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Abstract: The use of a compact set of climate change indexes enhances our understanding of the
combined impacts of extreme climatic conditions. In this study, we developed the modified Climate
Extremes Index (mCEI) to obtain unified information about different types of extremes. For this
purpose, we calculated 10 different climate change indexes considering the temperature extremes,
extreme precipitation, and moisture surplus and drought over the Europe–Mediterranean (EURO–
MED) region for the 1979–2016 period. As a holistic approach, mCEI provides spatiotemporal
information, and the high-resolution grid-based data allow us to accomplish detailed country-based
and city-based analyses. The analyses indicate that warm temperature extremes rise significantly
over the EURO–MED region at a rate of 1.9% decade−1, whereas the cold temperature extremes
decrease. Extreme drought has a significant increasing trend of 3.8% decade−1. Although there are
regional differences, extreme precipitation indexes have a significant increasing tendency. According
to the mCEI, the major hotspots for the combined extremes are the Mediterranean coasts, the Balkan
countries, Eastern Europe, Iceland, western Russia, western Turkey, and western Iraq. The decadal
changes of mCEI for these regions are in the range of 3–5% decade−1. The city-scale analysis based
on urbanized locations reveals that Fes (Morocco), Izmir (Turkey), Marseille and Aix-en-Provence
(France), and Tel Aviv (Israel) have the highest increasing trend of mCEI, which is greater than
3.5% decade−1.

Keywords: combined climate extremes; climate change indexes; Europe–Mediterranean region;
urban areas

1. Introduction

The warming rate of the climate system is at a remarkable level with respect to the
1950s’ global temperature (IPCC Report, [1]). Beyond the changes in the mean climate,
increasing extreme weather events become more prominent in climate change studies due
to their impacts on the human environment and the natural ecosystem. In the 21st century,
although there are broad spatial and interannual differences, economic losses caused by
weather- and climate-related disasters have increased (IPCC Report, [2]). The duration
and intensity of warm spells and the frequency of heavy precipitation are expected to
increase in the near future over many areas of the world. Given the spatial and temporal
heterogeneity of potential increases in extreme events in the future, assessing possible
exposures to changes in climate extremes is highly critical.

Many studies focusing on extremes have used climate indexes defined by the WMO
CCL/CLIVAR Expert Team on Climate Change Detection and Indices (ETCCDI) in order
to investigate the changes in extreme conditions. These studies, focusing on the global
extremes, indicate that there has been a significant increase in warm temperature ex-
tremes and a decrease in cold temperature extremes since the 1950s [3–5]. Additionally,
extremes have been investigated over many regions, including Europe [6,7], Asia [8,9],
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North America [10], Australia [11], South America [12,13], the Middle East [14], and the
Eastern Mediterranean region [15], and the positive trends in warm extremes have been
highlighted. Another study investigating the global long-term drought, using the Palmer
Drought Severity Index, found that the aridity over the Mediterranean basin has increased
substantially since the 1970s [16]. However, studies focusing on single extreme events with-
out the concept of combining them are not able to explain the combined impacts. Therefore,
it is essential to consider their combined impacts on current and future exposures to have
comprehensive knowledge.

Despite the extensive use of indexes for climate change detection and monitoring [5,17],
concluding the overall impact of different extreme conditions can be challenging due to
the complex interactions between them. The Climate Extremes Index (CEI) developed by
Karl et al. [18] is an easy and fast interpreted tool that combines spatial information about
different types of extremes in a single frame. It is a metric that measures the proportion of
an area experiencing extreme climatic conditions by averaging five indicators for monthly
maximum and minimum temperature extremes, drought or moisture surplus based on the
Palmer Drought Severity Index (PDSI) [19], extreme precipitation rate from 1 day precipitation
extremes, and the number of wet–dry days. This method has been used over different regions,
including the U.S. [18,20–24], Australia [21–23,25], Asia [22,23], and Europe [21–23] with
several modifications applied to the original CEI formula. For example, Gleason et al. [20]
revised it by changing the fixed threshold criteria in the extreme 1 day precipitation
indicator to the locally observed 90th percentiles and calculated CEI for the U.S. Gallant
and Karoly [25]; Gallant et al. [21] subtracted the lower extremes from the upper extremes
so that the positive or negative values would give the direction of tendency. In both
studies, they used monthly datasets (mCEI) and daily datasets (dmCEI) in CEI calculations.
Moreover, Dittus et al. [22] used the subtraction methodology to calculate a modified
version of CEI (EmCEI) at continental and hemispheric (Northern Hemisphere) scales,
using gridded observations of the extreme indexes. They applied the same methodology
by using CMIP5 simulations, and highlighted the impact of anthropogenic forcing on the
increase in temperature and, partly, precipitation extremes over different regions of the
world [23]. Another study by Batibeniz et al. [24] used CEI to evaluate exposure to the
aggregated climate extremes in future climate conditions in the U.S. They found that every
county in the U.S. has experienced an increase in extremes in recent decades and projected
an upcoming change that exposure to these extremes will permanently exceed in the future.

There are many studies focused on combining the impacts of different climate ex-
tremes across the globe [26–28] and over many regions, including Europe [29–31] and
India [32,33]. As a different technique, we used CEI in this study, which also provides
similar analysis and gives a single fractional value for specified regions under the effect of
combined extremes. However, although CEI provides information about the spatial extent
of multivariate extreme conditions, a single fractional value for a broad region may not
be representative of its sub-regions. Additionally, it may stay inadequate in presenting
detailed temporal intensities of multivariate extremes and exposure assessment to these ex-
tremes. In order to improve on these limitations of CEI, we developed a new methodology
by re-designating the extreme indicators of CEI to obtain information about the temporal
intensities of extreme conditions, in addition to grid-based calculations instead of areal
fractions over a broad region. Therefore, we call this new methodology modified Climate
Extremes Index (mCEI). This study also makes use of recently released high-resolution
ERA5 reanalysis (European Centre for Medium-range Weather Forecasts (ECMWF) Reanal-
ysis 5) and MSWEP observations (Multi-Source Weighted-Ensemble Precipitation) to have
detailed spatial information at country and city levels regarding combined extremes over
Europe, the Eastern Mediterranean region, and the north coast of Africa (hereafter referred
to as the EURO–MED region).



Atmosphere 2021, 12, 633 3 of 23

2. Data and Method
2.1. Data

Increased data availability, which is related to improvements in observation systems
and computation resources, provides a vast amount of information for detailed temporal
and spatial analyses. In this study, we used the last generation gridded datasets according
to their spatial and temporal coverages. For the temperature indexes, we used the ERA5
(resolution; 0.125◦ × 0.125◦) daily temperature reanalysis dataset, which is the last genera-
tion dataset of ECMWF produced by using the Integrated Forecast System (IFS) [34]. For
the precipitation indexes, we used the MSWEP (resolution; 0.1◦ × 0.1◦) daily precipitation
dataset, which provides reliable global precipitation estimates [35]. As a drought indicator,
we used the self-calibrating Palmer Drought Severity Index (scPDSI). Compared to the
original PDSI, scPDSI represents the climates of different locations more realistically [36].
Its calculation requires monthly temperature and potential evapotranspiration (PET), and
soil water holding capacity data. The monthly scPDSI was computed by using available
water holding capacity data of Webb et al. [37] and PET data produced by using Thornth-
waite’s method [38]. All the datasets used in the study are interpolated to MSWEP’s spatial
resolution (0.1◦) by using bilinear interpolation in order to allow grid-based comparisons.

Additionally, we used GHS Settlement Model grid (GHS-SMOD) global data at 1 km
horizontal resolution, which is a part of the Global Human Settlement Layer (GHSL)
project [39], to define the urban extent of the EURO–MED region. GHS-SMOD classifies
settlement typologies by using a logical algorithm based on population size and densities
of population and built-up areas for the years 1975, 1990, 2000, and 2015. Settlement
typologies are classified as cities, dense towns, semi-dense towns, suburbs, and rural
areas and are given a code number. In the study, we defined the urban extent as the
combination of cities, dense towns, semi-dense towns, and suburbs. A detailed definition
and determination algorithms of the typologies can be found in Florczyk et al. [40].

2.2. Climate Extremes Index

The original version of CEI is based on a set of climate extreme indicators that measure
the fraction of an area of the U.S. experiencing the combined impact of climate extremes. It
consists of five indicators that illustrate 10 possible extremes in monthly mean maximum
and minimum temperatures, extreme 1 day precipitation, days with/without precipitation,
and the Palmer Drought Severity Index (PDSI). Detailed information regarding the original
CEI methodology can be found on the website of the National Oceanic and Atmospheric
Administration (NOAA) [41]. Compared to the original CEI, there are two main differences
in our methodology (mCEI) (Table 1). First, we calculate mCEI as the arithmetic mean
of five indicators that measure the temporal percentages of extremes on every grid point
instead of the fraction of specific areas (e.g., county, province, state) under the influence of
extreme conditions. While defining the extreme conditions, percentile-based indexes can
be preferred if there is a long enough base period record (e.g., 30 years) for the threshold
calculations [42]. The number of extremes for each indicator is calculated in terms of
occurrences above (below) the 90th (10th) percentile value at each grid point (Figure 1).
Each of the percentile values is calculated by using the 1981–2010 World Meteorological
Organization (WMO) standard reference period. We believe this change prevents the
loss of information over the regions with complex topography and different land-use
characteristics that can cause different climate conditions. Second, we calculated the 4th
indicator (Table 1), using the 90th and the 10th percentiles of each grid cell rather than
a fixed threshold (50.8 mm). As mentioned in Zhang et al. [17], this alteration enables
the definition of representative percentiles for the area of interest and avoids any spatial
misinterpretations over broad areas. Details related to the modifications and differences
between CEI and mCEI can be found in Table 1.
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Figure 1. mCEI is the arithmetic average of five indicators that measure the annual temporal intensities of extreme
climatic conditions.

Table 1. Comparison of the indicators of CEI [18] and mCEI.

Extreme Indicators of the Original CEI Extreme Indicators of mCEI

i.
The sum of the fraction of area with maximum temperatures
much below normal and the fraction of area with maximum

temperatures much above normal.

The sum of the percentage of daily maximum temperatures
above the 90th percentile and percentage of daily maximum

temperatures below the 10th percentile.

ii.
The sum of the fraction of area with minimum temperatures
much below normal and the fraction of area with minimum

temperatures much above normal.

The sum of the percentage of daily minimum temperatures
above the 90th percentile and percentage of daily minimum

temperatures below the 10th percentile.

iii.
The sum of the fraction of area in severe drought and the

fraction of area with severe moisture surplus based on
the PDSI.

The sum of the percentage of monthly scPDSI above the
90th percentile and percentage of monthly scPDSI below the

10th percentile.

iv.
Twice the value of the fraction of area with a much greater

than normal proportion of precipitation derived from
extreme (more than 50.8 mm) 1-day precipitation events.

The sum of the percentage of daily precipitation amount
above the 90th percentile and percentage of daily
precipitation amount below the 10th percentile.

v.

The sum of the fraction of area with a much greater than
normal number of days with precipitation and the fraction
of area with a much greater than normal number of days

without precipitation.

The sum of the percentage of days with precipitation above
the 90th percentile and percentage of days with

precipitation below the 10th percentile (percentage of
dry days).

3. Results and Discussion
3.1. Climatology of the Extreme Indexes Composing mCEI

We examine each of the indexes in detail that construct the mCEI in terms of clima-
tology and thresholds. Figure 2 shows the spatial distribution of the 90th and the 10th
percentiles of the reference period for the extreme indexes. Temperature thresholds for
warm (TX90P, TN90P) and cold (TX10P, TN10P) extreme indexes change gradually from
north to south, except over the mountainous areas. The reason for the change toward
the south and the extreme values over the mountainous regions can be explained by the
latitudinal distribution of the solar radiation and high elevations, respectively. The thresh-
olds for moisture surplus (scPDSI_90P) and extreme drought (scPDSI_10P) indexes exhibit
expected values for wet and dry cases. The most prominent characteristic of the extreme
precipitation (R90P, R90P_Days) and dry day (R10P, R10P_Days) indexes is the fact that
they have the highest thresholds over the western coasts (western coasts of the Balkans
and Norway, the northwest of Portugal and Spain, the Aegean coasts of Turkey, the Black
Sea coast of Georgia, and the East Mediterranean coasts), which represent the climate of
these regions. The reasons for these higher values of extreme thresholds are the prevailing
east–west wind direction and the synoptic-scale motions over the EURO–MED region.
Similar dynamics are evident for mountainous areas due to orographic forcing.
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Figure 2. Spatial distribution of the thresholds for the extreme indexes.

Long-term (1979–2016) averages of the extreme indexes above (below) the 90th (10th)
percentile are given in Figure 3. The area of interest is exposed to warm days and warm
nights in the range from 9% to 12%, and cold days and nights in the range from 8% to 11%.
The regional differences in moisture surplus and extreme drought indexes are considerably
large. The most notable exposure to the extreme moist conditions is over western Turkey,
the Balkans, Italy, eastern Iceland, the Mediterranean coasts of France, Italy, and Algeria,
and the United Kingdom (18–22%). The climatological mean for the extreme drought
intensity exceeds 22% over Germany, Ukraine, and western Russia. The climatology for the
annual ratio of extreme precipitation amount to the total precipitation (R90P) has diverse
regional distribution and reaches the maxima over Eastern Europe, the Balkans, and the
Mediterranean coasts of Europe (>37%). The fraction of extremely wet days (R90P_Days)
has a spatially coherent distribution over Europe, and 1979–2016 averages are between
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9% and 11%. The annual ratio of precipitation amount during dry days (the days with
a precipitation amount less than the 10th percentile threshold) to the total precipitation
(R10P) has local hotspots, while the annual count of dry days (R10P_Days) increases from
north to south (30–90%).

Figure 3. The climatological means (1979–2016) of the extreme indexes.

Concerns may arise as to whether the choice of a percentile-based threshold at each
grid point or a fixed value for all locations represents the extreme precipitation indexes.
Although the index mathematically indicates extreme precipitation, is it an extreme condi-
tion regarding its impacts on a region? For example, although the thresholds over Tunisia
and Peloponnese Peninsula are different (15–18 mm and 36–39 mm, respectively), the
R90P_Days index over these regions is around 10%. However, considering the duration
and total precipitation amount for the two locations, the environmental and economic
impacts would probably be different.

3.2. Changes in the Extreme Indexes: Spatial and Temporal Analyses

Figure 4 shows the spatial distribution of the decadal trends in each extreme index for
the 1979–2016 period. The EURO–MED region is exposed to increasing warm temperature
extremes. The increasing trend over Italy, Iceland, Eastern Europe, the Balkans, North
Africa, and the Middle East is between 2% and 4% decade−1. The highest increasing
tendency is over western Turkey, Israel, the Black Sea coasts of Ukraine and Romania, and
the south of Portugal (>4% decade−1). Unlike the warm extremes, there is a dominant
decreasing tendency in cold extremes. The fastest decline is over the northwest of Iceland
(around −4% decade−1) and the northeast of Iran (down to −5% decade−1).

For extreme moist and dry conditions, the EURO–MED region exhibits regional
contrasts. There is an increasing tendency in moisture surplus over the northern, western,
and southern regions of Turkey, the Balkans, Italy, parts of the Mediterranean coasts,
Iceland, the United Kingdom, the north and southwest of Scandinavia, and the north of
western Russia of up to >5% decade−1. On the other hand, Central Europe, Ukraine, and
most of the Middle East and the coasts of Africa exhibit a decreasing tendency, down to
−5% decade−1. Severe drought conditions increase up to 5% decade−1 over the EURO–
MED region with few exceptions having decreasing signals (e.g., Poland and the northern
parts of the Balkans).
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Figure 4. Spatial distribution of the trends in the extreme indexes.

Changes in the extreme precipitation and dry day indexes are lower in magnitude
compared to the other indexes. The increasing tendency for the extreme precipitation rate
(R90P) reaches up to 4% decade−1 over Iceland, Eastern Europe, the Balkans, the south of
Italy, and the southwest and the northeast of Turkey. The rest of the precipitation indexes
exhibit a tendency of less than 1% decade−1 across the EURO–MED.

Figure 5 shows the time series of extreme indexes for the areal average over the
EURO–MED region. During the study period, exposure of the warm extremes is between
6% and 15% and reaches the maxima in 2010. The cold extreme indexes vary between
5% and 16% and make a peak in 1985. For extreme precipitation indexes, the extreme
precipitation rate (R90P) is between 32% and 37%, and the fraction of extreme wet days
(R90P_Days) varies between 8.5% and 10.4%. Both of the indexes reach the maxima in
2016. For dry day indexes, the R10P index is between 10.8–11.8%, and the ratio of dry
days (R10P_Days) varies from 61% to 65.5%. R10P and R10P_Days peak in 1983 and 1996,
respectively. For extreme moist conditions, scPDSI_90P ranges between 5% and 23% and
reaches the maximum in 1981. In terms of aridity, scPDSI_10P varies between 2% and 22%
and reaches its maximum in 2011.

As a trend analysis, we applied linear regression for extreme indexes and tested the
significance of the trends by using the two-tailed Student’s t-test. Regression equations
and the p-value of the trends are given in Table 2. For the warm extremes, TX90P and
TN90P show a significant increase of 1.93% decade−1 and 1.68% decade−1 at 99% level of
confidence, respectively. Changes in the cold extreme indexes are significant at the 99% con-
fidence level. TX10P exhibits a decrease of −1.28% decade−1, while the decrease for TN10P
is −1.1% decade−1. These results reveal that changes in the daytime temperature extremes
are greater than the nighttime temperature extremes both for warm and cold conditions.
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Figure 5. Spatial averages of the extreme indexes over the EURO–MED region.
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Table 2. The significance of the trends in the extreme indexes is tested by using the Student’s t-test,
and the p-value of the trend is given after the regression equation. Boldface index name indicates a
statistically significant trend at 95% confidence level.

Extreme Indicator Regression Equation p-Value of the Trend

TX90P Y = −375.3237 + 0.1931X ~0
TX10P Y = 166.2249 − 0.1284X 0.0004
TN90P Y = −324.4909 + 0.1675X ~0
TN10P Y = 230.1151 − 0.1102X 0.002

scPDSI_90P Y = 146.045 − 0.068X 0.256
scPDSI_10P Y = −762.6373 + 0.3863X ~0

R90P Y = −29.6738 + 0.031X 0.034
R10P Y = 33.8355 − 0.011X 0.002

R90P_Days Y = −25.3215 + 0.017X 0.001
R10P_Days Y = 61.5985 + 0.0007X 0.963

Extreme precipitation indexes, R90P and R90P_Days, increase at a rate of 0.31%
decade−1 (at 95% confidence level) and 0.17% decade−1 (at 99% confidence level), respec-
tively. The greater increase in the extreme precipitation rate compared to the annual count
of extreme wet days implies an intensification in 1-day precipitation extremes. On the other
hand, as a dry day index, R10P has a significant decreasing tendency of 0.11% decade−1 (at
99% confidence level), which indicates that the ratio of the precipitation amount during dry
days (the days with precipitation amount less than 10th percentile threshold) to the total
precipitation has increased. There is no significant change in the annual count of dry days.

In terms of extreme drought, scPDSI_10P increases significantly (at 99% confidence),
and the trend reaches 3.87% decade−1. Although extreme moist conditions exhibit a
decreasing tendency, it is statistically not significant. In addition, it is important to note that
extreme drought events and extreme moist conditions are closely related to the temperature
and precipitation variables. Thus, they should not be considered separately. Although
there is an increasing signal both for warm and precipitation extremes, the increase in
warm extremes is more prominent.

In order to improve our understanding of the spatiotemporal variability of the extreme
indexes, we calculated zonal averages over the EURO–MED region (Figure 6). For the
warm extremes, the increasing signal of the indexes is prominent between the 30◦ N
and 55◦ N latitudes. In terms of extreme drought, at the beginning of the 21st century,
the highest values of scPDSI_10P are localized in the latitude band of 30◦ N to 40◦ N.
After 2010, the highest values of the index, exceeding 50%, are localized around the 50◦

N–55◦ N latitudes. Another hotspot for the warm extremes and the extreme drought is
the higher latitudes, north of 65◦ N, of the EURO–MED region. The decrease in the cold
extremes is apparent in the same region. scPDSI_90P and R90P_Days indexes do not have
hotspots for the latitudinal effects. Among these indexes, the most significant latitudinal
differences occur in the R10P_Days index. The highest index values are over the lower
latitudes of the EURO–MED region, whereas the lowest ones are over the northern areas.
On the other hand, although there is a significant latitudinal difference, R10P_Days do not
change significantly during the study period for the whole latitude band (30◦ N–70◦ N)
(Figure 6). Therefore, changes in the multivariate extremes do not depend on the changes
in R10P_Days, and latitudinal differences are negligible.
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Figure 6. Zonal average of the extreme indexes over the EURO–MED region.

3.3. Modified Climate Extremes Index (mCEI): Analyses of Climatology, Decadal Anomalies, and
Extreme Years

mCEI is an integral measure of the effects of extreme climatic conditions. As a holistic
approach, it provides spatiotemporal information on an annual timescale. It combines
10 different extreme indexes to comprise the five main indicators to measure the combined
temporal intensity of temperature and precipitation extremes and the drought or moisture
surplus on an area of interest. Figure 7a shows the reference period (1981–2010) average
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of mCEI. Between 1981 and 2010, the mean of mCEI is between 29% and 41% over the
EURO–MED region. In terms of spatial distribution, exposure to the combined extremes
is more intense over the south of the study area. This north–south gradient is due to
the higher values of annual counts of dry days over these regions, determined by the
R10P_Days index. The climatological mean of the R10P_Days index is higher over the
south of the EURO–MED region. Thus, although the components of the mCEI are equally
weighted, it has a bias toward higher values over dry areas. However, since there is not a
significant trend in the R10P_Days index across the EURO–MED region, its contribution to
the temporal changes in mCEI can be neglected. Therefore, it is more appropriate to analyze
the anomalies and trends in mCEI compared to its temporal averages for a meaningful
spatial comparison. Thus, we calculated decadal anomalies of mCEI with respect to the
reference period (Figure 7b). Between 1979 and 1989, negative anomalies of mCEI are
dominant across Europe, yet there are positive anomalies between 2% and 6% over Eastern
Europe, western Russia, the northwest of Norway, the United Kingdom, the Pyrenees, and
the northeast of Italy. From 1990 to 1999, positive anomalies are around 4% over the south
of Scandinavia, Western Europe, Tunisia, and the southeast of Turkey. Between 2000 and
2009, positive anomalies become prominent, especially over the Balkans, the Alps and
Italy, the northwest of Africa, and Turkey (6–10%). During the 2010–2016 period, positive
anomalies of mCEI are dominant across the EURO–MED region and are greater than 10%.
Even so, there are negative anomalies over Scandinavia and Western Europe.

Figure 7. (a) Reference period (1981–2010) climatology, and (b) decadal anomalies of mCEI.

The zonally averaged anomalies and decadal trend of mCEI along with the confidence
level are given in Figure 8. The spatial distribution of the change over the interested region
is quite divergent. The most significant increase in the combined extremes is after 2010
in the latitude band 50◦ N to 55◦ N due to the rise of the warm extremes and extreme
drought (Figure 6). It is important to note that the combined extreme increases at lower
latitudes because of the more pronounced extreme drought which is captured by the
positive mCEI anomalies exceeding 6–8%. Fleig et al. [43] studied the connections between



Atmosphere 2021, 12, 633 12 of 23

severe hydrological droughts and weather types by using the Regional Drought Area
Index (RDAI) and found that Denmark and Great Britain were exposed to a large-scale
drought in the summer of 1996 due to the existence of a high-pressure system. Moreover,
Spinoni et al. [44] developed a multi-indicator drought index comprising three different
drought indexes to study the most prominent drought events over Europe. They found
that 1996 was one of the most severe drought years due to the shortage of precipitation
over Northern and Central Europe. In 1996, scPDSI_10P is at a maximum in the latitude
band 50◦ N to 60◦ N and exceeds 40% (Figure 6). Additionally, the fraction of extreme
dry days (R10P_Days) reaches 70% related to the arid conditions in the same latitude
band. Furthermore, TX10P and TN10P exceeding 18% are the indicators of extreme cold
conditions in 1996 between 50◦ N and 55◦ N latitudes. In the same year, the mCEI anomaly
is greater than 8% and captures these combined extremes in the latitude band of 50◦ N
to 60◦ N. Furthermore, the Mediterranean coasts, the Balkan countries, Eastern Europe,
except for Poland and Moldova, the south of western Russia, the west and the northeast
of Anatolian Peninsula, and western Iraq exhibit an increasing trend, reaching up to 5%
decade−1 at 99% confidence level. In other words, these hotspot regions are exposed to an
increase in the combined extreme conditions on an annual timescale.

The mCEI increase in the Arctic circle is mainly related to the Arctic amplification in
the recent decades (Figure 8). The hotspot for the combined extremes is north of 60◦ N
latitude with a significant positive trend of mCEI over Iceland, the north of Sweden, and
the north of western Russia. Arctic sea ice cover exhibits a decreasing trend since 1979
with two minima in 2007 and 2012 [45] due to the rapid warming of the Arctic [46,47].
Donat et al. [48] and Dittus et al. [49] used sea surface temperature (SST) and sea-ice-
driven model simulations to compare with the re-analyses and gridded observations of the
extreme temperature and precipitation indexes. They stated that the interannual variability
of the globally averaged temperature and precipitation extremes can partly be explained by
the changes in the SSTs and sea ice. Anomalously high temperatures in the summer of 2014
resulted in a heatwave that affected the Baltic Sea region where the simultaneous coastal
upwelling reduced but did not stop the heating effect [50]. Moreover, it is argued that the
Arctic amplification may not only have regional impacts but also affects the mid-latitude
extreme weather events [46].

Spatially averaged analysis of mCEI over the EURO–MED region for the period of
1979–2016 is given in Figure 9. Between 1979 and 2016, mCEI ranges between 33% and 41%
and reaches the maximum in 2010, and its climatological mean is 35.61%. The trend analysis
indicates that mCEI increases with a statistically significant trend of 0.98% decade−1 at 99%
level of confidence. The decadal means of 1979–1989 and 1990–1999 periods are 34.7% and
34.76%, respectively. For the first two decades, only four years (1980, 1981, 1996, and 1998)
show a positive signal. This positive signal is related to the cold extremes and extreme
precipitation in 1980, 1981, and 1998, while it is related to cold extremes and extreme
drought in 1996 (Figure 5). The increasing signal becomes more prominent after 2000, and
positive anomalies become permanent for the eight consecutive years by 2016. The average
for the 2000–2009 period is 35.57%. In the 2010–2016 period, the average is 38.32%. The
increasing signal in the last decades is due to the increase in extreme high temperatures,
extreme precipitation, and extreme drought (Figure 5).
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Figure 8. (a) Zonally averaged mCEI anomaly, (b) decadal trend map of mCEI (% decade−1), and (c) confidence level of
the trend.
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Figure 9. Spatially-average of mCEI (upper) and annual anomalies (bottom) over the EURO–MED region.

In order to better illustrate how mCEI captures anomalous conditions, we performed
snapshot analyses for 2003 and 2010. In the summer of 2003, Europe was affected by a
heatwave, which was over the records [51,52]. A persistent ridge–trough couplet centred
in the eastern Atlantic resulted in an atmospheric blocking and caused a heatwave over
Scandinavia, which was followed by a Central European heatwave due to very weak
synoptic-scale pressure gradients and winds [53]. Figure 10 shows 10 extreme indexes, the
annual mean and the anomaly of mCEI for 2003. In this year, extreme daytime tempera-
tures (TX90P) have a local hotspot between 45◦ N and 50◦ N latitudes (Figure 6). Warm
extremes are greater than 20% over Central and Western Europe, and the annual intensity
of extreme drought is greater than 50% over the north of Scandinavia and Central Europe.
The extreme precipitation rate is, locally, greater than 44% over western Russia and the
Mediterranean coasts. Extreme moist conditions are prominent over the southwest of
Turkey, Greece, and Bulgaria. All of the extreme indexes are combined, and, consequently,
the EURO–MED region averaged mCEI is calculated as 37.32% with a positive anomaly
of 2.09%. The anomaly reaches up to 15% over Northern and Central Europe and the
Mediterranean coasts.
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Figure 10. Extreme indexes, mCEI, and mCEI anomaly for 2003.

As a second example, we investigated winter of 2010 anomalous cold conditions over
Northern and Western Europe due to the extreme persistence of the negative phase of the
North Atlantic Oscillation [54]. Figure 11 shows 10 extreme indexes, the annual mean and
the anomaly of mCEI for 2010. The temporal intensity of cold extremes is around 20% in
Northern Europe and reaches 24% over Scandinavia in 2010. Additionally, the persistence
of an atmospheric blocking resulted in an intense heatwave over Eastern Europe and
western Russia, which caused a great number of deaths and extensive wildfires in the
summer of 2010 [55–57], just after the transition to the La Nina conditions [58]. In this
year, warm extremes are intensified up to 22% over Eastern Europe and western Russia.
The temporal intensity of extreme drought is greater than 50% over western Russia, Israel,
Syria, and the northeast of Africa. The extreme precipitation rate is greater than 44%, the
fraction of extremely wet days exceeds 16%, and the intensity of extreme moist conditions
is greater than 50% over Central Europe, Italy, the south of Spain, and the north of Morocco.
As a result, the intensity of the exposure to the combined extremes (mCEI) is 41.17% with
a positive anomaly of 5.95% over the EURO–MED region in 2010. Positive anomalies
reach up to 10% over the north of Europe and 15% over western Russia, Central Europe,
the Adriatic coasts of the Balkans, Italy, Spain, the north of Morocco, and the Eastern
Mediterranean coasts. As the zonal averages, cold extreme indexes (TX10P, TN10P) become
the maximum for the whole study period between 55◦ N and 65◦ N latitudes, and warm
extreme indexes indicate localized extreme conditions around 55◦ N in 2010 (Figure 6). At
the same latitude band, the mCEI anomaly exceeds 10% (Figure 8a). It is clear that mCEI is
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able to capture anomalous conditions and is a convenient tool to obtain combined spatial
and temporal information about different types of extremes.

Figure 11. Extreme indexes, mCEI, and mCEI anomaly for 2010.

3.4. Countries and Cities Exposed to mCEI

Figure 12 presents the country-based annual mean of mCEI, climatological mean,
decadal trend, and p-values for 47 EURO–MED countries as a matrix. The highest clima-
tological means of mCEI, which are greater than the EURO–MED average (35.61%), are
observed in Israel, Syria, Tunisia, Lebanon, Cyprus, Greece, Moldova, Bulgaria, Italy, Alba-
nia, Romania, Turkey, Macedonia, Croatia, Portugal, Montenegro, and Ukraine. Positive
values of the decadal trend are higher than 1.24% decade−1 for Bulgaria, Israel, Hungary,
Slovakia, Serbia, Austria, Cyprus, Estonia, Albania, Syria, Italy, Bosnia and Herzegovina,
Turkey, Georgia, Croatia, Iceland, Ukraine, Belarus, and Romania. The trend for 12 of these
countries is statistically significant at 99% confidence level. These countries are generally
located in Eastern Europe, the Balkans, and the Mediterranean coasts and are exposed to
an increase in combined extremes as climate hotspot countries (Figure 8). On the other
hand, although there is a decreasing trend in eight countries, which are generally over the
west and north of the EURO–MED domain, changes are not significant (p-value > 0.05).
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Figure 12. Country-based annual and climatological means, and decadal trends of mCEI. Boldface country name indicates a
statistically significant trend at 95% confidence level.

For most countries in Europe, economic activities, employment, and wealth are con-
centrated in the urban areas [59]. The proportion of the people living in the urban areas of
Europe was nearly 75% in 2015 [59,60], and this rate is projected to exceed 80% by 2050 [60].
Therefore, mCEI analyses focusing on densely populated urban areas are beneficial for
taking action against the possible impacts of climate extremes on the human environment.
Thus, we analysed mCEI over the urban settlements of the EURO–MED region in addition
to country-based analyses. We calculated decadal trends of mCEI for the EURO–MED
region cities with at least one million in population (except for Dnipro, Oslo, Donetsk,
Thessaloniki, and Frankfurt). According to the population estimate of the United Nations
Population Division for 2015 [61], these cities are classified as major urban agglomerations.
Figure 13 presents the climatological mean of mCEI over the EURO–MED urban settle-
ments. It is clearly seen that densely populated capitals and major cities, such as Madrid,
Paris, London, Berlin, Milan, Istanbul, and Ankara, are captured by GHS-SMOD. The
climatological mean over the major urban areas is 35.84%, and mCEI varies between 32.5%
and 41.75% (Figure 14). There is an increasing trend of 0.9% decade−1, which is statistically
significant at 99% confidence level.
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Figure 13. mCEI climatology over the urban settlements of the EURO–MED region.

Figure 14. Spatial averages of mCEI over the urban settlements of the EURO–MED region.

Figure 15 shows city-based mCEI decadal trends for the major urban agglomerations
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of the EURO–MED region. Among these cities, Fes, Izmir, Marseille and Aix-en-Provence,
Tel Aviv, Tbilisi, Rostov-on-Don, Turin, Haifa, Ankara, Budapest, Kiev, Casablanca, Beirut,
Munich, Saint Petersburg, Hamburg, Zurich, Vienna, Bucharest, Alexandria, Gaziantep,
Rome, Athens, Konya, Sofia, Antalya, Moscow, and Minsk are subject to increased com-
bined extremes significantly at a 95% level of confidence. The decadal trend of these cities
ranges from 1.64% to 5%. The only significant decreasing signal is for Frankfurt at the
rate of −1.61% decade−1. These cities are generally in different geographical and climatic
zones over the EURO–MED region. Even if they are in the same country, they can exhibit
different tendencies, such as Hamburg and Frankfurt. Thus, mCEI analyses have a crucial
role in revealing the combined effects of climate extremes, even in the regions with diverse
climatic contrasts.

Figure 15. City-based decadal trends and climatological means of mCEI over the major urban
settlements of the EURO–MED region. Boldface city name indicates a statistically significant trend at
95% confidence level.
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4. Conclusions

Combining different types of indexes in a single index provides holistic information.
In this study, we developed mCEI, which is a convenient tool to obtain spatiotemporal infor-
mation with a compact set of multivariate climate change indexes, and investigated spatial
and temporal changes in extreme climatic conditions over the EURO–MED region with
10 climate change indexes. These extreme indexes were calculated using high-resolution
gridded temperature, precipitation, and drought datasets for the 1979–2016 period. For the
temperature extremes, there is a significant increasing trend in the warm extremes across
the EURO–MED region. Additionally, the magnitude of change in the daytime extremes
is higher compared to the night-time extremes. In terms of moisture surplus, there are
regional contrasts in the tendencies. On the other hand, arid conditions are significantly
on the rise over most of the study area, and there are regional increasing signals for the
dry days. The decrease in the R10P index indicates that the ratio of precipitation amounts
during dry days to the total precipitation has increased. In terms of extreme precipitation,
the increasing trend is significant, albeit low.

The analyses of mCEI indicate that the combined intensity of the extremes increases
significantly over the EURO–MED region at a rate of 0.98% decade−1. The major hotspots
are the Mediterranean coasts, the Balkan countries, Eastern Europe, Iceland, western
Russia, western Turkey, and western Iraq. The increasing trend in mCEI is significant
in 19 countries. In addition, mCEI increases over the urban extent of the EURO–MED
region at a rate of 0.9% decade−1. Among the major urban agglomerations, 28 cities
exhibit a significant increasing trend greater than 1.5% decade−1. In particular, some of the
Mediterranean cities become prominent based on the intensification of climate extremes,
and the highest trends of mCEI (>3.5% decade−1) have been calculated for Fes (Morocco),
Izmir (Turkey), Marseille and Aix-en-Provence (France), and Tel Aviv (Israel).

The results of this study support the previous findings on the recent shifts of extreme
climatic conditions over the Europe–Mediterranean major climate hotspot regions. The
Arctic sea ice extent has been decreasing since 1979 due to the warming in the Arctic circle.
The positive anomalies of mCEI captured the recent impact of the Arctic amplification
on the extremes at higher latitudes. In addition, snapshot analyses of 2003 and 2010
brought out the performance of mCEI in capturing the multiple anomalous conditions
that are associated with different types of extremes and atmospheric conditions. mCEI
provides valuable information regarding the multivariate extremes, but it has several
drawbacks. The current indexes in mCEI may create a bias toward low or high values
due to latitudinal effects. Indexes also differ in magnitude among themselves due to their
different characteristics and may affect the final value of mCEI. However, the zonally
averaged analysis applied in this study indicates that latitudinal divergence does not limit
the mCEI results specifically for the trend analysis. In addition, the indexes composing
mCEI should also be analysed individually to understand the drivers of the final mCEI. To
overcome these problems, standardization or a weighing approach would be beneficial.

This study provides an overview of extreme climatic events and forms a base for
assessing risk and take measures. The formulation of mCEI can be improved by imple-
menting all the extremes that can pose a threat under climate change, such as wildfires and
tornadoes. The use of high-resolution data makes mCEI a convenient tool for city-based
analyses. The population living in the urban extent of Europe is projected to exceed 80% by
the half of the 21st century. Utilizing mCEI with the IPCC-based future climate simulations
would also be beneficial to develop risk assessment strategies considering the exposure,
adaptation capacity, and sensitivity of the societies.
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