Liu W, Ye T (2020) Dataset of trend-preserving bias-corrected
daily temperature, precipitation and wind from NEX-GDDP and
CMIP5 over the Qinghai-Tibet Plateau. Data Brief 31:105733.
https://doi.org/10.1016/j.dib.2020.105733

Cox PM, Pearson D, Booth BB, Friedlingstein P, Huntingford C, Jones
CD, Luke CM (2013) Sensitivity of Tropical Carbon to Climate
Change Constrained by Carbon Dioxide Variability. Nature
494(7437):341-344

Dalelane C, Friih B, Steger C, Walter A (2018) A Pragmatic Approach
to Build a Reduced Regional Climate Projection Ensem-
ble for Germany Using the EURO-CORDEX 8.5 Ensemble. J
Appl Meteorol Climatol 57:477-491. https://doi.org/10.1175/
JAMC-D-17-0141.1

Das Bhowmik R, Sharma A, Sankarasubramanian A (2017) Reduc-
ing Model structural uncertainty in climate model projec-
tions—a rank-based model combination approach. J Clim
30(24):10139-10154

Doll P, Trautmann T, Gerten D, Schmied HM, Ostberg S, Saaed F,
Schleussner C-F (2018) Risks for the global freshwater system at
1.5\hspace(.167em°C and 2\hspace(.167em°C global warming.
Environ. Res. Lett. 13, 044038. https://doi.org/10.1088/1748-
9326/aab792

Donat MG, Sillmann J, Wild S, Alexander LV, Lippmann T, Zwiers
FW (2014) Consistency of temperature and precipitation extremes
across various global gridded in situ and reanalysis datasets. J
Clim 27:5019-5035. https://doi.org/10.1175/JCLI-D-13-00405.1

Dosio A, Panitz H-J (2016) Climate change projections for CORDEX-
Africa with COSMO-CLM regional climate model and differences
with the driving global climate models. Clim Dyn 46:1599-1625.
https://doi.org/10.1007/s00382-015-2664-4

Dosio A, Jones RG, Jack C et al (2019) What can we know about
future precipitation in Africa? Robustness, significance and
added value of projections from a large ensemble of regional cli-
mate models. Clim Dyn 53:5833-5858. https://doi.org/10.1007/
500382-019-04900-3

Driouech, F., 2010. Distribution des précipitations hivernales sur
le Maroc dans le cadre d’un changement climatique : descente
d’échelle et incertitudes (phd).

Driouech F, Déqué M, Mokssit A (2009) Numerical simulation
of the probability distribution function of precipitation over
Morocco. Clim Dyn 32:1055-1063. https://doi.org/10.1007/
500382-008-0430-6

Driouech F, Rached S, Hairech T, (2013) Climate Variability and
Change in North African Countries. pp. 161-172. https://doi.org/
10.1007/978-94-007-6751-5_9

Driouech F, El Rhaz K (2017) ALADIN-Climate projections for the
Arab region. Arab Climate change assessment report, United
Nations Economic and Social Commission for Western Asia

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.5194/esd-10-91-2019
https://doi.org/10.1002/2015JD024040
https://doi.org/10.5194/hess-23-4803-2019
https://doi.org/10.5194/hess-23-4803-2019
https://doi.org/10.5194/esd-8-211-2017
https://doi.org/10.5194/esd-8-211-2017
https://doi.org/10.1002/wcc.454
https://doi.org/10.1002/wcc.454
https://doi.org/10.1098/rsta.2016.0452
https://doi.org/10.1002/joc.3478
https://doi.org/10.1007/s00382-014-2445-5
https://doi.org/10.1007/s00382-014-2445-5
https://doi.org/10.1007/978-3-540-85047-2_4
https://doi.org/10.1007/978-3-540-85047-2_4
https://doi.org/10.1016/j.agsy.2018.01.024
https://doi.org/10.1088/1748-9326/ab492f
https://doi.org/10.1175/JCLI-D-17-0631.1
https://doi.org/10.1007/s00382-018-4124-4
https://doi.org/10.1007/s00382-018-4124-4
https://doi.org/10.1016/j.dib.2020.105733
https://doi.org/10.1175/JAMC-D-17-0141.1
https://doi.org/10.1175/JAMC-D-17-0141.1
https://doi.org/10.1088/1748-9326/aab792
https://doi.org/10.1088/1748-9326/aab792
https://doi.org/10.1175/JCLI-D-13-00405.1
https://doi.org/10.1007/s00382-015-2664-4
https://doi.org/10.1007/s00382-019-04900-3
https://doi.org/10.1007/s00382-019-04900-3
https://doi.org/10.1007/s00382-008-0430-6
https://doi.org/10.1007/s00382-008-0430-6
https://doi.org/10.1007/978-94-007-6751-5_9
https://doi.org/10.1007/978-94-007-6751-5_9

402

S.Balhane et al.

ESCWA) et al (2017). Main report. EEESCWA/SDPD/2017/
RICCAR/Report.

Driouech F, Stafi H, Khouakhi A, Moutia S, Badi W, EIRhaz K, Che-
hbouni A (2020a) Recent observed country-wide climate trends in
Morocco. Int. J. Climatol. https://doi.org/10.1002/joc.6734

Driouech F, El Rhaz K, Moufouma-Okia W, Arjdal K, Balhane S
(2020b) Assessing future changes of climate extreme events in
the CORDEX-MENA region using ALADIN-Climat Regional
Climate Model at high resolution.

Eyring V, Cox PM, Flato GM, Gleckler PJ, Abramowitz G, Cald-
well P, Collins WD, Gier BK, Hall AD, Hoffman FM, Hurtt
GC, Jahn A, Jones CD, Klein SA, Krasting JP, Kwiatkowski L,
Lorenz R, Maloney E, Meehl GA, Pendergrass AG, Pincus R,
Ruane AC, Russell JL, Sanderson BM, Santer BD, Sherwood
SC, Simpson IR, Stouffer RJ, Williamson MS (2019) Taking
climate model evaluation to the next level. Nat Clim Change
9:102-110. https://doi.org/10.1038/s41558-018-0355-y

Filahi S, Tanarhte M, Mouhir L, El Morhit M, Tramblay Y (2015)
Trends in indices of daily temperature and precipitations
extremes in Morocco. Theor Appl Climatol 124. https://doi.
org/10.1007/s00704-015-1472-4

Frich P, Alexander LV, Della-Marta PM, Gleason BE, Haylock MR,
Tank AMGK, Peterson TC (2002) Observed coherent changes
in climatic extremes during the second half of the twentieth
century. https://doi.org/10.3354/cr019193

Giorgi F, Coppola E, Raffaele F, Diro GT, Fuentes-Franco R,
Giuliani G, Mamgain A, Llopart MP, Mariotti L, Torma C
(2014) Changes in extremes and hydroclimatic regimes in
the CREMA ensemble projections. Clim Change 125:39-51.
https://doi.org/10.1007/s10584-014-1117-0

Giorgi F, Mearns LO (2003) Probability of regional climate change
based on the Reliability Ensemble Averaging (REA) method.
Geophys. Res. Lett. 30. https://doi.org/10.1029/2003GL017130

Gleckler PJ, Taylor KE, Doutriaux C (2008. Performance metrics for
climate models. J. Geophys. Res. Atmospheres 113. https://doi.
org/10.1029/2007JD008972

Gudmundsson L, Bremnes JB, Haugen JE, Engen-Skaugen T (2012)
Technical note: downscaling RCM precipitation to the station
scale using statistical transformations &ndash; a comparison of
methods. Hydrol Earth Syst Sci 16:3383-3390. https://doi.org/10.
5194/hess-16-3383-2012

Hamly M, Sebbari R, Lamb PJ, Ward MN, Portis DH (1998) Towards
the seasonal prediction of Moroccan precipitation and its implica-
tions for water resources management 79-87.

Hausfather Z, Drake HF, Abbott T, Schmidt GA (2020) Evaluating the
Performance of Past Climate Model Projections. Geophys. Res
Lett 47: e2019GL085378. https://doi.org/10.1029/2019GL085378

Hawkins E, Smith RS, Gregory JM, Stainforth DA (2016) Irreducible
uncertainty in near-term climate projections. Clim Dyn 46:3807—
3819. https://doi.org/10.1007/s00382-015-2806-8

Herrera S, Kotlarski S, Soares PMM, Cardoso RM, Jaczewski A,
Gutiérrez JM, Maraun D (2019) Uncertainty in gridded precipi-
tation products: influence of station density, interpolation method
and grid resolution. Int J Climatol 39:3717-3729. https://doi.org/
10.1002/joc.5878

IPCC, 2013: Summary for Policymakers. In: Climate Change 2013:
The Physical Science Basis. Contribution of Working Group I
to the Fifth Assessment Report of the Intergovernmental Panel
on Climate Change [Stocker, T.F., D. Qin, G.-K. Plattner, M.
Tignor, S.K. Allen, J. Boschung, A. Nauels, Y. Xia, V. Bex and
P.M. Midgley (eds.)]. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA

IPCC, 2018: Summary for Policymakers. In: Global warming of 1.5 °C.
An IPCC Special Report on the impacts of global warming of
1.5 °C above pre-industrial levels and related global greenhouse
gas emission pathways, in the context of strengthening the global

@ Springer

response to the threat of climate change, sustainable development,
and efforts to eradicate poverty. World Meteorological Organiza-
tion, Geneva, Switzerland, 32 pp.

Jacob D, Petersen J, Eggert B, Alias A, Christensen OB, Bouwer LM,
Braun A, Colette A, Déqué M, Georgievski G, Georgopoulou
E, Gobiet A, Menut L, Nikulin G, Haensler A, Hempelmann N,
Jones C, Keuler K, Kovats S, Kroner N, Kotlarski S, Kriegsmann
A, Martin E, van Meijgaard E, Moseley C, Pfeifer S, Preuschmann
S, Radermacher C, Radtke K, Rechid D, Rounsevell M, Sam-
uelsson P, Somot S, Soussana J-F, Teichmann C, Valentini R,
Vautard R, Weber B, Yiou P (2014) EURO-CORDEX: new
high-resolution climate change projections for European impact
research. Reg Environ Change 14:563-578. https://doi.org/10.
1007/s10113-013-0499-2

James R, Washington R (2013) Changes in African temperature and
precipitation associated with degrees of global warming. Clim
Change 117:859-872. https://doi.org/10.1007/s10584-012-0581-7

Keupp L, Hertig E, Kaspar-Ott I et al (2019) Weighted multi-model
ensemble projection of extreme precipitation in the Mediterra-
nean region using statistical downscaling. Theor Appl Climatol
138:1269-1295. https://doi.org/10.1007/s00704-019-02851-7

Kjellstrom E, Boberg F, Castro M, Christensen J, Nikulin G, Sianchez E
(2010) Daily and monthly temperature and precipitation statistics
as performance indicators for regional climate models. Climate
Res 44(2-3):135-150. https://doi.org/10.3354/cr00932

Knippertz P, Christoph M, Speth P (2003) Long-term precipitation
variability in Morocco and the link to the large-scale circulation in
recent and future climates. Meteorol Atmospheric Phys 83:67-88.
https://doi.org/10.1007/s00703-002-0561-y

Knutti R, Furrer R, Tebaldi C, Cermak J, Meehl GA (2010) Challenges
in combining projections from multiple climate models. J Clim
23:2739-2758. https://doi.org/10.1175/2009JCLI3361.1

Knutti R, Masson D, Gettelman A (2013) Climate model genealogy:
Generation CMIP5 and how we got there. Geophys Res Lett
40:1194-1199. https://doi.org/10.1002/grl.50256

Knutti R, Sedlacek J, Sanderson BM, Lorenz R, Fischer EM, Eyring V
(2017) A climate model projection weighting scheme accounting
for performance and interdependence. Geophys Res Lett 44:1909—
1918. https://doi.org/10.1002/2016GL072012

Knutti R (2018) Climate Model Confirmation: From Philosophy to
Predicting Climate in the Real World. In: A. Lloyd E., Winsberg
E. (eds) Climate Modelling. Palgrave Macmillan, Cham. https://
doi.org/10.1007/978-3-319-65058-6_11

Knutti R, Baumberger C, Hirsch Hadorn G (2019) Uncertainty Quan-
tification Using Multiple Models—Prospects and Challenges.
In: Beisbart C., Saam N. (eds) Computer Simulation Validation.
Simulation Foundations, Methods and Applications. Springer,
Cham. https://doi.org/10.1007/978-3-319-70766-2_34

Kotlarski S, Szab6 P, Herrera S, Rity O, Keuler K, Soares PM, Cardoso
RM, Bosshard T, Pagé C, Boberg F, Gutiérrez JM, Isotta FA,
Jaczewski A, Kreienkamp F, Liniger MA, Lussana C, Pianko-
Kluczyniska K (2017) Observational uncertainty and regional
climate model evaluation: A pan-European perspective. Int J Cli-
matol 39:3730-3749. https://doi.org/10.1002/joc.5249

Landelius T, Dahlgren P, Gollvik S, Jansson A, Olsson E (2016) A
high-resolution regional reanalysis for Europe. Part 2: 2D analysis
of surface temperature, precipitation and wind. Q J R Meteorol
Soc 142:2132-2142. https://doi.org/10.1002/qj.2813

Lelieveld J, Proestos Y, Hadjinicolaou P, Tanarhte M, Tyrlis E, Zittis G
(2016) Strongly increasing heat extremes in the Middle East and
North Africa (MENA) in the 21st century. Clim Change 137:245-
260. https://doi.org/10.1007/s10584-016-1665-6

Lorenz R, Herger N, Sedlacek J, Eyring V, Fischer EM, Knutti R
(2018) Prospects and caveats of weighting climate models for
summer maximum temperature projections over North America.


https://doi.org/10.1002/joc.6734
https://doi.org/10.1038/s41558-018-0355-y
https://doi.org/10.1007/s00704-015-1472-4
https://doi.org/10.1007/s00704-015-1472-4
https://doi.org/10.3354/cr019193
https://doi.org/10.1007/s10584-014-1117-0
https://doi.org/10.1029/2003GL017130
https://doi.org/10.1029/2007JD008972
https://doi.org/10.1029/2007JD008972
https://doi.org/10.5194/hess-16-3383-2012
https://doi.org/10.5194/hess-16-3383-2012
https://doi.org/10.1029/2019GL085378
https://doi.org/10.1007/s00382-015-2806-8
https://doi.org/10.1002/joc.5878
https://doi.org/10.1002/joc.5878
https://doi.org/10.1007/s10113-013-0499-2
https://doi.org/10.1007/s10113-013-0499-2
https://doi.org/10.1007/s10584-012-0581-7
https://doi.org/10.1007/s00704-019-02851-7
https://doi.org/10.3354/cr00932
https://doi.org/10.1007/s00703-002-0561-y
https://doi.org/10.1175/2009JCLI3361.1
https://doi.org/10.1002/grl.50256
https://doi.org/10.1002/2016GL072012
https://doi.org/10.1007/978-3-319-65058-6_11
https://doi.org/10.1007/978-3-319-65058-6_11
https://doi.org/10.1007/978-3-319-70766-2_34
https://doi.org/10.1002/joc.5249
https://doi.org/10.1002/qj.2813
https://doi.org/10.1007/s10584-016-1665-6

Changes in mean and extreme temperature and precipitation events from different weighted... 403

J Geophys Res Atmospheres 123:4509-4526. https://doi.org/10.
1029/2017JD027992

Mabhlstein I, Portmann RW, Daniel JS, Solomon S, Knutti R (2012)
Perceptible changes in regional precipitation in a future climate.
Geophys Res Lett 39:1-5. https://doi.org/10.1029/2011GL050738

Manzanas R, Gutiérrez JM, Bhend J, Hemri S, Doblas-Reyes FJ, Pen-
abad E, Brookshaw A (2020) Statistical adjustment, calibration
and downscaling of seasonal forecasts: a case-study for South-
east Asia. Clim Dyn 54:2869-2882. https://doi.org/10.1007/
$00382-020-05145-1

Manzanas R, Gutiérrez JM, Bhend J, Hemri S, Doblas-Reyes FJ,
Torralba V, Penabad E, Brookshaw A (2019) Bias adjustment
and ensemble recalibration methods for seasonal forecasting: a
comprehensive intercomparison using the C3S dataset. Clim Dyn
53:1287-1305. https://doi.org/10.1007/s00382-019-04640-4

Maraun D, Shepherd T, Widmann M, Zappa G, Walton D, Gutiér-
rez J, Hagemann S, Richter I, Soares PMM, Hall A, Mearns
L (2017) Towards process-informed bias correction of climate
change simulations. Nat Clim Change 7, nclimate3418. https://
doi.org/10.1038/nclimate3418

Marchane A, Tramblay Y, Hanich L, Ruelland D, Jarlan L (2017)
Climate change impacts on surface water resources in the Rher-
aya catchment (High Atlas, Morocco). Hydrol Sci J 62:979-995.
https://doi.org/10.1080/02626667.2017.1283042

Maurer E, Hidalgo H (2008) Utility of daily vs. monthly large-scale
climate data: An intercomparison of two statistical down-
scaling methods. Hydrol Earth Syst Sci 12, 551. 10.5194/
hessd-4-3413-2007

Molinié G, Déqué M, Coppola E, Blanchet J, Neppel L (2018) Sub-
chapter 1.3.1. Heavy precipitation in the Mediterranean basin :
Observed trends, future projections, in: Moatti, J.-P., Thiébault,
S. (Eds.), The Mediterranean Region under Climate Change :
A Scientific Update, Syntheéses. IRD Editions, Marseille, pp-
107-114.

Moss RH, Edmonds JA et al (2010) The next generation of sce-
narios for climate change research and assessment. Nature
463(7282):747-756

Murphy JM, Sexton DMH, Barnett DN, Jones GS, Webb MJ, Collins
M, Stainforth DA (2004) Quantification of modelling uncertain-
ties in a large ensemble of climate change simulations. Nature
430:768-772. https://doi.org/10.1038/nature02771

Niang I, Ruppel OC, Abdrabo MA, Essel A, Lennard C, Padgham J,
Urquhart P (2014) Africa. In: Climate Change 2014: Impacts,
Adaptation, and Vulnerability. Part B: Regional Aspects. Con-
tribution of Working Group II to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change [Barros, V.R.,
C.B. Field, D.J. Dokken, M.D. Mastrandrea, K.J. Mach, T.E.
Bilir, M. Chatterjee, K.L. Ebi, Y.O. Estrada, R.C. Genova, B.
Girma, E.S. Kissel, A.N. Levy, S. MacCracken, P.R. Mastrandrea,
and L.L.White (eds.)]. Cambridge University Press, Cambridge,
United Kingdom and New York, NY, USA, pp. 1199-1265.

Peterson TC, Taylor MA, Demeritte R, Duncombe DL, Burton S,
Thompson F, Porter A, Mercedes M, Villegas E, Semexant Fils
R, Klein Tank A, Martis A, Warner R, Joyette A, Mills W, Alex-
ander L, Gleason B (2002) Recent changes in climate extremes in
the Caribbean region: recent changes in climate extremes in the
caribbean region. J Geophys Res Atmospheres 107, ACL 16-1-
ACL 16-9. https://doi.org/10.1029/2002JD002251

Polade SD, Gershunov A, Cayan DR, Dettinger MD, Pierce DW
(2017) Precipitation in a warming world: assessing projected
hydro-climate changes in California and other Mediterranean
climate regions. Sci Rep 7:10783. https://doi.org/10.1038/
$41598-017-11285-y

Riahi K, Rao S, Krey V, Cho C, Chirkov V, Fischer G, Kinder-
mann G,Nakicenovic N, Rafaj P (2011) RCP 8.5—a scenario

of comparatively high greenhouse gas emissions. Clim Change
109:33-57. https://doi.org/https://doi.org/10.1007/s1058
4-011-0149-y

Ring C, Pollinger F, Kaspar-Ott I, Hertig E, Jacobeit J, Pacth H
(2017) A comparison of metrics for assessing state-of-the-art
climate models and implications for probabilistic projections
of climate change. Climate Dynamics.https://doi.org/10.1007/
s00382-017-3737-3

Sanderson BM, Knutti R, Caldwell P (2015a) A Representative democ-
racy to reduce interdependency in a multimodel ensemble. J Clim
28:5171-5194. https://doi.org/10.1175/ICLI-D-14-00362.1

Sanderson BM, Knutti R, Caldwell P (2015b) Addressing interde-
pendency in a multimodel ensemble by interpolation of model
properties. J Clim 28:5150-5170. https://doi.org/10.1175/
JCLI-D-14-00361.1

Schewe J, Heinke J, Gerten D, Haddeland I, Arnell NW, Clark DB,
Dankers R, Eisner S, Fekete BM, Col6n-Gonzélez FJ, Gosling SN,
Kim H, Liu X, Masaki Y, Portmann FT, Satoh Y, Stacke T, Tang
Q, Wada Y, Wisser D, Albrecht T, Frieler K, Piontek F, Warszaw-
ski L, Kabat P (2014) Multimodel assessment of water scarcity
under climate change. Proc Natl Acad Sci 111:3245-3250. https://
doi.org/10.1073/pnas.1222460110

Sippel S, Zscheischler J, Heimann M, Lange H, Mahecha MD, van
Oldenborgh GJ, Otto FEL, Reichstein M (2017) Have precipita-
tion extremes and annual totals been increasing in the world’s dry
regions over the last 60 years? Hydrol Earth Syst Sci 21:441-458.
https://doi.org/10.5194/hess-21-441-2017

Soares PMM, Cardoso RM, Lima DCA, Miranda PMA (2017) Future
precipitation in Portugal: high-resolution projections using WRF
model and EURO-CORDEX multi-model ensembles. Clim Dyn
49:2503-2530. https://doi.org/10.1007/s00382-016-3455-2

Sowers J, Vengosh A, Weinthal E (2011) Climate change, water
resources, and the politics of adaptation in the Middle East and
North Africa. Clim Change 104:599-627. https://doi.org/10.1007/
$10584-010-9835-4

Sultan B, Lejeune Q, Menke I, Maskell G, Lee K, Noblet M, Sy I,
Roudier P (2020) Current needs for climate services in West
Africa: results from two stakeholder surveys. Clim Serv
18:100166. https://doi.org/10.1016/j.cliser.2020.100166

Taylor KE, Stouffer RJ, Meehl GA (2012) An Overview of CMIP5
and the Experiment Design. Bull Am Meteorol Soc 93:485-498.
https://doi.org/10.1175/BAMS-D-11-00094.1

Tebaldi C, Mearns LO, Nychka D, Smith RL (2004) Regional proba-
bilities of precipitation change: a Bayesian analysis of multimodel
simulations. Geophys Res Lett 31(24):1.24213. https://doi.org/10.
1029/2004GL021276

Tebaldi C, Knutti R (2007) The use of the multi-model ensemble in
probabilistic climate projections. Philos Trans r Soc Math Phys
Eng Sci 365:2053-2075. https://doi.org/10.1098/rsta.2007.2076

Thrasher B, Maurer EP, McKellar C, Duffy PB (2012) Technical
Note: Bias correcting climate model simulated daily temperature
extremes with quantile mapping. Hydrol Earth Syst Sci 16:3309—
3314. https://doi.org/10.5194/hess-16-3309-2012

Tramblay Y, Badi W, Driouech F, El Adlouni S, Neppel L, Servat
E (2012) Climate change impacts on extreme precipitation
in Morocco. Glob. Planet Change Global Planetary Change
82-83:104—114. https://doi.org/10.1016/j.gloplacha.2011.12.002

Tramblay Y, El Adlouni S, Servat E (2013) Trends and variability
in extreme precipitation indices over Maghreb countries. Nat
Hazards Earth Syst Sci 13:3235-3248. https://doi.org/10.5194/
nhess-13-3235-2013

Tramblay Y, Ruelland D, Hanich L, Dakhlaoui H (2016) Hydrologi-
cal impacts of climate change in North African countries. In:
Thiébault S, Moatti J-P (eds) The mediterranean region under
climate change : a scientific update, synthéses. IRD, Marseille,
pp 295-302.

@ Springer


https://doi.org/10.1029/2017JD027992
https://doi.org/10.1029/2017JD027992
https://doi.org/10.1029/2011GL050738
https://doi.org/10.1007/s00382-020-05145-1
https://doi.org/10.1007/s00382-020-05145-1
https://doi.org/10.1007/s00382-019-04640-4
https://doi.org/10.1038/nclimate3418
https://doi.org/10.1038/nclimate3418
https://doi.org/10.1080/02626667.2017.1283042
https://doi.org/10.1038/nature02771
https://doi.org/10.1029/2002JD002251
https://doi.org/10.1038/s41598-017-11285-y
https://doi.org/10.1038/s41598-017-11285-y
https://doi.org/10.1007/s1058​4-011-0149-y
https://doi.org/10.1007/s1058​4-011-0149-y
https://doi.org/10.1007/s00382-017-3737-3
https://doi.org/10.1007/s00382-017-3737-3
https://doi.org/10.1175/JCLI-D-14-00362.1
https://doi.org/10.1175/JCLI-D-14-00361.1
https://doi.org/10.1175/JCLI-D-14-00361.1
https://doi.org/10.1073/pnas.1222460110
https://doi.org/10.1073/pnas.1222460110
https://doi.org/10.5194/hess-21-441-2017
https://doi.org/10.1007/s00382-016-3455-2
https://doi.org/10.1007/s10584-010-9835-4
https://doi.org/10.1007/s10584-010-9835-4
https://doi.org/10.1016/j.cliser.2020.100166
https://doi.org/10.1175/BAMS-D-11-00094.1
https://doi.org/10.1029/2004GL021276
https://doi.org/10.1029/2004GL021276
https://doi.org/10.1098/rsta.2007.2076
https://doi.org/10.5194/hess-16-3309-2012
https://doi.org/10.1016/j.gloplacha.2011.12.002
https://doi.org/10.5194/nhess-13-3235-2013
https://doi.org/10.5194/nhess-13-3235-2013

404

S.Balhane et al.

Vaittinada Ayar P, Vrac M, Bastin S, Carreau J, Déqué M, Gallardo
C (2016) Intercomparison of statistical and dynamical downs-
caling models under the EURO- and MED-CORDEX initiative
framework: present climate evaluations. Clim Dyn 46:1301-1329.
https://doi.org/10.1007/s00382-015-2647-5

van Vuuren DP, Edmonds J, Kainuma M et al (2011) The representative
concentration pathways: an overview. Clim Change 109:5. https://
doi.org/10.1007/310584-011-0148-z

Verner D, Treguer DO, Redwood J, Christensen J, Mcdonnell R, Elbert
C, Konishi Y (2018) Climate variability, drought, and drought
management in Tunisia’s agricultural sector (English). World
Bank Group, Washington, DC

Volosciuk C, Maraun D, Vrac M, Widmann M (2017) A combined
statistical bias correction and stochastic downscaling method for
precipitation. Hydrol Earth Syst Sci 21:1693-1719. https://doi.
org/10.5194/hess-21-1693-2017

Waha K, Krummenauer L, Adams S, Aich V, Baarsch F, Coumou D,
Fader M, Hoff H, Jobbins G, Marcus R, Mengel M, Otto IM, Per-
rette M, Rocha M, Robinson A, Schleussner C-F (2017) Climate
change impacts in the Middle East and Northern Africa (MENA)
region and their implications for vulnerable population groups.
Reg Environ Change 17:1623-1638. https://doi.org/10.1007/
s10113-017-1144-2

Wanders N, Wada Y (2015) Human and climate impacts on the 21st
century hydrological drought. J Hydrol Drought Processes, Mod-
eling Mitigation 526:208-220. https://doi.org/10.1016/j.jhydrol.
2014.10.047

Ward, M.N., Lamb, P.J., Portis, D.H., Hamly, M.E., Sebbari, R.,
1999. Climate Variability in Northern Africa: Understanding

@ Springer

Droughts in the Sahel and the Maghreb. https://doi.org/10.1007/
978-3-642-58369-8_6

Weigel AP et al (2010) Risks of model weighting in multimodel cli-
mate projections. J Clim 23(15):4175-4191. https://doi.org/10.
1175/2010JCLI3594.1

Wood AW, Leung LR, Sridhar V, Lettenmaier DP (2004) Hydrologic
implications of dynamical and statistical approaches to downscal-
ing climate model outputs. Clim Change 62:189-216. https://doi.
org/10.1023/B:CLIM.0000013685.99609.9¢

Yang W, Andréasson J, Graham L, Olsson J, Rosberg J, Wetterhall F
(2010) Distribution based scaling to improve usability of RCM
regional climate model projections for hydrological climate
change impacts studies. Hydrol. Res. 41. https://doi.org/10.2166/
nh.2010.004

Zhang X, Alexander L, Hegerl GC, Jones P, Tank AK, Peterson TC,
Trewin B, Zwiers FW (2011) Indices for monitoring changes in
extremes based on daily temperature and precipitation data. Wires
Clim Change 2:851-870. https://doi.org/10.1002/wcc.147

Zittis G, Hadjinicolaou P, Klangidou M, Proestos Y, Lelieveld
J (2019) A multi-model, multi-scenario, and multi-domain
analysis of regional climate projections for the Mediterranean.
Reg Environ Change 19:2621-2635. https://doi.org/10.1007/
s10113-019-01565-w

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1007/s00382-015-2647-5
https://doi.org/10.1007/s10584-011-0148-z
https://doi.org/10.1007/s10584-011-0148-z
https://doi.org/10.5194/hess-21-1693-2017
https://doi.org/10.5194/hess-21-1693-2017
https://doi.org/10.1007/s10113-017-1144-2
https://doi.org/10.1007/s10113-017-1144-2
https://doi.org/10.1016/j.jhydrol.2014.10.047
https://doi.org/10.1016/j.jhydrol.2014.10.047
https://doi.org/10.1007/978-3-642-58369-8_6
https://doi.org/10.1007/978-3-642-58369-8_6
https://doi.org/10.1175/2010JCLI3594.1
https://doi.org/10.1175/2010JCLI3594.1
https://doi.org/10.1023/B:CLIM.0000013685.99609.9e
https://doi.org/10.1023/B:CLIM.0000013685.99609.9e
https://doi.org/10.2166/nh.2010.004
https://doi.org/10.2166/nh.2010.004
https://doi.org/10.1002/wcc.147
https://doi.org/10.1007/s10113-019-01565-w
https://doi.org/10.1007/s10113-019-01565-w

	Changes in mean and extreme temperature and precipitation events from different weighted multi-model ensembles over the northern half of Morocco
	Abstract
	1 Introduction
	2 Data and methods
	2.1 Observed data
	2.2 Modeled data
	2.3 Model weighting
	2.3.1 The MM-PERF method
	2.3.2 The MM-PERF + I method

	2.4 Extreme indices

	3 Results
	3.1 Assessment of models’ historical runs
	3.1.1 Temperature and related extreme events
	3.1.2 Precipitation and related extreme events

	3.2 Assessment of future changes
	3.2.1 Temperature and related extreme events
	3.2.2 Precipitation and related extreme events


	4 Discussion
	5 Conclusion
	Acknowledgements 
	References




