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Abstract. We present a new publicly available daily gridded dataset of maximum and minimum temperature
and precipitation data covering the whole territory of Slovenia from 1950 to 2018. It represents the great vari-
ability of climate at the crossroads between the Mediterranean, Alpine and continental climatic regimes with alti-
tudes between 0-2864 m a.s.1. We completely reconstructed (quality control and gap filling) the data for the three
variables from 174 observatories (climatological, precipitation and automatic stations) with the original records
all over the country. A comprehensive quality control process based on the spatial coherence of the data was
applied to the original dataset, and the missing values were estimated for each day and location independently.
Using the filled data series, a grid of 1 x 1km spatial resolution with 20 998 points was created by estimating
daily temperatures (minimum and maximum) and precipitation, as well as their corresponding uncertainties at
each grid point. In order to show the potential applications, four daily temperature indices and two on precipita-
tion were calculated to describe the spatial distribution of (1) the absolute maximum and minimum temperature,
(2) the number of frost days, (3) the number of summer days, (4) the intensity of precipitation and (5) the max-
imum number of consecutive dry days. The use of all the available information, the complete quality control
and the high spatial resolution of the grid allowed for an accurate estimate of precipitation and temperature that
represents a precise spatial and temporal distribution of daily temperatures and precipitation in Slovenia. The
SLOCLIM dataset is publicly available at https://doi.org/10.5281/zenodo.4108543 and http://www.sloclim.eu
(last access: 10 June 2021) and can be cited as Skrk et al. (2020).

Complex territories demand high-quality climatic data to
properly describe and understand those events that are usu-
ally masked by global datasets or others at coarser resolu-
tions than those required by the high-frequency climatic phe-
nomena, like extreme events. Slovenia is an outstanding case
study of a challenging territory for climate research. The
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high heterogeneity of the terrestrial surfaces and the greatly
varied climatic regime in a 20271 km? country represented
by lowlands and mountains within an altitudinal range of
nearly 3000 m serves as example of extreme climatic diver-
sity in a relatively small region. Continental, Alpine and sub-
Mediterranean climates meet and interact in the area, includ-
ing two climatic zones that are particularly affected by global
warming (the Mediterranean and Alpine regions) (Giorgi,
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2006; Klanderud and Totland, 2005). Slovenia also faces a
high frequency and magnitude of extreme events (Cegnar,
2016), which are reflected at an annual scale where, for in-
stance, precipitation totals over 3500 mm can be locally mea-
sured in the northwest, while less than 800 mm can be found
in the northeast. Moreover, temperature ranges from —35 to
440 °C (Bertalani€ et al., 2006) show the very extreme char-
acter of the seasons. These extremes affect the environment
and life of the population through damage to infrastructure,
agricultural and afforested areas. More in-depth knowledge
of climatic conditions is needed to design prevention mea-
sures in this context.

The Environmental Agency of the Republic of Slovenia
(ARSO) maintains a very good archive of meteorological
data (ARSO, 2020) collected through meteorological sta-
tions covering the whole territory and all the different envi-
ronments. However, the density of these observations varies
in space and time, as in most European countries, with a
lack of meteorological stations in sparsely populated areas
including mountains (especially at higher altitudes), agricul-
tural and afforested areas, which represent most of the Slove-
nian territory. Furthermore, the data provided by the sta-
tions are often of varying length and partly incomplete due
for various reasons, such as measurement errors, mechani-
cal failure of devices, missing and interrupted measurements,
and abandonment and relocation of meteorological stations,
amongst others. In addition, considering the complex orog-
raphy and proximity to the coast, the heterogeneity of ter-
restrial surfaces, where weather conditions change rapidly, a
dense dataset with an integrated approach is needed for the
whole country.

High-resolution gridded datasets allow for precise char-
acterization of the climatic variables and are important for
climatic analysis and hydrological hazard predictions, agri-
cultural management, forestry and many other applications
related to climate variables, as they help to identify extreme
climatic conditions that can be analysed and used for preven-
tion measures (Herrera et al., 2012). In this sense, gridded
datasets have an advantage over station-based datasets, as
they can provide climatic data for any location in the territory
in the form of serially complete data series that allow long-
term analysis. They allow us to examine spatial and temporal
climatic variations providing an equal area grid where each
grid value is under validation control (Haylock et al., 2008),
and missing information from stations is reconstructed. On
the other hand, they have some limitations, as they are mod-
els and not real measurements. How much they differ from
real data depends on the accuracy of the method and loca-
tions/density of the meteorological stations. Furthermore, the
reconstruction of long periods with missing data can lead
to inhomogeneities in the temporal structure of the recon-
structed series. When the temporal scale is increased from
monthly to daily data, the spatial and temporal variability is
also increased, and the uncertainty can quickly escalate.
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With regard to Slovenia, and to the best of our knowl-
edge, until recently the only gridded climate dataset was the
one created by Dolinar (2016), and this contains temperature
and precipitation data with 1 x 1km spatial resolution from
1961 onwards. Although this dataset is valuable to describe
the mean climate and regimes, its monthly temporal scale is
insufficient to address the frequency, duration and intensity
of the extremes, which clearly define the variable climate of
Slovenia. Based on the experience of previous studies cre-
ating daily datasets at the regional level, both for precipita-
tion (Chaney et al., 2014; Hernandez et al., 2016; Serrano-
Notivoli et al., 2017b; Yatagai et al., 2012) and temperature
(Lussana et al., 2018; Serrano-Notivoli et al., 2019), a new
high-resolution dataset for the Slovenian territory is suitable
considering the high-density network of stations that is avail-
able. Serrano-Notivoli et al. (2017a, b, 2019) developed a
method to reconstruct and create daily gridded datasets using
all the available information in three stages: (1) quality con-
trol of raw data, (2) estimate of missing values and (3) pre-
diction of new values over a gridded dataset. This method-
ology has been proven to work well in dense networks such
as the one available for mainland Spain and its island territo-
ries (Serrano-Notivoli et al., 2017a, b, 2019) but also for spe-
cific mountain areas with a large diversity of environments
(Cuadrat et al., 2020; Martinez del Castillo et al., 2019).

We present a new high-resolution daily gridded precipita-
tion and temperature dataset for Slovenia (SLOCLIM) with
a spatial resolution of 1 x 1 km for the period 1950 to 2018.
We used all the available climatic information in the country
gathered from stations in all possible environments to cre-
ate a grid based on thoroughly reconstructed data series in
three steps: (a) a comprehensive quality control of the origi-
nal data, (b) the estimate of new values corresponding to the
missing data and (c) the creation of the gridded dataset using
the reconstructed series.

2 Input data

We used the meteorological records from 174 stations of
the Slovenian Meteorological Agency (ARSO) regularly dis-
tributed over the territory of Slovenia (Fig. 1) to create the
gridded datasets. Although some data series begin before
1950, we decided to limit the research to the years 1950 to
2018, when the station network remained stable over time
and space.

All the stations recorded daily precipitation, while 167
recorded both precipitation and temperature (ARSO, 2020).
The altitudinal pattern showed a lower availability of data
at the highest elevations, with less than five stations over
1000 ma.s.l. (Fig. 2b) and corresponding with less popu-
lated and afforested areas. The average amount of annual data
from stations also varied over time (Fig. 2a), with a rapid in-
crease in the first 20 years, reaching the highest availability

https://doi.org/10.5194/essd-13-3577-2021



N. Skrk et al.: SLOCLIM

47°0'0"N+

46°0'0"N+

§ o R &
= X &7

14°0°0"E 15°00"E 16°00"E
1 L n
+ + + [47°0'0"N
N
A o
°
G, @
§ o 69 S
°o @
o
Legend
+ Altitude [m] [F46°0'0"N

Value
- High : 2834,49

—
“Low: 0

a ’5‘

3 s
2l i . <§g&11: ¢

o 4
0500 1.000
—

14°00"E 15°0'0"E 16°0'0"E

Figure 1. Location of Slovenia in Europe (left) and spatial distribution (right) of the 174 meteorological stations with temperature and
precipitation information (yellow dots) and only precipitation (blue dots) (Esri, 2020; GISCO, 2020; GURS, 2020).

in 1970 (107) and decreasing thereafter. The early measure-
ments contained more precipitation than temperature data.

3 Methodology

A complete reconstruction of the original daily data series
was performed following the three-step methodology devel-
oped in Serrano-Notivoli et al. (2017a, b, 2019), which is
based on an (1) exhaustive quality control (QC) of the raw
series, (2) the estimate of new values for missing records us-
ing all the available information and local regression models,
and (3) the estimates of new values in a regular grid using the
reconstructed series.

The QC detected and removed the most obvious erroneous
data in the original dataset based on different criteria created
to keep the internal and the spatial coherence of the data. For
precipitation five criteria were used: (1) suspect data — the ob-
served value was over zero and all its 10 nearest observations
were zero; (2) suspect zero — the observed value was zero
and all its 10 nearest observations were over zero; (3) sus-
pect outlier — the magnitude of the observed value was 10
times higher or lower than that one predicted by its 10 near-
est observations; (4) suspect dry day — the observed value
was zero, wet probability was over 99 %, and predicted mag-
nitude was over 5 mm; and (5) suspect wet day — the observed
value was over 5 mm, dry probability was over 99 %, and pre-
dicted magnitude was under 0.1 mm. In order to determine a
day as wet or dry, for each day and location independently,
the 10 nearest observations were codified as 0 or 1 depending
on the absence or not of precipitation on that day, and then a
binomial generalized linear model (GLM) was fitted to these
values using their longitude, latitude and altitude as covari-
ates. The model was then applied to obtain a prediction at
the target location using its corresponding covariates values.

https://doi.org/10.5194/essd-13-3577-2021

If the predicted value (predicted probability), ranging from O
to 1, was higher than 0.5, it was considered a wet day.

For temperature we also used five criteria: (1) internal
coherence (Tmax > TmiN), (2) removal of months contain-
ing less than 3d of data, (3) removal of those days out of
range considering maximum temperature (Tyax) > 50 °C or
Tmax < —30°C and minimum temperature (Tyqn > 40°C
or Tyin < —35°C, (4) removal of all days in a month with a
standard deviation of temperature equal to zero (suspect re-
peated values in the series), and (5) removal of all days in a
month if the sum of the differences between Tyax and TviN
was equal to zero (suspect duplicated values in Tjyax and
Tvin)- These criteria helped us to evaluate, amongst others,
situations of internal incoherence like abnormal values, sig-
nificant deviations from other values or duplicated values.
In such cases all suspects were removed. In order to per-
form the QC process by applying the above-referenced cri-
teria, we used generalized linear mixed models (GLMMs)
and generalized linear models (GLMs) to calculate the refer-
ence values (RVs) for each day and location of the original
dataset. The information from the 10 nearest stations (15 in
temperature) varied according to the data availability. In or-
der to estimate precipitation and temperature variables, the
observations acted as dependent variables, and the associ-
ated geographical information of each station participating
in the model (latitude, longitude, altitude and distance from
the coast) was the independent variable. The calculated RVs
were then compared with their corresponding original data to
assess their quality and remove suspect values following the
QC criteria.

After QC, the second stage consisted of calculating new
RVs based on the cleaned dataset that were used to replace
the missing values. A leave-one-out cross-validation (LOO-
CV) was implemented, where RVs were calculated for all
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Figure 2. Original data: (a) mean annual number of observations of precipitation and temperature, and (b) number of stations by elevation

ranges.

days and locations including those for which an observation
exists but without using that observation, for comparison and
validation purposes. This whole process produced a serially
complete dataset.

In the third stage, new values at each grid location of the
1 x 1 km gridded dataset were estimated based on the recon-
structed point-based dataset, including a measure of uncer-
tainty for each location and day, as calculated from the stan-
dard error of the models. The advantage of this methodology
is that all of the available data can be used as there are no
restrictions imposed due to the length or structural character-
istics of the series.

Based on the gridded dataset created from the original data
and with the described method, we computed four tempera-
ture and two precipitation indices to show the potential appli-
cations of the grid: (1) the mean annual maximum value of
daily maximum temperature, (2) the mean annual minimum
value of daily minimum temperature, (3) the average annual
count of days when daily minimum temperature was below
0°C (frost days), (4) the average annual count of days when
daily maximum temperature was over 25 °C (summer days),
(5) maximum number of consecutive dry days per year with
daily precipitation of less than 1 mm and (6) daily precip-
itation intensity (annual precipitation/number of wet days).
All the indices were presented with their corresponding un-
certainty estimates. The indices were calculated through a
Monte Carlo approach by computing 1000 random realiza-
tions for each grid cell. These realizations were based on a
normal distribution where the mean was the value of the es-
timate and the standard deviation was the value of the uncer-
tainty. The indices were computed for all realizations, and the
final maps represent the median and the percentage of varia-
tion based on the standard deviation of all the realizations.

The maps throughout this article were created using
ArcGIS® software by Esri. ArcGIS® and ArcMap™ are the
intellectual property of Esri and used herein under license.
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4 Results

4.1 Quality control

The original missing daily data, considering the whole pe-
riod (1950-2018) for all stations, were 60.2 % for precipi-
tation and 59.7 % for maximum and minimum temperature.
The quality control was applied to the remaining 39.8 % and
40.3 % of the data, respectively.

4.1.1 Precipitation

The number of removed data varied over the years, increas-
ing from 1950 onwards and reaching a peak in 1967, and
then decreasing until the end of the period (Fig. 3a). From
the removed data, the Suspect data and Suspect zeros criteria,
which usually represent estimates of low precipitation val-
ues based on nearest observations, were the most frequent.
While these criteria are commonly frequent in this kind of
QC (Serrano-Notivoli et al., 2017b, 2019), only 1.26 % of
the original raw observations were removed.

4.1.2 Temperature

The quality control process removed 1.28 % of the original
Tmax data and 0.86 % of the original Tyn data (Fig. 3b).
According to the monthly criteria, 1090 (0.06 %) pieces of
data for the Tyax and 2139 (0.13 %) for the Tyn were re-
moved, and according to the daily criteria, 20491 (0.21 %)
values were removed for the Tyax and 12 283 (0.73 %) val-
ues for the Tyvn.

https://doi.org/10.5194/essd-13-3577-2021
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Figure 3. Total number of removed precipitation (a) and temperature (b) observations from the original dataset by the different criteria per
year. The criteria are explained in more detail in Serrano-Notivoli et al. (2017b, 2019).

4.2 Measurements — estimation comparison
4.2.1 Precipitation

The number of observed zero precipitation days (dry days)
in Slovenia was 1006891, and the number of estimated
ones (only for corresponding days with measurements) was
1011337, with the difference being +0.44 % in favour of es-
timated ones. Terming the wet days as positive (observed P
(precipitation) > 0) and the dry days as negative (observed
P =0), the true negative rate (RV =0 and P = 0) was over
92 %, and the true positive rate (RV > 0 and P > 0) was over
85 % (Table 1). To a large extent the false negatives (RV =0
and P > 0) and false positives (RV > 0 and P = 0) were due
to the prediction of precipitation for days with low amounts
of this. In events with very low amounts of precipitation, the
estimate of the probability of occurrence was likely to be
dry, despite the fact that the station could register a mini-
mum quantity of rain (usually under 1 or 2mm). This causes
a small difference in amounts and is becoming more distinct
in the dry/wet accuracy assessment.

The highest Pearson correlations (> 0.94) were found in
the comparison by days between the original dataset and cor-
responding estimates rather than in the comparison by sta-

https://doi.org/10.5194/essd-13-3577-2021

Table 1. Accuracy of the wet/dry day estimates: percent of observed
dry (P (precipitation) = 0) and wet (P > 0) days, and percent of
predicted dry (RV = 0) and wet (RV > 0) days on observed dry and
wet days.

Observed =0  Observed >0

Predicted = 0 92.55 14.13
Predicted > 0 7.45 85.87

tions (Fig. 4). This indicates the complexity of the geograph-
ical variability (elevation, orientation, landscape configura-
tion, etc.) between stations. The highest correlation between
the measurements and estimates by stations was found for
medians without zeros (only considering days with P > 0 in
measurements and estimations). The comparison showed the
lowest correlation in the 95th percentiles of wet days when
comparing by both stations and days. Also, a slight underes-
timation of high precipitation amounts was noted, probably
due to a smoothness of the estimates in situations with very
local high precipitation events.

The histogram of estimated and observed precipitation
showed a good agreement (Fig. 5). However, values below

Earth Syst. Sci. Data, 13, 3577-3592, 2021
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I mm were slightly underestimated in some cases. The agree-
ment between the histograms was very high above 1 mm.
The fit of the estimated values by altitudinal ranges
showed a slight overestimation in the ratio of means (RM)
between 700 and 900 m a.s.l. (Table 2). Overestimation was
higher above 1100ma.s.l. with the exception of 1500—
2000 m a.s.l., where the estimation was lower than the mea-
surements. The ratio of the standard deviation (RSD) also
showed differences between estimated and observed values,
especially between 1100 and 1300 m a.s.l. The mean absolute
error (MAE) increased with altitude, which can be attributed
to the decreasing number of available stations with altitude.

Earth Syst. Sci. Data, 13, 3577-3592, 2021

The ratio of means (RM) indicated that the monthly ag-
gregates of daily precipitation in all months were slightly
underestimated. The ratio of standard deviation (RSD) was
very close to 1 through all months (Table 3). In December,
however, the RSD was below 0.95, indicating a bias in the
variance estimate. In the other months there are no substan-
tial biases in the variance estimation. Overall, all monthly
statistics are relatively homogeneous over the year due to the
evenly distributed precipitation over the year.

https://doi.org/10.5194/essd-13-3577-2021
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Table 2. The leave-one-out cross-validation (LOO-CV) statistics
showing the goodness of fit between measurements and estimations
of daily precipitation separated by altitudes (ma.s.l.). N: number of
stations; %OBS: percentage of observed precipitation; %PRE: per-
centage of predicted precipitation; MAE: mean absolute error; ME:
mean error; RM: ratio of means; RSD: ratio of standard deviations.
The results were rounded to two decimal places.

Altitude N %OBS %PRE MAE ME RM RSD
0-300 48 3330  34.20 133 —-0.01 1.00 0.97
300-500 43 28.70  27.10 141 -031 091 0.86
500-700 18 15.50 14.50 1.61 —-045 090 0.87
700-900 8 7.90 880 238 039 1.09 1.16
900-1100 8 8.30 730 272 -084 0.85 0.1
1100-1300 2 0.80 120  3.16 136 137 138
1300-1500 2 1.80 210  3.17 059 1.13 1.28
1500-2000 3 3.60 270 372 -178 074 0.67
> 2000 1 2.10 370  6.05 411 174 195

Table 3. The leave-one-out cross-validation (LOO-CV) statistics
for precipitation, showing the goodness of fit between measure-
ments and estimates of monthly aggregates. MAE: mean absolute
error; ME: mean error; RM: ratio of means; RSD: ratio of standard
deviations. The results were rounded to two decimal places.

MAE ME RM RSD Pearson Range
Jan 193 -032 096 0.95 082 0t078.3
Feb 1.74  -0.29 096 0.95 0.86 0to75.5
Mar 195 -026 097 096 0.84 0t065.8
Apr 235 =035 097 099 0.78 0.2to74.1
May 262 -034 097 0.99 0.78 0.2t049.8
Jun 3.08 —0.58 096 097 0.76  0.7t051.9
Jul 295 —0.61 095 098 0.79 0.3t049.2
Aug 286 —0.58 096 096 0.82 0t069.7
Sep 294 —-044 097 096 0.85 0.2to116
Oct 3.04 -038 097 097 085 0t097.2
Nov 321 —-038 097 097 0.80 Otol15.5
Dec 250 —-035 097 094 0.82 0to81.4

4.2.2 Temperature

The results showed very high correlations between the es-
timated values and measurements both for Tyax and TwviNn
when considering daily means, as the Pearson correlation co-
efficients were 0.99 and 0.93, respectively (Fig. 6). Similarly,
good agreements were obtained when considering the ex-
tremes (5th percentile of Tyn and 95th percentile of Tyax)
with Pearson correlations of 0.99 and 0.91, respectively.

The frequency of the observed temperatures and their es-
timates (Fig. 7) showed very good general agreement. There
was a slight underestimation of Tyn (in the temperature in-
tervals O to 5 and 10 to 15 °C) and Tyax (interval 5 to 10 °C).
Overestimation was found for Tyax and Ty for the inter-
val =5 to 0°C.

Most of the stations in Slovenia are located at lower al-
titudes, with 60 % of them between 100 and 500 ma.s.l.,

https://doi.org/10.5194/essd-13-3577-2021
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which leads to a slight underestimation of Tyqn values at
900-1100 and 1500-2000 m a.s.l. due to having fewer data.
Also, an overestimation of Tyn was observed at the 1300—
1500 m a.s.l. range, but the similarity between the observed
and estimated temperatures was generally higher for Tiax
(Table 4).

The ratio of means (RM) showed that the differences in the
means between observed and estimated temperatures were
lower for Tiax, with all the values very close to 1 (Table 5).
Twvin showed, overall, a higher underestimation, especially in
March. Moreover, the ratio of standard deviation (RSD) was
higher in Tiyax, while Tyn showed values under 0.95 from
April to September, indicating a bias in variance estimation
in these months. ME values were close to 0 in all cases, and
Pearson correlations were higher than 0.98 in Tyax in all
months, ranging from 0.93 to 0.98 in Tyn.

4.3 Spatial distribution and uncertainty in daily
precipitation

Mean precipitation on wet days (SDII) showed that the high-
est values occurred in the central to northwestern part of the
country and also at some individual locations on the south
and north, with amounts up to 27 mm (Fig. 8a). The low-
est amounts were in the northeastern part of Slovenia (less
than 10 mm). The average maximum length of dry spells
(CDD) reached the highest values in the northeastern part
of the country, with 70 d, while this number decreased in the
southeast and northwest until the values were lower than 35d
(Fig. 8b). The uncertainty of SDII was very low (< 10 %)
all over the country (Fig. 9a), while the uncertainty of CDD
averaged between 16 % and 20 % in most of it, with higher
values (21 %-25 %) in the northeastern part (Fig. 9b).

The highest values of the mean annual absolute daily max-
imum temperature (TX,) were found in the southwest and
east of Slovenia, with temperatures up to 36 °C (Fig. 10a),
while values below 20 °C were more frequent at higher el-
evations. As expected, the mean annual absolute daily min-
imum temperature (TN, ) showed a similar pattern to TX,
(Fig. 10b), with the lowest values in the north and north-
western part of Slovenia (—22°C) and much higher values
in the southwest, where the influence of the sea affects tem-
peratures. However, in the eastern half of the territory there
was a lower spatial variability compared to that seen for
TX,. The mean annual number of summer days (SU) was
calculated from the annual count of days when daily Tyax
was over 25 °C. Similar to the TX,, the highest values were
found in the southwestern and also eastern part of the country
(Fig. 10c). In the mountain areas, however, only a small num-
ber of summer days were found. The mean annual number of
frost days (FD) was calculated from the annual count of days
when the minimum daily temperature was below 0 °C. The
number of frost days varied from 36 in the coastal area to 240
in the highest elevations, where orography had a significant
influence (Fig. 10d).
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Figure 6. Comparison between measurements and estimates, by stations, of the mean maximum temperatures (a) and their 95th per-
centiles (b), and comparison of the mean minimum temperatures (c¢) and their Sth percentiles (d). Dashed lines represent £1 standard

deviation of the data.

Table 4. The leave-one-out cross-validation (LOO-CV) statistics showing the goodness of fit between measurements and estimates of daily
maximum and minimum temperature separated by altitudes (m a.s.l.). N: number of stations; OBSm: mean observed maximum and minimum
temperature (maximum and minimum temperature in °C); PREDm: mean predicted temperature (°C); MAE: mean absolute error (°C); ME:
mean error (°C); RM: ratio of means; RSD: ratio of standard deviations. The results were rounded to two decimal places.

Altitude (m) 0-100  100-300  300-500 500-700 700-900  900-1100  1100-1300  1300-1500  1500-2000 > 2000
Tmax OBSm 18.30 15.80 14.70 13.50 12.00 11.30 9.30 8.70 7.30 7.30
PREDm 18.50 15.80 14.60 13.70 12.20 11.50 9.40 8.70 7.50 7.10
MAE 0.56 0.35 0.34 0.45 0.44 0.36 0.36 0.50 0.40 0.46
ME 0.50 —0.02 —0.01 0.14 0.04 0.06 0.13 0.03 —0.01 —-0.20
RM 1.03 0.99 0.99 1.01 0.99 1.01 1.02 0.99 0.99 0.96
RSD 1.03 1.01 0.99 0.98 1.01 0.99 0.99 1.02 0.99 0.76
N 12 61 59 35 11 10 3 4 4 2
Imin OBSm 9.60 5.50 4.60 4.30 3.50 3.30 3.10 0.80 0.90 1.80
PREDm 8.80 5.50 4.70 3.90 3.80 2.60 3.00 0.99 0.70 1.70
MAE 1.04 0.57 0.69 0.84 1.06 0.79 0.59 0.60 0.74 0.32
ME —0.18 —0.02 0.10 —0.30 0.25 —-0.43 —0.13 0.27 —-0.63 —-0.13
RM 0.98 0.99 1.02 0.92 1.07 0.81 0.96 1.19 0.62 0.99
RSD 0.99 0.99 0.99 0.99 0.99 0.98 0.97 0.99 1.01 1.01
N 12.00 61.00 59.00 35.00 11.00 10.00 3.00 4.00 4.00 2.00

The highest uncertainty values of TX, and SU were found
in the northwestern part of the country (Fig. 11a, c¢), while
the highest values of uncertainty of TN,, were found in the
southwestern part (Fig. 11b). Uncertainty was very low for
the number of frost days (Fig. 11d).

Earth Syst. Sci. Data, 13, 3577-3592, 2021

The temporal evolution of the annual values of uncertainty

(Fig. 12) showed a homogeneous behaviour in precipitation
all over the period except from 2013, when uncertainty rose
both in median and highest values. Maximum temperature
showed also a relatively static behaviour, with higher values
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Table 5. The leave-one-out cross-validation (LOO-CV) statistics showing the goodness of fit between maximum and minimum temperature
measurements and estimates of monthly aggregates. MAE: mean absolute error (°C); ME: mean error (°C); RM: ratio of means; RSD: ratio
of standard deviations; Pearson: Pearson correlation coefficient. The results were rounded to two decimal places.

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
TmMax MAE 0.48 0.42 0.33 031 0.31 0.31 0.33 0.32 0.33 0.37 0.4 0.5
ME 0.05 0.07 0.01 0.00 0.03 0.02 0.02 0.03 0.03 0.06 0.03 0.03
RM 1.01 1.01  0.99 0.99 0.99 0.99 0.99 0.99 0.99 0.99 099 1.01
RSD 0.97 097 098 0.99  0.99 0.97 0.98 0.97 0.99 0.97 097 095
Pearson 0.98 0.99 0.99 0.99 0.99 0.98 0.98 0.99 0.99 098 098 0.98
min MAE 0.78 0.74 0.71 0.67 0.75 0.66 0.69 0.67 0.7 0.68 0.59 0.64
ME -0.05 -0.07 003 -0.02 001 -0.04 -0.04 -007 -0.07 —-0.07 0.00 0.07
RM 0.99 0.97 0.71 0.97 0.99 0.99 0.99 0.99 0.99 099 0.89 097
RSD 099 099 096 093 093 093 094 093 094 096 095 096
Pearson 0.98 098 0.97 0.95 0.93 0.94 0.93 0.93 0.95 0.96 097 0.96
40 @ 5 Discussion
(35,40) | @
(0,351 8@ SLOCLIM is the first climatic reconstruction for Slovenia
(25,30 1-® ® at a high spatial resolution, providing daily data of Tyax,
(20,251 @ * Tvin and the amount of precipitation from 1950 to 2018.
5 (15,20) ¢ ¢ This new daily gridded dataset contributes significantly to the
ig (10,15) ® » climate description of the country, and it is expected to be of
g ©10 ® e high value for multiple potential applications, especially in
3 ©.9 ° ® areas where observed climate records are not available, such
(=5,0) e e as agricultural land, forests and mountains.

10.-57 @ ot There were no climatic reconstructions available for
-15-101 ® @ Slovenia until the work of Dolinar (2016), who established a
(-20,-15) 1 @@ grid on a 1 km scale for the monthly temperature and precip-

(<20 @ itation from 1961 onwards, using explanatory variables such
0 100000 200000 300000

Number of data

Figure 7. Comparison of frequencies by categories between ob-
served (solid) and predicted (transparent) maximum (red) and min-
imum (blue) temperatures.

of uncertainty in the initial decades (1950-1960s) and at the
end of the period (2000s). The lower values were found in
the 1980s. With a different pathway, minimum temperature
played a different pattern in the first half of the period, with a
decrease from 1950 to the mid-1960s and then progressively
increasing to 2018, being its maximums in 1993 and 2011.

To provide access to data to a wider range of users, we
designed a web page for SLOCLIM (http://www.sloclim.eu,
last access: 10 June 2021) where the data for selected point
and period can be downloaded in .csv format. On this web
page, users can select any date in the period 1950-2018 and
any location on the map of Slovenia and obtain the data
(maximum and minimum temperature and amount of precip-
itation) for the selected period in .csv format, which can also
be opened in Excel.

https://doi.org/10.5194/essd-13-3577-2021

as longitude, latitude, altitude and their second degree poly-
nomial terms to improve the reconstruction. Besides this,
there have been other activities aimed at the homogeniza-
tion of climatic data, such as the project Climate Change and
Variability in Slovenia (Vertacnik et al., 2015), which was
based on homogenized monthly data with the goal of obtain-
ing high-quality meteorological data from 1961 onwards.

In order to fill the gap, the SLOCLIM database was cre-
ated with a methodology that is suitable for a country like
Slovenia with large climatic and orographic differences, as
it provides a reliable independent assessment of climate pa-
rameters, considering the local character of precipitation and
temperature at each particular location. The period 1950 to
2018 represents the longest possible time span for data re-
construction at the given resolution, which is mainly deter-
mined by the number, location and quality of meteorological
stations. The method makes use of all available information
and includes a comprehensive iterative quality control pro-
cess that checks the spatial and temporal consistency of the
data until no suspect values are detected.

The presented results show very high correlations between
the estimated values and the measurements for both temper-
atures and precipitation, indicating the ability to reproduce

Earth Syst. Sci. Data, 13, 3577-3592, 2021
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Figure 9. Uncertainty of (a) SDII — daily precipitation intensity and (b) CDD — maximum number of consecutive dry days (Esri, 2020;

GISCO, 2020).

realistic climatic situations. The comparison by days showed
higher Pearson correlations between the original precipita-
tion dataset and the corresponding estimates than the com-
parison by stations. The reason for this is the complexity
of the high geographical variability between stations, which
could, to a certain extent, also influence the underestima-
tion of minimum temperatures at higher altitudes. This is
shown in the LOO-CV by altitudes, where the bias in the esti-
mates at high elevations is probably due to the lower number

Earth Syst. Sci. Data, 13, 3577-3592, 2021

of available observations. Grid estimates at these altitudinal
ranges (especially > 2000 m a.s.l.) may reflect the lower reli-
ability through higher values of uncertainty. The dataset used
in Dolinar (2016) showed slightly higher correlation coeffi-
cients between predicted and measured values than found in
our study, but it was constructed on a monthly basis using a
completely different approach. Furthermore, Dolinar (2016)
obtained lower correlations between predicted and measured
values for precipitation than for temperature, which is consis-

https://doi.org/10.5194/essd-13-3577-2021
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tent with our results and is attributed to the generally higher
precipitation variability both in space and time.

The agreement between the original dataset and the cor-
responding estimates in our study was high due to the good
quality of the original data, mainly because ARSO regularly
undertakes a validation control of the climatological data col-
lected by meteorological stations, resulting in consolidated
data (Bertalani€ et al., 2006). Although the spatial coverage

Earth Syst. Sci. Data, 13, 3577-3592, 2021

with meteorological stations decreases over time, it is still
relatively high compared to other countries.

In Slovenia, precipitation is highest in the northwest (in
the Julian Alps) and southwest in the Dinaric Mountains and
lowest in the northeast (ARSO, 2016b), as confirmed also
by our reconstruction. The highest uncertainties in precipita-
tion were found in the northeast, in the area with the lowest
amount and intensity of precipitation. Therefore, the uncer-
tainty is higher because it is more difficult to make solid pre-

https://doi.org/10.5194/essd-13-3577-2021
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dictions in areas where precipitation is very low and the num-
ber of consecutive dry days is higher. The highest tempera-
tures are reached in the southwestern part of the country and
the lowest in the northwest (in the Alpine region), as shown
by ARSO (2016a) and confirmed by our reconstruction. The
presented indices of mean annual absolute daily maximum
and minimum temperatures are in agreement with the obser-
vations of ARSO (2016a). The highest uncertainty levels for
the high temperature indices (TX,, SU) were found for the
northwest, and those for the lowest temperatures (TN,,, FD)
were found in the southwest, possibly due to the high oro-
graphic effect and the distance to the sea. In the southwest,
lower temperatures occur less frequently than in other parts
of the country, which possibly explains why the uncertainty
is greater. In this regard, the uncertainty of the number of
summer days (SU) was particularly high in the areas at the
highest altitudes. The geographical distribution of the tem-
perature indices is consistent with the climatic regions de-
fined by Kozjek et al. (2017).

The SLOCLIM database opens up many possibilities for
applications in areas which need data with high spatial and
temporal resolution. It has the potential to address a number
of relevant climate-related topics, including recognition of
climatic trends and extremes as well as their mitigation and
planning of prevention measures. SLOCLIM is expected to
support ongoing and future research activities which are fo-
cused on basic climatic questions in Slovenia and surround-
ing regions, such as trend analyses and projections (Dolinar
et al., 2018; de Luis et al., 2014; Milosevi¢ et al., 2017), as
well as reconstruction of past climate and extreme events
based on tree-ring parameters (Cook et al., 2015; Cufar et
al., 2008; Hafner et al., 2014). Research where climate data
are needed also includes that focused on the effects of climate
change on the well-being and health of the population (Ciuha
et al., 2019; Pogacar et al., 2019, 2020), as well as agrocli-
matic shifts and the food supply (Ceglar et al., 2012, 2019a,
b). In Slovenia, a densely afforested country, climate affects
the survival and productivity of forest trees due to shifts in
leaf phenology (Cufar et al., 2012, 2015) and the production
of crucial tree tissues, like wood and phloem (Delpierre et al.,
2019; Martinez del Castillo et al., 2018; Prislan et al., 2013).
While forest trees can be damaged due to extreme events like
ice storms (Decuyper et al., 2020; Klopcic et al., 2020), the
effects of climate differ along various gradients (Cater and
Levanic, 2019; Jevsenak et al., 2020) and at the microsite
level (Diaci et al., 2020; Kermavnar et al., 2019). In most
cases the use of precise daily climatic parameters can help to
improve recognition of climate—growth relationships (Jevse-
nak, 2019; JevSenak and Levanic, 2018).

6 Data availability

The SLOCLIM dataset is freely available in the
web repository Zenodo. It can be accessed through

https://doi.org/10.5194/essd-13-3577-2021

3589

https://doi.org/10.5281/zenodo.4108543 and cited as Skrk et
al. (2020). The data are arranged in six files (daily maximum
and minimum temperature, daily amount of precipitation,
and their uncertainties). The data are also freely available
through web page http://www.sloclim.eu (last access:
10 June 2021).

7 Conclusions

The result of the presented study is a high-resolution daily
gridded precipitation and temperature dataset for Slovenia
with a spatial resolution of 1 x 1 km for the period 1950 to
2018 (SLOCLIM). Advantages of SLOCLIM compared to
other existing datasets in Slovenia are the use of all avail-
able data and the provision of reconstructed daily data over
a dense grid. It delivers the daily amount of precipitation
as well as maximum and minimum temperature. The avail-
able measurement data with regard to latitude, longitude, al-
titude and distance from the coast were used to calculate the
dataset. All the data were quality controlled by using cross-
validation. Missing values were calculated using the 10 near-
est observations in precipitation and 15 in temperature. All
results showed high correlation between estimated and ob-
served values, and six climatic indices were also calculated:
precipitation intensity, length of dry period, mean annual ab-
solute maximum and minimum temperatures, mean annual
number of frost days, and mean annual number of summer
days. The indices correlated well with altitudes and distance
from the coast.

SLOCLIM represents a novel publicly available climatic
database for Slovenia with multiple potential applications
for recognition and mitigation of climate-related events di-
rectly affecting the environment, well-being and health of the
population, agriculture and food supply, and forestry. High-
resolution gridded daily data are expected to facilitate re-
search activities in numerous scientific disciplines studying
climatic trends and projections; reconstruction of past cli-
mate and prediction of future climate, environment, human
and animal populations; and agricultural and forest systems.
The data can help to identify extreme climatic events and can
be also used for prediction, adaptation and mitigation mea-
sures.
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