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Abstract A fundamental key to understanding climate change and its implications is the availability of
databases with wide spatial coverage, over a long period of time, with constant updates and high spatial
resolution. This study describes a newly gridded data set and its map viewer “European Climatology and
Trend Atlas of Climate Indices” (ECTACI), which contains four statistical parameters (climatology,
coefficient of variation, slope, and significant trend) from 125 standard climate indices for the whole Europe
at 0.25° grid intervals from 1979 to 2017 at various temporal scales (monthly, seasonal, and annual). In
addition, this study shows, for the first time, the general trends of a wide variety of updated standard climate
indices at seasonal and annual scales for the whole of Europe, which could be a useful tool for climate
analysis and its impact on different sectors and socioeconomic activities. The data set and ECTACI map
viewer are available for free (http://ECTACI.csic.es/).

1. Introduction

Climate has a strong impact on different sectors of society, such as tourism (Amelung & Viner, 2006;
Nicholls & Amelung, 2008), human health (IPCC, 2013; Woodward et al., 2014), agriculture (Fischer
et al., 2005; Koufos et al., 2018; Moral et al., 2017; Piticar et al., 2018), and ecology (Easterling et al., 2000),
among others. Furthermore, economic sectors largely dependent on weather conditions (agriculture, water
resources, fisheries, tourism, etc.) are increasingly conditioned by the impacts from climate change (Hoegh-
Guldberg et al., 2018). Extreme weather events cause economic loss, as well as to human lives, which
together with a society that has become more vulnerable point to the urgent need to increase our knowledge
on climate change (Easterling et al., 2000) and for climate information.

Researchers, policy makers, and the general public are demanding climate services that are more readily
applicable to specific areas of society. However, some sectors such as tourism, energy, and agriculture
demand tailored information that is not usually directly available. For example, some sectors are affected
by the combination of meteorological variables; for example, the combination of temperature, relative
humidity, and solar radiation is important for the human comfort index, which is used in public health mon-
itoring (Di Napoli et al., 2018; Goldie et al., 2019). However, other sectors need information on mean values
in a specific period of the year, for example, agriculture during the growing season. To meet these demands,
a huge amount of specific climate indices have been created from raw climate variables (Easterling
et al., 2003; Yu et al., 2009).

Climate indices are important indicators of the state and changes in the climate system (Williams &
Eggieston, 2017). Each climate index is based on certain parameters and describes statistical characteristics
defining a time series of climate variables, such as its mean, extreme, or trend. Over the past decades, several
studies have analyzed changes in climate indices in various regions and periods. WorldClim (Hijmans
et al., 2005) global space coverage is a set of global climate layers containing average monthly gridded cli-
mate data for the period 1970-2000 at different spatial resolutions. This data set includes the minimum,
mean, and maximum temperature, precipitation, and derived bioclimatic indices. Alexander et al. (2006)
also used global space coverage to make a study on the changes in daily climate extremes of temperature
and precipitation for different periods. In Europe, studies have analyzed changes in climate indices. The
joint CCI/CLIVAR/JCOMM Expert Team (ET) on Climate Change Detection and Indices (ETCCDI)
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developed a suite of climate change indices primarily focusing on extremes (Alexander et al., 2006; Frich
et al., 2002; Klein Tank & Konnen, 2003; Klein Tank et al., 2009) and developed software to calculate climate
indices. The core set of 27 extreme indices developed by ETCCDI is commonly used in climate studies world-
wide, for example, China (Hong & Ying, 2018), India (Panda et al., 2016), and Europe (Van den Besselaar
et al., 2013).

On the other hand, the EMULATE project (European and North Atlantic daily to MULtidecadal climate
variability) carried out systematic mapping of the trend observed in 64 temperature and precipitation indices
based on daily instrumental records for the period 1901-2000 (Moberg et al., 2006); however, access is lim-
ited (Chen et al., 2015). Additionally, Klein Tank and Kénnen (2003) examined trends in the six indices for
daily temperature and seven indices for precipitation extremes for the period 1946-1999 from more than 100
stations in Europe. This study found symmetric warming of the cold and warm tails on the distribution of
daily minimum and maximum temperatures for several periods: from 1946 to 1975, slight cooling occurred,
and from 1976 to 1999, warming became more apparent, and the number of wet days increased. The same
study also indicated the need to carry out research using a higher density of weather stations. Several studies
on the trend of climate indices have also been carried out on a national level, for example, China (Yin et al.,
2015), the western Indian Ocean (Vincent et al., 2011), the United States (Heim, 2015), southwestern Spain
(Moral et al., 2017), Turkey (Toros, 2012), and Cyprus (Katsanos et al., 2018), among others. General conclu-
sions and questions emerge from these findings: (i) the low density of weather stations and especially their
irregular spatial distribution has not prevented a comprehensive picture of the climate indices from being
obtained; (ii) most studies focus on temperature and precipitation indices, with very few involving other
types of climate indices; (iii) most studies focus on climatic indices that evaluate extreme events.

This paper aims to provide a comprehensive analysis of the climatology and recent temporal evolution of
seasonal and annual values from 117 climate indices covering the whole of Europe in the period 1979-
2017. Following an exhaustive literature review, these were deemed the most important ones for the priority
sectors of the Global Framework for Climate Services, that is, agriculture, disaster risk reduction, energy,
health, water, and tourism. This was the first time a wide variety of climate indices for the whole of
Europe had been used and estimated with updated data and high spatial resolution. The main objectives
were (i) to generate a spatial climatology from the indices in order to understand climate characteristics
beyond the climatology of average values and (ii) to find changes in these indices over the last four decades
at seasonal and annual scales. Furthermore, this study presents a new gridded data set and map viewer
(ECTACI: European Climatology and Trend Atlas of Climate Indices) showing monthly, seasonal, and
annual climatology, coefficient of variation, and trend from 125 climate indices in Europe (1979-2017).

2. Data and Methods

2.1. Climate Indices

This study uses the “ClimInd” package within the R platform (https://cran.r-project.org/web/packages/
ClimInd/index.html) to compute 125 climate indices at monthly, seasonal, and annual temporal frequency
for Europe (125 at monthly scale and 117 at seasonal and annual scales). The specific definition for each
index can be seen in Figure 1, and details of the climate index data set can be found in Dominguez-Castro
et al. (2020). The 125 climate indices were selected from a review of the literature (Alexander et al., 2006;
Frich et al., 2002; Klein Tank & Konnen, 2003; among others) and their impact on the high-priority sectors
(agriculture, disaster risk reduction, energy, health, water, and tourism) and grouped into eight categories:
temperature (42), precipitation (21), bioclimatic (21), aridity/continentality (10), cloud/radiation (5), wind
(6), snow (12), and drought (8).

A gridded database of the 125 climate indices was generated from the European Climate Assessment and
Dataset (ECA&D) E-OBS-gridded data set v17.0 (Cornes et al., 2018) and the ERAS5 reanalysis database
(Copernicus Climate Change Service, 2017). The ECA&D contains quality-controlled meteorological
records, sourced from the European National Meteorological Services, and the E-OBS is the gridded data
set based on the information from these stations. The ERAS is the latest generation of the reanalysis data
set developed by the European Center for Medium-Range Weather Forecasts (EWMF). We used ERAS data
to obtain the climate variables not found in the observational data set. In spite of the different characteristics
of both databases, we unified the criteria of the two to work with the same spatial cover (0.25°, 12,280 time
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CFD  Maximum consecutive frost days CcDD Longest dry period AT Apparent temperature

CSD  Maximum number of consecutive summer days !! CWD Longest wet period BIO4 Temperature seasonality

CSDI  Cold spell duration D50mm  Heavy precipitation days BIO5  Maximum temperature warmest month

D32 Days with maximum temperature > 32°C D95p Very wet days BIO6  Maximum temperature coldest month

DD17 Difference days above/below with TXx 17°C DD Dry days BIO7  Difference warmest/coldest month

DTR  Diurnal temperature range DR1mm  Wet days Tmm BIO8  Mean temperature of wettest quarter

ETR Extreme temperature range DR3mm  Wet days 3mm BIO9  Mean temperature of driest quarter

FD Frost days EP Effective precipitation BIO10 Mean temperature of warmest quarter

GD4  Growing degree days GSR Growing season precipitation (Apr-Oct) BIO11 Mean temperature of coldest quarter

GSL  Growing season length MFI Modified Fournier Index BIO13 Precipitation of wettest month

GTG  Mean average temperature NGSR Non-growing season precipitation (Oct-Apr) BIO14 Precipitation of driest month

GTN  Mean minimum temperature PCI Precipitation Concentration Index BIO15 Coefficient of variation precipitation

GTX  Mean maximum temperature PRCPTOT Total precipitation wet days BIO16 Precipitation of wettest quarter

HD17 Heating degree days R10mm  Days precipitation > 10mm BIO17 Precipitation of driest quarter

ID Ice days R20mm  Days precipitation > 20mm BIO18 Precipitation of warmest quarter

NTG  Minimum mean temperature R95tot  Precipitation fraction very wet days BIO19 Precipitation of coldest quarter

0GS6  Onset of growing season 6 days R99tot  Precipitation fraction extremely wet days BIO20 Mean radiation

0GS10 Onset of growing season 10 days RT Total precipitation HI Heat index

PTG  Sums positive RX1day = Maximun precipitation M Mould index

STN10  Sums minimum temperature < 10°C Rx5day = Maximum 5 days precipitation UTCI  Universal thermal climate index

STN15 Sums minimum temperature < 15°C SDIIl Simple daily intensity index WCI Wind chill index

STX32 Sums maximum temperature > 32°C i SDIIl Simple daily intensity index

SU  Summer days  Wind

Tm_s Grow"}g season{May-5ep) CMD  Climatic moisture deficit : :

TN10p Cold mg_hts EAl Emberger aridity index ASD Average snow depth

TN90p Warm nights ETo  Reference evapotranspiration FPSC Date of first permanent snow cover

TNn  Minimum minimum temperature 5l Johansson Continentality Index FSC Date of first snow cover

TXn  Minimum maximum temperature Kol Kerner Oceanity Index FSD Frequency of snow days

TR Tropical nights MAI De Martonne aridity index HSD Heavy snowy days

TX10p Cold days MOl Marsz Oceanity Index LPSC  Date of last permanent snow cover

TX90p Warm days PiCl  Pinna Combinative index Ms Maximum snow depth

TNx  Maximum minimum temperature UAI UNEP aridity index MSD Mild snowy days

TXx  Maximum maximum temperature SCD Amount of snow covered days

VCD  Very cold days Aridity/Continentality Snow days depth 1-10

vDTR  Mean daily difference DTR Snow days depth 10-20

VWD  Very warm days DFx21 Days wind gusts above 21 m/s SS Snowfall sum

WKI  Winkler index FG Mean of daily mean wind strength

WS Winter Severity FG6Bft Days daily averaged wind above 10.8m/s 1

XTG  Maximum mean temperature FXx Daily maximum wind gust N .

ZCD  Zero crossing days Standardized precipitation index 1
Cloud/Radiation Standardized precipitation index 3

, — Standardized precipitation index 6

A Atmosph_e ric Clarity Index i SPI12  Standardized precipitation index 12
CC  Mean daily cloud cover | SPEI1  Standardised Precipitation-Evapotranspiration Index 1
FOD  Foggy days ! SPEI3  Standardised Precipitation-Evapotranspiration Index 3
SND  Sunny days . i SPEI6  Standardised Precipitation-Evapotranspiration Index 6
SsD Sum O.f sunshln_e durat]qn ! SPEI2 Standardised Precipitation-Evapotranspiration Index 12
SSp Sunshine duration fraction !

Figure 1. Climate indices (abbreviation and definition) used in this study.

series), temporal (monthly, seasonal, and annual), and period (1979-2017) throughout Europe. In some
cases, the climate index was calculated only on annual scale. Indices requiring a base period for their calcu-
lation took the entire period as a reference (i.e., TX10p, TX10p, CDD, VCD, VWD, TX90p, TN90p, WSDI,
R95tot, R99tot, and D95p).

2.2. Statistical Analysis

The study obtained four statistics for each climatic index and for 12,280 series covering Europe at monthly,
seasonal, and annual scales for the whole period (1979-2017): (1) mean climatology, (2) coefficient of varia-
tion in order to find the interannual variability, (3) slope of the linear model in order to find the magnitude of
change, and (4) trend significance by means of the Mann-Kendall test. The linear trend was estimated by the
ordinary least squares method; which is widely used in climate studies (Kiktev et al., 2003; Moberg &
Jones, 2005; Moberg et al., 2006). The trend significance at levels of p < 0.05 and p < 0.01 was evaluated with
the Mann-Kendall test taking into account serial correlation (Alexander et al., 2006; Kiktev et al., 2003).
Positive/negative signals are expressed by colors (red/blue), and the significance in the Mann-Kendall test
is shown by three color variations, not significant, significant at p level < 0.05 and significant at p level < 0.01.
The ECTACI data set and map viewer contain the spatial distribution of the four statistics: climatology, coef-
ficient of variation, slope, and significant trend. The statistical analyses applied to the 125 climate indices
were checked for consistency in their spatial distribution from map viewer.

For the first time, many of the climate indices were included in the same spatial and study period at different
temporal scales. Consult Figure 1 when analyzing the results and discussion section of this study, which
includes abbreviations, names, and temporal scales of the climate indices. In the results section, the
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climatology and trend of the 117 indices at seasonal and annual scales are shown by percentage of land with
positive and negative trends in all indices and spatial distribution of statistics of those selected which are a
good example of the rest of the indices of each category (temperature, FD and GTG; precipitation, RT;
aridity/continentality, CDM; cloud/radiation, CC and SSp; wind, FXx; and snow, FSD; see Figure 1 for
abbreviations used). The selected climate indices belong to each category in the study and represent an
example of the behavior of the other indices according to their category. Furthermore, it presents a new
gridded data set and map viewer (ECTACI) showing the monthly, seasonal, and annual climatology, coeffi-
cient of variation, and trend of the 125 climate indices in Europe (1979-2017).

All statistical procedures, maps, and plots used the R statistical programming language (R Core Team and R
Development Team Core, 2017), packages “ClimInd” climatic indices; ncdf4 for NetCDF format; maptools,
maps, rgeos, raster, and rgdal for spatial data manipulation; and ggplot2 for mapping and plotting.

3. Results

3.1. Annual and Seasonal Trends of Climate Indices Throughout Europe

3.1.1. Climatology of Climate Indices Throughout Europe

The spatial climatology of selected climate indices across the Europe is shown in Figure 2 through reporting
statistical parameters (mean and coefficient of variation) for each grid cell of the ECTACI data set at annual
scales from 1979 to 2017. Maximum values from FD index climatology (Figure 2a) were recorded over north-
ern Europe (Norway, Sweden, Finland, and Iceland) and mountain areas (Alps, Carpathians, and Pyrenees),
while minimum values were recorded in southern Europe, especially in the Mediterranean area. The clima-
tology of GTG (Figure 2b) and SSP (Figure 2f) indices has a strong latitudinal component, with maximum
values in the south and minimum values in the north of the study area. The opposite is true of the CC index
(Figure 2e), which has maximum values in the north and minimum values in the south. The maximum cli-
matology from the RT index (Figure 2c) was measured in the northwest of the Scandinavian Peninsula,
British Isles, Iberian Peninsula, and the Alps. CMD index maximum values (Figure 2d) were recorded in
the south of the Iberian Peninsula. On the other hand, the FXx index (Figure 2g) showed a west-east spatial
pattern, with maximum values in the west and minimum values in the east. The maximum FSD index cli-
matology (Figure 2h) was measured in the Scandinavian Peninsula, Iceland, and mountain areas, while
minimum values were found in southwest Europe, especially in the Iberian Peninsula. Lastly, the spatial
variability of the selected climate indices is illustrated by the coefficient of variation (Figure 2).

3.1.2. Spatiotemporal Annual Trends of Climate Indices Throughout Europe

In general, the spatial variability of the trend in annual climate indices is important. Spatial behavior can be
summarized into three categories: (i) climate indices with a high percentage of land (more than 75%) with a
positive trend, (ii) climate indices with a high percentage of land (more than 75%) with a negative trend, and
(iii) climate indices that do not show a clear positive or negative trend (more than 25% and less than 75% of
the land). The trend in annual climate indices can be observed in Figure 3, which depicts the percentage of
land with positive or negative trends, significant (p level < 0.05) or not significant (p level > 0.05) of the 117
climate indices at annual scale in Europe. Following the order of the previously defined categories, the cli-
mate indices showing more than 75% of land with a positive trend are for temperature (CSD, DD17, GD4,
GSL, GTG, GTN, GTX, NTG, TNn, TXn, PTG, SU, Ta_o, Tm_s, TN90P, TX90P, VWD, WKI, WS, WSDI,
XTG, TNx, and TXx), for aridity/continentality (ETo), and for cloud/radiation (ACI, SND, SSD, and SSp).
On the other hand, the climate indices with a negative trend in more than 75% of land are for temperature
(CFD, CSDI, FD, HD17, ID, OGS10, OGS6, STN10, STN15, TN10P, TX10P, and VCD), for
aridity/continentality (KOI), for cloud/radiation (CC and FOD), and for snow (ASD, FSD, LPSC, MS,
SCD, SD0_10, and SS). Finally, climate indices that do not show a clear positive or negative trend (more than
25% and less than 75% of land) are for temperature (DTR, ETR, vDTR, and ZCD), for wind (DFX21, FG,
FG6BFT, fgcalm, and FXx), and for snow (FPSC and FSC). The major part of the precipitation and
aridity/continentality indices are characterized by a very diverse trend throughout space. The snow indices
HSD and SD10-20 do not have a clear spatial representation of the trend (less than 25% of land with positive
and negative trends).

From the previous results, general patterns in the annual trend of categories in the study could be extracted,
summarized in Figure 4. The temperature indices were divided between those with a negative trend and
indicated cold days and nights, such as the FD index (Figure 4a), while other indices showed a positive
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Figure 2. Annual spatial distribution of the climatology and variability of eight climate indices for Europe in the period 1979-2017. Each index belongs to one of
six categories: temperature, (a) FD and (b) GTG; precipitation, (c) RT; aridity/continentality, (d) CMD; cloud/radiation, (e) CC and (f) SSP; wind, (g) FXx; and

snow, (h) FSD.

trend and indicate warm days and nights, such as the GTG index (Figure 4b). Most precipitation indices had
a large spatial variety in their trend, for example, RRT (Figure 4c). The indices included in the bioclimatic
category were divided between the ones with trends very similar to those of temperatures and those that
are similar to precipitation. The aridity/continentality indices showed spatial differences in their trends,
for example, CMD (Figure 4d). On the contrary, indices included in the cloud/radiation category differed
between those reflecting the characteristics of the cloudiness with a negative trend, for example, CC
(Figure 4e), and those reflecting the characteristics of the radiation with a positive trend, for example, SSP
(Figure 4f). The indices in the wind category did not generally show a clear trend, but were sometimes
negative, for example, FXx (Figure 4g). Finally, the indices included in the snow category showed a
negative trend, with the exception of the very coldest areas in Europe, for example, FSD (Figure 4h).

In the trend analysis, in addition to obtaining the sign and significance of the trend, we analyzed the mag-
nitude of change. Figure 5 shows the spatial distribution of the magnitude of trend in each selected climate
index. The major decrease in the FD index (Figure 5a) was located in the inland areas of Europe, while a
strong increase in the GTG index (Figure 5b) occurred in the same area. On the other hand, a clear decrease
in the RT index (Figure 5c) was observed in France and its surroundings. The CMD index (Figure 5d)
showed spatial differences in their trends, with the largest increase in the south and the largest decrease
in the north of the study area. The CC (Figure 5e) and SSP (Figure 5f) indices had an opposite trend, with
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Figure 3. Percentage of land with a positive or negative trend, significant (p level < 0.05) or nonsignificant
(p level > 0.05) of the 117 climate indices at annual scale in Europe. The bold, underlined, and italic indices indicate more
than 75% of land with positive or negative trend.

the largest decrease in trend found in the CC index and the largest increase in trend in the SSp index
corresponding to inland areas of Europe. The FXx index (Figure 5g) showed great spatial variability, with
a high increase in some areas, such as the Scandinavian Peninsula, and other areas with a decrease, for
example, Ireland. Finally, the maximum decrease in the FSD index (Figure 5h) was observed in the
Scandinavian Peninsula, Iceland, British Islands, and the inland areas of Europe.

3.1.3. Spatiotemporal Seasonal Trends of Climate Indices Throughout Europe

In addition to the differences observed in the trends of the defined categories, spatial and seasonal differ-
ences could also be found. The spatial differences seen in the trends are complex to analyze since there is
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Figure 4. Spatial distribution of the trend of eight climate indices. Each index belongs to one of six categories: temperature, (a) FD and (b) GTG; precipitation,
(c) RT; aridity/continentality, (d) CMD; cloud/radiation, (e) CC and (f) SSP; wind, (g) FXx; and snow, (h) FSD at the annual scale for Europe (1979-2017). The
positive/negative signal is shown in color (red/blue), and the significance from the Mann-Kendall test is given in three colors variations, nonsignificant,
significant at p level < 0.05 and significant at p level < 0.01.
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Figure 5. Spatial distribution of the magnitude of the trend of eight climate indices at annual scale for Europe (1979-2017). Each index belongs to one of six cate-
gories: temperature, FD and GTG; precipitation, RT; aridity/continentality, CMD; cloud/radiation, CC and SSP; wind, FXx; snow, FSD.

no continuous pattern, due to several causes, such as orography, areas distant from the sea and latitude,
among others. There were different patterns in the seasonal trend of the climate indices selected for the per-
iod and study area, which are summarized in Figure 6 and Table S1 in the supporting information.

Figure 6 contains the percentage of land with a significant trend in more than 25% of the land in all season.
The temperature indices with a significant trend in more than 25% of the land in all seasons but having a
positive signal are GTG, GTN, GTX, TNn, and TN90p, while those with negative signal are HD17 and
TN10p. On the other hand, the temperature indices with a significant trend in more than 25% of the land
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in spring and summer and, occasionally, also in autumn with a positive signal are NTG, TXn, TX90p, TNXx,
XTG, and TXx, while a negative signal is found in TX10p. There are some temperature indices with positive
and negative trends in different seasons, for example, DTR with a negative trend in winter and a positive
trend in spring and summer and vDTR with a negative trend in autumn and winter and a positive trend
in spring. Lastly, the WSDI index has a positive trend in summer and autumn, and VCD has a negative trend
in summer. The temperature indices based on a threshold (e.g., FD, CFD, GD4, DD17, OGS6, OGS10, ID,
and ZCD) are not included in this section because it is not possible to make a seasonal comparison.

For precipitation indices, the trend is only significant in more than 25% of the land in the EP index, with a
negative trend in summer. Moreover, the aridity/continentality indices do not have a clear significant trend
throughout the study area; only the ETo index has a positive trend in spring and summer, and CMD has a
negative trend in winter and positive trend in summer. In all case, the cloud/radiation indices show a clear
significant trend in spring and summer with a positive signal in the SSD, SSP, and ACI indices, and negative
signal in CC and FOD. The wind indices do not show a significant trend. Finally, the snow category has a
significant negative trend in winter, spring, and autumn in the ASD and MS indices, while this changes to
the FSD and SCD indices in spring and the SCD index in autumn. Most climate indices show that the seasons
with the largest changes in their signal trends are summer, followed by spring and autumn, while winter
returns the lowest percentage of land affected by changes in trends.

Figure 7 shows the spatial distribution of the seasonal trends of the eight indices selected, ordered by cate-
gories. In the temperature category, the FD index shows a significant negative trend in most of the territory
in winter, spring, and autumn (Figure 7a), while the GTG index has a significant positive trend for the whole
of Europe in spring, summer, and autumn (Figure 7b). In precipitation category, RT does not show a clear
significant trend (Figure 7c). For aridity/continentality, CMD has two spatial patterns, a significant positive
trend in south and a significant negative trend in north of the study area, especially in spring and summer
(Figure 7d). Cloud/radiation shows a significant negative trend in the CC index (Figure 7¢) and a positive
trend in SSP (Figure 7f) in spring and summer across most of the territory. In the wind category, the FXx
index does not show a clear significant trend (Figure 7g). Finally, there is a negative trend in the FSD index
in winter, spring, and autumn in the snow category (Figure 7h).

3.2. Features of the ECTACI Data Set and Map Viewer

The climatology, coefficient of variation, slope, and trend significance statistics of 125 climate indices at
monthly, seasonal, and annual scales for Europe (1979-2017) are included in the ECTACI map viewer.
This viewer is structured on different levels (Figure 8): the first level corresponds to the eight categories (tem-
perature, precipitation, bioclimatic, aridity/continentality, cloud/radiation, wind, and snow), the second to
the climatic index in each category, the third to the four statistics (climatology, coefficient of variation, slope,
and significant trend), and the fourth level to the temporal scale (monthly, seasonal, and annual).

The monthly scale can be selected from 1 January to 12 December, while the seasonal scale ranges from 1
(winter: DJF) to 4 (autumn: SON). The ECTACI viewer includes basic information on the climate index
(ID, name, description, importance, and time scale). Furthermore, the viewer can display the exact value
of each statistic together with the graphic representation used by the legend (Figure 9). All information avail-
able in the ECTACI map viewer can be downloaded in 3-D NetCDF 4 format, available on the website http://
ECTACT.csic.es/, maintained by the Spanish National Research Council. Each file download has an array of
longitudes (464) x latitudes (201) X time (39 annual scales, 156 seasonal scales, and 468 monthly scales) for
the period 1979-2017.

4. Discussion
4.1. Spatiotemporal Annual Trends of Climate Indices Throughout Europe

Assessing climate processes and impact is highly complex, since they are difficult to quantify and because of
their subjectivity. In this context, the climate indices are useful tools in understanding the variability and
impact of the climate on important sectors of society. Climate indices monitor the variations and changes
in climate by examining different aspects of the raw variables; therefore, they usually help to inform users
of the state of the climate. However, robust climate indices require databases built over the long term and
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Figure 7. Spatial distribution of the trend of eight climate indices. Each index belongs to one of six categories: temperature, FD and GTG; precipitation, RT;
aridity/continentality, CMD; cloud/radiation, CC and SSP; wind, FXx; snow, FSD at seasonal scale (winter, spring, summer, and autumn) for Europe
(1979-2017). The positive/negative signal is shown in color (red/blue), and the significance from the Mann-Kendall test is given in three colors, nonsignificant,
significant at p level < 0.05 and significant at p level < 0.01.
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Figure 8. Structure level of the ECTACI map viewer.

characterized by high spatial resolution and extended spatial coverage so that they provide reliable informa-
tion that is a true reflection of the dimension of climate change and its implications.

In this study, a special effort has been made to unify a large number of climate indices and analyze their tem-
poral evolution throughout the study area (Figure 2). There are several studies on temperature and precipi-
tation indices which quantify extremes (e.g., TN10p and TX90p), crossing thresholds (e.g., R10mm and
R20mm), and the average (e.g., GTG, GTX, and GTN) (Alexander et al., 2006; Frich et al., 2002; IPCC,
2013; Klein Tank & Kénnen, 2003; Moberg et al., 2006; Zhang et al., 2011). There are other less frequent cli-
mate indices that have heavy repercussions in certain sectors of society, such as agriculture, for example,
GD4, OGS6, PTG, and GSR (Gabriels, 2006; Karl et al., 1999; Klein Tank et al., 2009; Martin-Vide, 2004,
Winkler et al., 1974). Bioclimate indices are obtained from the WorldClim data set (Fick & Hijmans, 2017;
Hijmans et al., 2005), which has been used extensively in agricultural, ecological, and hydrological assess-
ments (Fick & Hijmans, 2017). There are other less frequent bioclimate indices which have importance in
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Figure 9. Web tool to visualize the statistics (climatology, coefficient of variation, slope, and significant trend) of the 125 standard climate indices in the ECTACI
viewer and download the entire data set.
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tourism and health sectors like UTCI, MI, HI, WCI, and AT (Brode et al., 2012; Di Nappoli et al., 2018;
Osczevski & Bluestein, 2005; Steadman, 1984).

The aridity/continentality indices are widely used in the ecology and agriculture sectors, due to the impor-
tance of plant-available water, for example, BI, JCI, KOI, PiCI, MAI, and MOI (Baltas, 2007; Creed
et al., 2014). In addition, there are studies indicating that climate change will increase aridity globally as
the rising temperatures drive up rates of evapotranspiration (Dai, 2011), so different aridity indices are
applied, such as CMD, UAI, ETo, and EAI (Chiew et al., 1995; Girvetz & Zganjar, 2014; Huang et al.,
2016; McGregor et al., 1988). Most studies on cloudiness and radiation use data from surface solar radiation
or sunshine indices, for example, SSD, SSP, and CC (Sanchez-Lorenzo et al., 2008, 2015; Stjern et al., 2009;
Wwild, 2009).

In addition, the cloud/radiation indices are used to assess tourism and leisure facilities, for example, FOD
and SND (Blazejczyk, 2006; Rudel et al., 2007). Wind energy is nonpolluting cost-effective and renewable,
so wind indices, such as DFx21 and FG6Bft, are a valuable source of information (Azad et al., 2010). In addi-
tion, wind has substantial impact on society and the environment (human safety, maritime, and aviation
activities, among others). For this reason, the FG and FXx indices are very useful in recognizing the temporal
evolution of mean and maximum wind gust (Azorin-Molina et al., 2016).

On the other hand, the fgcalm index is valuable in studies on pollution in urban areas (Croxford et al., 1996).
Finally, snow indices are widely used to assess the relationship between the winter tourism demand and
snow depth, for example, ASD and MS (Falk, 2010; Pickering, 2011). Fontrodona Bach et al. (2018) indicated
a decrease in maximum and mean snow depth over Europe, and this has strong implications for the avail-
ability of fresh water in spring.

This study has compiled the general trend from the wide variety of climate indices at seasonal and annual
scales for Europe (1979-2017). In general, the results obtained are consistent with the review of the litera-
ture. The analysis of trends in temperature indices at annual scale showed general warming during the study
period 1979-2017; the indices for cold days and night had a negative trend, while the warm days and nights
showed a positive trend (Alexander et al., 2006; Frich et al., 2002; Klein Tank & Konnen, 2003; IPCC, 2013).
Klein Tank and K6nnen (2003) indicated positive trends in Europe for the indices of wet extremes from 1976
to 1999. Similarly, Frich et al. (2002) highlighted a significant increase in most heavy precipitation indicators
for parts of Europe from 1946 to 1999. However, Alexander et al., 2006 found that the trend of precipitation
indices had poor spatial coherence for the period 1951-2003. In this study, the majority of precipitation
indices did not show a general trend for the whole of Europe, but depending on the index, large spatial dif-
ferences were found. For example, the RT index had a positive trend in the northern and central areas of
Europe, but western regions returned a negative trend.

A number of previous studies showed declining rates of near-surface wind speed (termed “stilling”), which
has a significant effect on the climate, such as atmospheric evaporative demand (McVicar et al., 2012;
Vautard et al., 2010). In this study, a negative trend predominated in the wind indices but was not significant
in the major part of the study area. On the other hand, this study showed that the indices relating to cloudi-
ness (CC and FOD) had a negative trend, while those for radiation (ACI, SND, SSD, and SSp) were positive.
Since the 1980s, there has been stabilization and recovery in surface shortwave radiation (termed “brighten-
ing”) in many regions of the world (Sanchez-Lorenzo et al., 2015). There are studies explaining the bright-
ening phenomenon due to variations in anthropogenic aerosol emissions and/or cloudiness (Wild, 2009;
Sanchez-Lorenzo et al., 2015). Furthermore, Tang et al. (2012) demonstrated that summer temperatures
in Europe have undergone a dramatic rise in tandem with decreased cloud cover and increased surface solar
radiation. Finally, snow indices returned a negative trend across most of the territory studied. This agreed
with the study by Kunkel et al. (2016) that indicated the maximum snow depth decreased in European sta-
tions from 1960 to 2015. In addition, Fontrodona Bach et al. (2018) found decreases in maximum and mean
snow depth across Europe, except in the coldest climates, from 1951 onward.

4.2. Spatiotemporal Seasonal Trends of Climate Indices Throughout Europe

The overall results of trend estimation, taking into account the signal and significance trend over most of the
territory studied, show clear seasonality according to the climate indices. For temperatures, the daily, max-
imum, and minimum mean temperatures, the number of warm nights, and the temperature of the coldest

PENA-ANGULO ET AL.

11 of 17

85UB0| SUOLILD @AIIERID B|e dde au Ag peusenob a1e 9oL O (SN J0 3|1 104 A%l 8U1IUO ABJIM UO (SUORIPUOO-PUE-SLLLBI 0D A 1M ARRIq 1 BUIIUO//SUNU) SUORIPUOD PUe SLie L 3 89S *[9202/20/2T ] U0 Akeiqiauliuo A811m ‘(PepIUeS 8p OLBISIUIIN) UOSIAOIG UOIEN BUBIUR0D USIUedS AQ 86/260Ar0202/620T 0T/10p/wod A3 |im Ateiqifeuluo'sqndnBie//sdny woiy pepeojumoq ‘9T ‘0202 ‘9668691



AP~ .
N\I Journal of Geophysical Research: Atmospheres 10.1029/2020JD032798

ADVANCING EARTH
AND SPACE SCIENCE

nights increased in all seasons. Conversely, the number of cold nights and the heating degree days, a mea-
sure for the energy needed to heat buildings, decreased throughout Europe in all seasons. However, the
number of warm nights and the maximum and minimum of the mean and maximum temperatures
increased, while the number of cold days decreased in summer and spring and occasionally in autumn.
There are abundant studies on the temperature trends in Europe; however, the comparison between them
is complex, since the temporal scale (annual or seasonal) or the spatial resolution varies in the study period.
Moberg and Jones (2005) highlight “the warming of winters during 1946-99 occurred in both the warm and
cold tails for both Tmax and Tmin, with the largest warming in the cold tail for Tmin.” Klein Tank and
Konnen (2003) indicated an increase in temperature variability due to stagnation in the warming of the cold
extremes. The increase in temperatures affects the hydrological cycle and also has serious implications for
natural ecosystems, human health, and the economy, among others.

The DTR and vDTR indices (two measures of the difference between night and day records) had different
signal trends depending on the season; for example, VDTR had a negative trend in winter and autumn but
is positive in spring. The DTR index has a negative trend in winter but was positive in summer and spring.
The DTR enables the changes in the maximum and minimum temperature to be interpreted to gain insights
into the physical processes controlling surface temperatures (Collatz et al., 2000). Some authors state that
there are seasonal differences in the DTR due to differences in cloudiness and insolation (Gallo et al., 1996;
Lindvall & Svensson, 2015), but the reasons for large variations in time and space are unclear (Lewis &
Karoly, 2013). This study shows there is a strong seasonal relationship between radiation, cloudiness and
DTR. The percentages of land with a significant positive trend in DTR, CC, and SSP indices are 7%, 11%,
and 4% in winter, 44%, 0%, and 55% in spring, 38%, 0%, and 64% in summer, and 13%, 2%, and 6% in autumn,
respectively (Figure 6). The increase in radiation and decrease in cloudiness in summer and spring gave a
positive trend in the DTR, due to the maximum temperature increase being higher than the minimum tem-
perature (Dai et al., 1999). However, the opposite case was observed in winter with a significant positive
trend across most of the land in the CC index and a small percentage in the SSp index, which led to more
than two fifths of the land returning a significant negative trend in the DTR index (41%, Figure 6).
Cloudiness reduces the DTR by decreasing surface solar radiation, so the minimum temperature increases
more than the maximum (Dai et al., 1999). The percentage of land with a significant trend in DTR, CC,
and SSP indices in autumn was very low, and it is not possible to obtain a clear signal. Nonetheless, the
causes explaining the evolution of the DTR are not clear since there are other factors, such as vegetation,
and its seasonal cycle that also strongly influences soil moisture, the fluxes of sensible, and latent heat,
among others affecting the DTR (Zhou et al., 2007).

As previously suggested, the trend of radiation and cloudiness is linked to the temperature trend. The tem-
poral changes in the cloud cover alter the surface-atmosphere heating distribution, due to the dominant
influence of cloud on the energy balance of the Earth's climate through the cooling effect of albedo and
greenhouse warming (Sun et al., 2000). In this study, the cloud/radiation indices showed a significant trend
over most of the territory in spring and summer, with a positive trend in radiation indices (SSD, SSP, and
ACI) and negative in cloudiness indices (CC and FOD). Trends of all-sky downward surface solar radiation
from satellite-derived data over Europe (1983-2010) show a widespread increase in across most of Europe,
especially in springtime (Sanchez-Lorenzo et al., 2017). The mean annual SSR series showed an increase
from the mid-1980s to the early 2000s (i.e., global brightening) mainly due to anthropogenic aerosol emis-
sions and/or cloudiness (Wild, 2009). According to Sanchez-Lorenzo et al. (2015), the recent brightening
takes place primarily in spring and summer and in the eastern and central regions of Europe, as shown in
the results of this study.

Cloud cover change has a strong impact on the surface shortwave radiation (Norris & Wild, 2007), atmo-
spheric aerosols (Norris & Wild, 2007), circulation patterns (Della-Marta et al., 2007), soil moisture, and eva-
potranspiration (Fischer et al., 2007). In this respect, several authors (Sun et al., 2000; Tang et al., 2012) had
indicated that the decreased cloud cover may have contributed to the summer warming through the effects
of decrease in top of atmosphere-reflected shortwave radiation and increase in surface shortwave radiation.
Other authors (Fischer et al., 2007; Hirschi et al., 2011) had suggested that a lack of sufficient amount of soil
moisture has decreased latent cooling and increased the summer maximum temperature. In this study, the
strong relationship between cloudiness, solar radiation, and temperature has been observed, especially in
spring and summer.
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The precipitation indices did not show a clear trend at seasonal scale in the study area, only the EP index
(precipitation minus evapotranspiration) in summer returned a negative trend. The EP index is closely
related to aridity indices, among which are ETo and CMD. The ETo index had a significant positive trend
in spring and summer across most of the study area. Some authors suggest that there is increased atmo-
spheric evaporative demand, due to a major water pressure deficit caused by higher temperatures
(Vicente-Serrano et al., 2019; Wang et al., 2012), resulting in more frequent and severe droughts
(Dai, 2011; Vicente-Serrano et al., 2014). This could cause biological stress, reduced soil water content,
runoff generation, stream flow, and groundwater recharge (Cai & Cowan, 2008), which would impact
on water management, agriculture, and aquatic ecosystems (Hisdal et al., 2001). However, the relation-
ship between climate warming and increased atmospheric evaporative demand is the subject of scientific
debate (Vicente-Serrano et al., 2019). On the other hand, the CMD index showed a north-south spatial
pattern, with a positive trend in the south and a negative one in the north, especially marked in spring
and summer. In this respect, Spinoni et al. (2017) indicated that drought frequency and severity showed
decreasing tendencies over northern Europe, especially in winter and spring, while southern and eastern
Europe showed a more significant tendency toward dryness, especially in summer and autumn, which
would be explained by the evolution of the atmospheric evaporative demand (Gonzélez-Hidalgo
et al., 2018). In addition, Spinoni et al. (2017) pointed out that the drier conditions have recently become
more prevalent over central Europe in spring, the Mediterranean area in summer, and eastern Europe in
autumn. The previous results show that more severe drought, understood as the relationship between pre-
cipitation and temperature, linked to changes in the atmospheric evaporative demand, prevail in the
warm season and in the south of the study area.

Otherwise, for snow, the ASD and MS indices returned a negative trend in winter and spring, and FSD and
SCD only in spring. Analyzing the trend in snow data is difficult, due to the low resolution of the data against
the high spatial variability of snow. Despite this, a negative trend has been observed in some snow indices,
which impacts on regional water resources and reduces stream flow during the growing season when
demand is heaviest, thus intensifying water scarcity in dry areas, the frequency of wildfires with those at
mid-elevations burning for longer, among other issues (Schlaepfer et al., 2012).

Lastly, for wind indices, a nonsignificant negative trend was observed on an annual scale, with no large sea-
sonal variations. A decline in the surface wind has been recorded in various parts of the world over the past
few decades, but the precise cause of the stilling is uncertain; several possible reasons include increasing
land surface roughness and mesoscale circulation changes (McVicar et al., 2008; Smits et al., 2005). The wind
indices used in this study were estimated from the reanalysis data, and previous studies indicated that the
stilling (wind slowdown) is either not reproduced or has been largely underestimated in global reanalysis
products (Vautard et al., 2010; Zeng et al., 2019). Zeng et al. (2019) indicated that the wind data showed a
negative trend from 1978 to 2010 and a positive trend after 2010 on a globe scale, and specifically for
Europe, the stilling reversed around 2003. This study includes both trends for the 1979-2017 period, which
could have affected the significance trend. The wind trend has important implications for the values and spa-
tial distribution of the atmospheric evaporative demand, atmospheric pollution, erosion, and wind energy
production, among others.

5. Conclusions

The analysis of the seasonal and annual trend of the 117 climate indices in Europe for the study period
(1979-2017) shows general patterns according to the climate variable (category) of analysis.

1. The selected temperature indices show that cold days and nights had negative trends, while warm days
and nights had a positive trend in most of the study territory.

2. For precipitation and aridity/continentality indices, the spatial coherence of the significant trends was
low in the whole of the study area. Despite this, certain indices show spatial patterns; the RT precipitation
index had a positive trend in northern and central areas of Europe, but in western regions, it was nega-
tive. Meanwhile, the CMD aridity index showed a north-south spatial pattern, with a positive trend in the
south and negative in the north, especially marked in spring and summer.

3. Wind indices tended toward negative trends, but these were not significant in the major part of the
study area.
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4. The cloudiness indices showed a negative trend, while a positive trend was found in radiation indices
over a high percentage of the study area.

5. Snow indices showed a negative trend in most of the study territory, except in the coldest regions.

6. The analysis of the seasonal trend of climate indices showed that there are large differences between sea-
sons, reflecting the need to conduct climate studies at different time scales in order to be able to under-
stand the causes and consequences of climate change.

This study provides a useful tool, the ECTACI viewer, to access four statistics (climatology, coefficient of var-
iation, slope, and significant trend) from 125 climate indices for Europe at monthly, seasonal, and annual
scales from 1979 to 2017. The main advantage of the ECTACI viewer is that it enables the gridded data set
to be displayed and downloaded very intuitively, which makes it a valuable source of information for future
studies. The four statistics obtained from the 125 climate indices at different temporal scales are available on
the website http://ECTACI.csic.es/maintained by the Spanish National Research Council. The ECTACI
viewer may serve as a tool in several climate services, such as validation of climate models, location of wind
or solar parks, indicators for health human and tourism, and among others, besides helping to understand
current climate change processes in Europe from a wide perspective.

Data Availability Statement

In our study, we use the data from the European Climate Assessment and Dataset (ECA&D) E-OBS-
gridded data set v17.0 (Cornes, R. C., van der Schrier, G., van den Besselaar, E. J. M., & Jones, P.
D., 2018. An Ensemble Version of the E-OBS Temperature and Precipitation Data Sets. J. Geophys.
Res. Atmos. 123, 9391-9409) and the ERAS reanalysis database (Copernicus Climate Change Service
(C38)., 2017. ERAS: Fifth generation of ECMWF atmospheric reanalyses of the global climate.
Copernicus Climate Change Service Climate Data Store (CDS), date of access. https://cds.climate.coperni-
cus.eu/cdsapp#!/home). In addition, we use the “ClimInd” package (https://cran.r-project.org/web/
packages/ClimInd/index.html) within the R platform (R Core Team, R Development Team Core, 2017.
A: A Language and Environment for Statistical Computing) to compute 125 climate indices. In our study,
new data are generated which is deposited in a repository that belongs to the public institution Pyrenean
Institute of Ecology of the Higher Council for Scientific Research (Government of Spain) http://ECTACI.
csic.es/).
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