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Abstract. Impacts upon vulnerable areas such as mountain
ranges may become greater under a future scenario of ad-
verse climatic conditions. In this sense, the concurrence of
long dry spells and extremely hot temperatures can induce
environmental risks such as wildfires, crop yield losses or
other problems, the consequences of which could be much
more serious than if these events were to occur separately
in time (e.g. only long dry spells). The present study at-
tempts to address recent and future changes in the follow-
ing dimensions: duration (D), magnitude (M) and extreme
magnitude (EM) of compound dry-hot events in the Pyre-
nees. The analysis focuses upon changes in the extremely
long dry spells and extremely high temperatures that oc-
cur within these dry periods in order to estimate whether
the internal structure of the compound event underwent a
change in the observed period (1981-2015) and whether it
will change in the future (2006-2100) under intermediate
(RCP4.5, where RCP is representative concentration path-
way) and high (RCP8.5) emission scenarios. To this end, we
quantified the changes in the temporal trends of such events,
as well as changes in the bivariate probability density func-
tions for the main Pyrenean regions. The results showed that
to date the risk of the compound event has increased by only
one dimension — magnitude (including extreme magnitude) —
during the last few decades. In relation to the future, increase
in risk was found to be associated with an increase in both the
magnitude and the duration (extremely long dry spells) of the
compound event throughout the Pyrenees during the spring
under RCP8.5 and in the northernmost part of this mountain
range during summer under this same scenario.

1 Introduction

Research on dry spells or droughts, as well as on extreme
heat events (i.e. heat waves), is habitually based upon an in-
dividual focus, and the compound nature of such events is of-
ten neglected. In this sense, in the case of spells (whether dry
or wet), several studies have examined the duration thereof
and have quantified the trends of such events in different re-
gions of the world (Martin-Vide and Gomez, 1999; Zolina
etal., 2013; Singh et al., 2014); however, the thermal compo-
nent of these episodes has not been addressed therein. Sim-
ilarly, we found different studies on temperature extremes
that did not evaluate the effect of the duration of such ex-
tremes (Diffenbaugh and Ashfaq, 2010; Fonseca et al., 2016;
Salameh et al., 2019). In general terms, the indices proposed
by the Expert Team on Climate Change Detection and In-
dices (ETCCDI) do not involve analysing events in a com-
pound manner, a shortcoming that can result in underestima-
tion of risk (Zscheischler et al., 2018).

As mentioned above, compound analysis of events enables
us to estimate the real risk induced by the simultaneous oc-
currence of several climatic variables; this is of particular
interest in fragile and vulnerable areas, such as mountain
ranges, in a context of anthropogenic climate change. In this
sense, the area of the Pyrenees (Fig. 1), a transboundary area
between three countries (Andorra, France and Spain), pos-
sesses a great wealth of natural resources and a high level of
biodiversity. However, some studies have already addressed
the initial impacts of the warming observed in this region,
particularly in relation to the decline in mountain forests (Ca-
marero, 2017). In addition, more frequent dry periods and
droughts have also led to the defoliation of silver fir (Abies
alba) forests in this region (Gazol et al., 2020). There is
therefore an urgent need for a compound analysis of ex-
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Figure 1. Regionalization obtained with the k-means method. From left to right: CANT — Cantabrian; WATL — West Atlantic; WCONT
— West Continental; EATL — East Atlantic; HIPY — High Pyrenees; ECONT — East Continental; NMED — North Mediterranean; SMED —
South Mediterranean. In the bottom left-hand corner, the elevation probability density curves (m) are shown for each region. The vertical lines
indicate the 25th, 50th and 75th quantiles. The elevation base map was generated using the data provided by the Shuttle Radar Topography

Mission (SRTM).

treme dry spells and extreme warm temperature events, i.e.
the combination of duration (D) and magnitude (M), as con-
ceptualized in Manning et al. (2019), in order to ascertain
whether these compound events will be more widespread in
the future and whether they pose other risks such as wildfires
or crop yield losses.

As for the compound analysis of dry—hot events, previ-
ous studies have highlighted an increase in the frequency
and spatial scope of such events in recent years in sev-
eral areas such as the USA (Mazdiyasni and AghaKouchak,
2015), India (Sharma and Mujumdar, 2017) or China (Wu
et al., 2019), although in Europe the magnitude (tempera-
ture) of these events was revealed to have greater weight
than their duration (dry spells) as indicated by Manning
et al. (2019). Several recently published studies focus mainly
on the changes observed in these compound events (Wu
et al., 2019; Hao et al., 2019; Manning et al., 2019). How-
ever, fewer analyses have employed future projections to as-
sess the risk posed by the occurrence of compound events
(Zscheischler and Seneviratne, 2017; Lu et al., 2018; Wu
et al., 2020). Zscheischler and Seneviratne (2017) used a
copula method to evaluate changes in the probability of
future dry—hot compound events; they employed the Cou-
pled Model Intercomparison Project (CMIP5) simulations to
show an increase in the probability of these events in most
regions of the world. Previous research has therefore high-
lighted a general increase in these kinds of events, but they
have neglected to separately address the importance of the
variables contributing to such compound events. Thus, the
present study will attempt to account for the influence of the
variables giving rise to dry—hot compound events. Herein we
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analyse the observed and projected changes in dry—hot com-
pound events, understanding these as the combination of ex-
tremely long dry periods and extremely high temperatures
within these periods.

Bias correction techniques are used to correct the data sim-
ulated by global and regional climate models (GCMs and
RCMs, respectively) by means of observed data. Indeed,
these techniques are most commonly employed to correct for
only one variable at a time (Teutschbein and Seibert, 2012;
Rajczak et al., 2016). Nonetheless, a univariate correction
can moderately affect the mutual structural dependence of
different variables (Wilcke et al., 2013), e.g. temperature vs.
precipitation, although recent studies have shown that uni-
variate bias correction methods can be sufficiently robust for
certain specific regional impact studies (Casanueva et al.,
2018). However, in the treatment of compound events, the
use of multivariate bias correction methods can provide an
added value (Frangois et al., 2020) by optimally estimating
multivariate dependence.

The main objectives of our paper are (1) to characterize the
duration (D), magnitude (M) and extreme magnitude (EM)
of events; (2) to estimate the observed regional trends of the
variables at play in the compound event; and (3) to project the
future trends of such compound events, under different rep-
resentative concentration pathways (RCPs), in order to deter-
mine future changes in the weights of each variable involved
in the compound event. As an intermediate and essential step
between tasks 2 and 3, we will apply and evaluate a bias cor-
rection in relation to the historical simulations.

Section 2 describes the data collection method used in
our study, including the observed and simulated data; the
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Table 1. EURO-CORDEX climatic models used and their
characteristics. Source: Copernicus Climate Change Service

(https://cds.climate.copernicus.eu/cdsapp#!/home, last access:
30 April 2021).

Model Institute GCM RCM

1 CNRM  CNRM-CM5 ALADING63

2 CNRM  CNRM-CMS5 RACMO22E

3 DMI NCC-NorESM1-M  DMI-HIRHAMS
4 KNMI EC-EARTH RACMO22E

5 SMHI IPSL-CM5A-MR RCA4

6 SMHI MPI-ESM-LR RCA4

methodology employed to obtain the regionalized series of
the Pyrenees; the criteria used to define each event; and the
bias correction method and the assessment thereof. In Sect. 3,
we present the exploratory analysis of the variables consti-
tuting the compound event, as well as the observed trends
in the main regions of the study area defined in Sect. 2. In
Sect. 4, we perform an exhaustive evaluation of the effects of
the bias correction methods applied to the series simulated
by the climate models. Subsequently, in Sect. 5, we anal-
yse the results of the projection of the variables described
in Sect. 2 with the use of different RCPs, in order to estimate
changes in the internal structure of the hot—dry compound
event. Finally, Sect. 6 presents the discussion of the results,
and Sect. 7 presents some brief conclusions.

2 Data and methods
2.1 Observed and projected data

The accumulated daily precipitation and maximum daily
temperature of the spring and summer seasons (MAM and
JJA) were extracted from the database of the CLIMPY
project (Characterization of the evolution of climate and pro-
vision of information for adaptation in the Pyrenees); this is
a transboundary initiative whose objective is to perform a de-
tailed analysis of recent trends in temperature, precipitation
and snow cover in the Pyrenees, as well as the future pro-
jection thereof (Cuadrat et al., 2020). These two variables
were provided in a 1 km x 1 km high-resolution grid, for the
1981-2015 period, and fed by 1343 weather stations located
in Andorra, France and Spain; the grid was built following
the quality control, reconstruction and gridding processes ac-
cording to Serrano-Notivoli et al. (2017, 2019). We focused
on spring and summer, as spring can constitute the precursor
of summer wildfires (Turco et al., 2017) and is a season prone
to crop yield losses (Zscheischler et al., 2017). We also cen-
tred our attention on summer, as this is the hottest and driest
time of year in the area and is the most critical period for the
occurrence of the above-mentioned environmental risks.
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We used the 850 hPa temperature (T850) and the 500 hPa
daily geopotential height (Z500) from ERA-Interim (Dee
et al., 2011) at a spatial resolution of 0.75° to synoptically
characterize these compound dry—hot events. For the climate
simulation projections, six climate models were obtained
from different regional climate models (RCMs), which were
nested in different general circulation models (GCMs) and
computed over Europe (Table 1), within the framework of
the Coordinated Regional Climate Downscaling Experiment
(EURO-CORDEX) (Jacob et al., 2014). These gridded pro-
jections cover all of Europe with a spatial resolution of 0.11°
in latitude and longitude (~ 12 km) for the 1981-2005 (his-
torical experiment) and 2006-2100 (RCP scenarios) peri-
ods. We selected the climate models that provided sufficient
data for such a study and which had been used in previous
research (Jacob et al., 2014). Additionally, the RCPs used
were RCP4.5 — stabilization without overshoot pathway to
4.5Wm™2 (~ 650 ppm CO,) stabilization after 2100 (Wise
et al., 2009) — and RCP8.5 - rising radiative forcing path-
way leading to 8.5 Wm™2 (~ 1370 ppm CO,) by 2100 (Riahi
et al., 2011). Herein we did not employ the gridded data but
rather the cell closest to the centroid of each region (Fig. 1)
in order to avoid inflation issues and misrepresentation of
subgrid variability when bias correction methods (Maraun,
2013; Maraun et al., 2017) were used.

2.2 Regionalization

The Pyrenees constitute a mountainous system presenting
high climatic variability, which can be summarized quite eas-
ily in order to explain the major part of the compound be-
haviour of dry-hot events. In this sense, the authors consider
that to divide the Pyrenees into many different regions is of
no particular interest for the present analysis because situa-
tions of long dry spells and extremely hot temperatures, for
instance, display a practically identical synoptic behaviour
pattern throughout the region. For example, a subtropical
ridge produces a dry environment and above-average tem-
peratures throughout southern Europe (Sousa et al., 2018)
and hence in the Pyrenees (Lemus-Canovas et al., 2019a).
This does not occur when spatial patterns of precipitation
are investigated because spatial variability is much greater.
Interestingly, with northern advection in this area, precipi-
tation can be abundant on the Atlantic and northern slopes
but scarce or non-existent on the southern slopes (Lemus-
Canovas et al., 2018). This variability therefore differs de-
pending on the variables analysed.

Although the synoptic driver of these dry—hot compound
situations is broadly the same for the whole Pyrenees region,
several geographical factors such as altitude, latitude or dis-
tance from the sea endow these events with different degrees
of intensity in different areas of the Pyrenees. This subtrop-
ical ridge will have a greater impact in the southern area of
the Pyrenees than in the northern sector, simply because of
its proximity to the origin of the subtropical air mass. It is
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therefore of great interest to divide the Pyrenees into a se-
ries of basic regions exhibiting relatively different behaviour
patterns.

The use of clustering techniques is very common in the
creation of regions of climate variables. For example, Car-
valho et al. (2016) regionalized temperature and precipita-
tion in Europe; Carro-Calvo et al. (2017) performed simi-
lar tasks for tropospheric ozone; and more recently, Lemus-
Canovas et al. (2019b) employed these techniques by com-
bining precipitation with circulation types to establish rain-
fall regions in the Alps. In the present paper we conducted
a combined regionalization of temperature and precipitation,
(as both variables constitute the basis of dry—hot events) by
applying the k-means algorithm to the daily series of tem-
perature and rainfall (normalized) of spring and summer. In
order to obtain robust regionalization, we established a max-
imum of 100 iterations and 300 repetitions. As the algorithm
converges, the spatiotemporal patterns of temperature and
precipitation for all cells are observed to be consistent within
a given region (i.e. close to the centroid), and each grid cell
is seen to be better represented by its cluster centroid than
by any other centre of cluster. To decide the optimal number
of clusters, we performed an iteration from k =2 to k = 15,
obtaining 14 different classifications (see Fig. S1 in the Sup-
plement). In order to establish the explained variance (EV)
for each new created region (Eq. 1), we computed the mean
of squared distances between cluster centres (betweenss) and
the total sum of squares (totss). The highest possible values
are expected, since the aim involves achieving a clear sep-
aration between clusters. Totss is the sum of betweenss and
total withinss. Withinss is the within cluster sum of squares.
It results in a vector with a value for each cluster. The lowest
possible values are expected, since homogeneity within the
clusters is sought.

betweenss
EV=———-100 1)
totss

The percentage of explained variance can be explained by
the increase in k clusters, as shown in the scree test (Cattell,
1966) in Fig. S2 in the Supplement. Such a representation
shows two points — k =5 (40 %) and k = 8 (48 %) — which
could be considered a “slope change” and therefore possi-
ble delimiters of the number of regions. Despite the use of
the scree test, the decision is subjective, and a compromise
is therefore needed between the degree of complexity and
the descriptive capacity of the regionalization (Carro-Calvo
et al., 2017). Consequently, we decided to use eight clusters,
which explain 48 % of the variance (Fig. S2).

For the construction of the regionalized series, the daily
values of all cells were averaged in order to work with a
series that is smoother than if the centroids were used. The
main reason for working with averaged regional series was to
avoid the downscaling process in the application of the bias
correction method. Thus, inflation and modification of the
trend represented by the climate model (Maraun, 2013) were
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avoided, among other undesirable effects. This and other as-
pects relating to the application of the bias correction are ex-
plained in Sect. 2.4.

2.3 Event definition

As previously stated, the dry—hot events are characterized
by means of the following dimensions: duration (D), mag-
nitude (M) and extreme magnitude (EM), corresponding to
the spring months, March, April and May (MAM), and to
the summer months, June, July and August (JJA); both sea-
sons are analysed independently. D is defined as the number
of consecutive days on which precipitation is below 1 mm
(Fig. 2). This threshold was chosen to be consistent with pre-
vious studies (Orlowsky and Seneviratne, 2012; Donat et al.,
2013; Lehtonen et al., 2014; Manning et al., 2019), as well as
to avoid the drizzle effect, which systematically causes cli-
mate models to overestimate precipitation (Gutowski et al.,
2003).

To ensure that independent and extreme spells are ob-
tained, for each year (spring and summer, separately) we
computed the duration of the 95th percentile of dry spells,
subsequently selecting the ones displaying a duration longer
than this threshold. We performed a sensitivity test in order
to select an appropriate threshold capable of detecting suf-
ficiently long and robust dry spells, especially in wet areas
with few dry spells. Additionally, M is the conditional distri-
bution of daily maximum temperatures (7x) during long dry
spells (D) while EM is the conditional distribution of tem-
perature during dry spells that exceed the 95th percentile of
daily 7. Tx values above the 95th percentile occurring out-
side of these long dry spells (D) are not considered. Figure 2
shows the performance of these three variables in a grid cell
time series in the easternmost part of the Pyrenees.

Analysing the EM subset enables us to characterize the
greater risk of the simultaneous occurrence of both variables,
D and EM, which in turn may significantly increase the risk
of wildfires, for example. To estimate the trend of the events
and to assess the statistical significance of these trends we
employed Sen’s slope (Sen, 1968) and Mann—Kendall’s non-
parametric test (Mann, 1945). We also computed the annual
temperature anomalies of M and EM with respect to the
daily Tx mean (spring and summer) over the1981-2015 pe-
riod in an attempt to quantify temperature anomaly differ-
ences between these two types of variables.

2.4 Bias correction and evaluation

In the present study (1) we calculated the mean of daily Tx
and daily precipitation from the observed grid cells belong-
ing to each of the regions of the study area (Fig. 1); (2) we
extracted the time series from the cell closest to the cen-
troid of each region for each RCM (Table 1); (3) we applied
a univariate and a multivariate bias correction method for
correcting daily 7x and daily precipitation from the RCMs;
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Figure 2. Time series of daily precipitation (vertical blue bars) and daily maximum temperature (7x) (black line) at a mountainous location
in the easternmost part of the Pyrenees (x =2.9; y =42.5). The horizontal red bars at the bottom end of the plot show the length of dry
spells, while the dark red bars show the extremely long dry spells (D). The red dots (M) show the Tx values during a D event. The dark red
dots with a circle indicate Tx values above the 95th percentile during a D event. The dashed vertical line indicates the separation between the
spring and summer seasons. The selection of years highlights a dry spring (1995) and a dry summer (2006) in this area.

and (4) we aggregated to D, M and EM indices the RCM-
corrected daily Tx and daily precipitation.

One of the most popular and widely used techniques for
the univariate bias correction is quantile mapping (QM). Bias
correction by QM is frequently used to downscale simula-
tions at the station level or in high-resolution grid boxes;
however, it induces inflation problems in the corrected se-
ries (Maraun, 2013) and is unable to generate daily subgrid
variability (Maraun et al., 2017). The above-mentioned is-
sues tend to be exacerbated in mountain areas, where many
local processes may not be represented following the QM
process (Maraun and Widmann, 2018b). As an alternative to
univariate bias correction, and in an attempt to correct the
inter-variable correlation, different multivariate bias correc-
tion methods have been proposed over the last few years (Pi-
ani and Haerter, 2012; Vrac and Friederichs, 2015; Cannon,
2016, 2018a).

In the present research we first employ a univariate bias
correction approach, the empirical quantile mapping (EQM)
method, which estimates the values of the empirical cumula-
tive distribution function (ECDF) of the observed and mod-
elled time series for each quantile (Panofsky and Brier, 1968;
Gudmundsson et al., 2012). Hence, if X, and X, are the ob-
served and modelled values, respectively, then

Xm = Fy N (Fn(Xm)), )

where Fy, is the empirical cumulative distribution function
of X;y and F; ! is the inverse empirical distribution function
(or quantile function) corresponding to X,. We apply uni-
variate QM with the R package qmap (Gudmundsson, 2014)
using 100 quantiles. The drizzle effect was corrected using
a wet-day threshold of 1 mmd~! for the observations (Hay
and Clark, 2003; Piani et al., 2010)
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Second, the multivariate bias correction method used is
the one proposed by Cannon (2018a): the multivariate bias
correction with N-dimensional probability density function
transform (MBCn). This method is based on an adaptation of
an image processing algorithm used to transfer colour infor-
mation; MBCn enables the statistical characteristics of a ref-
erence multivariate distribution to be transferred to the mul-
tivariate distribution of climate model variables. The MBCn
method can be summarized in four steps with regard to how
it corrects climate simulations. In step (a), MBCn uses the
quantile-delta mapping method (QDM; Cannon et al., 2015),
which preserves absolute or relative changes in quantiles, e.g.
for variables such as temperature or ratio variables like pre-
cipitation. In step (b), once univariate distributions have been
corrected, the dependence structure is adjusted by means of
an iterative process j. In each step, data are multiplied by
random orthogonal rotation matrices to partially decorrelate
the climate variables to be corrected.

X = xRV,

vl _ yvUlplj

Xp — Xp RU],

R = XIRL, 3)
each variable in X} and Xr[)j , using the corresponding vari-
able in X! as the target, yielding X%/ and )A(P[,] 1 n step (),
we rotate back:

XY= RY R

In step (c), we aﬁ)ly the ab]solute change form of QDM to
J

U+ _ Sl plj]!
xyH = X TRUTT
" .
xy = xl, (4)
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Figure 4. Annually averaged maximum temperature (7x) anomaly for M and EM variables and for spring and summer with respect to daily

means over the 1981-2015 period.

The steps (b)—(d) are repeated until the multivariate dis-
tribution of X I[I{ 1 matches X,. We applied MBCn with the
R package MBC (Cannon, 2018b)

Both bias correction methods were evaluated by means of
a 7-year 5-fold cross validation of (4 folds for adjustment and
1 fold for validation). Cross validation should not be applied
to validating free-running climate simulations against ob-
served series, as the climate models are temporarily stochas-
tic and could induce serious errors in the assessment of the
daily series (Maraun and Widmann, 2018a). However, herein
we work on a seasonal scale — spring and summer — on the
variables D, M and EM (see Sect. 2.3), where the RCM is
expected to be able to reflect the seasonality component and
trend.

We assessed the structural dependence between tempera-
ture and precipitation, which was bias-corrected, by means
of Pearson’s correlation coefficient between the observed se-
ries and the historical simulation (uncorrected) series and be-
tween the observed series and the bias-corrected historical
simulation (corrected). Prior to the correlation, we averaged
daily temperature and daily precipitation to each Julian day
for the whole series (1981-2014) in order to avoid noise in
the results.

Nat. Hazards Earth Syst. Sci., 21, 1721-1738, 2021

In addition, we tested the differences between the simu-
lated and observed distributions of extreme long dry spells,
using the Kolmogorov—Smirnov (KS) test. This test serves to
evaluate the weaknesses of bias correction methods in order
to accurately estimate the length of dry spells, which have
been noted in previous research (Rajzak et al., 2016; Maraun
et al., 2017). Furthermore, we tested the bias estimation for
temperature using two thresholds, the 95th percentile of tem-
perature distribution and the 95th percentile of temperature
distribution during the 95th percentile of extremely long dry
spells, in order to discuss the performance of each bias cor-
rection method in these extreme temperature situations.

3 Characterization of the variables underlying the
compound event and of the role they play in potential
risks

Extremely long dry spells (D) have a main north—south pat-
tern in which the northernmost areas present extreme D val-
ues of less than 15d in spring and summer and the south-
ernmost areas provide values that can exceed 30d, mainly
in summer (Fig. 3). A second spatial pattern enabled the At-
lantic and Mediterranean coastal areas to be differentiated.

https://doi.org/10.5194/nhess-21-1721-2021
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Figure 5. Daily anomalies of temperature at 850 hPa (°C, shad-
ing) and absolute geopotential height at 500 hPa (dm, contours),
with contour interval of 4 dm for the days comprising D and EM
variables in spring (1322 and 104, respectively) and summer (1396
and 111, respectively), in the HIPY region (most centred region of
the Pyrenees). Dots identify regions under flash heating conditions
(T850 daily mean above the local daily 99th percentile (with respect
to 1981-2015), computed with a 31 d centred window).

The former area presented the lowest number of extreme
spells throughout the study area in spring and summer. On
the other hand, the Mediterranean area showed a very high
number of extreme dry spells, especially in summer, when
these lasted on average up to 50d. These spatial patterns
showed that, despite the small size of the study area, the
D patterns are very diverse.

However, not only did the present paper focus upon vari-
able D, but we also examined the combination of this vari-
able and extremely high near-surface temperature. In this
sense, it is important to emphasize the difference between
analysing only the 7x values of the days comprising D,
which we called M, and analysing the T values > 95th per-
centile (EM). This difference is illustrated in the 7Ty anoma-
lies of both periods (Fig. 4).

https://doi.org/10.5194/nhess-21-1721-2021

Extremely long dry spells (D) are inherently characterized
by warmer-than-normal periods (M). The long dry spells
give rise to temperatures between 1 and 4 °C above the mean
temperature in spring and between 0 and 3 °C above the mean
temperature in summer. Although these anomalous tempera-
tures are not extremely high in the dry periods, especially
in summer, if we analyse the thermal extremes (EM) occur-
ring within the D events, in spring and summer the thermal
anomaly with respect to the normal values of these two sea-
sons is observed to reach up to 10 °C above the average in
the northern half of the study area and in the area of At-
lantic influence of the study area. In the southernmost re-
gion, these anomalies are also accentuated, being between 6
and 8 °C above average. The reason why the thermal anoma-
lies are slightly higher in the northern and Atlantic region of
the study area is mainly due to the fact that in these areas
the number of days with precipitation (and therefore with a
moderate Ty) is very high by default (Lemus-Canovas et al.,
2019a). Consequently, although the spells are short, they give
rise to an extremely positive thermal anomaly, mainly on
the hottest days of the spell (see EM for summer in Fig. 4).
In contrast, in the south of the Pyrenees, most days present
hardly any precipitation, especially in summer, and dry spells
and a positive thermal anomaly are therefore not synony-
mous (see M for summer in Fig. 4). A similar explanation
can be found in the seasonal differences: summer is the dry
season in most of the study area, which usually presents high
thermal values and no precipitation; consequently, thermal
anomalies of M and EM are generally lower than those ob-
served in spring. These surface conditions are also reflected
in the upper layers (Fig. 5). Precisely, the mean thermal
anomalies at 850 hPa during D events are slightly greater
than normal, between 0 and 2 °C above the mean. However,
when analysing the set of extreme thermal days (EM) in the
D events, the anomalies at 500 hPa are also seen to reach very
high values, between 5 and 7 °C, just above the study area. It
also confirms a greater enhancement of the subtropical ridge
in the EM than in the D events.

Before analysing the future projection of the vari-
ables D, M and EM, we reviewed the observed trends of
such variables for each region and season. In the case of D
(Fig. 6a), a non-significant trend was observed (p value
<0.05) at the 95 % confidence level. A high interannual vari-
ability in the duration of extreme dry spells was detected.

This did not occur when assessing the EM and M trends
(Fig. 6¢ and b, respectively), as both variables displayed a
tendency to increase. This trend presented a higher slope in
the spring and in the case of the EM. Indeed, the annual
values of EM for spring and summer were almost all posi-
tive, whilst this was not the case for evaluating only M. At
an intra-regional level, the main differences were observed
in summer for EM, when the Mediterranean regions NMED
and SMED accounted for a higher slope than the other re-
gions. On the contrary, in spring growth was practically the
same for all regions for EM and M. Remarkably, the HIPY

Nat. Hazards Earth Syst. Sci., 21, 1721-1738, 2021



1728 M. Lemus-Canovas and J. A. Lopez-Bustins: Assessing the future structure of dry-hot compound events

(a)

spring

spring

spring

summer

days/10y
1.0

summer

°C/10y

-
O0O00000000=
O NWRAUIONWOO

summer

°C/10y

e
0000000000
oaNwhON®OO

Figure 6. The 10-year trend (Sen’s slope) for (a) extreme dry spell events per year (D), (b) mean maximum temperature events within the
dry event per year (M) and (c) mean extreme maximum temperature events within the dry event per year (EM), for the spring and summer
seasons and for all regions of the study area. The stippling shows statistically significant regions at the 95 % confidence level.

region did not show a significant increase in summer for EM
and M for a p value <0.05.

4 Assessing the reliability of the bias-corrected
projections

We evaluated the bias correction (BC) methods in order to
estimate (1) how they are able to represent the dependence
structure between temperature and precipitation (Figs. 7
and 8); (2) how well extremely long dry spells are simulated
by RCMs, as well as to ascertain the contribution of the bias
correction methods (Fig. 9); and (3) the degree of bias of
daily maximum temperatures conditioned to extremely long
dry spells (Fig. 10).

Regarding the structural dependence between temperature
and precipitation, in the case of the CANT region (Fig. 7)
a better correlation was observed in the simulation corrected
with the MBCn method (Fig. 7b) in comparison with the uni-
variate bias correction (UBC) method (Fig. 7a). Both meth-
ods adjust the bias of the marginal distributions, but MBCn
can reproduce the dependence relationship between precip-
itation and temperature more closely to the observed values

Nat. Hazards Earth Syst. Sci., 21, 1721-1738, 2021

than UBC. A similar situation occurs in the dipole area of the
NMED study area (Fig. S3 in the Supplement), where MBCn
(Fig. S3b) tends to cause an increase in the correlation coeffi-
cient between temperature and precipitation, even above the
correlation value estimated in the data observed.

The performance of the bias correction methods in repro-
ducing the distribution of the extremely long dry spells is
generally irregular and unable to reproduce the observed dis-
tribution in some cases, a phenomenon already pointed out
by Maraun and Widmann (2018b) and Francgois et al. (2020).
On analysing the ECDFs (Fig. 8) generated for the CANT
region and for the two bias correction methods, MBCn is
seen to provide values of the D statistic of the KS test closer
to zero than the UBC method for all models except for
IPSL-RCA4. Furthermore, the ECDF of MBCn is also ob-
served to fit the observed distribution better than the ECDF
of the uncorrected model, with the exception of the CNRM-
ALADING63 model. For the two bias correction methods and
for the CANT region, only the CNRM-ALADIN63 model
and the NorESM1-HIRHAMS5 model showed statistically
significant KS test values at the 95 % confidence level; this
indicates that only for these two cases, the duration of the

https://doi.org/10.5194/nhess-21-1721-2021
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Figure 7. Distribution of mean daily temperature vs. mean daily precipitation from March to August (1981-2005) for the CANT region
and for two RCMs: CNRM-ALADIN63 and EC-EARTH-RCA4. UBC method (a); MBC method (b). Fitted lines, areas of distribution and
density distributions are shown; green refers to the bias-corrected model, black indicates the observed data, and red shows the raw/uncorrected

model. Pearson correlation values (r) are also shown.

BC extreme dry spells differs from the observed values. The
NMED region presents very different results from those pro-
vided for the previous region. Neither of the bias correc-
tion methods can be seen to outperform the other. In both
methods the bias correction fails to reproduce the observed
ECDF (p value <0.05 in all models and bias correction
methods). In the ECDFs there is clearly an underestimation
of the length of the extreme dry spells both for the uncor-
rected model and for the model after correction by the two
BC methods. Thus, we observe that although the results for
the CANT region are quite accurate, there exists a high de-
gree of uncertainty in the estimation of dry spells in the
NMED dipole region, which implies that the results to be

https://doi.org/10.5194/nhess-21-1721-2021

projected in subsequent analyses should be considered with
caution.

In the case of temperature extremes, both bias correction
methods perform well at extreme percentile daily tempera-
ture (95th percentile, p95) for the CANT and NMED dipole
regions, with no apparent bias in performance (Fig. 9). On
reaching more extreme values, such as the temperature ex-
tremes (p95) occurring within periods of extremely long dry
spells (p95), which we call EM, the MBCn-corrected models
are generally seen to reproduce these very extreme tempera-
ture values much better than the UBC-corrected ones. These
differences are more noteworthy in the CANT region than in
the NMED region. The patterns detected for these two re-

Nat. Hazards Earth Syst. Sci., 21, 1721-1738, 2021
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Figure 8. Empirical cumulative density function of the extreme dry spell length (p95) according to the CANT and NMED regions, UBC
and MBCn bias correction methods, and the six historical RCMs used in this study for the 1981-2005 period. The Kolmogorov—Smirnov
statistic is annotated in each plot as D. The asterisk indicates that the null hypothesis of the KS test is rejected. Green shows the corrected
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gions are very similar to the remaining regions of the study
area (Fig. S4 in the Supplement).

5 Future changes in the variables underlying the
compound event

After evaluating the bias correction methods, in this section
we present the results of the bias-corrected projections us-
ing the MBCn method. The regional projections showed an
increase in the duration of D events (Fig. 10a); these were
only abundant in the case of the scenario of high greenhouse
emissions (RCP8.5) and were consistent across all regions
during spring. On the other hand, in summer substantial in-
creases are only detected in the EATL, HIPY and NMED re-
gions, which are all located in the northern half of the Pyre-
nees. However, the scenario projected by the RCP4.5 con-
trasts greatly with the previous one. In this moderate RCP4.5
scenario, with the exception of the WCONT and ECONT
continental regions, no region showed any statistical signifi-
cance in the duration of D events during spring. In summer
and under the latter scenario, no statistically significant trend

Nat. Hazards Earth Syst. Sci., 21, 1721-1738, 2021

towards an increase in D events was detected in any of the
regions.

In the case of the hot extremes (EM), the previously de-
tected increase was evident under both scenarios (Fig. 10b).
However, special attention should be paid to the greater in-
crease in EM in relation to M (Fig. 11).

Moreover, the rate of warming during the hot extremes
was variable albeit more consistent in a high emission sce-
nario (RCP8.5) (Fig. 11). Interestingly, under this scenario
and during the spring, the EM trend was above M through-
out the study area, with particular incidence in the CANT,
EATL and ECONT regions, at about 0.10°C per 10 years.
In summer, the increase in EM was faster than that in M
in the southern regions, especially in WCONT, ECONT and
SMED, at up to 0.15 °C per 10 years more than in M trends.
In the intermediate scenario, there was greater equilibrium
between the EM and M trends, but in all regions, there is a
trend towards a faster increase in EM than in M.

It is of particular interest to analyse these D and EM events
jointly to ascertain whether the compound risk of these two
variables will be equally distributed or whether each of the
two variables will have a different weighting in the joint
event. This evaluation is shown in Fig. 12 for the CANT

https://doi.org/10.5194/nhess-21-1721-2021



M. Lemus-Canovas and J. A. Lopez-Bustins: Assessing the future structure of dry-hot compound events 1731

CANT NMED
38 , O ]
36 ! ! 2
1 ! 3
34 4 - - -3
>
32 3
30/ g
w
28
38 - | 1 o
4 1 ! o|z
36 I 1 P
34 z
7 -—-- il B}
>
324 2
e}
30/ / S
m
28
38 4 1
}
I o 1 m
36 . 2]
' g
34 4 - -—--
2
32 4 I
~ 3
830/ 2
828
T 38 i '
836_ 1 !
= 1 5
34 - ---2
32 3
>
»
] /
28
38
1 o :
36 ! X
! =
34 A - ---|2
3
32 4
£
aoj‘/ /
28
38 4 | 1
[ g
36 ! X %
! @
34 4 - ---2
I
324 3
s
30 A z
o
28

L e e | — T
28 30 32 34 36 38 28 30 32 34 36 38
Observed (°C)

O MBCn O UBC
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and NMED dipole regions, where the multivariate coordi-
nates of the anomalies of events D and EM are shown; these
are divided into three periods, 2016-2035, 2046-2065 and
2081-2100, which are consistent with the periods selected in
the IPCC Fifth Assessment Report (Stocker, 2014), for both
seasons and both emission scenarios. On the one hand, the
displacement along the y axis enabled the increase in the du-
ration dimension (D) in the compound event to be evaluated.

https://doi.org/10.5194/nhess-21-1721-2021

On the other hand, the displacement along the x axis indi-
cated an increase in the thermal anomaly and, consequently,
greater risk posed by the magnitude dimension (EM). In the
case of the CANT region, the average value of the bivariate
distribution of each spring and summer period projected by
RCP4.5 clearly indicated that the increase in the compound
risk was caused by an increase in extreme magnitude (EM),
i.e. by the thermal increase, as opposed to an increase in the
duration of such events (D). The same assessment can be ex-
trapolated to the NMED region for the spring in an RCP4.5
scenario. A very similar pattern is observed in the case of
summer for this intermediate scenario. In the RCP8.5 sce-
nario, a very considerable increase in risk was perceived as
a result of the increased weight of the magnitude, especially
in the last two periods in both seasons and regions. The in-
crease in the D dimension continued to be very weak for
the CANT region, regardless of the season analysed. On the
other hand, in the NMED region, there was a remarkable
increase in dimension D, which rose by an average of 5d
(summer, 2081-2100) with respect to the historical average
(1981-2005). In this case, we detected that a statistically sig-
nificant increase (p value < 0.05) in the compound risk oc-
curred in both dimensions (up to 6 °C in summer), thus im-
plying a much higher risk than in the CANT dipole region.

With regard to the other regions, several patterns are ob-
served across the study area. (i) For RCP4.5, in all regions
and in both seasons, there is a noteworthy increase in the
EM dimension, while no changes occur in the D dimension.
(ii) However, in the RCP8.5 scenario for spring, all regions
show an increase in the compound risk as a result of an in-
crease in the duration of both D and EM events. (iii) For
this extreme scenario in summer, only the EATL, HIPY and
NMED regions, and to a lesser extent the WATL region, all
located in the northern half of the Pyrenees, show an increase
in both dimensions (D and EM). The rest only exhibit an in-
crease in the thermal dimension (EM); see Figs. S5-S9 in the
Supplement for details.

Of particular interest is the HIPY region, which presents
the highest average elevation in the study area, with sev-
eral glaciers and a multitude of snow-capped mountains.
Precisely, this region in an RCP8.5 scenario will present a
marked statistically significant increase (p value < 0.05) in
both dimensions (Fig. 13). This will occur gradually both in
spring and summer during this century.

These results are summarized in Fig. 14, which shows
the future patterns of dry—hot compound events according
to the D and EM variables for the whole Pyrenees area.
Each season and emission scenario present a different pat-
tern, summarized below:

— Spring, RCP4.5. This gives an increase in the one-
dimensional compound risk based on (extreme) mag-
nitude.

— Summer, RCP4.5. This gives an increase in the one-
dimensional compound risk based mainly on (extreme)

Nat. Hazards Earth Syst. Sci., 21, 1721-1738, 2021



1732

M. Lemus-Canovas and J. A. Lopez-Bustins: Assessing the future structure of dry-hot compound events

(a)

Spring Summer
28
24 4
20 - i o
>
16 - VA T vz
12 4 "\AW
8-
24
20 A <
16 e LDt |
g 7 2
12 ,\AW
8—
28 -
24 4 s
20 1 Av.___.m-ﬂm'ﬂ{ 3
16 A Y z
12 - | 1] =
8-
24 -
o] M g
16 4 3
—~ 124 M NN 7 =
» WA <
> 84
[}
T
0 ]
20 4 =
16 4 W 4 2
124 v™MA e r~=
8-
24 4
207 ,w.——#mvdx 8
16 4 A e
124 W\ - v =
8-
24
20 -

z
he M &
124 A A 2 W g
8- v
24 4
20 - o
16 4 W"AC 5
124 A Ay ©
8-

T T T T T T T T T T
2000 2025 2050 2075 2100 2000 2025 2050 2075 2100

—— HISTORICAL RCP4.5 —— RCP8.5

EM (°C)

(b)

324
28 4
24
20
16 -

324
28 4
24 4
20 4
16 -

324
28
244
20
16

28
244
20 4
16
12

32

28 4
24
20
16
12

324
28
249
20
16

324
28 -
24 4
20
16 =

32
28 -
24 4
204

16 -

Spring Summer
z
—_/ -
| B -
o /_/ §
>
Lol
a —
/ =
z
// —
_ -
A / m
>
/ -
— = T
/ <
— =
/ -
~ g
z
/ —
T
m
o
e /
/ "
—~ - %
/ o
o~ =

T T T T T T T T T T
2000 2025 2050 2075 2100 2000 2025 2050 2075 2100

—— HISTORICAL RCP4.5 —— RCP8.5

Figure 10. Observed period and historical (1981-2005) and future (2006-2100) projections (5-year moving average) of the events of (a) D
and (b) EM for intermediate (RCP4.5) and extreme (RCPS8.5) scenarios for all regions and for the spring and summer seasons. The curves
show the average value of all models, while the shaded areas indicate the standard deviation of the models for each year.

Nat.

magnitude. Although a greater increase in EM is ob-
served in all regions (see Figs. 12 and 13 for CANT,
NMED and HIPY regions), no increase in the second
dimension (extreme length of dry spells) is detected.

Spring, RCP8.5. This gives an increased risk resulting
from a two-dimensional component in all regions of the
Pyrenees. The increase in extreme magnitude is slightly
greater in the Mediterranean (NMED and SMED) and
continental regions (ECONT and WCONT). A sharp in-
crease is observed in the second dimension (D) in all

Hazards Earth Syst. Sci., 21, 1721-1738, 2021

regions, except for the westernmost regions (CANT and
WATL) (moderate increase).

Summer, RCP8.5. This gives an increase in the two-
dimensional compound risk in the northern fagade of
the Pyrenees (NMED; EATL; HIPY; and, to a lesser de-
gree, WATL). The increase in the other regions mainly
refers to the EM dimension. The increase in EM in the
final period in all regions is the highest of the four pat-
terns described.

https://doi.org/10.5194/nhess-21-1721-2021



M. Lemus-Canovas and J. A. Lopez-Bustins: Assessing the future structure of dry-hot compound events

Spring

1733

Summer

43.0°N

42.5°N

42.0°N

S'vdOd

43.0°N

42.5°N

42.0°N

§'8d0d

0.000

0.025 0.050

3w 2°W oW 0° 1°E 2E E
°C/10y
~ | ——
0.075 0.100 0.125 0.150

Figure 11. Multi-model mean projected change between the trends of M and of EM variables. Positive values indicate a higher positive trend

in EM values than in M values.

CANT NMED
Spring Summer Spring Summer
y4-0.4571-0371 x, R?=0.053, P=0.078 yF 1.92-0.151 x, R*=0.0027, P=0.7 =/0.269+0.483 x, R*=0.041, P=0.12 yq-0.188+0Q.481 x, R?=0.049, P=0.089
201
10 3 3
by el
= & L &
) o = S o
— c_ e
OE 7 =2 = E e =
0
>
@ -104 TR ET 2 1ly 1M ame LTI T NTET 0 1989 W
[a)]
5’ y[F#0.219+0.411 x, 2=0.11, P=0.013 1.26+04103 x, R? = 0.0059, P = 0.56 =1-0.495-0.798 x, R = 0.3, P <= 0.001 y5-0.908+0.789 x, R® = 0.48,
204
10 3 G
e} el
= b e
= = [ é E o
= ] i - 74 - %
OE Fio = I = -
-10 WU T T ] LIl | 1m CITTE TN 1 . » CTTET] . ' .
0 2 4 6 8 0 4 6 8 0 2 4 8 0 4 6 8
EM (°C) EM (°C)

2016-2035 2046-2065 2081-2100

| 2016-2035 [ || 2046-2065 | | | 2081-2100

Figure 12. Bivariate probability density functions of D and EM anomalies for the three future periods (2016-2035, 20462065 and 2081—
2100) and for the two emission and seasonal scenarios with respect to the historical period (1981-2005) for the CANT and NMED regions.
Each point in the scatter plot represents the multi-model annual mean of D and EM in a given year. The intersections of the horizontal
and vertical blue, green and red lines indicate the mean anomaly value of the bivariate distribution for each period. The linear fit regression
was computed using the annual mean anomalies of EM and D for the 2016-2100 period. Each plot possesses a regression equation and its
statistical significance (P, p value). The figure is generated using the ensemble of all RCMs.

The remaining regions shown in the supplementary doc-
ument were at the intermediate stages of those described
herein (Figs. S5-S9). However, the WATL region, which is
adjacent to the CANT region, was influenced by both cli-
mates (Atlantic and Mediterranean) and therefore did not re-
flect a similar behaviour pattern to that of the CANT region
(see Fig. 1 to verify the heterogeneity of this region).

https://doi.org/10.5194/nhess-21-1721-2021

6 Discussion

The use of bias correction methods to correct the distribu-
tion of dry spells indicated the inability to robustly resolve
these types of bias. The bias correction only resolves the bias
resulting from the drizzle effect but not the biases resulting
from topographic issues or the underestimation of the persis-
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tence of anticyclonic conditions (Maraun et al., 2017). For
future studies, as suggested by Maraun et al. (2021), before
applying bias correction methods, a prior evaluation of the
performance of GCMs in simulating the persistence of dry
events is needed mainly to transfer the minimum bias in the
temporal dependence when applying the bias correction.

On the other hand, the results of the present research re-
veal that up to the present there has been a general increase
in the compound risk of dry-hot events due to an increase in
the thermal component; thus, the duration dimension is ex-
cluded, as pointed out in various recent studies (Hao et al.,
2018; Manning et al., 2019). A significant finding of our
study refers to a significant increase throughout the Pyrenees
and to the compound risk in relation both to the magnitude
dimension (extreme temperature) and to the duration dimen-
sion (duration of extreme dry event), for spring under the
RCP8.5 scenario. A sharp increase was also detected in both
dimensions for the northernmost regions of the study area
during summer under the RCP8.5 scenario. Therefore, it was
estimated that in the future the compound event will exhibit a
more balanced distribution between the two dimensions, with
the D dimension gaining prominence. Polade et al. (2014)
showed that the areas in which a greater increase in dry
days is expected under an RCP8.5 scenario are the western
Mediterranean and the eastern Atlantic, at approximately lat-
itudes 35 and 55° N, in accordance with the findings of the
present study.

Nonetheless, there are conflicting opinions regarding
whether the observed warming is inducing an increase in
the length of dry spells, as noted by Ye and Fetzer (2019)
in Russia, or whether, as observed by Trenberth et al. (2014),
the warming does not prolong the dry event but the warm-
ing itself may augment the intensity of the episode due to the
effect of thermal magnitude. The authors consider that the
observed warming has not caused longer-lasting droughts in
the area of the Pyrenees, which does not correspond with the
findings of Ye and Fetzer (2019). Furthermore, even under
an intermediate emission scenario (RCP4.5), there is no evi-
dence of increasingly longer dry spells, despite a significant
rise in temperature. Consequently, the authors do not support
the idea that a thermal increase is directly related to longer
dry periods. This greater duration of dry spells in the most ex-
treme emission scenarios may be due to northward shifting of
the subtropical anticyclone belt (Gillett and Stott, 2009) as a
consequence of the expansion of the Hadley cell in response
to global warming (Lu et al., 2007). There is a need for fur-
ther research in order to understand the future role of the sub-
tropical anticyclone belt and variations therein and how these
affect increases or decreases in compound events, consider-
ing the fact that subtropical ridges are the main drivers of
these extreme events (Fig. 5).

https://doi.org/10.5194/nhess-21-1721-2021

7 Conclusions

The risk posed by the simultaneous occurrence of extremely
dry and hot events is analysed for the first time in the Pyre-
nees, which is a very fragile area as a result of its altitude
and transition latitude between the temperate and subtropical
climates. Moreover, 59 % of its area is covered by forests,
which will become susceptible to severe wildfires if climatic
conditions are unfavourable during the coming years. We ex-
tracted the following main findings from the present study:

— The results for the observed period (1981-2015)
showed a generalized increase in the thermal ex-
tremes (EM) within the extreme dry spells (D), with no
increase in the duration of these spells. This showed that
to date the compound risk has only augmented in one
dimension, extreme magnitude (EM), and, by default,
magnitude (M).

— As regards the results obtained from future projections,
it is essential that an intermediate emission scenario
(RCPA4.5) is not exceeded, as this serves to prevent the
D dimension (duration) of such events from increasing.
The compound risk keeps rising but only because of the
even more pronounced thermal increase.

— In a high emission scenario (RCP8.5), the increased risk
of the compound event would be a consequence of an in-
crease in both the extreme magnitude (EM) and the du-
ration (D) dimensions. In addition and within this con-
text, the thermal increase in extremely hot days (EM)
during the dry event (D) is greater than the thermal
increase in the set of days (M) comprising the dry
event (D).

Finally and by way of a general conclusion, the present
study reveals a potential increase in environmental risks in
the Pyrenees (fires, crop yield losses, effects on biodiver-
sity, water resources, etc.) resulting from more frequent com-
pound events involving long dry periods and extreme temper-
atures. The high-altitude and northernmost regions could be
affected to a greater extent, regardless of the season (spring
or summer) during the high emission scenario. There also
exists a need to study whether other natural hazards such as
wildfires are observed during such extremely hot intervals
within these very long dry periods in order to prepare this
area for tackling large wildfires.

Data availability. The CLIMPY database is available from
https://doi.org/10.5281/zenodo.3611127 (Cuadrat et al., 2020).

Supplement. The supplement related to this article is available on-
line at: https://doi.org/10.5194/nhess-21-1721-2021-supplement.
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