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Abstract:

This paper describes the HISTALP database, consisting of monthly homogenised records of temperature, pressure,
precipitation, sunshine and cloudiness for the ‘Greater Alpine Region’ (GAR, 4-19°E, 43-49°N, 0-3500m asl). The
longest temperature and air pressure series extend back to 1760, precipitation to 1800, cloudiness to the 1840s and sunshine
to the 1880s. A systematic QC procedure has been applied to the series and a high number of inhomogeneities (more
than 2500) and outliers (more than 5000) have been detected and removed. The 557 HISTALP series are kept in different
data modes: original and homogenised, gap-filled and outlier corrected station mode series, grid-1 series (anomaly fields
at 1° x 1°, lat x long) and Coarse Resolution Subregional (CRS) mean series according to an EOF-based regionalisation.
The leading climate variability features within the GAR are discussed through selected examples and a concluding linear
trend analysis for 100, 50 and 25-year subperiods for the four horizontal and two altitudinal CRSs. Among the key findings
of the trend analysis is the parallel centennial decrease/increase of both temperature and air pressure in the 19th/20th
century. The 20th century increase (+1.2°C/+1.1 hPa for annual GAR-means) evolved stepwise with a first peak near
1950 and the second increase (1.3 °C/0.6hPa per 25 years) starting in the 1970s. Centennial and decadal scale temperature
trends were identical for all subregions. Air pressure, sunshine and cloudiness show significant differences between low
versus high elevations. A long-term increase of the high-elevation series relative to the low-elevation series is given for
sunshine and air pressure. Of special interest is the exceptional high correlation near 0.9 between the series on mean
temperature and air pressure difference (high-minus low-elevation). This, further developed via some atmospheric statics
and thermodynamics, allows the creation of ‘barometric temperature series’ without use of the measures of temperature.
They support the measured temperature trends in the region. Precipitation shows the most significant regional and seasonal
differences with, e.g., remarkable opposite 20th century evolution for NW (9% increase) versus SE (9% decrease). Other
long- and short-term features are discussed and indicate the promising potential of the new database for further analyses
and applications. Copyright © 2006 Royal Meteorological Society

* Correspondence to: Ingeborg Auer, Central Institute for Meteorology and Geodynamics, Hohe Warte 38, A-1190 Wien, Austria.
E-mail: ingeborg.auer @zamg.ac.at

Copyright © 2006 Royal Meteorological Society S GIWILEY .
. InterScience’

DISCOVER SOMETHING GREAT



18 1. AUER ET AL.

KEY WORDS
variability

multiple climate database; homogeneity; instrumental period; greater alpine region; gridded data sets; climate

Received 2 November 2005; Revised 9 May 2006; Accepted 16 May 2006

1. INTRODUCTION

The European Alps and its wider surroundings (4 to
19°E, 43 to 49°N, henceforth called ‘Greater Alpine
Region” or ‘GAR’) stands out through diverse climate
and climate variability features in a relatively small
region together with a unique long-term instrumental cli-
mate data potential. The former can be explained by the
conjunction of three principal continental scale climate
regimes with additional vertical effects caused by the
mountain chain of the Alps. The latter is based on the
existence of a number of long-term series — continuous
records back to the second half of the 18th century exist
for some climate elements. Thus, an effort to explore
and analyse the past climate in the region’s instrumen-
tal period seems worthwhile. Within its approximately
724000 km? area, the GAR covers the whole territory of
Switzerland, Liechtenstein, Austria, Slovenia and Croa-
tia, together with parts of France, Germany, Italy, Czech
Republic, Slovakia, Hungary, Bosnia and Herzegovina.

This paper will describe and summarise the recent sta-
tus of a database developed by this group of authors
with the aim to fully exploit, quality control and
increase the instrumental climate data potential in the
GAR. Earlier attempts started in the region during the
1990s with national level activities for some main cli-
mate elements (Bohm, 1992; Auer, 1993; Aschwanden
et al.,1996; Bosshard, 1996; Baudenbacher, 1997; Gisler
et al., 1997, Gajic’—éapka and Zaninovié, 1997; Her-
zog and Miiller-Westermeier, 1997; Herzog and Miiller-
Westermeier, 1998; Maugeri and Nanni, 1998; Buffoni
et al., 1999; Brunetti et al., 2000; Szalai and Szentim-
rey, 2001; Begert et al., 2003; Likso, 2004; Begert et al.,
2005; Zaninovi¢ and Gajié-Capka, 2000). A comparable
supranational activity was the NACD project (Frich et al.,
1996) that focused on Northern Europe and was based on
a well established collaboration within the Fennoscan-
dian countries. Elsewhere, systematic homogenisation of
climate series was undertaken mainly at the level of
the national weather service (e.g. USA: Groisman and
Legates, 1994; Karl et al., 1988; Canada: Vincent et al.,
2002; Australia: Plummer et al., 1995; Spain: Brunet
et al., 2006; and others).

It was soon realised that quality and homogeneity of
long-term data were major problems that required unique
solutions and lots of painstaking work. Soon after, the
national homogenising activities found a common focal
point in the bi- to tri-ennial ‘Budapest Homogeneity Sem-
inars’ (Hungarian Meteorological Service, 1997; WMO,
1999; WMO, 2004). The two logical next steps were to
extend the work to more climate elements and to reduce,
as much as possible, the effects of national borders and
sub-national administrative structures in the region (for
respective historical details see e.g. Auer et al., 2005).
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This was performed for the first time for parts of the
GAR within the ALOCLIM project (Auer et al., 2001).

The experience gained in the course of this project
allowed a clear formulation of the basic necessities
to adequately promote and support climate variability
research at a regional scale in the GAR. There was the
need to initiate, create and maintain a regional climate
database with the following requirements:

e frictionless exchange of climate data within the region
(at a higher spatial density than the already existing
WMO-based CLIMAT-exchange mechanism),

e multi-parameter climate data collection (not single
climate elements only),

e achievement of the best possible coverage in terms of
space and time (adequate spatial resolution with respect
to the spatial de-correlation distances of each climate
element at a given time resolution),

e best possible extension back to the early instrumental
period (data recovery and rescue from non-electronic
sources),

e best possible treatment with respect to data quality
(homogeneity breaks, outliers, gaps).

We believe that the time is now right to present here
the first general description of this new database and
provide a comparative overview on the climate variability
patterns and trends in the region. Although HISTALP
has already reached a certain degree of maturity, it is
nevertheless a database system in development. Therefore
the concluding section will discuss its current state
and point towards further quantitative and qualitative
improvements that are necessary and feasible to keep
pace with the needs and demands emerging from climate
research.

The geographical size and general concept of our
initiative is positioned between a continental-to-global
point of view of climate variability and local aspects
based on single series studies. Therefore, this paper may
not only be of regional importance but also may serve
well as an example of how to fill the gap between the
local-to-global scales that dominate mainstream climatic
research.

2. DATA ACQUISITION AND MANAGEMENT

The leading aspects or goals for HISTALP have been
mentioned already in the introduction. No limits were
set a priori on series lengths. The early instrumental
period was carefully assessed for data that had not been
processed, and many additional early parts of series
were recovered and digitised. Figure 1 demonstrates how
station density has improved for temperature owing to the
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Figure 1. Network density enhancements due to HISTALP digitising

and homogenising activities in recent years at the example of temper-

ature series. Thin line: temporal evolution of mean station distance in

the version used by Bohm et al. 2001; bold line: temporal evolution of
mean station distance in the recent 2005 version.

digitising activities, particularly in the early instrumental
period. This objective to improve the coverage of the
early period could only be met by first accepting a
compromise; owing to the fact that many original sources
(regularly measured daily data) have been lost or could
not be recovered, HISTALP has concentrated exclusively
on monthly data, with the advantage of sophisticated
possibilities for homogeneity testing and adjustment.

An interesting, but time consuming, challenge for data
acquisition was and still is the political and administrative
spread of the GAR and its development over the cen-
turies. More than 30 different administrative bodies and
several single-station organisations have been in charge
of the HISTALP series. Many series changed nationality,
the official language in which data and metadata were
published and even names. The most complex exam-
ples are some sites in today’s Croatia. Some older series
there were started under the responsibility of the Aus-
trian Monarchy, changed to Hungary in 1871 (the year
of the foundation of an independent Hungarian Weather
Service), belonged to Italy between the two world wars,
became Yugoslavian afterwards and found their current
authority in present day Croatia. Although it is sometimes
annoying to handle this problem, it is also a good oppor-
tunity to contribute towards the further integration of a
part of Europe with a complicated history. The youngest
example is the recently started cooperation with the Fed-
eral Meteorological Institute of Bosnia and Herzegovina,
which spatially completed the GAR in the southeast.

The backbone of our database is a subset of early series
starting before 1850. All the series that are still active (or
have a highly correlated neighbouring successor usable to
build a compound series) were included into HISTALP.
There are, however, only a few such compound series in
the data set. To construct one, a correlation coefficient of
at least 0.85 was assumed as the lower threshold.

In more recent times, with strongly increasing net-
work density, only a selection of the presently available
sites was used. Network density was only enhanced up

Copyright © 2006 Royal Meteorological Society

to a threshold to allow for reasonable quality checks.
The desirable station distance depends on the considered
climate element. Typical desirable inter-station distances
are, for example, 100/150 km for monthly/annual precip-
itation — one of the climate elements with a strong spatial
de-correlation (more details in Section 5, Figures 10 and
11). These thresholds could only be surpassed for the
main climate elements by the second half of the 19th
century, and station density was kept constant from then
on (e.g. for precipitation at ~60 km). Only some shorter
sites (in most cases high-elevation) starting later (~1930)
were additionally inserted (e.g. the highest alpine obser-
vatory on Jungfraujoch at 3580 m asl). Figures 2 and 3’
show basic quantitative information about the HISTALP
network.

The station map (Figure 2(a)) shows all 242 sites. The
next three maps of the main elements, air pressure (b),
temperature (c) and precipitation (d), represent satisfying
networks in terms of the described HISTALP philosophy.
Spatial distributions are homogeneous and network den-
sities match the needs defined by spatial de-correlation.
Cloudiness (e) and sunshine (f) have no data in one coun-
try each —in Italy (no sunshine data) and France (no
cloudiness data). The former deficit will continue into
the future (no long-term series seem to exist), the latter
is due to data not yet digitised and should be solved.
The strongest limitations are for the humidity elements
((g) relative humidity and (h) vapour pressure), which so
far only cover parts of the GAR. They have, nevertheless,
been included in this study to underline the principle of
‘multiple climate’. Analyses of examples (Section 6) for
the subregions shall raise awareness for future attempts
to obtain data for these two climate elements.

Figure 3 shows the time-development of the HISTALP
network. The differences between the thin and the bold
lines illustrate the gaps in the original data. Problematic
periods are the two world wars and recent difficulties
due to the wars in the former Yugoslavia and the general
updating difficulties for non-institutionalised international
data exchange. The contrast in network density between
the early instrumental period and the fully developed
state (the 20th century for most elements, final maximum
density of sunshine being reached even later) is clearly
visible. It will be discussed later (compare the CRS-
column in Table II) that the principal coarse resolution
features of climate variability in the region had already
been well captured in the early period (see Section 5).

3. DATA QUALITY IMPROVEMENT
(INHOMOGENEITIES, OUTLIERS AND GAPS)

3.1. Homogeneity testing and homogenisation

There is general consensus that longer climatic time
series do not display only pure climate variability.
It is never possible to keep all aspects of the data
measurement constant in time. Thus, changes in location,
surroundings of sites, instruments, time of observations,
observers and a number of other factors (Aguilar et al.,
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Figure 2. The GAR-networks for the climate elements: (a) any element, (b) air pressure, (c) air temperature, (d) precipitation, (e) cloudiness,
(f) sunshine duration, (g) relative humidity and (h) vapour pressure. Shown are the fully developed networks typical for the 20th century.

2003; Auer et al., 2004; Peterson et al., 1998) produce
inhomogeneities in the series.

As the first step of the HISTALP-QC, all the series
used were subject to an intensive homogenisation proce-
dure. We used the recent version of the HOCLIS-system,
which has been described in detail using the the example
of precipitation by Auer et al. (2005). The versions differ
only marginally for other climate elements. In a nut-
shell, the HOCLIS concept relies on relative homogene-
ity testing of the series in regionally limited subgroups
supported by intensive use of metadata from station his-
tories. The size of the subgroups has to be determined

Copyright © 2006 Royal Meteorological Society

by the typical spatial de-correlation of the tested climate
element. No a priori homogeneous reference series are
assumed. Each series is tested against each of the other
series of a subgroup (typically ~10 series). For the
nucleus of homogeneity testing (the comparison of two
series) we use Craddock’s normalised accumulated dif-
ference/ratio series (Craddock, 1979), although HOCLIS
would allow any method of relative homogeneity testing
to be used. The practical experience in our group with
a number of such methods tells us that the rejection of
break signals due to statistical non-significance (as pro-
vided by higher developed methods) is often misleading.

Int. J. Climatol. 27: 17-46 (2007)
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Figure 3. The development of the HISTALP station mode network of
homogenised and gap-filled (bold) and original data (thin) for seven
climate elements, status 2005-06.

Strong breaks may remain in the series simply owing to
the fact that the typical length of a homogeneous subinter-
val (Table I) is short in relation to interannual variability.
We try to compensate for the deficits of our method in
pure statistical terms by investing much work into meta-
data analysis, which we regard as the ultimate measure
to decide whether a break can be accepted or not. Prob-
lems arising from the shortness of some homogeneous
subintervals are reduced through smoothing of the annual
courses of adjustments (Auer et al., 2005). The resulting
single break results are at first ‘relative’, indicating that
only one of the two series has a break versus the other.
Our initial approach does not tell us which is affected
and which is not. Therefore, all the single break signals
of a subgroup are arranged in a ‘decision table’. In a sub-
group of ten series ten such decision tables are produced,
each table having one of the ten series as the tested series
and the other nine as reference series. Each line of such
a decision table shows the signals with one compara-
tive series as the horizontal time-axis. If concentrations
of break signals show up along vertical columns, the
respective years are assumed to be the break-points (inho-
mogeneities) of the tested series in this decision table and
are removed from the other tables of the subgroup. The
rest of (scattered) the break signals are likely to appear as
inhomogeneities of another series tested in another deci-
sion table. Proceeding from one decision table to the next,

21

the ideal final result would be the assigning of all rela-
tive test signals to the respective ‘most likely’ affected
series. Detection of mathematical breaks goes along with
permanent cross-checking versus metadata. This is of
special importance in the early period, with increasing
problems in terms of the availability of nearby compar-
ative stations. The break signals tend to become fainter
in the early period, but station history in many cases still
allows for a clear detection and attribution of non-climatic
breaks in many cases. Another possibility to overcome
the problems of low network density in the early period is
‘internal homogeneity testing’. With internal testing, we
compare different climate elements at one location, e.g.
cloudiness versus sunshine duration, air pressure versus
temperature, or any other pairs of significantly correlated
climate elements. At first sight, this method seems to be a
promising way to solve network density problems. Nev-
ertheless, we strictly avoided internal testing in order to
keep the series independent of information content from
other elements. Thus, any future analysis of correlations,
parallel trends or other similarities among different cli-
mate elements in the GAR will not be biased or affected
by the process of homogenising.

The detected inhomogeneities are then adjusted, pro-
ceeding back in time from each homogeneous subperiod
to the earliest one. Each adjustment is based on one com-
parative series best qualified in the respective subperiod
and of adequate length around the break. The chosen
comparative series does not necessarily have to remain
the same for each subinterval. This, together with exer-
cising great care when using remote comparative sites,
helps to minimise inadmissible aligning of the series.

3.2. Outlier checks and removal of respective errors

A second step of quality control was focused on the
short-term outliers in the series. For the three main
elements — air pressure, air temperature and precipita-
tion — a time consuming but effective procedure was cho-
sen to detect and remove the errors and leave untouched
those data that are exceptional but real. An interac-
tive digital spatial intercomparison was performed for
each single monthly field of the series. The procedure,
histalp-05-v33.apr, is a specially designed derivate of the
real-time quality control, ‘GEKIS’ (Potzmann, 1999), of
the Austrian weather service. It displays inverse distance

Table I. Outline statistics of available data, breaks, outliers, and gaps for the five leading HISTALP elements.

Air Temperature  Precipitation =~ Sunshine  Cloudiness All

pressure
No. of series 72 131 192 55 66 516 Series
Available data 10215 19312 26063 7886 7669 71145 Years
Mean length of the series 141,9 147.,4 135,7 88,8 119,5 137,9 Years
Detected breaks 256 711 966 366 234 2533 Breaks
Mean homogeneous subinterval 31,1 22,9 22,7 11,6 26,3 23,4 Years
Detected real outliers 638 4175 529 - - - Outliers
Filled gaps 4217 12392 14927 2011 3513 37060 Months
Mean gap rate 3,4 5,3 4,8 2,1 3,8 4,3 %

Copyright © 2006 Royal Meteorological Society
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interpolated anomaly and absolute fields of original and
homogenised data together with the measured point val-
ues. It allows for quick cross-checks between the three
fields of the three climate elements. The correction esti-
mates are visualised-near-to-real time and either immedi-
ately implemented into the HISTALP database, rejected,
exchanged against another estimate or temporarily stored
for closer investigation of the case. The method produces
clear outlier signals for the higher spatially correlated
air pressure and air temperature. For the more variable
precipitation fields the procedure tended to be too criti-
cal. Subsequent queries to the data providers (who had
more internal unpublished information in their archives)
reduced the number of suspected values to approximately
50% of the confirmed real errors. The two screen-shots
in Figure 4(a) and (b) illustrate the working facilities of
histalp-05-v33.apr with the example of a 4.1 hPa error of
the monthly mean air pressure of station Salzburg airport
in January 1972. This case also points to the analytical
potential of the database. January 1972 shows, even for
the monthly mean, a strong +8 hPa W—E gradient of air
pressure anomalies in the GAR, which resulted in a pro-
nounced southerly air flow and the corresponding conse-
quence of a dynamic lee trough north of the Alps (which
would have been partly destroyed by the Salzburg-outlier
in the original data). Finally, the third map (Figure 4(c))
provides the respective high-resolution precipitation field
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(Efthymiadis et al., 2006) with the typical orographical
enhancements in the south (up to 400 mm) and the dry
situation (down to 0 mm) in the north.

A second class of apparent outliers was classified
as ‘overshooting’ adjustments. Overshooting can happen
when the respective homogeneous subperiod is too short
to produce robust samples to apply the general adjust-
ment philosophy, which is based on the assumption of
temporally constant differences (ratios) of two highly cor-
related climate series. One way to avoid this is to neglect
the detection signals for intervals that are too short. This
way of ‘soft homogenising’ leaves detected and some-
times even strong inhomogeneities as they are. We did
not follow this path, but tried to adjust shorter sub-periods
as well and re-adjusted those with the ‘overshooting’ ten-
dency during the subsequent outlier detection and elimi-
nation.

It can be argued, in general, that non-detected out-
liers could have a feedback on the calculation of adjust-
ments and that erroneous outliers should be removed
before starting to homogenise. On the other hand, our
practical experience on thousands of analysed monthly
fields of original, homogenised, anomaly and absolute
temperature, precipitation and air pressure, revealed that
such feedback also exist the other way round. Non-
homogenised breaks can affect the detection and adjust-
ment of erroneous outliers as well. So our solution was to

FESSEYPFIESIETEVER

L gl
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Figure 4. Screen-shots of two situations in the course of applications of the outlier detection and correction procedure, histalp-05-v33.apr. Shown
are the air pressure anomaly fields in the GAR for January 1972 (a) before and (b) after correcting the respective monthly mean of airport station
Salzburg (indicated by an arrow) by 4.1 hPa and (c) the respective high-resolution (RO1-grid-2) precipitation field.
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conform to the described way of proceeding (homogenis-
ing, outliers, gaps) but to reduce the possible biases in
feedback in two ways.

Firstly, we tried to eliminate larger outliers in advance.
For this we applied the procedure described below on the
original series (serial cross-checks with regional means),
for the series on cloudiness and sunshine. Secondly,
the fact that we smooth the annual course of break-
adjustments (details in Auer et al., 2005) reduces the
feedback biases, particularly where it is expected to
be most severe — between the two breaks in the case
of short intervals (compare the arguments on statistical
significance in homogeneity testing in Section 3.1).

For the two other climate elements with near complete
spatial coverage (cloudiness, sunshine), outlier detection
was done in a more conventional way. Seasonal series
were cross-checked against the respective subregional
mean series. This time-saving method is able to detect
serious outliers but does not have the same detection
power as the procedure applied to the three main ele-
ments. The two humidity elements (relative humidity,
vapour pressure) are only homogenised and not out-
lier corrected even now. This will be done when future
projects provide the necessary personnel and resources to
complete their spatial coverage for the entire GAR.

Separate internal evaluations have already shown that
the work invested so far in outlier elimination has not
changed the leading patterns and magnitudes of longer-
term climate trends in the region. The area of application
for which a remarkable increase in quality could be
achieved is the analysis of any kind of extreme events.
Many of the outliers that were removed would have
significantly influenced (increased) the frequency and
magnitude of the extreme climate events in the region.
Therefore, the HISTALP database in its present state can
also be described as usable for extreme event analysis on
a one-month time resolution for the three main elements
and a one-season resolution for sunshine and cloudiness.

3.3. Data gap filling

The final step in data processing does not deal with data
quality but with completing the series. Up to a certain
length, gaps were filled using the most suitable (highest
correlated) nearby series. We defined no obligatory size
threshold for which a gap should be filled. This question
was handled flexibly, optimising the importance of a
series for the database versus the length of the gap.
Anyway, gaps of more than ten years were closed only
in very rare cases and only in the early period. For
applications sensitive to spatial information, the original
series (with gaps) were kept in the database. It should be
stressed that any gap filling should be done at the final
step of data processing. This avoids the possible use of
error affected comparative series for gap filling, which
could duplicate or multiply the occurrence of an eventual
inhomogeneity or outlier in the database.

Copyright © 2006 Royal Meteorological Society

3.4. Overall results from all quality improvements

Table I and Figure 5 outline and summarise a quan-
titative analysis of what has been changed through the
process of quality enhancement of the five leading climate
elements in HISTALP. The fact that a total of 2533 breaks
could be detected and removed in the 516 time series
of the five climate elements with GAR coverage under-
lines the necessity to work exclusively with homogenised
data if the sample exceeds the average length of a homo-
geneous subinterval, which is little more than 20 years.
To achieve statistical significance in trend or variability
studies, the relatively strong and typical interannual vari-
ability of climate series strictly demands samples that
are explicitly longer than that. The bold lines of the
mean difference series ‘homogenised minus original’ in
Figure 5 deviate from zero for several climate elements
over longer periods. This indicates that the total of all
inhomogeneities in the GAR tends to be not random but
systematic. These biases are not significant in statistical
terms but some of them are of an order comparable to
respective long-term global climate trends. In the case
of temperature, for example, the centennial trend from
the 1870s to the 1980s in the original series is biased
by half a degree C — the reasons for this are given in
Bohm et al. (2001). It is a combined effect of the trend
of decreasing urbanness for the typical GAR long-term
series in the 20th century, together with some system-
atic changes in the time of observation. The remarkable
early bias of original precipitation data by approximately
—10% could be explained by Auer ef al. (2005) through
the systematically higher installation of rain gauges in the
early instrumental period.

There is evidence that such systematic biases in climate
data sets will continue to occur into the future. Even
under the strictest observance of regulations they are
sometimes inevitable. One such evolution is happening
right now — automation of the meteorological networks.
It is hoped that such biases will be detected and,
hopefully, adjusted in the near future, when long enough
comparative series will be available.

The broad range of individual breaks is visualised in
Figure 5 by the grey lines, which define the standard
deviation values of all applied adjustments. This gives
the typical deviation of a single series from the climatic
truth. This range is about 3 to 5 hPa for air pressure, 2 °C
for temperature, 20% for precipitation, 10 to 15% for
sunshine duration and 10% for sky cloudiness coverage.
The even broader total range of all individual HOM-ORI
differences (the thin black lines in Figure 5) also reflects
the detected outliers in the original series. Taking into
account that only the annual means are shown here, which
smooth the real single monthly outliers, there should be
no question that studies on climate extremes and their
trends must strictly remain within the data purview of
accurately outlier corrected series. Even with a climate
element like air pressure, which is always regarded as
essential and therefore treated with great care, outliers
are still present.
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Figure 6 summarises and quantifies what has been said
about outliers and gaps for the three main climate ele-
ments. The time series of outlier rates (figures on the
left) indicate more about internal system stability of mete-
orological networks while the gap rates (figures on the
right) seem to react more to external influences. Con-
sidering the better detectability of outliers in air pressure
and air temperature series (due to their smoother monthly
anomaly fields), the lower outlier rate for precipitation
may not be a measure of higher quality but rather an
expression of still hidden outliers in the more variable
anomaly fields. The smaller number of outliers in air pres-
sure data compared to temperature may well indicate real
quality differences. The low outlier rates of air pressure
before 1820 is certainly not an indicator of better qual-
ity but arises from the very low number of early series
that had remained to allow for reasonable detection. For
temperature, the respective network densities are better

Copyright © 2006 Royal Meteorological Society

for the early period, showing that the pre-1820 series are
at least as outlier affected as they were afterwards. Vari-
able detectability does not play any role for the gap rates
of the series shown in the right side panels of Figure 6.
Rates are similar for the three climate elements and obvi-
ously more strongly influenced by external factors. The
two World Wars are clearly visible with peaks in gap
rates up to 25%. The typical gap rates in politically calm
periods of the ‘IMO-WMO period’ are between 1 and
5%. The fact that they are zero only in very rare cases
underlines the great benefit of gap filling for any applica-
tion. The pre-IMO period has considerably increased gap
rates, which are lower only in the very early centuries of
the instrumental period. Here, the few remaining classi-
cal astronomical observatories seem to have had a higher
level of staying power than the early attempts to install
networks. This introduced a greater number of new series
but also brought in more instability.
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(b) right panel: 1, early period; 2, first networks with continuity problems; 3, well organised IMO period; 4, World War I; 5, World War II; 6,
recent problems in the Italian network and the network of Bosnia and Herzegovina.

4. HISTALP DATA MODES

Table II provides an overview of the sites that best
represent the HISTALP philosophy. They are prominent
in terms of being ‘multiple’ and ‘long’ or belonging
to the summit station subset, which allows study of
the third dimension of climate variability in the region.
The following sections will provide a first comparative
outline of the leading climate variability features in the
GAR on the basis of the concept of ‘Coarse Resolution
Subregional Means’ (CRSMs). Column CRS in Table II
gives the results of the regionalisation discussed in the
next section.

The climate information in HISTALP is stored in sta-
tion mode and grid mode. The former provides two kinds
of data: ‘stmod-ori’ (monthly/seasonal/annual means or
totals of the original data) and the subsequent ‘stmod-
hom’ data. Stmod-hom series have passed the homogene-
ity tests, outlier correction and gap filling procedures.

Copyright © 2006 Royal Meteorological Society

The current stmod part is presented by the maps in
Figure 2.

Three climate elements, air pressure means (PO1), air
temperature means (TO1) and precipitation totals (RO1)
have been also transferred into monthly anomaly fields
(with respect to 1901-2000 averages) at a grid resolu-
tion of 1° latitude and longitude. These ‘grid-1’ series will
reduce the remaining undetected inhomogeneities/outliers
through the process of averaging, overcome any remain-
ing inhomogeneities of the network in terms of spatial
distribution of the sites and allow for easier mathemati-
cal treatment in different kinds of analyses. The method
applied was a modified Gaussian weighted inverse dis-
tance (IDW) interpolation. The filter width of the weight-
ing function was set with respect to spatial de-correlation
of the respective climate element (least for precipitation,
largest for air pressure). A few steep climate gradients
in the Alpine main chain for all elements, coastal versus
inland for temperature and a few others, were initially

Int. J. Climatol. 27: 17-46 (2007)
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defined as barriers to information transport. Also, the
search radius was set according to the specific spatial de-
correlation. This was a measure to avoid transfer of infor-
mation to a grid point over unrealistically long distances,
especially in the earlier times when network density was
less. For temperature, two such grid-1 data sets were pro-
duced. The version ‘high-elevation’ is only present for
grid points in the direct Alpine realm and was calcu-
lated from a selection of high-elevation or summit series
(comp. Table II). The version ‘low-elevation’ comprises
all grid points in the GAR from 4 to 19 °E and 43 to 49 °N.
For precipitation, the series from the wind exposed sum-
mit sites have already been excluded from the stmod data
set (Auer et al., 2005) owing to the well known uncer-
tainties of precipitation measurements at high-elevation
Alpine sites (Sevruk, 1986; Milkovié, 1989; Auer, 1992;
Yang et al., 1999a, 1999b; Forland and Hanssen—Bauer,
2000; Milkovi¢, 2002), consequently, no high-elevation
grid-1 version was produced. For air pressure, only sites
up to a maximum altitude of 650 m asl were used for
grid point-interpolation. These low-elevation fields can be
expected to carry the main information usable for ques-
tions of circulation. Higher-elevation sites were excluded
owing to their systematic bias originating from the tem-
perature and humidity of the atmospheric layers beneath.
However, studies targeting such effects directly remain
in the low- and high-elevation pairs of the stmod series
(e.g. Bohm et al., 1998).

At present, a second kind of a gridded data set has
also been produced for precipitation. RO1-grid-2 consists
of absolute monthly precipitation totals at a high spatial
resolution of 1°/6° lat/long. Efthymiadis et al., 2006
describe the procedure in detail. The high-resolution
data set is principally based on two main sources. The
HISTALP stmod-hom data set provides the long-term
information back to 1800. It has been merged with

the shorter (1971-1990) but higher resolved ETHZ-
precipitation climatology (Schwarb, 2000; Schwarb et al.,
2001). The basic assumption is the relative stability of
the (highly resolved) ETHZ-patterns of spatial variability
allowing the statistically-sophisticated extension back in
time via the (spatially less resolved) HISTALP stmod
data.

As the example of a 19th century subset of a precip-
itation series, Freiburg in southern Germany (Figure 7)
provides a comparison of the four data modes (stmod-ori,
stmod-hom, RO1-grid-1 and RO1-grid-2). Before 1869
(the start of the Freiburg precipitation series), only inter-
polated grid series were available — in mm for grid-2, in
percent of the 20th century mean for grid-1. The system-
atically lower grid-2 series compared to stmod-hom are
typical for this case, which highlights extremes and not
the average situation. It can be explained by the location
of Freiburg in a steep W—E gradient of increasing terrain
(Schwarzwald) with increasing precipitation. The nearest
grid-2 series is, in spite of the high resolution of grid-2,
representative of the lower, drier Rhine valley to the West
(7.75°E and 47.92°N).

5. REGIONALISATION — THE CONCEPT OF
COARSE RESOLUTION SUBREGIONS

This paper intends not only to describe the acquisi-
tion, quality enhancement and general structure of the
HISTALP database but also to give a first survey of
the general climate variability features in the region.
It is clear that there have been significantly different
short- and long-term climate evolutions in the GAR (e.g.
for precipitation, as described by Brunetti et al., 2005).
Therefore, it was necessary to reduce the number of local-
to-subregional differences, from element to element and
from subperiod to subperiod, to some principal features.

1869-1887: old instrument with
strong positive bias of 30%

1888-1923: section with
weak adjustment of 2%

pre-stmod period:
grid series only
300
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okl
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Figure 7. Example for the four different kinds of time series available in HISTALP: Freiburg/Breisgau, Germany, August precipitation series,
subperiod 1861-1900. Note: stmod-ori, stmod-hom and grid-2 in mm, grid-1 in % of 1901-2000 average, stmod for the location 7.83°E,
48.00°N, grid-1 for 8°E, 48 °N, grid-2 for 7.75°E, 47.92°N. Same scale for mm and % on the y-axis.
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A complete spatial compression to an average series over
the entire GAR was not feasible because they would
not be representative for any subregion, particularly for
spatially variable elements like precipitation. To provide
maximum information of a manageable size, we opti-
mised the results of single-element regionalisations to a
limited number of subregions that were identical for all
climate elements. Regionalisation of each single element
is based on principal component analysis (PCA) applied
between all station records for the longest possible com-
mon period (approximately 1930 to 2000, with slight
changes of a few years based on the availability of each
element). The resulting empirical orthogonal functions
(EOFs) were entered into an orthonormal transforma-
tion, which is subject to the so-called ‘varimax-criterion’
rotated empirical orthogonal functions, REOFs. Experi-
ence of our group from earlier attempts determined the
way (Matulla et al., 2003) PCA was used (rotated EOFs)
to investigate the spatial and seasonal variabilitiy of Aus-
tria’s precipitation climate throughout the 20th century.
REQOFs were also used to regionalise the HISTALP tem-
perature (Matulla et al., 2005) and the precipitation data
set (Brunetti er al., 2005).

Here, we applied PCA to all available climate vari-
ables on an annual basis (normalised air pressure, air
temperature, precipitation, cloudiness and sunshine dura-
tion data). Figure 8 shows the results. Regionalisation
based on seasonal combinations (not shown) supports the
annual results, but it also shows some interesting small-
scale differences. The map presents the single-element
regionalisations (thin lines) that are based on the four
leading EOFs for each element, respectively. The load-
ings on all elements, except precipitation, also suggested
a vertical stratification (e.g. a strong decoupling of lower
and higher atmospheric levels is evident for winter tem-
perature). Therefore, we introduced an additional sub-
group for high-elevation summit sites. Stations within this
Alpine subgroup are highly dispersed and are therefore

10°

29

not mapped as an area in Figure 8. For precipitation, the
isolation of a specific high-elevation subgroup was not
attempted owing to the exclusion of summit sites from
the data set for this climate element (see earlier discussion
in Section 3).

In order to allow comparisons between different cli-
mate elements, a regionalisation into uniform subre-
gions (coarse resolution subregions — (CRSs)) that are
the same for all climate elements was necessary. These
CRSs (shown with bold lines in Figure 8) are semi-
subjectively optimised solutions in order to gain the best
possible common regions for all climate elements. In
general, the adjustments of single-element regionalisa-
tions are considered to be small and physically reason-
able. Most of the climate elements show a favourable
subdivision into four horizontal subregions of approx-
imately similar size. They correspond to the north-
west—northeast—southwest—southeast scheme.

In detail, there were no compromises necessary along
a section of the Central Alpine chains, from the La
Grave—Les Ecrins group in the West to the Hohe Tauern
group in the East. This is the sharpest climate border
existing in the GAR identical for all five elements. It
is part of the continental scale transition zone, from
the temperate westerly to the Mediterranean subtropical
climate. Further to the west, this climate border splits into
three branches. Two (for air pressure and temperature)
bend to the south and continue to follow the Alpine
bow a little further, whereas the other elements leave
the Alpine crest and cross the Rhone valley in a zonal
direction towards the Massif Centrale.

We see the strongest blurring of this divide in the zonal
climate in the east. For cloudiness and sunshine, it bends
to the south and generally follows the Dalmatian coast.
For air pressure, it moves further inland and separates at
the Dinaric Alps and Bosnian Mountains from the Slavo-
nian—Hungarian plains. For temperature, it continues
more or less in the zonal direction as it did in the Alpine
12° 14°

16° 18°

48° -

46° -

44°

— 50°

4 6 8 10°

122 142 160 18°

Figure 8. Leading horizontal climatological subregions of the GAR. Thin lines: results of PCA (based on single-element monthly anomalies) for
air pressure, PO1; air temperature, TO1; precipitation, RO1; sunshine, SU1; cloudiness, NO1. Bold lines: the CRS (coarse resolution) compromise
allowing for intra-elemental comparisons based on equal subregions for each climate element.
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parts. For precipitation, surprisingly, southern influences
reach as far to the north as southern Slovakia. Here in
the east, the strongest compromises had to be accepted to
define a common CRS-border, which was finally chosen
similar to the temperature line along the 46" parallel.

A second continental scale climate border could be
anticipated between (western) oceanic influences of the
Atlantic and (eastern) continental features of the Eurasian
continent. Surprisingly, the climate transitions emerged
to be rather uniform and steep for the different cli-
mate elements, although no additional topographic forc-
ing through mountain chains exists here. They roughly
follow the 12" degree eastern meridian in the parts of
the GAR north of the Alps. In the south, a separate
diversification along 12°E appeared only for tempera-
ture and precipitation. This splitting into a southwestern
‘Tyrrhenian’ and a southeastern ‘Adriatic’ subregion is
not visible for air pressure, sunshine and cloudiness.
These three elements split into three horizontal subgroups
only — most likely a stable solution for air pressure, and
a preliminary estimate for sunshine and cloudiness owing
to network deficiencies that still exist in parts of the GAR
(see Section 2). Anyway, the subdivision into four hori-
zontal subgroups was maintained also for these elements
and a compromise between temperature and precipitation
was followed in the south. This should cause no problems
for pressure, cloudiness and sunshine — simply produc-
ing very similar respective SW- and SE-series — and the
existing SW-SE differences for precipitation and tem-
perature are not destroyed.

We finally chose four low-elevation coarse resolu-
tion subregions as shown in Figure 9(a). The fifth
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(high-elevation) subregion is indicated as a chain of tri-
angles following the main crest-line of the Alps. The
other three schematic graphs 9(b), 9(c) and 9(d) show
the different combinations of subregions used in the fol-
lowing section. Together, ten subregions are defined as
various combinations of the five main CRSs. Table III
defines the wording and abbreviations used to denote the
ten CRSs in the following section, these together outline
the leading spatial features of climate variability in the
GAR represented by the CRS mean time series (CRSMs).
It also shows the starting years of each CRSM series.
All low-elevation subregions of air pressure and temper-
ature go back to the 18th century, and for precipitation
to the year 1800. Sunshine series start in the 1880s, with
some cloudiness subregional series starting earlier, in the
1840s and 1850s. The four low-elevation subregions for
which humidity series are available point to the poten-
tial of this climate element that is not yet fully processed
and used — neither in the GAR nor in most other regions
of the world. Relative humidity series go back as far as
the 1860s, those of vapour pressure go back even further
in some cases. The reason vapour pressure is a longer
series is that it is more easily homogenised compared to
the more scattered relative humidity fields. The typical
starting time of high-elevation series is in the 1860s to
1880s, when the classical Alpine summit observatories
were founded (e.g. Wege, 2004; Eckert, 2004; Bohm,
2004; Auer et al., 2002).

For each of the ten CSRs, monthly, seasonal, half-
year and annual CRSM series have been calculated for
air pressure, air temperature, cloudiness and sunshine
duration. Nine CRS sets of series could be produced for
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Figure 9. Schematic outlines of the coarse resolution subregions used: (a) horizontally defined subregions NE 1, NW 2, SE 3, SW 4, and their
respective pairs of antagonistic combinations: (b) HIGH 5 and LOW 6 (combining 1,2,3,4), (c) NORTH (1,2) and SOUTH (3.4), (d) WEST
(2,4) and EAST (1,3). Abscissa: E, ordinate: N.
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Table III. Codes, acronyms and names used for the coarse resolution subregions of the GAR.

HISTALP-CRSM-code

Starting years of CRSM series

Code Acr. Combining Subregion Air-press. Temp Precip Sun Cloud Rel-hum Vap-press
1 NE Northeast 1775 1767 1800 1880 1842 1860 1837
2 NW Northwest 1760 1760 1800 1881 1864 1874 1874
3 SE Southeast 1766 1767 1800 1884 1858 1860* 1845*
4 SW Southwest 1763 1760 1800 1886 1858 n n
5 H High 1864 1818 n 1884 1878 1887 1881
6 L 1,234 Low 1775 1767 1800 1886 1864 n n
7 N 1,2 North 1775 1767 1800 1881 1864 1874 1874
8 S 34 South 1766 1767 1800 1886 1858 n n
9 W 24 West 1763 1760 1800 1886 1864 n n

10 E 1,3 East 1775 1767 1800 1884 1858 n n

* SE is represented by one series only.

precipitation (all except group 5) and four (NW, NE,
H and N) for relative humidity and vapour pressure.
The following section discusses a sample of typical and
interesting cases from the total of more than 1000 single
graphs that resulted from the reduction of the data sets
to the few leading principal components.

Before presenting some interesting features of cli-
mate evolution based on the CRSM-concept, we want
to clearly state the necessity to compress the information
in order to reduce the otherwise unmanageable variability
patterns; however, we must not forget that there remains
a certain internal variability within the coarse resolution
subregions. Therefore, any future analysis of pattern at
a higher spatial resolution than the one chosen for this
paper may be a valuable supplement to our comparative
overview. To illustrate this, we have analysed the correla-
tion (Spearman’s correlation coefficient, described e.g. in
Sachs, 1978) of all the station pairs within the subregions
and plotted them relative to their separation distance.
After grouping them according to inter-station distance,
the medians of these subgroups were used to fit exponen-
tial spatial de-correlation functions. This was undertaken
for all 5 CRSs, for all monthly, seasonal, semi-annual and
annual CRSM series. Figures 10 and 11 show a selection
of the graphs. They display ‘box and whiskers’ plots for
the medians, and 4 percentiles of the group-samples and
the exponential fits. Figure 10 demonstrates, with exam-
ples, the plots for January and July and subgroup 1 (NE),
the intra-elemental differences and their annual variation.
Figure 11 indicates the different de-correlation slopes in
the different climate zones of the GAR with examples of
four seasonal plots of the respective pairs of two con-
trasting subregions (NW vs. SW).

6. OUTLINE OF THE LEADING CLIMATE
VARIABILITY FEATURES IN THE GAR

The HISTALP database achieved its present state in
spring 2005. There has been no comprehensive study as
yet making full use of its currently available potential.
One study that deals with one single climate element

Copyright © 2006 Royal Meteorological Society

has been undertaken. Brunetti et al. (2005) analysed the
precipitation variability in the GAR on the basis of the
HISTALP database released recently. Bohm et al. (2001)
made use of an earlier version of the temperature data
set with a lower station density and without any outlier
correction. Detailed analyses of the other elements of
the database have not yet been undertaken. The current
potential of HISTALP is promising, as it makes possible
an advanced physical understanding on long-term climate
variability arising from comparative analysis of different
climate elements over one to two centuries. In this final
section we will touch on the different aspects that are
worthy of a further closer examination.

Before starting to outline the features of climate vari-
ability during the instrumental period in the GAR, we
want to particularly point to one of the strengths of the
HISTALP data set that, at the same time, could also be
one of its dangers if used uncritically. This pertains to the
extension of HISTALP into the early instrumental period,
for air pressure and temperature even by some decades
into the 18th century. This opens interesting new pos-
sibilities to compare climate data from a highly natural
period having a low level of anthropogenic interference
with the recent period of combined anthropogenic and
natural forcings. We have already mentioned this in the
introduction and will come back to it several times in the
following discussion. Users of these early data should be
aware that the general quality level of the series during
the last decades of the 18th century and the first two of
the 19" does not match that of the recent parts of the
instrumental period. However, considering the amount
of work we had invested throughout the past decade
and the lessons learned, we are convinced that our early
homologous series is valuable when used with care. The
network density in relation to spatial de-correlation (com-
pare Figures 1, 3 and 10) has allowed quite important
conclusions to be drawn for temperature, air pressure and
precipitation for decades in which only indirectly derived
climate information was available so far. As the series
originate from different sources, institutes and adminis-
trations, we are also optimistic of the detection potential
of systematic biases. The relatively small region provides
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whiskers, 10 and 90% percentiles of inter-station-distance subgroups; lines, exponential de-correlation fits (calculated from the grouped data).
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Figure 11. Spatial de-correlation for CRS 2 NW (a) and 4 SW (b) for precipitation and for the four seasons, respectively. SPR (MAM), SUM
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(JJA), AUT (SON) and WIN (DJF). Same layout as for Figure 10.
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at least 14 temperature series and six pressure series as
early as 1781, which allow relative homogeneity testing
to be undertaken. The advantages of systematically mea-
sured and intensively quality controlled time series now
available for this period, in our opinion, compensates for
the uncertainties that remain, although we are aware that
objective measures to quantify this are not (and perhaps
will never be) available owing to the absence of a stan-
dard definition of the ‘ground truth’ of the climate in
those times.

6.1. Temperature

Although the following subsections will concentrate on
the aspect of ‘multiple variable climate’, some introduc-
tory remarks on temperature are warranted, as this is the
most frequently used single climate element in connection
with climate change. The smoothed low-elevation sub-
regional annual temperature series in Figure 12 clearly
show that the GAR-subregions only show small differ-
ences in their low-frequency temperature variability. This
is also the case for the high- versus low-elevation sub-
groups. The remote observatories in the Alpine summit,
at altitudes of 1500 to 3500 m, all show the same long-
term temporal evolution as those in the long-term urban
or rural sites in the valleys and plains in and around
the Alps. The mountains neither show weaker warm-
ing (which would point at the low-elevation sites to be
possibly not representative for the global background)
nor show any warming stronger than the low-elevation
regions (as sometimes claimed, for example by Beniston
et al. (1997) and others). It is the GAR as a whole that
has warmed twice as much since the late 19th century
compared to the global or Northern Hemispheric aver-
age (Figure 13). This has also been confirmed by a study
of the independently homogenised Swiss series (Begert
et al., 2005) and Italian data (Brunetti et al., 2006). The
difference of the series in the GAR minus CRU-N-HEM
shown in the upper part of Figure 13 further differentiates
this relative trend. In the first years of the common mea-
suring period (1850s and 1860s) and in the 80 years from
1900 to 1980 there is no trend between the GAR and the
hemispheric average, and only a stronger variability of
the GAR is visible (which is not surprising as the GAR is
a smaller region). The long-term effect is produced more
or less exclusively by a cool GAR in the 1870s, 1880s
and 1890s in contrast to a warm GAR in the 1980s and
1990s. A discussion of such outstanding climate events
at the decadal scale is fully described in Matulla et al.
(2005) on the basis of the HISTALP database and cross-
checked against long-term runs of climate models.

The pronounced seasonal differences in the long-term
temperature evolution in the GAR are visible in the two
upper series in Figure 14. The upper left graph shows
the typical subdivision of the summer half-year series
with more than 100 years of cooling prior to the 1910s
followed by warming in two steps (until 1950 and in the
recent decades). In the winter half-year, the initial cooling
was much weaker and ended near 1890, with the 20th
century warming being more regular and less steplike.
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Figure 12. GAR smoothed temperature series 1760-2003 for the four

low-elevation CRSs (bottom) and for the low-elevation mean (black)

versus the high-elevation mean (grey, top). All values shown are

10-year Gaussian low-pass filtered anomalies from the 1901-2000
average.
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Figure 13. GAR-low elevation means compared to CRU-Northern-

Hemisphere mean temperature series. Bottom (left ordinate): GAR-low

1767-2003 (thin) and CRU-N-HEM 1856-2003 (bold). Top (right

ordinate): difference series GAR-low minus CRU-N-HEM. All values
are anomalies from the 1901-2000 average.

6.2. Temperature and pressure

The main depiction in Figure 14 is the comparison of
the respective low-elevation air pressure series. However,
there is a striking similarity between the long-term trends
of air temperature and air pressure. Figure 15(a) shows
the 100- and 50-year trends of the annual data that have
the same sign throughout the 19" and the 20th century.
The spring, summer and autumn trends (Figure 15(b), (c),
(d)) also show this similarity of pressure and temperature
trends for most of the 50- and 100-year subperiods.
Interestingly, winter temperatures seem to have been
influenced differently by air pressure in the course of the
past two centuries. In the 19th century, the temperature
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Figure 14. GAR-low: half-year mean temperature (grey, top) versus air pressure series (black, bottom), single years and 10-year low-pass filtered.
Left graph: summer half-year (AMIJJAS), right graph: winter half-year (ONDJFM). All values are anomalies from the 1901-2000 average.

trends are opposite to the trends of air pressure. This is
in accordance with our traditional way of understanding
Central European winters to be cold at high pressure,
caused by an extension of the Asian winter anticyclone.
In the 20th century, temperature and pressure trends
increasingly tended to show the same sign rather than
the opposite. This was most accentuated in the second
part of the century, when a 4.5-hPa increase of winter
air pressure went along with a 1.6-K warming. The
uniform subregional pressure trends in the region (not
shown in Figure 15 but included in Tables IV and V)
point to the possibility that the increase in pressure
do not necessarily have to be in connection with the
continental East but may as well emerge from the South.
Such a pattern, with reduced cyclonic activity during the
Mediterranean winters, would enhance advection from
the Atlantic and cause the observed warming of GAR-
winters. It would also explain the observed centennial
precipitation increase/decrease in the NW/SE of the Alps
(Figure 19 and Tables IV and V).

The fact that each variable has been homogenised sepa-
rately makes the described pressure—temperature similar-
ities all the more remarkable. Moreover, the homogenised
air pressure data also give more confidence to the early
instrumental period in general and may also be used as
a first simple explanation of some of the regional GAR
versus global climate features. There is also some diver-
gence of the air pressure and the temperature curves
in Figure 14, for example, the recent decoupling of the
summer curves since around 1990. Taking into account
the problems of detecting and adjusting recent inhomo-
geneities (adjusting the necessary length of an unaffected
subperiod is not possible for this period) and also the cur-
rent conversion of the networks (automation), it may well
be an artefact. Anyway this interesting feature should be
kept under close observation during future updations.

Figure 16 highlights another aspect of the joint anal-
ysis of air pressure and air temperature. One of the
strongest relationships between any pair of climate ele-
ment combinations in the GAR is shown here. This is

Copyright © 2006 Royal Meteorological Society

the one between high-elevation minus low-elevation dif-
ference in air pressure and air temperature series. The
respective correlation coefficients are 0.89/0.87 for AMJ-
JAS/ONDJFM. This is due to the thermodynamic expan-
sion/compression of the warming/cooling air masses
below the high-elevation observatories, producing an
increase/decrease of high-altitude air pressure relative to
the one measured at low elevations. The effect is not new,
but its manifestation in long-term series is small in rela-
tion to the inhomogeneities present in the original data
(Figure 5). A feasibility study (Bohm et al., 1998) tried
to use this approach to calculate the ‘non thermometric
virtual air temperature series’ for air columns between
some single high—low station pairs in the Eastern Alps.
The model worked well for an annual ‘Eastern Alpine
Standard Air Column’ temperature anomaly series. It
confirmed the reality of the systematic bias in the ‘as
measured’ temperature series (Figure 5) and also pro-
vided a striking argument against those who doubted
the warming, not believing it to be real, and consider-
ing it only as an artefact of urbanisation. In the Alps
(the only place where long-term series of high- and low-
elevation air pressure exist at altitude differences of 2 to
2.5 km), the warming of the last 100 to 120 years cal-
culated from the air pressure series corresponds exactly
to that measured by homogenised long-term series from
the urban and rural sites of the region. This is a clear
indication that a possible ‘systematic urban bias’ cannot
be used as an argument to doubt climate warming. It
is obviously possible to eliminate urbanization problems
through careful homogenising — an experience not only
gained by the authors (comp. Bohm, 1998) but also by
others (Peterson, 2003; Parker, 2004). A more sophisti-
cated relevant study on ‘barometric temperature series’
(making use of the quantitatively enlarged and qualita-
tively improved database) is currently in progress.

6.3. Sunshine, clouds and precipitation

Figure 17 compares two climate elements expected to
be closely inversely correlated — sunshine duration and
cloudiness. Any similarities, however, are not as easy
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Figure 15. GAR-low: 100-year and 50-year linear trends of mean temperature (grey) and air pressure (black)

. 15(a) annual, 15(b) spring (MAM),

15(c) summer (JJA), 15(d) autumn (SON), 15(e) winter (DJF).

to determine as it may seem. Sunshine duration is mea-
sured as a total over a variable length of a day, whereas
the sky coverage by clouds is estimated by an observer
at fixed points in time each day. Also, the fact that the
two elements have never been merged during the pro-
cess of homogenisation (Section 3) makes results like
the selected cases shown for the month of February in
NW and for the month of May in SE rather satisfying.
The inverse correlations of —0.87/—0.79 represent typi-
cal results and not specially selected examples. Figure 18
allows for a verification as it contains all the respective
monthly correlations in the five coarse resolution subre-
gions of the GAR, for sunshine-cloudiness as well as for
the positively correlated pair of precipitation and cloudi-
ness.

Copyright © 2006 Royal Meteorological Society

The annual precipitation and cloudiness series are
shown in Figure 19 for the CRS series NW and SE.
The increase in precipitation in the NW of the GAR
over the last 140 years has its counterpart in a similar
increase in sky coverage, while the long-term drying in
the SE is accompanied by a decrease in cloudiness trend.
The monthly correlation analysis (Figure 18) also shows
slightly lower but still strongly significant correlations
than those of the sunshine—cloudiness pair. For both
cases, correlations are more distinct from March to
October and slightly, but clearly, lower during November
to February. In the cold season, the situation becomes
more complicated owing to the frequent occurrence of
a decoupling of low-elevation local (stable) air masses
(accompanied by inversions and low stratiform clouds or
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Figure 16. Seasonal air pressure difference series, high—low (grey) versus the mean low temperature series (black). Left graph, summer half-year

(SUM-HYR = AMIJJAS); right graph, winter half-year (WIN-HYR

= ONDJFM). All values are anomalies from the 1901-2000 average.
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Figure 17. Examples for monthly sunshine (top) and cloudiness (bottom) series. Left graph, February; right graph, May. All values are anomalies

from the 1901-2000 average, single

fog) from the higher parts of the atmosphere that are more
exposed to advection from remote (maritime) regions.
The existence of mountains with enclosed valleys and
plains further stimulates and strengthens the decoupling
in the cold season.

Figure 20 also serves to illustrate and argue in favour
of such a mechanism that is driven by vertical effects.
At first sight, the parallel long-term increase of winter
precipitation and sunshine duration in subregion NW
(left graph of Figure 20) seems to be inconsistent and
appears to be an artefact of low data quality. A probable
explanation is offered by the two cloudiness series
observed at different altitudes in the right graph of
Figure 20. At low elevations in the GAR, high averages
of cloud-cover during winter result from long-lasting
episodes of stratiform low-level clouds. These produce
no, or very little, precipitation and completely shade
the lower parts of the GAR from sunshine. However,
they do not reach the altitudes of the high-elevation
observatories. If these stratus episodes are broken by
some frontal passages (in the north-western part of the

Copyright © 2006 Royal Meteorological Society

months and 10-year low-pass filtered.
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Figure 18. Monthly correlations between the pairs of climate ele-
ments (sunshine duration-cloudiness and precipitation-cloudiness) in
the coarse resolution subregions of the GAR. Sample: 1901-2000.

Int. J. Climatol. 27: 17-46 (2007)
DOI: 10.1002/joc



HISTALP

GAR typically advecting from the Atlantic) it brings
rain or snow and increases the monthly total of sunshine
hours. At high elevations (which have clear sky during
the stratus-periods), above-normal frontal (precipitating)
activity produces increased cloudiness (upper right graph
of Figure 20). At low elevations the resulting effect of
more high-level and less low-level clouds may produce
a zero-result because there is only an exchange of one
form of cloud against another form (lower right graph of
Figure 20).

6.4. Relative humidity and vapour pressure

The last example selected from the bulk of informa-
tion present in the HISTALP CRSM series deals with the
two climate elements representing air humidity — relative
humidity and vapour pressure. Although they are linked
by a non-linear relation (the Magnus Equation), their
(linearly calculated) monthly means have been treated
in HISTALP as independent climate elements. Figure 21

140
Q
o o
b 120 Q
L 100 §
80 5
32

- 60

[=)

[=)

(=]

o

=

o

[=)]

2

ks)

32

PRECIPITATION

O OO0 0000000 C o0
O 0O AN © 0O ANT O© 0O
P~~~ VWOV OO DO
—rrrrrrrrrr e Q

37

confirms this and shows the different long-term evolu-
tions of the two humidity measures. Of special interest
is the comparison of the low- and the high-elevation
humidity (shown in Figure 21 for CRS mean north) in
combination with the respective temperature curves. The
right graph in Figure 21 shows that vapour pressure has
more or less simultaneously increased with temperature,
both at high and low altitudes. This corresponds to the
general simple line of argument that ‘in a warmer world,
there is more moisture in the atmosphere and precipita-
tion is increased’. There is no doubt about this at the
global scale. At the regional scale, on the other hand, the
extent to which the humidity surplus can be transported
from the (mainly oceanic) source regions into the con-
tinents is of fundamental importance. Yet the apparently
nearly identical annual vapour pressure curves for high
and low elevations of the GAR in the left graph (Fig. 21)
have to be set into the context of the significantly lower
water vapour content (in an absolute sense) of the (colder,
less dense) high-elevation air masses. Thus, the identi-
cal 20th century increase of approximately 0.6 hPa tells
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Figure 19. Left graph, annual precipitation series; right graph, annual cloudiness series. NW (top, grey) versus SE (bottom, black). All values
relative to the 1901-2000 averages.
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Figure 21. Annual relative humidity (bottom, left) and vapour pressure (bottom, right) compared to temperature (upper graphs, left and right).
Black, low-elevation mean north (NW,NE); grey, high-elevation mean. All values are 10-year low-pass filtered anomalies to the 1901-2000
averages.

us about a more effective moisture transport towards
the Alpine peaks compared to the less intensive one (in
relative terms) into the valleys, basins and plains. This
assumption is clearly supported by the long-term curves
of relative humidity in the left graph of Figure 21. Here
we see that, in the upper levels, the moisture transport is
able to balance the drying potential of the warming trend
happening equally at high and low altitudes. Over the
whole measuring period, relative humidity has remained
relatively stable in the mountains. Only a few oscilla-
tions at the decadal scale are visible, the most prominent
being a dry period in the 1890s and early 1900s, which
has its logical counterparts in a high-elevation decrease
of vapour pressure and an increase of temperature. In
the valleys, basins and plains, in contrast, a long-term
decrease of relative humidity has occurred and it has
steepened in recent decades. An outstanding period of
interest is the one on the decadal scale in terms of the
concurrent warming near 1950 at high and low altitudes,
which was accompanied by a relative humidity minimum
at low elevations and a moisture peak (for vapour pres-
sure and relative humidity) at high elevations. This period
seems to have been warm and dry in the lowlands but typ-
ically one of increased transport of convective moisture
towards the elevated observatories in the high mountains.
A similar effect is also visible for the recent warming
of the 1980s and 1990s. The increase in low-elevation
vapour pressure of approximately 0.5 hPa is not enough
to balance the increase in temperature of more than 1°C.
Therefore, relative humidity has decreased considerably
in the north low-elevation subregion. In contrast, the
smaller increase of only 0.3 hPa in the high-elevation
subgroup has to be set in the context of the (much lower)
saturation vapour pressure in the colder air at high eleva-
tions. Therefore, this 0.3-hPa increase in the last 20 years
was sufficient to keep relative humidity rather stable in
the Alpine mountains.

Copyright © 2006 Royal Meteorological Society

6.5. Multiple-element trend overview

The selection of examples of interesting features illus-
trated and discussed in this section so far was intended
to raise interest in the broad field of applications that
was supported by the new HISTALP database. The selec-
tion is far from systematic and does not cover the whole
spectrum of four-dimensional climate variability in the
region. In Tables IV and V we outline a more systematic,
but still compressed, GAR-overview of trends present in
the annual/seasonal means/totals of the different climate
elements. The tables show linear trends for fixed subpe-
riods of 100, 50 and 25 years. To allow for comparisons
with other regions and with global mean values we used
the most common classification of the periods into cen-
turies and half-centuries. The most recent half-century
was again subdivided into two 25-year segments. The
chosen subperiods also make sense in some respects in
terms of major changes or reversals in climatic trend (e.g.
the Atlantic Multi-decadal Oscillation). The two centen-
nial subsections, for example, show a decrease in the 19th
century in temperature (significant) and air pressure (not
significant) and significantly increasing trends for both
elements in the 20th century. The subdivision of the 19th
century into two 50-year segments, on the other hand, is
in accordance with a change in the mid 19th century, from
decreasing precipitation in all subregions of the GAR to
stable or increasing tendency in the second part. The step-
wise increase in temperature in the 20th century is well
described by using the 50-year segment from 1900 to
1950 (with significant warming in all subregions), and
then the two subsequent 25-year section, with stable to
slight (insignificant) cooling until the mid 1970s and the
trend towards a strong warming of the recent 25 years.

The structure of the two tables (Table IV for annual,
Table V for seasonal trends) also allows for quick geo-
graphical attribution. The left four trend values in each
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framed box are those of the low-elevation subregions
NW (top-left), NE (top-right), SW (bottom-left) and SE
(bottom-right). The two values in the right columns of
each box are the high-elevation (top) and low-elevation
trends. The tables provide quantitative information on
many of the features already discussed in the examples
given in the figures cited in this section. Key values
(concerning the annual trends) are the —0.5 to —0.8°C
temperature decrease (significant in all subregions) in the
19th century and the subsequent 1.0 to 1.4°C increase
(also significant in all subregions) in the 20th century.
Other cases of significant trends in all subregions are
given for air pressure for the 20th century (increase of
0.9 to 1.3 hPa) and for the 50-years from 1950 to 2000,
for temperature for both 50-year subsections of the 20th
century and for the recent 25-year (all increasing), for
vapour pressure (0.4 to 0.9 hPa increase in the recent
25 years) and for relative humidity with the drying of
—1.8 to —10.4% from 1950 to 2000 (however, it has to
be remembered that the two humidity elements are not
available for all subregions).

Another outstanding event is the sharp trend-reversal
for autumn-precipitation in the 1970s, from a long-term
decreasing tendency (significant in the 19th century) to
a sudden increase of 23 to 35% in the last 25 years
(significant in the NE and for the low-elevation mean). A
recent reverse is visible for winter. GAR-winters became
drier in the last 25 years, significantly (44% in relation
to the 20th century mean) in the SW and for the low-
elevation mean (—27%). The recent trends in winter
precipitation have been accompanied by respective trends
in sunshine (significant increase in all subregions of 17
to 29%), cloudiness (non significant decrease of 3.1 to
7.4%) and relative humidity (significant decrease for all
available low-elevation subregions, strongest in the SE
with —4.8%).

Most of the other trends are variable from subregion to
subregion. The element with the highest spatial variability
of trends is precipitation. There is a 10% drying in the SW
with an 8% wetting in the NE during the recent 25 years
(annual totals). There is also a 10% drying in summer
from 1950 to 1975 in the NW compared to the parallel
20% wetting in the SE, or the 16% decrease in long-term
spring precipitation versus the contemporaneous increase
in 27% spring precipitation during the 19th century.

For the other elements, some striking differences in
trends exist between high and low elevations. For exam-
ple, the centennial evolution of total sunshine in summer
had a significant decrease (—9%) at low elevations, but
a significant increase (+8%) at high elevations. Another
‘vertical decoupling’ is given for both 50-year segments
and the 100-year trends of the 20th century for relative
humidity in all four seasons. The decoupling is most pro-
nounced in the more continental eastern subregions.

The indicated examples cover only a part of the
information present in the two tables. Moreover, the idea
of linear trend analysis for fixed subperiods only provides
a restricted view on the full array of four-dimensional
climate variability in the GAR. A more sophisticated
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respective analysis has already been undertaken for GAR-
precipitation (Brunetti ef al., 2005) and will be extended
to all climate elements of the HISTALP database soon.

7. CONCLUSION AND OUTLOOK

The main objective of this paper was to introduce a new
database, which is the result of approximately 10 years
of data collection, digitising and quality improvement.
The target area is the ‘Greater Alpine Region’, which is
of special climatological interest owing to its location
at the intersection of four principal climate regimes,
and additionally modified by vertical effects. Our efforts
were targeted at the elimination of shortcomings due to
inadequate spatial coverage and resolution, exploitation
of the data potential in the early instrumental period,
followed by a multiple variable approach that was carried
out under strict conditions with respect to data quality.
To date, we succeeded in fulfilling these requirements
for five leading climate elements at monthly resolution,
but the database is in permanent development. The
task for the future will be to continue the systematic
high-resolution climate monitoring in the region with
adherence to quality requirements. An extension of the
database to other climate elements and an increase of
the time resolution from monthly to daily are underway.
In addition to these monitoring activities, we hope that
the HISTALP database will be intensively used for
climate variability analysis and for all kinds of climate
impact research in the European Alps — a region of high
vulnerability to climate change. Grid-1 data and CRSMs
will be made available to the public via the ZAMG
homepage (http://www.zamg.ac.at).
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