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Abstract Current interest into past climate change and its
potential role for changes in the environment call for spatially
distributed climate datasets of high temporal resolution and
extending over several decades. To foster such research, we
present a new gridded dataset of daily minimum and maxi-
mum temperature covering Austria at 1-km resolution and
extending back till 1961 at daily time resolution. To account
for the complex and highly variable thermal distributions in
this high-mountain region, we adapt and employ a recently
published interpolation method that estimates nonlinear tem-
perature profiles with altitude and accounts for the non-
Euclidean spatial representativity of station measurements.
The spatial analysis builds upon 150 station series in and
around Austria (homogenised where available), all of which
extend over or were gap-filled to cover the entire study period.
The restriction to (almost) complete records shall avoid long-
term inconsistencies from changes in the station network. Sys-
tematic leave-one-out cross-validation reveals interpolation
errors (mean absolute error) of about 1 °C. Errors are relative-
ly larger for minimum compared to maximum temperatures,
for the interior of the Alps compared to the flatland and for
winter compared to summer. Visual comparisons suggest that
valley-scale inversions and föhn are more realistically cap-
tured in the new compared to existing datasets. The usefulness
of the presented dataset (SPARTACUS) is illustrated in pre-

liminary analyses of long-term trends in climate impact indi-
ces. These reveal spatially variable and eventually consider-
able changes in the thermal climate in Austria.

1 Introduction

1.1 Context

There is a brisk demand on national meteorological services
and other data providers to offer spatially comprehensive
datasets of the observed climate in daily time resolution and
extending over several decades. Applications in environmen-
tal planning and climate impact research require knowledge of
the temporal course of a climate variable either at specific
locations remote from observation stations or averaged over
defined geographic entities. This type of climate information
is required as input for quantitative models of environmental
or societal systems. Common applications in climate impact
research, official planning and hazard management include
modelling, reanalysis, monitoring or forecasting of drought
and fire danger (e.g. Haslinger et al. 2014; Petritsch and
Hasenauer 2014), of snow cover, glacier mass balance and
runoff (e.g. Olefs et al. 2013; Huss et al. 2008; Massmann
and Holzmann 2012) and of vegetation growth, crop growth
and pest spread (e.g. Kapeller et al. 2012; Seidl et al. 2009). In
climate research itself, gridded datasets provide a basis to
monitor and analyse trends and variations of basic climate
variables including impact-related climate indices (e.g.
Chimani et al. 2013; Donat et al. 2013), they serve as reference
for evaluating regional climate models (e.g. Haslinger et al.
2013) and they are an important ingredient in the development
of high-resolution regional climate change scenarios (e.g.
Themeßl et al. 2011). In all the mentioned applications,
near-surface air temperature is an indispensable quantity.
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Meteorological services of many European countries now
offer area-covering data products in the form of a chronology
of regular grids. These supplement the traditional in situ data
products consisting of observational time series at climate
stations. To interpolate climate variables from in situ temper-
ature measurements onto a continuous grid, spatialisation
methods have been designed over the last decades, which take
account of the peculiarities of climate variables. Frequently
used methods for (temperature) interpolation on a regional
and daily basis are the following: (1) The method PRISM
(parameter-elevation relationships on independent slopes
model) has been developed by Daly et al. (1994; 2008). It
relies on localised, geographically weighted regressions, with
piecewise linear parameter-altitude relationships estimated at
each grid point of a digital elevation model (DEM). The re-
gression involves the most representative observation stations
for the target grid point, via a weighting scheme taking into
account several physiographic conditions. (2) Bénichou and
Le Breton (1987) presented the AUREHLY (analyse utilisant
le relief pour l’hydrométéorologie) method, which, apart from
elevation, also uses patterns of the neighbourhood topography
in the form of principal components as predictors in a multiple
linear regression. The remaining station residuals are interpo-
lated by kriging. The method has been applied in numerous
applications at monthly, yearly and climatological time reso-
lutions. (3) MISH (meteorological interpolation based on sur-
face homogenised data basis) by Szentimrey et al. (2011) is a
regression- and kriging-based method. The climate statistical
parameters that determine the favourable interpolation param-
eters by error reduction are modelled with the help of auxiliary
variables like horizontal distance, topography and principal
component fields of topography. Its characteristic feature lies
in the application of the whole climate series for modelling,
i.e. considering a sample in time and space. (4) The interpo-
lation tool Daymet was introduced by Thornton et al. (1997).
It combines local multilinear regression with a Gaussian dis-
tance weighting, somewhat similar to PRISM, but with less
sophistication in physiographic predictors. Daymet is targeted
for daily time resolution and is used a lot in agricultural and
ecosystem applications (e.g. Hasenauer et al. 2003;
Ruefenacht et al. 2008). (5) VERA (Vienna enhanced resolu-
tion analysis) is a multiparameter mesoscale analysis tool de-
veloped with a focus on data quality control and model eval-
uation in mountain regions (Steinacker et al. 2011; Bica et al.
2007). It is based on a variational approach using thin-plate
splines and fingerprint patterns that represent small-scale ther-
mal effects from typical mountain weather phenomena
(Steinacker et al. 2006). (6) Recently, Frei (2014) presented
a method, specifically developed for the interpolation of tem-
perature in mountainous study regions. It superimposes
macroclimatic background fields based on nonlinear vertical
profiles with mesoclimatic residual fields based on non-
Euclidean distance weighting. This method is described in

more detail in Section 3.1. (7) Analyses (or reanalyses) based
on dynamic meteorological models are an alternative data
source on spatially complete climate information (e.g. Haiden
et al. 2011; Luhamaa et al. 2011; Rienecker et al. 2011). Phys-
ical and dynamical equations as well as the volume of obser-
vational input provide additional constraints that are not
exploited in a purely statistical interpolation. The resolution
of currently available regional reanalyses is still coarse and
their consistency regarding long-term climatic variations has
yet to be verified (e.g. Bukovsky and Karoly 2007; Isotta et al.
2014).

During the last years, several gridded temperature datasets
have been created for the territory of Austria by adaption of
the above methods: (1) Schöner and Dos Santos Cardoso
(2004) applied the AUREHLYprocedure upon about 70 qual-
ity-controlled, continuous station series. The resulting
StartClim dataset has daily resolution and extends over the
period 1948–2007. (2) Hasenauer et al. (2003) adapted the
Daymet method in Austria, mainly for purposes of local forest
ecosystem modelling and fire danger assessment. The dataset
starts in 1960 and has been updated until 2012, relying on a
temporarily variable network of between 192 and 285 stations.
(3) INCA (Integrated nowcasting through comprehensive
analysis) is the numerical weather analysis and nowcasting
model of the Austrian meteorological service ZAMG (Haiden
et al. 2011). Output is available for the period since 2006, yet it
is subject to frequent variations in data input (including up to
550 temperature observations) and changes in algorithm. It
has served as a valuable reference for cross-checking grid
datasets based purely on statistical interpolation.

All existing datasets provide valuable data sources for nu-
merous applications. However, for the analysis of weather-
scale temperature variations over climatological time scales,
they are either too short in extent (e.g. INCA), lack daily
resolution (e.g. monthly in HISTALP; Chimani et al. 2013),
are not continuously updated (e.g. StartClim) or they are sub-
ject to large variations in input data and/or methods that com-
promise their long-term consistency (e.g. Daymet, INCA).

1.2 Concept

In a situation with temporally highly variable station net-
works, there arise difficulties in meeting the two primary re-
quirements of best possible spatial resolution and long-term
consistency with one single grid dataset. High spatial resolu-
tion calls for integrating all available observational informa-
tion at any particular point in time. But the associated varia-
tions in network density are likely to lead to temporal varia-
tions in the error structure of the interpolation, which can
result in artificial trends or step inhomogeneities. Examples
of such artefacts are illustrated, for example, in Frei (2014)
and Masson and Frei (2014). Alternatively, interpolation
methods that ought to be resistant against large variations in
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station density (e.g. Masson and Frei 2014) are unlikely to
exploit the full spatial information available during periods
with dense observation.

These circumstances led to the development of the new
temperature dataset for Austria, presented in this article. The
primary ambition is to achieve best possible consistency over
climatological time scales while making compromises to ef-
fective spatial resolution. This is attempted by restricting to
observational series that are almost complete over the targeted
period (1961 to present), by adopting a procedure to fill re-
maining data gaps and, finally, by interpolating from the
resulting stationary station network. The parameters of interest
are daily minimum (Tn) and maximum temperature (Tx) and
the grid spacing is 1 km. The daily temperature extremes are
important inputs for the study of climate sensitivities in envi-
ronmental systems (e.g. vegetation, glaciers), they are the ba-
sis for many derived climate change indices (cf. Klein Tank
et al. 2009) and they permit for an approximate estimate of
daily mean temperature (cf. section 2.2 in Hiebl et al. 2009).
The dataset will be updated continuously and, hence, provides
an ideal element of a national climate service to monitor the
evolution in surface temperature, including the occurrence of
extreme conditions, and to relate this to the past.

As method of spatial interpolation, we have chosen the
methodology of Frei (2014). This is motivated by the fact that
the complex topography of Austria spawns similar mountain-
related weather phenomena like in Switzerland, the area this
method has been originally developed for. Its construction
principles are made to account for sharp across-ridge con-
trasts, nonlinear vertical profiles, valley-scale cold-pools and
föhn, challenges similarly met in Austria. However, the meth-
od required considerable configuration work and adaptations
to the geographic conditions and network density in Austria.

In the reminder of the paper, we describe the dataset and the
gap-filling procedure adopted (Section 2). Section 3 explains

the principles of the interpolation method and details the con-
figuration and adaptations made for the territory of Austria. In
Section 4, we present the example of a challenging thermal
distribution to illustrate the working of the interpolation, dis-
cuss results from a systematic cross-validation and compare
results from the newly developed dataset to existing datasets.
As an illustration of its potential applications, we discuss
trends in selected climate impact indicators derived from the
new dataset. The paper concludes with Section 5.

2 Data

2.1 Station selection

Like in many other countries, the climatological measurement
network in Austria exhibits substantial variations in station
density over time. This is illustrated in Fig. 1, showing the
evolution of available daily Tn observations (a similar situa-
tion is found for daily Tx), During the period 1961–2012,
between 180 and 275 stations were in operation at any partic-
ular day (black line). But the total station number is only partly
indicative of the numerous closings and new installations. The
number of stations with a continuous series over the 52 years
is only 98 (full green line). And the total count of stations
operated at any instant in the period is as large as 428 (dashed
red line). The rate of station closings (slope of dashed red line)
and the rate of station openings (slope of dashed green line)
are approximately constant over time. There are many practi-
cal reasons for changes in a station network but over time this
imposes a significant limitation for the quality of climatolog-
ical analyses. For our application, a compromise had to be
found between affordable gaps in time (to be filled later) and
desired resolution in space. Our conservative choice (small
rate of gaps) was to incorporate all series with less than 5 %

Fig. 1 Number of daily minimum temperature (Tn) observations avail-
able from the Austrian meteorological station network between 1961 and
2012. The total number of Tn stations in operation each year is depicted
as black line. Solid coloured lines indicate the number of stations with
continuous measurements (less than 15 days missing per year) since the

beginning (1961, green) and until the end (2012, red). Dashed lines
indicate the number of stations with at least some measurements since
the beginning (1961, green) and until the end (2012, red). Decreases in
the red lines exhibit discontinuations of stations, increases in the green
lines exhibit new installations
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missing values during the 52 years 1961–2012 considered.
This resulted in a total of 112 stations from which both Tn
and Tx were used in the construction of the daily grids. At
ZAMG, daily Tn and Tx are defined to be the extremes over
the 24-h-span between 19:00 of the previous day and 19:00 of
the current day.

All the data from the selected stations have been tested by
the operational data quality control procedures at ZAMG.
Moreover, 52 out of the 112 station series were subject to
detailed tests and adjustments for climatological inhomoge-
neities. These station series were taken from Nemec et al.
(2013), who compiled a dataset of homogenised daily Tn
and Tx (and precipitation sum) observations by applying
the homogenisation procedures by Caussinus and Mestre
2004 (PRODIGE) and Mestre et al. 2011 (SPLIDHOM) to
Austrian station series. The remaining data series remain
unhomogenised.

To avoid degradation in mapping quality in border-
near regions of Austria, it was necessary to include
daily observations from the eight neighbouring coun-
tries. For the period 1961–2012, another 38 daily station
series obtained from foreign institutions could be inte-
grated in our processing. From 2013 onwards, these
series are updated by taking advantage of the regular
international data exchange between meteorological ser-
vices (SYNOP).

Altogether, the final input station dataset consists of
150 Tn and Tx (112 domestic and 38 foreign) series
(Fig. 2). Metadata reviewing revealed that almost all series
are subject to relocations. For those 25 Austrian series,
which underwent an altitude shift by 30 m or more, the
altitudinal shifts cannot be neglected. A correction of these
shifts was made by estimating the mean annual course of
the attendant inhomogeneity by comparison to a reference
time series from high-correlated non-shifted stations in the
neighbourhood. The data segment of the candidate station
before the elevation shift was then adjusted by this mean

signal to become more consistent with the more recent
segment. Further potentially disturbing effects of station
relocations have not been considered separately. Moreover,
the daily data series have been adjusted such that their
linear temporal trends for the period 1961–2010 are con-
sistent to trends of the corresponding monthly series of the
homogenised HISTALP dataset (Auer et al. 2007). If the
linear trend estimated from the daily series deviates by
more than 0.3 °C (over the 50-year period 1961–2010)
from that of the corresponding monthly HISTALP series,
an adjustment was made to the daily series, linear across
the period and on the basis of yearly adjustment values,
so that their linear trend is consistent with the HISTALP
trend.

2.2 Gap-filling

The consideration of almost complete time series in our
application implies that there is considerable overlap of the
fragmented time series with observations at neighbouring
stations. As a result, there is scope to fill in these gaps
more accurately by exploiting the joint observations com-
pared to spatial interpolation alone. In order to keep the
filling procedure flexible and repeatable, its design is sim-
ple and uses the complete temperature stations only. Gap-
filling is operationally repeated after data enquiry every
day over the entire study period, by removing previously
gap-filled values and refilling all gaps considering the
newly added observations.

Gap-filling is accomplished separately for Tn and Tx. The
series are distinguished into reference series (almost) without
any missing data and candidate series. For each candidate
series, the three best correlated reference series are selected,
whose (correlation-weighted) mean series serves as the actual
reference series. Correlation on basis of the entire daily series
proves to be an effective measure for the selection of close-by
stations in a similar mesoclimatic setting (prone to cold-pools,

Fig. 2 Network of daily Tn and
Tx series used in and near Austria.
Downward triangles mark
stations at locations prone to cold-
pool formation, upward triangles
stations at summit locations,
diamonds stations at inner-city
locations and circles stations at all
other locations. The subregions
used for the vertical temperature
profiles are mapped in colour
(northwest green, northeast
orange, south red). Colour
intensity represents region weight
(see Section 3.2)
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on mountain summits, etc.). Next, the daily differences be-
tween the candidate and the actual reference series are aver-
aged over the individual years to obtain a mean annual course
of differences. The mean annual course of differences it
smoothed using the mean over a 21-day running window. In
case of a daily missing value in the candidate series, the value
of the respective calendar day out of the smoothed mean an-
nual course of differences is added on the daily value from the
actual reference series, in order to fill the gap.

The gap-filling procedure was tested and evaluated
by experiments where observed but retained observa-
tions were reconstructed. For both Tn and Tx, evalua-
tion revealed no systematic bias with both the mean and
the standard deviation of station-wise mean errors (ME)
being smaller than 0.01 °C. The mean absolute error
(MAE) is 1.0 °C and the mean root-mean-square error
(RMSE) is 1.3 °C. The mentioned figures apply to the
112 Austrian stations. Errors tend to be slightly larger
especially at relatively remote stations in the southern
neighbouring countries. Gap-filling possibly leads to a
smoothing of gap-filled in comparison to original data
with possible implications for threshold-based climate
indices. Over the entire length of the series, this effect
is, however, small as the mean temperature standard
deviation is reduced by only 0.05 %. Comparing gap-
filled data sequences of sufficient length (>500 values)
to original data sequences, the change in standard devi-
ation comes to −2.1 %.

3 Interpolation

3.1 Method principles

The spatial analysis of daily Tn and Tx station observations
onto the regular 1-km grid over Austria was accomplished by
the interpolation method of Frei (2014), reconfigured for the
territory of Austria. The method combines a macroclimatic
background field, representing large-scale horizontal and
basin-scale vertical temperature variations, with a
mesoclimatic residual field, representing more local phenom-
ena such as valley-scale cold-pools and warm föhn air layers
in Alpine valleys.

The background field is constructed from a large-scale
vertical temperature profile, varying smoothly in the hori-
zontal and allowing for nonlinear vertical dependence, char-
acteristic of basin-scale inversion layers and boundary-layer
signatures (see Eq. (1) and Fig. 4 in Frei (2014)). The
vertical profiles are determined for predefined but gradually
overlapping subregions of the study domain. There is con-
siderable flexibility in the parametric profile function that
allows to model multilinear stratifications and inversions of
different strength, height, and thickness. Valley stations,

known to be frequently affected by smaller-scale cold-
pools, are deliberately ignored in the estimation of the
background profiles. Similar to Frei (2014), these cold-
pool stations were identified by inspecting the mean diurnal
temperature range (Tx minus Tn; cf. Fig. 2).

The residual field is constructed by weighting the station
residuals from the background field. The weighting scheme
is not strictly distance-related (Euclidean), but uses a
predefined set of generalised distance fields determined
from a non-Euclidean distance metric that takes account of
the topographic obstruction of air-flows (see Eq. (4) and
Fig. 5 in Frei (2014)). The metric has a free parameter,
the layering coefficient λ. It describes the additional penalty
in distance, incurred from changes in elevation and is
expressed in meters per meter (i.e. dimensionless). The pa-
rameter varies from day to day and is determined in an
error reduction procedure. The larger λ is, the stronger are
topographic imprints in the residual interpolation. The case
λ=0 marks the Euclidean limit and is included in the set.
Background and residual fields are finally superimposed to
obtain the final temperature field.

Figure 3 depicts maps of the generalised distance valid
for four example stations in Austria and for a layering
coefficient of λ=100 (i.e. a horizontal penalty of +
100 m per 1 m elevation change). The corresponding Eu-
clidean distance (λ=0) is depicted for comparison. As for
a valley floor station, locations along valley axis receive
much smaller generalised distances than locations at the
valley slopes and adjacent ridges (Fig. 3a). As a result,
measurements from this station have a stronger influence
in the interpolation at grid points along the valley than at
grid points on slopes and ridges, even if the latter are
much closer to the station in terms of Euclidean distance.
For a summit station, the generalised distance field shows
an interrupted pattern, with areas at comparable elevations
being closer (Fig. 3b). Information from this station will
be weighted more favourably at adjacent mountains mas-
sifs but strongly downweighted for locations in nearby
valleys. In the case of a lowland station outside the Alps,
the generalised distance field roughly keeps the concentric
(Euclidean) structure in the open foreland, but distances
are rapidly increased at the edge of the mountain ridge
(Fig. 3c).

This is just a brief outline of the interpolation method that
should help to understand its configuration and procedural
adaptations. A detailed description of the method with exam-
ple applications is given in Frei (2014, see especially
Sections 3 and 4.1).

3.2 Configuration and adaptations

The application of the interpolation method in this study
could build on the original implementation of the software
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for Switzerland. The implementation is written in program-
ming language R (R Core Team 2011). The transfer of the
interpolation method to the situation in Austria, however,
called for a careful configuration and several procedural
adaptations that were found essential for the quality of
temperature interpolations in Austria. In the following,
we describe the configuration and method adaptations
point by point:

& Subregions of the background field: The background
field of the method is based on vertical profiles esti-
mated for subjectively predefined subregions and sub-
sequently merged via gradual blending. The configu-
ration in Austria therefore called for a suitable region-
al subdivision. It turned out that the simple north–
south separation across the main Alpine crest, chosen
in the application for Switzerland, was not satisfacto-
ry. Austria’s larger west-to-east extension called for a
more refined regionalisation of the vertical tempera-
ture dependence in the background field. This was
essential to avoid that horizontal temperature gradi-
ents spoil the vertical dependence. Therefore, the do-
main was zoned into three subregions, by dividing the
area north of the main crest in the west–east direction.
This was done by implementing a linear transition of
subregion weights between the western and eastern
edges of the domain. The resulting subregions are
called northwest, northeast and south, respectively,
and are depicted in Fig. 2. The three-part division
clearly improves the result when there are larger-
scale temperature patterns with marked longitudinal
contrasts, such as those occurring with the passage
of fronts.

& Vertical profile fitting: The original scheme for estimat-
ing the parameters of the nonlinear vertical temperature
profile proceeds in several steps towards minimising
squared differences (nonlinear least squares). A critical

point in the process is the estimation of a lapse rate
for the top-most layer (i.e. above inversions). In the
implementation for Switzerland, this was achieved in
an iterative procedure from dedicated high-level sta-
tions, but with the possibility that some of them could
be discarded when there were nonlinearities high up.
This procedure turned out to be unfavourable for the
application in Austria due to station distribution in
combination with the country’s geography. The com-
mon problem that low-level stations are overrepresent-
ed is augmented by the instance, that Austria’s mean
altitude decreases and its north-to-south extension in-
creases from west to east. As a result, low-level sta-
tions in the eastern part of Austria are overrepresented.
In cases of strong west-to-east temperature contrasts,
this leads to a misinterpretation of zonal temperature
gradients as vertical temperature gradients (Fig. 4a). As
remedy, we altered the discarding procedure in the
estimation of the top-most linear lapse rate by
checking progressively omissions from lower to higher
altitudes. This ensured that observations from the
Sonnblick observatory, the only station above
3000 m a.s.l. and centrally located in Austria, is al-
ways taken into account (i.e. never discarded). An ex-
ample for the estimation of a more valid vertical pro-
file in terms of the whole subregion under consider-
ation is shown in Fig. 4b.

& Generalised distance fields: Applying the interpolation
method over a larger region, with a denser grid
spacing and with more stations introduced substan-
tially higher computational costs in the derivation of
the generalised distance fields (note that these calcu-
lations are needed only once and prior to the actual
interpolation). To limit computation times, the do-
main, over which the generalised distance fields are
calculated, was confined to a square area of 200×
200 km. The map sections shown in Fig. 3 depict

Fig. 3 Generalised distance fields for layering coefficient λ=100 for a
valley station (a), a summit station (b), a foreland station (c) and an inner-
city station (d). In the latter case, urban representativity has been
integrated. Intense colouringmeans smaller generalised distance from

the station. For comparison, Euclidean distance (λ=0, in steps of
20 km) is drawn as grey circles. The map sections encompass areas of
200×200 km
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the results over these computation domains (Frei
(2014) was calculating these fields over the entire
domain). This adaptation is purely technical. It does
not constrain the number of stations available for
any target grid point beyond other imposed con-
straints. Similarly to the original application (Frei
2014), the four closest stations are used for residual
weighting. This choice provides a reasonable com-
promise between resolution of regional detail and
robustness of interpolation.

& Set of layering coefficient: In contrast to the original
application, where the residual weighting (employed
layering coefficient λ) is selected on a day-by-day ba-
sis, we decided for a constant of λ=100 for all cases.
This decision is motivated by the frequency

distribution of λ-values obtained with the original flex-
ible λ-procedure (Fig. 5). For both Tn and Tx, there
seems to be a strong topographic influence (λ=100) in
the residual patterns for most of the days. Closer in-
spection of cases when the flexible procedure decided
for a low value of λ (e.g. between 0 and 30) revealed
that many of them were more plausibly interpolated
with a higher λ instead. This happened because con-
ditions over the large lowland areas of Austria are
overrepresented. As a result, strong topographic resid-
ual signals, e.g. from night-time cooling or day-time
heating in Alpine valleys, were, in some cases, domi-
nated by the flatland conditions. For this reason, we
decided to disable the feature of a flexible distance
metric and to impose a fixed value of λ=100
throughout. It resolves the described problem, but no
adverse effects were evident in other cases. Frei (2014)
showed that the difference in cross-validation error be-
tween using a variable or a constant setting of λ was
very small in Switzerland (see his Fig. 13).

& Urban heat island: Due to the usage of inner-city stations
and a high spatial resolution, we decided to model the
urban heat island effect in the interpolation. This should
also avoid confusion of urban thermal anomalies with to-
pographic patterns. An urban thermal pattern was estimat-
ed from the inner-city stations of the three largest Austrian
cities, namely Vienna, Graz and Linz. Firstly, the urban
area was identified out of the Austrian CORINE Land
Cover model (Umweltbundesamt 2014). Secondly, the
grid points within the urban area were subjectively
distance-weighted with values between 0 at the location
of the inner-city station and 10 at the city’s edge. This
procedure is motivated by urban climatologies (Auer

Fig. 4 Vertical profile for subregion northwest on a day with a strong
west–east temperature gradient (Tx, 08.08.2013), points for station
observations, lines for the fitted profile. Subregional weighting of
stations is depicted by colour strength (see inset). Cold-pool stations

omitted from profile fitting are shown as grey dots. Summit stations
selected to estimate the linear lapse rate γ are marked by circled dots. a.
Arbitrary selection of summit stations for lapse rate estimation. b. Pro-
gressive selection of summit stations for lapse rate estimation

Fig. 5 Histogram of layering coefficients λ, which the method would
choose when a flexible (data driven) choice of λ would be allowed.
Histograms are displayed for Tn and Tx and were obtained from an
experiment over all days of 2011 and 2012. For the final gridded
dataset, a fixed value of λ=100 (marked with asterisk) was applied in
all cases
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et al. 1989) and results from modelling studies on urban
climate (Žuvela-Aloise et al. 2014). Thirdly, the regularly
calculated generalised distance field of the inner-city sta-
tion was gradually upscaled to a new minimum of 50
(scaled) km. Finally, the urban representativity field of
step 2 and the rescaled generalised distance field of step
3 were superimposed. The resulting modified generalised
distance field for the inner-city station of Vienna is
depicted in Fig. 3d. Even if urban effects may be present
in smaller cities as well (cf. Wienert et al. 2013), these are
not estimated here due to the lack of corresponding inner-
city observations.

4 Results

After implementation and adaptation, the interpolation meth-
od was processed over the entire study period. The final
dataset consists of more than 38,000 daily Tn- and Tx-fields
starting in 1961. In addition to these original grids, aggregates

at a monthly, seasonal and annual time resolution were pro-
duced. The grids were also used to calculate anomalies with
respect to the long-term mean of the reference period 1961–
1990, again at daily, monthly, seasonal and annual resolutions.
Altogether, the data product encompasses about 61,000 fields.
In internal project and product administration, the presented
dataset is referred to as SPARTACUS (spatiotemporal reanaly-
sis dataset for climate in Austria).

The following subsections summarise results from a de-
tailed visual inspection (Section 4.1) and from a systematic
evaluation of the procedures by means of cross-validation
(Section 4.2).We then compare several examples of the newly
produced temperature dataset against existing datasets in Aus-
tria (Section 4.3). Was the quality of this new analysis com-
promised by the constraint to fewer, yet complete station se-
ries? If so, this may be visible in a lack of spatial detail com-
pared to datasets that have exploited more (all) available in-
formation. In the final Subsection 4.4, we test how well the
interpolation can reproduce long-term trends and provide ex-
ample results from its application in quantifying long-term
trends in impact-related climate indices.

Fig. 6 Illustration of the calculation steps and intermediate results
obtained for the analysis of Tn on 05.01.1992. a. Profiles: Vertical
profiles for subregions northwest, northeast and south, points for station
observations, lines for the fitted profile. Subregional weighting of stations
is depicted by colour strength (see inset). Cold-pool stations omitted from

profile fitting are shown as grey dots. Summit stations selected to estimate
the linear lapse rate at high elevations are marked by circles. b. Residuals:
Station residuals (colour-filled circles) and interpolated residual field (in
°C). c. Analysis: Station observations (colour-filled circles) and resulting
Tn field (in °C)
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4.1 Example

Extensive visual inspections of the temperature fields for var-
iable weather conditions were conducted to obtain confidence
in the overall performance of the employed methods. One
such example case is shown in Fig. 6. The figure depicts
results from all major interpolation steps for the construction
of the Tn field on a winter day with marked valley-scale cold-
pools. The upper panels (Fig. 6a) show the estimation of the
three nonlinear subregional vertical profiles on basis of the
weighted station measurements. It should be noted that the
temperature profiles are representative at a larger scale (back-
ground field) and, hence, they do not replicate the cold con-
ditions met at stations in Alpine valleys. Valley stations prone
to cold-pools are discarded from the estimation of the back-
ground field anyway. In subregion south, which includes the
Klagenfurt and Graz basins, a moderate inversion layer is
visible both in the station data and the fitted profile. Together,
the three subregion profiles define the background field. Re-
siduals at stations from this background field are occasionally
quite large (exceeding 8 °C for several stations, Fig. 6b). The-
se are stations in Alpine valleys, obviously affected by the
formation of a valley-scale cold-pool. Note that magnitude
of the residuals varies between different valleys and that only
small, mainly positive residuals are found over the foreland
regions. The residual interpolation plausibly distributes
these anomalies (Fig. 6b). It extends cold-pool residuals
along the valley axes and even penetrates them into near-
by tributaries. The non-Euclidean distance weighting
scheme is crucial for this distribution. Indeed, if these
residuals would have been interpolated with a Euclidean
distance weighting instead, the cross-validation error
(over all stations) would have been 20 % larger. The final
temperature interpolation is shown in Fig. 6c. It is the
result from superimposing the background and the resid-
ual fields. A complex temperature pattern emerges, with
differently cold Alpine valleys and basins (−15 to −2 °C),
temperate mid- and high-altitudes (−10 to 0 °C), a cold
Graz basin (around −6 °C) and rather mild conditions in
the Rhine valley and in the northern Alpine foreland (−2
to 6 °C) peaking in the city centre of Vienna (7 °C). There
is a good correspondence with the in situ observations,
lending credibility to the inferred temperature field.

Investigation of several other meteorological situations
revealed that the method is capable of producing plausi-
ble temperature fields. Cases studied include situations
with almost linear altitude-temperature relationship,
basin-scale inversions over the foreland regions, föhn
and strong horizontal gradients. Frei (2014) has illustrated
the working of the adopted interpolation scheme for sev-
eral such cases in Switzerland (see his Figs. 7, 8 and 9)
and we therefore renounce here from depicting additional
examples from Austria.

4.2 Systematic evaluation

For the purpose of a quantitative assessment of the interpola-
tion errors, we have conducted a systematic cross-validation
by omitting each of the 150 stations in turn. The validation
was conducted for the 10 years from 2003 to 2012.We start by
considering error metrics averaged over the 112 stations with-
in Austrian borders, both for Tn and Tx (Table 1). The com-
pound mean error (ME, error averaged over time and space)
measures overall bias. It is very close to 0 °C, indicating that
there is no systematic under- or overestimation (bias) of tem-
perature by the interpolation method. The mean absolute error
(MAE), again averaged over time and space, is 1.1 and 1.0 °C
for Tn and Tx, respectively. The root-mean-square error
(RMSE) is around 1.4 °C. Further validation (not shown) over
the entire study period and with a small sample of test stations
indicates that the error statistics tend to gradually decrease
over the study period. But these trends are small compared
to the absolute value (less than 10 % change), which implies
that the error figures reported here can be considered repre-
sentative for the entire period.

Figure 7 depicts maps of the station-wise error measures
ME and MAE for both Tn and Tx. It reveals that there is a
tendency to overestimate Tn at locations prone to cold-pool
formation (Fig. 7a). The bias is around 0.5–2.5 °C and indi-
cates that the intensity of valley-scale cold anomalies is
underestimated by the method in valleys without a station
observation. Conversely, inner-city stations are subject to a
slight systematic underestimation of Tn, again suggesting an
underestimation of urban warm anomalies when stations are
omitted. Comparing ME values between Tn and Tx reveals
that the range of ME values is considerably smaller for Tx
(Fig. 7b). Tx is overestimated at summit stations, possibly
due to an underestimation of boundary-layer effects in the
vertical profiles. Similar maps for the random errors (MAE,
Figs. 7c, d) show that the largest MAE values are met at
stations outside of Austria. This is not surprising considering
their larger distance to neighbours and it justifies the effort
made in this study to include foreign stations in the analysis.
Without this, the degraded performance would probably have
been imported to the core study region. Within the country,
larger MAE are typically found for cold-pool stations in case

Table 1 Mean error metrics [°C] from cross-validation over the period
2003–2012. Results are based on within-Austria stations only

Tn Tx

Year DJF JJA Year DJF JJA

ME 0.02 0.00 0.02 0.04 0.07 0.02

MAE 1.14 1.25 0.97 0.98 1.17 0.86

RMSE 1.51 1.64 1.25 1.31 1.58 1.10
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of Tn and at summit stations in case of Tx. Note that random
errors at such sites can be as large as 1.5–3 °C, whereas they
are frequently below 1 °C at less exposed sites.

Figure 8 depicts the annual course of the MAE stratified by
five geographical subentities of Austria. Considering Tn
(Fig. 8a), both inner-Alpine valley and summit stations exhibit
a weak seasonal course with higher error values in late autumn
and winter and lower error values in summer. This is likely
related to the seasonal frequency and intensity of valley-scale
cold-pools. Stations in the Bohemian Massif and, to some
extent, also in the northern foreland exhibit two annual

maxima in MAE in spring and autumn. The reason for this
behaviour is not entirely clear. Possibly, the spatial variance of
temperatures is relatively larger in these periods, as a result of
larger dynamic activity and the frequent occurrence of föhn.

For Tx (Fig. 8b), there is much smaller variation of MAE
values over the year in all regions, except for inner-Alpine
valley stations. MAE peaks in December or January in all
lowland regions inside and outside of the Alps. However,
the figure reveals the consistently higher error level at summit
stations, which in part may be related to biases from the ex-
trapolation of boundary-layer conditions from lower levels,

Fig. 7 Error measures from leave-one-out cross-validation for individual
stations. Shown are mean error (ME, bias, in °C) and mean absolute error
(MAE, in °C) for minimum (Tn) and maximum (Tx) temperature.Down-
ward triangles mark stations at locations prone to cold-pool formation,

upward triangles stations at summit locations, diamonds stations at inner-
city locations and circles stations at all other locations. Values are aver-
aged over the years from 2003 to 2012, for which the cross-validationwas
conducted

Fig. 8 Annual course of the mean absolute error (MAE, in °C) averaged over stations in geographical subentities for Tn (a) and Tx (b). Values are
averaged over the years from 2003 to 2012, for which the cross-validation was conducted. Results include within-Austria stations only
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but it is certainly also due to the fact that stations at similar
altitude are usually much more distant for summit than for
low-level stations.

Due to different topographical and climatological condi-
tions, observational input data, network densities and test pro-
cedures, it is difficult to compare error metrics between differ-
ent spatial interpolation datasets reported in the literature. At
this point, it is, nevertheless, worth mentioning that the cross-
validation errors found with the presented interpolation in
Austria are similar compared to those reported for other inter-
polation procedures, which are based on a larger number of
input stations. The MAE values of Tn and Tx in this study are
slightly lower compared to those listed in Hasenauer et al.
(2003) for the Daymet interpolation applied over Austria.
Moreover, MAE values are approximately the same like those
obtained with the numerical weather model-based analysis
system INCA (however, for hourly temperature there; Haiden
et al. 2011). In its original application in Switzerland, the
interpolation method produces even about 10% smaller errors
compared to Austria. The difference between the Swiss and
the Austrian applications can be explained by the following
facts: The statistics reported in Frei (2014) for Switzerland
refer to daily mean temperature. Minimum and maximum
temperatures, considered in this study, are subject to higher
variability, expose more complex and less structured relation-
ships to topography and are susceptible to larger measurement
errors. Furthermore, the Swiss application relies on a denser
station network, using 1 station per 375–590 km2 compared to
1 station per 749 km2 in Austria.

4.3 Qualitative comparison with other gridded datasets

For the presented grid dataset, we have chosen to utilise ob-
servational time series only that have an almost complete cov-
erage over the study period. The restriction is meant to im-
prove consistency in sampling conditions over time, which is
essential when using the dataset for climate monitoring, such
as for the identification of long-term trends. Evidently, there is
a compromise incurred. The approach does not exploit the full
volume of observational information at any particular instant,
which may affect plausibility and accuracy of the resulting
interpolation.

In this subsection, we illustrate that the volume of available
station observations utilised in our interpolation, although re-
duced, renders temperature patterns that are at least similarly
realistic compared to existing temperature datasets over Aus-
tria, generated with other interpolation methods and, eventu-
ally, incorporating more station data. Grids from the present
dataset (SPARTACUS), which is based on 150 station obser-
vations, are compared against grids of daily temperature from
INCA (about 550 stations), against Daymet (between 192 and
285 stations, depending on year) and against StartClim
datasets (about 70 stations) (see Section 1.1 for a short

description of the datasets). Note that some differences be-
tween analyses may also be due to differences in the underly-
ing DEM (only minor effect here) and between analysed pa-
rameters (Tm in StartClim).

& Inner-Alpine valley-scale inversions (Tn, 14.01.2006):
Reproduction of small-scale cold-pools in individual val-
leys and basins requires a high degree of spatial differen-
tiation. Figure 9a compares results for such a case between
the INCA grid and the SPARTACUS grid. In INCA, the
cold-pools are evident as locally confined cold spots and
warm upper-level conditions as warm anomalies around
single summit stations. In the SPARTACUS dataset, the
temperature distribution appears considerably more strat-
ified. Cold-pool-affected valleys and basins are complete-
ly filled with cold anomalies and warm conditions at
higher altitudes are spatially more extended than in INCA.
In Daymet (not shown), the same case exhibits a rather
implausible temperature distribution with strong horizon-
tal gradients across mountains and valleys. With a much
smaller number of stations, StartClim (not shown) accom-
plishes a more topography-bound spatial distribution in
this particular case.

& Extra-Alpine basin-scale inversions (Tx, 31.01.2006): On
this day, all four gridding products consistently show an
extensive shallow inversion layer over the northern and
eastern forelands (related to low stratus) and warm mid-
altitudes (related to mainly clear sky conditions). A visual
comparison of the Daymet and SPARTACUS grids is
depicted in Fig. 9b. Like in the previous case, INCA (not
shown) exhibits a pattern with localised cold and warm
anomalies within the Alps, centred at station locations.
Such a pattern can also be seen in Daymet, but with much
smoother horizontal gradients. Several important spatial
anomalies are poorly structured or missing, such as the
warm anomaly in the uplands of the Bohemian Massif or
the cold anomaly in theKlagenfurt basin. The SPARTACUS
grid shows a topographically strongly structured tem-
perature distribution. Frosty areas at the northern fringe
of the Alps penetrate from the forelands into the val-
leys. This pattern seems unlikely in view of additional
station observations that day. However, both INCA and
Daymet miss much of the spatial detail, although the
station data utilised is considerably denser than in
SPARTACUS.

& Föhn (Tm, 08.11.1982): The temperature distributions
for this day are very similar for INCA, Daymet and
SPARTACUS. There are warm anomalies in northbound
Alpine valleys and along the northern fringes of the ridge,
a pattern characteristic for föhn. Figure 9c depicts the
StartClim and SPARTACUS grids. Although the StartClim
grid resembles the overall pattern and range of temperature
in SPARTACUS, it expands positive anomalies across
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mountain ranges. Also, it seems to contain implausible fea-
tures like the cold anomaly in western Salzburg and the
warm anomaly in western Lower Austria, which are not
supported by additional station observations. High altitudes

are generally warmer in the StartClim grid compared to
SPARTACUS. It seems that StartClim is suffering from
the constrained observational input in weather situations
with pronounced topographic effects.

Fig. 9 Comparison of temperature analyses in Austria as derived by
SPARTACUS and several existing gridded datasets (in °C). The
depicted cases represent conditions with temperature patterns that are
challenging for spatial analysis. a Inner-Alpine valley-scale inversions,

Tn on 14.01.2006. b Extra-Alpine basin-scale inversions, Tx on
31.01.2006. c Föhn, Tm (SPARTACUS: (Tn+Tx)/2 for comparability)
on 08.11.1982. d Strong horizontal gradients, Tx on 06.04.1975
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& Strong horizontal gradients (Tx, 06.04.1975): Situations
with strong horizontal gradients, for example related to a
front’s westward passage, are usually captured well by all
four spatial datasets. The Daymet and the SPARTACUS
grids are depicted in Fig. 9d. Daymet and StartClim (not
shown) picture a noticeable west-to-east temperature gra-
dient in Upper Austria on this day. This is also evident in
SPARTACUS, but here the contrasts are also evident with-
in the ridge. The known phenomenon that warmer air lasts
somewhat longer, possibly supported by föhn effects as
well, in inner-Alpine valleys (like the Upper Salzach and
Upper Enns Valleys in this situation) becomes apparent in
the SPARTACUS grid.

4.4 Analysis of long-term trends

In the construction of the present gridded dataset, a particular
effort was made to avoid temporal inconsistencies due to var-
iations in the station network and, hence, to permit for a more
robust analysis of long-term trends than is currently possible
with existing grid datasets for Austria. Later in this subsection,
we will illustrate this application by depicting long-term
trends for several temperature-based climate indices, derived
from SPARTACUS. Adequate interpretation of such trend re-
sults shall, however, be guided by knowledge about the reli-
ability of long-term trends inferred from a grid dataset. Mag-
nitude and spatial pattern of trends may be affected by inter-
polation errors and remaining inhomogeneities (which have
not or insufficiently been removed by the correction proce-
dures) in the utilised station time series. Our discussion of
trend results shall therefore be preceded by an estimation of
trend errors to be expected in the gridded dataset for locations
(grid points) without direct observation.

The assessment of trend accuracy builds on a leave-one-out
cross-validation conducted for all 112 stations within Austria,

day-by-day over the entire period from 1961 to 2013. The
results are independent time series of temperature estimates
as predicted by the interpolation method, just like for an
ungauged site. Comparison of the long-term trends between
the predicted and the observed daily series yields estimates of
trend errors that have to be expected when calculating trends
from the grid dataset grid point by grid point.

Figure 10 depicts scatterplots of the observed and predicted
trends, each point representing the results for one of the sta-
tions. Results are shown for the trend in mean annual temper-
ature estimated by linear regression (Fig. 10a) and for the
trend in the annual number of freeze-thaw days (Tn<0 °C
and Tx>0 °C, Fig. 10b). In the latter case, trends were deter-
mined by logistic regression and are expressed as odds ratio
(e.g. Frei and Schär 2001). In the case of rare occurrence, the
odds ratio is approximately equal to the ratio of annual freeze-
thaw days between the end and the beginning of the period.
Odds ratios smaller (larger) than 1 indicate a decrease
(increase) over time.

The results reveal that there is correspondence between
predicted and observed trends in that there is a positive corre-
lation between the two. In the case of mean annual tempera-
ture (Fig. 10a), differences between estimated and observed
trend are mostly smaller than 0.1 °C per 10 years and, hence,
trend errors are clearly smaller than the average trend over the
region. However, the spatial variation of the trend (observed)
is smaller than the average trend and, hence, the magnitude of
trend errors can influence the spatial pattern. The best linear fit
between predicted and observed trends has a slope smaller
than 1, indicating that the spatial contrast of trends is
underestimated by the gridded dataset, likely an effect of the
smoothing inherent to spatial interpolation. Closer inspection
revealed that many stations where the observed trend was
overestimated are inner-Alpine valley stations, prone for
valley-scale cold-pools. Also, many outliers in the scatterplot
could be attributed to stations that experienced major

Fig. 10 Scatterplots of observed
trends versus predicted trends as
estimated by the interpolation
method from a leave-one-out
cross-validation. Shown are linear
trends of the annual mean of air
temperature (mean of Tn and Tx,
a) and odds ratios from a logistic
trend analysis of the annual sum
of freeze-thaw-days (b) over the
period 1961–2013. Results from
station series (partly)
homogenised on a daily basis are
shown in green, those from all
other stations in black
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relocations, i.e., the observed trend may be affected by resid-
ual inhomogeneity. Good agreement between predicted and
observed trends in annual mean temperature was found for
the high-Alpine summit stations. The present analysis sug-
gests that interpolation errors (and residual inhomogeneities)
indeed pose a certain limitation on the accuracy, with which
the SPARTACUS grid dataset can represent details in the spa-
tial pattern of long-term trends. Nevertheless, the Pearson cor-
relation of 0.53 also suggests that major spatial contrasts are
qualitatively trustworthy. It is interesting to compare this with
results from a similar cross-validation exercise conducted for
Switzerland (Frei 2014). Despite a slightly denser station net-
work, the correlation was only 0.12 and there were instances
with much larger trend errors (see Fig. 15 in Frei 2014). How-
ever, the station network utilised for the interpolation in Swit-
zerland varies over time. The better correspondence found
here suggests that the accuracy of spatial trend mapping has
indeed benefited from reducing variations in the station
network.

The results of a similar assessment of trend accuracy for
freeze-thaw days (Fig. 10b) are qualitatively similar to those
for mean temperature, i.e. good agreement in trend magnitude
but restricted correspondence in spatial patterns (Pearson cor-
relation 0.41). Again, the spatial contrasts in the predic-
tions are smaller than those in the observations, likely
due to smoothing. The case of trends in freeze-thaw days
is challenging, because threshold-based climate indices
(counts) are particularly sensitive to interpolation errors
and temporal inhomogeneities when the threshold is at
the tail of the distribution (Katz and Brown 1992). In-
deed, there are a few individual stations, for which the
correspondence is particularly poor and these have a
strong effect on the correlation coefficient.

The distinction between conventional series and series
homogenised on a daily basis (black and green symbols in
Fig. 10) does not indicate a clear difference between them.
For trends in air temperature, the interpolation at locations
with homogenised series performs better in terms of correla-
tion, but the opposite is true for trends in freeze-thaw days.
One could have expected that the different data quality level
between the two groups may become apparent in the compar-
ison with predicted series, however, it seems that other influ-
ences, like site peculiarities and interpolation errors, have a
large influence too.

Our assessment suggests that the daily SPARTACUS
dataset can reasonably represent the typical magnitude
of trends in climate indices over Austria. It may also re-
produce the major spatial pattern of trends qualitatively,
but spatial contrasts are likely underestimated and more
regional features may be distorted by interpolation errors.
Particular caution is required in the interpretation of trend
results for inner-Alpine valleys when these are not explic-
itly sampled in the station network.

Bearing these precautions in mind, we turn to illustrate the
utility of the SPARTACUS dataset for climate monitoring and
climate impact research by analysing trends for three selected
climate indices and, hence, exploiting the daily time resolution
available with this new dataset. All three indices are counts of
days per year. To be consistent with the discrete nature of
count data, our analysis builds on logistic regression with
maximum likelyhood estimation, a 5 % significance level
and correction for overdispersion when testing against the null
hypothesis Bno trend^ (see Frei and Schär 2001 for details).
The trend magnitude is expressed as odds ratio over the 53-
year period 1961–2013 (Fig. 11).

& Freeze-thaw days: The annual number of days, on which
temperature passes the freezing point, is an indicator for
the climatic exposure of constructions and the stability of
permafrost areas. In most regions of Austria, there is a
clear decrease in the odds of the occurrence of freeze-
thaw days over the period 1961–2013 (Fig. 11a). The
largest decreases are found in the Lower Inn Valley and
generally north of the Alps. In these areas, the trend is
statistically significant. In contrast, the frequency of
freeze-thaw days remained widely unchanged in
high-Alpine regions and also in the Klagenfurt basin
and parts of the Graz basin. Increases are found in few
well-known cold-pool locations. However, these are
not statistically significant. Both decreases and in-
creases are plausibly explained by a general shift to-
wards higher temperatures.

& Cold spell duration index: The annual count of days,
which are part of an outstandingly cold episode (at least
6 days where Tn is below the calendar day’s 10th percen-
tile), has been calculated accordingly to Klein Tank et al.
(2009). The occurrence of days within a cold spell has
decreased almost everywhere in Austria during the 53-
year period (Fig. 11b). Apparently, there is a horizontal
gradient from small changes in the eastern part of the
country towards significant decreases in the northwest of
Austria. Strong decreases are also found in the Rhine val-
ley, the Lower Inn Valley and at low altitudes in southern
Austria.

& Bark beetle activity period: Outbreaks of bark beetles are
forest-damaging and can entail serious ecological and eco-
nomical consequences. The calculation of the annual du-
ration of the insect’s activity period involves a threshold
check (Tx>20 °C) and the definition of core and partial
periods (similar to common definitions of vegetation pe-
riod). The period of activity became significantly longer
over most parts of Austria over the years from 1961 to
2013 (Fig. 11c). In large parts of the northern Alpine fore-
land, in the Inn Valley and at the edge of the Graz basin,
the frequency of days within an activity period increased
by up to three times and more.
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5 Conclusions

This paper presents the methodology and example analyses of
a new spatial dataset of daily minimum and maximum tem-
perature covering the territory of Austria with a resolution of
1 km and extending over a period of more than 53 years
starting in 1961. While several temperature datasets already
exist for this region, our development was guided by two
specific advancements. Firstly, weather in the Alpine region
is frequently accompanied by complex and nontrivial temper-
ature distributions and this calls for an interpolation method
dedicated to complex terrain. Secondly, actual interest of
many users into temperature variations and trends calls for
particular attention into long-term consistency and this meant
to account for difficulties arising with the changes in observa-
tional coverage (station density) and measurement
inhomogeneities.

As for the first requirement, we chose a recently de-
veloped interpolation method (Frei 2014) that deals ex-
plicitly with common nonlinearities in the vertical tem-
perature structure and with topographical imprints in the
spatial representativity of station observations. Several
adaptations of the method were necessary to cope with
peculiarities of the physiography and station distribution
in Austria. Notably, the number of subdomains was in-
creased, the estimation of vertical profiles improved and
a module for urban heat island effects was integrated.
Several example cases suggest that there is a clear ben-
efit from the more versatile interpolation method. Espe-
cially during challenging weather conditions (valley-scale
inversions and föhn), the results turned out to be more
plausible (at least not inferior) than those found in
existing datasets, even though the latter eventually use
more station observations.

Fig. 11 Trend in three
temperature-based climate indi-
ces, derived from the daily SPAR
TACUS dataset over the 53-year
period 1961–2013. The trend
magnitude (in colour) is
expressed as odds ratio estimated
from logistic regression of the
annual counts. Hatching denotes
areas where trends are significant
at the 5 % level. a Freeze-thaw
days. b Cold spell duration index.
c Bark beetle activity period
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As for the long-term consistency, we chose to run the in-
terpolation with data from a time-invariant station network.
The common principle to use all observational information
when it is available was abandoned to avoid inhomogeneities
in sampling conditions that bear on interpolation error statis-
tics and ultimately compromise the long-term consistency of
the dataset. To sidestep excessive loss of utilisable data, time
series with a short missing period were complemented with a
standalone gap-filling procedure. Homogenised daily station
data were utilised when they were available. For stations that
were not (yet) subjected formally to a daily homogenisation,
more ad hoc corrections were made for known station reloca-
tions in altitude and known inhomogeneities in the monthly
time series. Cross-validation experiments support the role of
these efforts for improving long-term consistency, but the
resulting dataset is not entirely free of inhomogeneities. Future
improvements of the dataset will therefore focus on the ho-
mogenisation of the full input dataset (Tn and Tx series) at the
daily time scale.

Leave-one-out cross-validation reveals that the interpola-
tion error (mean absolute error averaged over all stations) is
1.1 °C for daily minimum and 1.0 °C for maximum tempera-
ture. Larger errors must be expected in the gridded dataset for
unsampled inner-Alpine valleys, where minimum tempera-
tures tend to be systematically overestimated and random er-
rors are larger, notably during episodes with valley-scale cold-
pools. Error measures found in our tests are comparable to
similar measures reported for already existing gridded temper-
ature datasets for Austria. Comparability of these error mea-
sures is limited, given the differences in test samples, but
visual comparisons also suggest that the present dataset im-
proves particularly in situations with complex mesoscale tem-
perature distributions like valley-scale inversions and föhn.
Furthermore, the method’s tendency to vertically constrain
temperature anomalies appears as an evident advantage in
the comparisons. It is noteworthy that the present interpolation
method utilises observations and a digital elevation model
only, but its results are qualitatively similarly plausible like
those of a comprehensive analysis (INCA) with a numerical
weather forecasting model and many more station
observations.

A key novelty of the present dataset is the combination of
daily time resolution, coverage of minimum and maximum
temperatures and multidecadal extent. This opens a wide
range of possible applications, concerned with the long-term
variation of temperatures over the past decades. Operational
climate monitoring, climate change detection, the evaluation
of climate models and climate services for resources planning
and natural hazard protection are example areas where this
dataset can be adopted. It may also advance climate impact
research in many disciplines (agronomy, forestry, hydrology,
glaciology, pedology, etc.), because it describes the climatic
conditions that have accompanied changes in many natural

systems over the past decades. Several of these systems in-
volve nonlinear dependencies on temperature. The daily time
resolution of the present dataset permits for their explicit
modelling or for simplified quantifications through dedicated
impact indices. A set of preliminary analysis in this study
suggests that Austria experienced significant changes in
impact-related thermal conditions over the past 50 years.

The SPARTACUS dataset comprises, at present, around
61,000 grids and is operationally updated on a daily basis to
facilitate operational climate monitoring applications. The
dataset is available from ZAMG for scientific applications in
climate (impact) research, official planning and hazard man-
agement. It is envisaged to complement this temperature
dataset with similar daily gridded datasets for other climate
parameters like precipitation and sunshine duration.
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