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Enric Aguilar,5 Hans Alexandersson,11 Carlos Almarza,12 Ingeborg Auer,13

Mariano Barriendos,14 Michael Begert,15 Hans Bergström,16 Reinhard Böhm,13
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[1] We analyze century-long daily temperature and precipitation records for stations in
Europe west of 60�E. A set of climatic indices derived from the daily series, mainly
focusing on extremes, is defined. Linear trends in these indices are assessed over the
period 1901–2000. Average trends, for 75 stations mostly representing Europe west of
20�E, show a warming for all temperature indices. Winter has, on average, warmed more
(�1.0�C/100 yr) than summer (�0.8�C), both for daily maximum (TX) and minimum
(TN) temperatures. Overall, the warming of TX in winter was stronger in the warm tail
than in the cold tail (1.6 and 1.5�C for 98th and 95th, but �1.0�C for 2nd, 5th and 10th
percentiles). There are, however, large regional differences in temperature trend
patterns. For summer, there is a tendency for stronger warming, both for TX and TN, in
the warm than in the cold tail only in parts of central Europe. Winter precipitation totals,
averaged over 121 European stations north of 40�N, have increased significantly by
�12% per 100 years. Trends in 90th, 95th and 98th percentiles of daily winter
precipitation have been similar. No overall long-term trend occurred in summer
precipitation totals, but there is an overall weak (statistically insignificant and regionally
dependent) tendency for summer precipitation to have become slightly more intense but
less common. Data inhomogeneities and relative sparseness of station density in many
parts of Europe preclude more robust conclusions. It is of importance that new methods
are developed for homogenizing daily data.
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Sweden.
12Instituto Nacional de Meteorologı́a, Madrid, Spain.
13Central Institute for Meteorology and Geodynamics, Vienna, Austria.
14Department of Modern History, University of Barcelona, Barcelona,

Spain.
15Climate Services, Federal Department of Home Affairs, Federal

Office of Meteorology and Climatology (MeteoSwiss), Zürich, Switzerland.
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1. Introduction

[2] The importance of assessing trends in weather
extremes is often emphasized. The principal reason is that
extreme weather conditions related to temperature, precip-
itation, storms or other aspects of climate, can cause loss of
life, severe damage and large economic and societal losses
[Nutter, 1999; Changnon et al., 1999]. Some types of
weather extremes are expected (from climate models) to
become more frequent in the future because of anthropo-
genic influences on climate [e.g., Kharin and Zwiers, 2000;
Semenov and Bengtsson, 2002; Hegerl et al., 2004;
Groisman et al., 2005]. It is thus of great interest to analyze
the occurrence of past extremes, to see if changes are already
apparent. During the last 8 years or so, a number of assess-
ments have been made of changes and trends in climate
extremes in different parts of the world. The most recent
world-wide assessments of changes in observed daily
temperature and precipitation extremes have been made
by Alexander et al. [2006] and, for precipitation only, by
Groisman et al. [2005].
[3] Alexander et al. [2006] report widespread significant

changes in temperature extremes for the period 1951–2003,
especially those related to daily minimum temperatures.
Changes in daily maximum temperature are less marked,
implying that our world in many places has become less
cold rather than hotter. Precipitation changes have been
much less coherent than temperature changes, but annual
precipitation has shown a widespread significant increase.
Groisman et al. [2005] found disproportionate changes
during the past decades in heavy and very heavy precipita-
tion compared to the change in the annual and/or seasonal
precipitation. Their results indicate an increasing probability
of intense precipitation events for many extratropical
regions.
[4] The relative sparseness of long digitally available

records of daily temperature and precipitation measure-
ments hampers analyses of observed changes in climate
extremes. For this reason, assessments of changes in
extremes [e.g., Alexander et al., 2006; Groisman et al.,
2005] predating the 1950s are not possible in many parts of
the world. Even for Europe, which is one of the most data-
rich regions, it is difficult to assess changes in temperature
and precipitation extremes over the whole of the past
century. Moberg and Jones [2005] estimated such changes
for Europe, but they were only able to use about 40 stations
for precipitation and 30 for temperature. In fact, their
analysis was essentially restricted to only some parts of
central and western Europe. One of their main conclusions
was that more digitized observational data from various
European subregions are needed to permit a more spatially
extensive analysis of changes in climate extremes over the
whole of the last century.
[5] Efforts to improve the density and spatial coverage

over Europe, for stations with daily temperature and pre-
cipitation records going back at least to 1901, have recently
been made in the project ‘‘European and North Atlantic
daily to multidecadal climate variability’’ (EMULATE).

This project has developed a database containing more than
200 daily station records. The purpose of this paper is to
give an overview of the EMULATE temperature and
precipitation database and to present some overall results
from analyses of these data, with emphasis on the occur-
rence of extremes, but we also compare changes in extremes
with changes in the mean. Substantial efforts have been
made to quality control the data. Homogeneity issues are
covered as much as practically possible, although no gen-
eral homogeneity testing of all data has been performed.
[6] Another difficulty of assessing trends in weather

extremes is related to the fact that extremes are rare events.
The detection probability decreases the rarer the event [Frei
and Schär, 2001; Klein Tank and Können, 2003]. For this
reason, assessments of trends are often based on indices for
rather ‘‘moderate’’ extremes, defined by the 90th or 95th
percentiles in the distribution of daily observations.
EMULATE calculated indices for temperature and precipi-
tation extremes with standard software similar to those used
in several other recent analyses of climatic extremes [e.g.,
Alexander et al., 2006; Klein Tank and Können, 2003; Klein
Tank et al., 2006]. Some new indices are also defined and the
EMULATE catalogue contains 64 climate indices (available
at http://www.cru.uea.ac.uk/cru/projects/emulate/).
[7] In this paper, temperature and precipitation trends

over the twentieth century are studied using a selection of
19 indices. Trends in different percentiles of the daily data
distribution are analyzed for both winter and summer and
are compared with trends in the means. Results are pre-
sented in a consistent way so that different indices can
easily be compared across Europe, for example by express-
ing precipitation indices as percentages of the 1961–1990
averages. We should also mention that several other aspects
of changes in temperature and precipitation extremes, in-
cluding their relations to changes in atmospheric circulation
patterns and sea surface temperatures, will be addressed in
other papers originating from EMULATE (in preparation;
many results are available on the project website).

2. Data Set

2.1. Data Collection

[8] A database with 230 stations having daily temperature
and/or precipitation series starting before 1901 has been
established (only a few stations start a few years later). Most
stations are located in Europe, but about 30 are located in
the Asian part of the former Soviet Union. The data can
be sorted into three categories depending on the source:
(1) publicly available databases, (2) original data digitized
within EMULATE, and (3) data obtained through personal
contacts with various holders of digital data that were not
publicly available. The data elements collected are daily
maximum temperatures (TX), daily minimum temperatures
(TN) and daily precipitation totals (PREC). Many station
series also include daily mean temperatures (TMEAN).
[9] There were four principal publicly available data

sources. One is the Web site of the European Climate
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Assessment & Data set (ECA&D; http://eca.knmi.nl) [Klein
Tank et al., 2002], with data from several European
countries (67 stations used here). The second is the Carbon
Dioxide Information Analysis Center (CDIAC) providing
temperature data from countries in the former Soviet Union.
These data [Razuvaev et al., 1993] were updated for use by
Kiktev et al. [2003] and again for the study by Alexander et
al. [2006]. Stations compiled for Alexander et al. [2006] are
used in this study. The third source is the National Climatic
Data Center, from which we obtained precipitation data
from countries in the former Soviet Union [Groisman et al.,
2005]. We used 64 stations from CDIAC and NCDC
together. The fourth source is Deutscher Wetterdienst
(25 German stations). In addition, eight station series were
obtained from published CD-ROMs, including seven from
the IMPROVE project [Camuffo and Jones, 2002] and one
from the EARTHINFO CD (http://www.earthinfo.com).
Within EMULATE, 22 long daily records from Spain have
been developed directly from the original sources [Brunet et
al., 2006]. Finally, data for about 50 stations were provided
by individual scientists or national meteorological services in
the following countries: Austria, Croatia, Czech Republic,
Finland, Germany, Greece, Iceland, Italy, Spain, Sweden,
Switzerland and the U.K.

2.2. Station Network

[10] Among the station files, 223 have PREC, 178 have
TX, and 169 have TN data. Figure 1 shows the geographical
distribution and start period of all 195 stations located west
of 60�E, which is the area of interest in this paper. Ten very
long station records start before 1801.

[11] The network is fairly dense across parts of Europe,
particularly over parts of central and western Europe (the
Netherlands, Germany, Austria and Switzerland). Compared
to the previous analyses of century-long European daily
temperature and precipitation series [Moberg and Jones,
2005], EMULATE makes a substantial improvement to the
geographical distribution and density of stations. Notable
improvement is achieved over Spain, Russia and some other
former Soviet Union countries. There are, however, still
areas where station density could potentially be much
improved (France, the Fennoscandian countries, the British
Isles, some parts of eastern Europe and the central and
eastern Mediterranean region), but this would require fur-
ther digitizing of daily data that so far only exist in the form
of printed year books and other kinds of written documents.
The amalgamation of already digitized data from other
projects would also help to extend the station network for
future studies. For example, many long Italian precipitation
records, not available here, have recently been digitized
[Brunetti et al., 2004].

2.3. Completeness of Data Series

[12] Figures 2a–2c show how the number of stations
varies with time, separately for TX, TN and PREC data. The
black lines show the number of stations with nearly com-
plete data in each year (<4 missing days per 3-month
season). This number increases from just a few stations in
1840 to rather high values after around 1900, although the
highest numbers are reached in the period 1950–1990.
Thus, even though all stations have some data back to
around 1901, the graphs show that many records are not

Figure 1. Locations of all 195 stations west of 60�E with daily temperature or precipitation series in the
EMULATE database. The start period for each series is indicated by the colors.
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complete in the first half of the twentieth century. The drop
in station numbers after around 1990 is mainly because we
were unable to update many records from the former Soviet
Union. Figures 2a–2c also illustrate the completeness for
blocks of 20 years, represented by the red lines. These show
the number of stations with at least 10 years of complete or
nearly complete data (using the same criterion as above) in
each block.
[13] This analysis reveals a notable jump in station

numbers between 1881–1900 and 1901–1920. After
1901, the number of stations in the 20-year blocks is always
high for TN and PREC, but somewhat lower values for TX
in the block 1901–1920 reveal that many stations have
missing TX data in this period. These stations are mainly
located in the former Soviet Union. Despite this, we
consider the time period 1901–2000 appropriate for achiev-

ing a long study period and also both a wide geographical
spread and high density of stations. All trend analyses in
this paper are calculated over this period. Other papers
originating from EMULATE will, however, also analyze
data from before 1901.
[14] Figure 2d shows the distribution of 75 stations with

temperature data and 121 stations with precipitation data
that pass certain further criteria for data completeness and
other data properties required for trend calculations over the
period 1901–2000 (these criteria are described in the
methods section). It is clear, from comparison with
Figure 1, that the number of stations that can be used for
trend analyses is reduced once these criteria are imposed.
Two particular features concerning the distribution of sta-
tions in Figure 2d are worth pointing out. First, the reason
why so few temperature stations appear over the former

Figure 2. Overview of the completeness of daily station data. (a) Number of stations (black lines) in the
EMULATE database with nearly complete daily data in each year (<4 missing days per 3-month season)
for TX as a function of time. (b and c) Same for PREC and TN. The red lines in Figures 2a–2c show the
number of stations having at least 10 years with nearly complete data per 20-year block. (d) Geographical
distribution of stations west of 60�E that pass certain criteria required for calculation of linear trends both
for temperature (75 stations) and precipitation (121 stations) over the period 1901–2000. These criteria
are described in the methods section. Latitudes and longitudes are given in Figure 1.
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Soviet Union is related to the incomplete TX data. Figure 2d
only shows temperature stations where both TX and TN
data pass the completeness criteria. Second, the few precip-
itation stations on the southern half of the Iberian peninsula
are, on the contrary, not related to lack of data. It is instead
the very dry climate in summer that causes difficulties in
calculating trends for some indices chosen for this study.
For our Europe-average trend analyses we required that
each precipitation index must have an average exceeding
1 mm for the 1961–1990 period. (The reason for this is
described later.) Many stations in the Mediterranean region
do not fulfill this criterion in summer.

2.4. Quality and Homogeneity Controls

[15] Basic quality controls (QC) have been undertaken for
all series. For most stations in countries in the former Soviet
Union we mainly rely on the QC made by Alexander et al.
[2006] for temperature data and by Groisman et al. [2005]
for precipitation data. For all other stations, the QC under-
taken during this study is described in Appendix A. Addi-
tional QC of Spanish data digitized within EMULATE have
also been made by the Climate Change Research Group at
the university in Tarragona [Brunet et al., 2006].
[16] No overall homogeneity tests have been applied to

the entire EMULATE database. To accomplish such an
extensive task would require large resources in terms of
personnel with detailed local knowledge of the station
histories in all countries encompassed by the database.
Another, more intrinsic, difficulty is the spatial heterogene-
ity of daily precipitation. If the decorrelation radius is�40 km
for daily precipitation data, which has been found for the
Alpine region [Auer et al. 2005], then homogenization based
on methods that require nearby reference stations is in
principle impossible given the station density for large parts
of our database.
[17] There is, furthermore, still a need to develop methods

for homogeneity testing of daily climate data. So far, most
homogeneity testing of long instrumental records has been
made on monthly (sometimes seasonal or even annual)
series. Methods have been developed for interpolating
monthly adjustment factors to a daily resolution [Moberg
et al., 2002; Vincent et al., 2002]. However, interpolating
monthly adjustments to daily values does not guarantee that
all aspects of data inhomogeneities are properly adjusted. A
station relocation, for example, may very well influence the
shape of data distribution and not simply involve a shift in
the location of the mean. Considerable effort could be
expended on developing homogenization tools that can
account for such inhomogeneities before we can analyze
reliably all aspects of climatic changes using daily data. In
particular, in the context of analyzing changes in the
occurrence of extremes, homogeneity testing methods that
could be applied to the entire data distribution would be
highly useful.
[18] Steps toward the development of such methods have

been undertaken within EMULATE [Della-Marta and
Wanner, 2006]. Their method and the one of Trewin and
Trevitt [1996] are specifically designed to homogenize the
second- and third-order moments (i.e., the variance and
skewness) of daily temperature series. Currently, 26 long-term
TX series for stations mainly in central western Europe have
been homogenized using theDella-Marta and Wanner [2006]

technique and appear in the work of P. M. Della-Marta et al.
(Summer heat waves over Europe since 1880, their changes
and relationship to large scale forcings, submitted to Climate
Dynamics, 2006). These homogenized series were, however,
not included here because of the data not being available at
the time of writing.
[19] The fact that no overall homogeneity tests have been

made here does not mean that the homogeneity status of the
data series are entirely unknown. In particular, the Spanish
temperature series have been extensively quality controlled,
adjusted for biases related to different properties of early
and modern thermometer screens and have also been subject
to statistical homogeneity tests and homogenization [Brunet
et al., 2006]. In this case, the Vincent et al. [2002] approach
was adopted to interpolate monthly corrections to daily
resolution. Precipitation series from the former Soviet
Union had also been adjusted for changes in rain gauge
types and observing conditions [Groisman et al., 1991,
2005]. These adjustments are most substantial for winter
precipitation. Homogeneity of the ECA data has been
assessed and documented by Wijngaard et al. [2003].
However, ECA did not correct or reject any data, but rather
flagged those stations thought to be suspect. Both TMEAN
and PREC data have been homogenized for six of the Swiss
stations used [Begert et al., 2005], using interpolation of
monthly adjustments to daily resolution, but no TX or TN
data were homogenized. Also, two stations in Sweden have
had their TMEAN series homogenized [Bergström and
Moberg, 2002; Moberg et al., 2002], but not TX, TN and
PREC. The Spanish precipitation series have been quality
controlled but not yet homogenized (work is in progress).
Most records provided by data holders in various countries
had been subject to routine quality controls before being
provided to EMULATE, but generally no homogenization
had been undertaken.
[20] The EMULATE database, even if far from fully ho-

mogeneous, is the best currently available collection of
European daily temperature and precipitation records with
long series starting in 1901 or earlier. The experience fromnu-
merous previous homogeneity assessments [e.g., Groisman
et al., 1991;Moberg and Alexandersson, 1997; Nordli et al.,
1997; Böhm et al., 2001; Tuomenvirta, 2001; Wijngaard et
al., 2003; Auer et al., 2005; Begert et al., 2005], however,
clearly reveals that unhomogenized data often contain both
abrupt breaks and gradual artificial changes for various
reasons. Therefore we stress that the exact numerical values
of trends (or other measures of climatic change) estimated
from the EMULATE data set (or any other not fully homog-
enized data set) should be treated with care.

3. Climate Indices

[21] EMULATE has defined 64 climate indices derived
from the daily temperature and/or precipitation series. Most
of these indices measure some aspect of climate extremes,
while a few give information about mean conditions.
Software has been developed and used to calculate, for
each station, time series of each index for the four tradi-
tional climatological seasons December to February (DJF),
March to May (MAM), June to August (JJA) and Septem-
ber to November (SON), and also for all twelve 2-month
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seasons December to January, January to February, etc. In
this paper, we confine our analyses to the JJA and DJF
seasons. Data files containing all index time series for each
station are available on the EMULATE web site (http://
www.cru.uea.ac.uk/cru/projects/emulate/, with exception of
a few stations with limited restrictions imposed by the data
providers) together with software documentation, informa-
tion about the file structure and definitions of all indices,
and a ‘‘trend atlas’’ which shows results from calculations
of long-term trends in all 64 indices.
[22] Different research groups have used somewhat dif-

ferent index definitions. The most commonly used index
software at present is probably RClimDex (http://cccma.
seos.uvic.ca/ETCCDMI/software.html), which was devel-
oped on behalf of the World Meteorological Organization
Commission for Climatology (CCl)/World Climate Research
Programme (WCRP) project on Climate Variability and
Predictability (CLIVAR) Expert Team on Climate Change
Detection, Monitoring and Indices (ETCCDMI). This soft-
ware calculates a total of 27 indices derived from TX, TN and
PREC. A dictionary of 40 indices is also provided on the
ECA&D web site, giving an overview of which indices
have been used by different research groups. EMULATE
has strived to define indices that are comparable with
those from other groups. However, because EMULATE
has defined a larger total number of indices than used
elsewhere, it has not always been possible to use index
names and definitions identical to those used by others.
Although this may confuse some readers who are already
familiar with other index names, the index names are chosen
to obtain an internally consistent terminology. Most of the
indices involve estimations of percentiles. (We should men-
tion that EMULATE has applied the bootstrapping method
advised by Zhang et al. [2005], to avoid inhomogeneities at
the boundaries of baseline periods for all indices that count
the number of occurrences above (or below) a percentile-
based threshold).
[23] Previous studies dealing with changes in climate

extremes have often paid relatively little attention to com-
paring trends in different percentiles. Rather, investigators

have often studied changes in only the 10th/90th or only the
5th/95th percentiles. In this paper, we instead compare
changes in several percentiles with those in the mean. To
achieve this, a subset of fourteen temperature (seven each
for TX and TN) and five precipitation indices is studied.
These indices are listed with their names, brief explanations
and units in Table 1. Most of these indices measure how a
certain percentile in the empirical distribution of daily data
in a given season varies with time. We use the percentiles 2,
5, 10, 90, 95 and 98 for temperatures, but only the upper
percentiles 90, 95 and 98 for precipitation. Thus we can
assess changes in both the cold and warm tail of the
temperature distributions, whereas only the upper tail is
examined for precipitation. The percentiles for precipitation
data are estimated from samples containing all days in a
season, i.e., including both dry and wet days. Names for the
chosen percentile indices are of the style TX2P, TX5P,
TX10P, etc. NB! The same index names have other mean-
ings in the RClimDex and ECA&D terminology, where they
denote percentile-based day count indices (expressed as
percentages) rather than the temporal variation of percen-
tiles. Our choice of temperature indices makes comparison
of trends in the cold and warm tails with the trend in the
mean more easily interpreted than the day-count indices, as
the unit in all our indices is �C. Because we are analyzing
3-month seasons (�90-day seasons), the values of TX98P,
TX95P and TX90P roughly correspond to the daily maxi-
mum temperature on the day with the second, fifth and ninth
highest value, respectively, among all days in the season
analyzed (with analogous relationships for all the other
temperature and precipitation percentile indices).
[24] We also use some indices for average conditions. For

temperatures, these are simply the arithmetic averages of the
TX or TN data in each season (MEANTX and MEANTN).
As a measure of average precipitation conditions we choose
the commonly used ‘‘simple daily intensity index’’ (SDII),
which gives the average precipitation per wet day during a
season, where a wet day is defined as having a daily
precipitation of at least 1 mm. In addition, we study the
seasonal precipitation total (PRECTOT). If different trends
are observed for PRECTOT and SDII, this would reflect
changes in the character of precipitation. For example, a
positive trend in SDII and a zero PRECTOT trend would
imply that precipitation has become more intense, but also
less frequent as the total amount is not changed. A positive
PRECTOT trend and a zero SDII trend would instead imply
that precipitation falls more often but with unchanged
intensity.

4. Analysis Methods

[25] Temperature and precipitation changes over the 20th
century are measured by estimating the linear trends over
the period 1901–2000. The trend estimator used is the
ordinary least squares (OLS) method. There are certainly
various robust nonparametric trend estimators that also
would suit well, but we decided to use the OLS method
here. In the previous similar study by Moberg and Jones
[2005], trends were estimated with both the OLS method
and a robust nonparametric method. Their experience was
that the size of the estimated trends was very similar with
both methods. This is in line with findings by Cohn and

Table 1. List of Climate Indices Used in This Study

Index Name Explanation Unit

Temperature Indices
TN2P, TX2P 2nd percentile of daily TN or TX �C
TN5P, TX5P 5th percentile of daily TN or TX �C
TN10P, TX10P 10th percentile of daily TN or TX �C
MEANTN, MEANTX Mean of daily TN or TX �C
TN90P, TX90P 90th percentile of daily TN or TX �C
TN95P, TX95P 95th percentile of daily TN or TX �C
TN98P, TX98P 98th percentile of daily TN or TX �C

Precipitation Indices
PRECTOT precipitation total mm
SDII simple daily intensity index

(average precipitation per wet day, i.e.,
per day with precipitation >1 mm)

mm

PREC90P 90th percentile of daily PREC
(percentile defined on the basis of
all days in a season,
i.e., including both wet and dry days)

mm

PREC95P 95th percentile of daily PREC mm
PREC98P 98th percentile of daily PREC mm
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Lins [2005], who concluded that the trend magnitude can
often be determined with little ambiguity, while the
corresponding statistical significance is less certain. Cohn
and Lins [2005], however, emphasize the importance of
taking account of the long-term persistence when testing the
significance of trends in hydroclimatological time series.
Kiktev et al. [2003], in a study comparing modeled and
observed trend in indices of daily climate extremes, used the
OLS estimator in conjunction with a bootstrap technique for
significance testing that accounts for serial correlation. They
also used two alternative methods for assessing trend
significance, a Mann-Kendall test and a linear model that
allowed for red noise. They found that results with all three
significance testing methods agree well. Moreover, Moberg
and Jones [2005] used the same bootstrapping technique as
Kiktev et al. [2003] together with both the OLS and the
robust estimator. They found that sometimes more stations
reach significance with one method and sometimes with the
other. However, significance was generally reached more
easily with the OLS method because of the smaller variance
of this estimator.
[26] Although different methods for trend estimation and

significance testing are in use, there is no universally
accepted best technique. It seems that taking the autocorre-
lation into account in significance testing is more important
for the overall results than the choice of trend estimator or
method to assess significance of climatological time series.
On the basis of these findings by Cohn and Lins [2005],
Kiktev et al. [2003] and Moberg and Jones [2005], we
decided to use the OLS estimator and to assess the signif-
icance of trends using a two-tailed t-test where the degrees
of freedom are reduced to account for serial correlation (lag-
1 autocorrelation). The 5% level is chosen to determine if a
trend is significantly different from zero.
[27] Trend analysis is applied to the data in three different

ways to each temperature and precipitation index. First, we
are interested in an overall analysis, where we compare
Europe-average trends in the means with trends in the
percentiles. Second, we study the spatial distribution of
statistically significant trends for different indices. Third, we
compare the pattern of trends in the various indices in six
selected subregions.
[28] The number of stations was allowed to vary some-

what between the three trend analyses. In the first case, we
applied the most strict criterion of data completeness. For
this overall analysis, we required that all stations must pass
the data completeness criteria for all indices analyzed and
for both winter and summer (although separately for tem-
perature and precipitation data). The reason for using the
most strict criterion for the overall analysis is that we
wanted to use the same set of stations for all different
indices. This ensures that average trends in different indices
can be directly compared.
[29] Using the completeness criteria described below, the

overall analysis could be undertaken for the 75 temperature
and 121 precipitation stations indicated in Figure 2d. For
these stations, we calculated the average trends for each
index to obtain Europe-wide averages. We also provide
estimates of the uncertainties in these averages, by calcu-
lating 95% confidence intervals. These are obtained in the
classical way using the standard deviations (of the individ-

ual trend estimates at each station and for each index) and
the t-distribution.
[30] For the other two trend analyses, we could loosen the

data completeness criteria somewhat to allow more stations
to be used. Therefore maps showing trends in indices based
on TN data include more stations in countries in the former
Soviet Union than maps showing TX data, because of the
earlier mentioned incompleteness of former Soviet Union
TX series. Similarly, maps with winter precipitation trends
include more stations on the Iberian peninsula than those
shown in Figure 2d.
[31] Here we describe the criteria for data completeness:

First, we required that a station had sufficient daily values
during the season-in-question to produce seasonal index
values (<4 missing days per season). Then, we went further
by checking that each 20-year block (1901–1920, 1921–
1940,.., 1981–2000) is complete enough. We used a stricter
threshold for the first and last block (at least 15 years
complete according to the 4-day per season criterion) than
for the intermediate blocks (which must have at least 10 years
complete).
[32] Comparison of trends for different stations and

indices is straightforward for the temperature indices, as
the numerical values (unit is �C/100 yr) of each index series
are always of about the same size. For precipitation,
however, trends expressed in mm vary considerably among
different sites and different indices. Therefore precipitation
trends are expressed as percentages of the 1961–1990
climatological average for each respective index. To ac-
count for the problem with very rare precipitation events at
some stations, which can sometimes lead to zero (or very
near zero) climatological averages of the precipitation
percentile indices, we additionally require that the 1961–
1990 seasonal mean values of the precipitation indices must
exceed 1 mm for inclusion in the trend analyses. If we had
not used this additional criterion, it would have been
impossible for some stations (and quite meaningless for
other stations) to compare the precipitation trends for
different indices, when these are expressed as percentages
of the mean for the 1961–1990 period.
[33] An additional analysis is undertaken to see how

similar, or how different, the index time series for mean
conditions are compared with those for the various percen-
tiles. To obtain a simple measure, we used the linear
(Pearson) correlation coefficient. Correlations have been
calculated, for each station, between MEANTX and all
the TX percentile indices, and similarly between MEANTN
and all TN percentile indices. For both PRECTOT and SDII,
separately, correlations have been calculated with the three
(upper) percentile precipitation indices.

5. Results

[34] The overall results of trend estimates, for the stations
indicated in Figure 2d, are summarized in Figures 3–5. It
should be noted that these overall results are regionally
biased toward those parts of Europe where the station
density is highest. The temperature stations rather well
represent most areas west of 20�E except northern Fenno-
scandia. There are only a few temperature stations east of
20�E, mainly located south of 52�N. The precipitation
stations better represent Europe as a whole, except for the
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part south of 40�N. Analyses of correlations between the
percentile indices and the indices for mean conditions are
shown in Figures 6 and 7. Maps showing the size of trends
at all stations (passing the data completeness criteria) where
trends are significant have been produced and inspected for
each index. A selection of these maps is shown to give an
overall view of the main findings regarding the spatial
pattern of trends (Figures 8–10). Furthermore, locations
of the stations used to define six regional series are
indicated in Figure 11. Time series from these six regions
are plotted for a few selected indices to illustrate their
temporal evolution (Figures 12–14). Finally, Figure 15
compares the pattern of average trends in different indices
for the six regions.

5.1. Overall Temperature Trends

[35] Figure 3 shows the average trends over the period
1901–2000 in all temperature indices for the 75 stations.
The average trends are positive (i.e., warming) for all
indices. Winter has warmed more than summer; MEANTN
andMEANTXwarmed on average about 1.0 to 1.1�C/100 yr
in winter and about 0.8�C/100 yr in summer.

[36] Given that no overall homogeneity tests have been
applied to the entire data set, it is relevant to ask whether
these observed average trends are reliable before inspecting
the results in more detail. Therefore we compared with
European summer and winter mean temperature data
extracted from the widely used 5� � 5� (latitude, longitude)
gridded monthly temperature data set CRUTEM2v [Jones
and Moberg, 2003]. The rationale for this comparison is that
the European subset of CRUTEM2v contains a much larger
number of series than those analyzed here, and that Jones
and Moberg [2003] included as many station series as
possible that had been homogenized by national meteoro-
logical services in different countries. It is therefore
expected that the European subset of CRUTEM2v shows
reliable trends in mean temperatures. Hence a similar
average trend in the EMULATE series would indicate an
overall degree of homogeneity of the data.
[37] CRUTEM2v data from the region 35–60�N,

10�W–50�E were used, which corresponds quite well to the
area where a large majority of the EMULATE stations
analyzed are located. The warming trend during 1901–2000
in this subset of CRUTEM2v is 0.9�C for winter and

Figure 3. Average trends(black dots) in temperature indices over the 1901–2000 period (unit is �C/
100 yr). The averaging is made over individual trends at 75 stations located west of 60�E (see Figure 2d).
95% confidence intervals for the average trends are shown with grey shading. Trends are shown for (a) TX
in summer, (b) TN in summer, (c) TX in winter, and (d) TN in winter. Summer (winter) is the June–August
(December–February) period. The labels on the horizontal axes refer to TX2P, TX5P, TX10P, MEANTX,
TX90P, TX95P and TX98P in Figures 3a and 3c, and similarly to TN2P, etc., in Figures 3b and 3d.
Definitions of these indices are given in the main text and Table 1.
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0.6�C for summer. These numbers are within the 95%
confidence intervals (although close to the lower part of
the range) for the estimated trends in EMULATE
MEANTX and MEANTN. Hence we judge the difference
between the two data sets to be sufficiently small (in particular
given the difficulties of comparing unweighted station data
with gridded data) to say that trends in the EMULATE
temperature data are on average reliable for the purposes of
this study. This does, however, not imply that trends at each
individual station are correct.
[38] A notable finding (in Figure 3) is the particularly

strong warming trend for TX98P in winter (1.62�C). The
lower limit of the confidence interval for this index is even
above the upper limits for the confidence intervals both for
MEANTX and for all three lower TX percentile indices
(which all have mean trends between 1.04 and 1.08�C).
This implies an asymmetric warming of winter TX data,
with a stronger warming in the warm tail than in the cold
tail. The warming of TX95P is only slightly smaller
(1.48�C) than that for TX98P.
[39] For summer, both TX and TN show a similar

tendency for asymmetric warming (stronger in the warm
than in the cold tail). However, the confidence intervals for
high and low percentiles overlap. Hence we cannot con-
clude that an asymmetric warming in summer has been

significantly detected. TN trends in winter suggest a ten-
dency of asymmetric warming of the opposite kind (stron-
ger in the cold than in the warm tail). Confidence intervals
for the cold-tail percentiles, however, are very wide. This
implies large differences among stations. This behavior is
further illustrated later on, when we present results for the
subregions.
[40] Figure 4 reveals that there are no stations with

significant cooling trends for any index in winter, and that
only a few percent of the stations have significant cooling
trends in summer (for all indices). Significant warming
station trends are, on the other hand, quite common for all
indices. This complements the information from Figure 3
that warming has occurred on average for all percentiles.
Furthermore, the fraction of stations with significant warm-
ing trends for TX indices in winter is strongly dependent on
the percentile. This fraction increases monotonically from
15% for TX2P to 65% for TX98P. Thus the strong average
warming of TX98P in winter (seen in Figure 3c) is
associated with the property that a majority of stations have
significant warming trends for this index.

5.2. Overall Precipitation Trends

[41] The average trends in precipitation indices for the
121 precipitation stations (Figure 2d) are illustrated in

Figure 4. Fractions (in percent) of the 75 stations analyzed in Figure 3 that have significant (at the
5% level) and insignificant trends in temperature indices. Red indicates significant warming trends.
Blue indicates significant cooling trends. Black indicates insignificant trends. The order of subplots and
labels on the horizontal axes are as in Figure 3.
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