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Abstract

New high-resolution datasets for near surface daily air temperature (minimum, max-
imum and mean) and daily mean wind speed for Europe (the CORDEX domain)
are provided for the period 2001-2010 for the purpose of regional model valida-
tion in the framework of DecReg, a sub-project of the German MiKlip project, which
aims to develop decadal climate predictions. The main input data sources are hourly
SYNOP observations, partly supplemented by station data from the ECA&D dataset
(http://www.ecad.eu). These data are quality tested to eliminate erroneous data and
various kinds of inhomogeneities. Grids in a resolution of 0.044° (5 km) are derived by
spatial interpolation of these station data into the CORDEX area. For temperature inter-
polation a modified version of a regression kriging method developed by Krdhenmann
et al. (2011) is used. At first, predictor fields of altitude, continentality and zonal mean
temperature are chosen for a regression applied to monthly station data. The residuals
of the monthly regression and the deviations of the daily data from the monthly aver-
ages are interpolated using simple kriging in a second and third step. For wind speed
a new method based on the concept used for temperature was developed, involving
predictor fields of exposure, roughness length, coastal distance and ERA Interim re-
analysis wind speed at 850 hPa. Interpolation uncertainty is estimated by means of
the kriging variance and regression uncertainties. Furthermore, to assess the quality
of the final daily grid data, cross validation is performed. Explained variance ranges
from 70 to 90 % for monthly temperature and from 50 to 60 % for monthly wind speed.
The resulting RMSE for the final daily grid data amounts to 1-2°C and 1-1 5ms”
(depending on season and parameter) for daily temperature parameters and daily
mean wind speed, respectively. The datasets presented in this article are published
at http://dx.doi.org/10.5676/DWD_CDC/DECREGO0110v1.
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1 Introduction

In climate research data of meteorological observations are preferably provided in the
form of continuous regular grids. In this way the data can be used for regional or global
climate monitoring as well as for a comparison with the outputs from numerical weather
prediction models and climate models. One of the main and most reliable initial data
sources are measurements taken at ground station networks like SYNOP (synoptical
observations recommended by the World Meteorological Organization (WMO)). Inter-
polation or averaging procedures are used to transform such point data to values rep-
resentative for grid cells of regular size and distance.

For the near-surface temperature a variety of gridded observational data are avail-
able. One of the most prominent global datasets is the HadCRUT4 dataset provided by
the UK Met Office Hadley Centre and the Climatic Research Unit (CRU) at the Univer-
sity of East Anglia (Morice et al., 2012), covering monthly values in 5° spatial resolution
since 1850. In recent years several more global temperature datasets have been pub-
lished (e.g., Smith et al., 2008; Hansen et al., 2010; Rohde et al., 2013). On a regional
scale temperature datasets with higher resolutions in space (e.g. Hogewind and Bis-
solli, 2011) and time have been produced. For Europe the E-OBS project has set up an
archive of gridded daily data in a horizontal resolution of 0.25° starting in 1950 (Hay-
lock et al., 2008). Since regional models increasingly realize even higher resolutions,
reference datasets with resolutions below 0.25° are more and more requested. So far,
such data are only produced on a national or sub-regional scale.

In addition to the pure observational datasets so-called reanalysis data represent al-
ternative sources. Measurements from surface stations, radiosondes and satellite data
of different meteorological parameters serve as input data for the assimilation scheme
of weather prediction models. 3-D gridded data for a variety of parameters describing
the initial status of the atmosphere are obtained. However, the dependency on model
physics make reanalysis data unsuitable for the evaluation of model forecasts.
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Concerning the near-surface wind speed, the availability of gridded observational
data is currently very low. On a national level a few efforts have been made to calcu-
late horizontal wind fields based on station reports (e.g., Luo et al., 2008; Gerth and
Christoffer, 1994; Walter et al., 2006). For larger regions like Europe at present no such
data fields are available.

Within DecReg (Decadal Regional Predictability), a subproject of MiKlip (Decadal
Climate Predictions), the predictive skill of regional climate models on a decadal time
scale is investigated using hindcast experiments. Independent gridded observational
datasets for the European region are used as reference. In order to meet the spatial
scale of these models (7 km for the COSMO-CLM model; http://www.clm-community.
eu/), new reference data with resolutions below the 25 km realized by E-OBS are re-
quired. This request represents a big challenge, as the grid size is limited by the density
of station observations. More complex interpolation methods are needed to maintain
a certain quality on a relatively fine grid. As contribution to DecReg, the Deutscher
Wetterdienst (DWD) aims to provide gridded observational data of daily temperature
and wind speed in high resolution for the time period 1961-2010.

A variety of interpolation methods can be used to derive continuous field data based
on point measurements (see overview given by e.g. Li and Heap, 2008). In cases of
relatively coarse grid sizes (with a high number of samples per grid cell) simple aver-
aging techniques are sufficient. For relatively fine grids the value at a given point has to
be estimated on the basis of information of surrounding data points. Deterministic inter-
polation methods are based on the assumption of a certain function, which describes
the spatial changes of the target variable. For example, linear regression on the coor-
dinates x and y using least square fitting represents a simple form of a deterministic
interpolator. A very prominent deterministic approach is the inverse distance weighting
method (IDW), in which the information of nearby stations is used to determine the
value at certain target coordinates, expecting a decrease of influence with increas-
ing distance. An interpolation method involving probabilistic elements (often called
a stochastic or geostatistic approach) is the so-called kriging (after Daniel G. Krige,
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further developed by Matheron, 1963). Compared to IDW in kriging the geographic dis-
tribution of the surrounding data points is considered (solving the cluster problem) and
the weights are optimized by considering the spatial correlation observed for the tar-
get variable. In contrast to deterministic methods kriging directly provides uncertainty
estimates for each grid point. Many meteorological parameters depend on certain lo-
cal characteristics (like temperature and pressure on the altitude or wind speed on the
surrounding vegetation and topography). Such secondary information can be included
in the interpolation procedure by a regression approach.

In this work a combination of regression and kriging is used to compute gridded data
in 5km horizontal resolution of daily mean 10 m scalar wind speed and daily 2m air
temperatures (minimum, maximum and mean). Here, the results for the decade 2001-
2010 are presented. Earlier decades are planned to be added to this new data record
in the future.

2 Input data

The main input data source used in this work are SYNOP reports. Daily minimum
temperatures (7., between 18:00 and 06:00 UTC) and daily maximum temperatures
(Trmax» 06:00 to 18:00 UTC) are directly available from the database at the DWD, while
daily mean temperatures as well as daily mean wind speed, 7,,4 and V4, are derived
from hourly reports (using data from 00:00 to 00:00 UTC of the following day). The Eu-
ropean Climate Assessment & Dataset project (ECA&D, Klein Tank et al., 2002) offers
additional station measurements for Europe and North Africa (data and metadata avail-
able at http://www.ecad.eu). 62 participating countries have provided quality-checked
data records for numerous weather stations. For temperature the ECA&D record is
used to extend the input data in areas with low coverage by SYNOP stations. Due to
the issue of partly deviating daily reference periods for the three parameters (see dis-
cussion in Sect. 2.2) we apply a selection algorithm for the inclusion of ECA&D data.
In this way we aim to avoid inconsistencies with the input data based on SYNOP. The
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accuracy of the meteorological data from both archives is limited by the precision of
the reports (i.e., number of decimal places), which typically depends on the underlying
measurement accuracy. Thus, basic uncertainties of 0.1°C and approx. 0.5ms™" (1
knot) can be assumed for the two parameters.

2.1 Hourly SYNOP reports

Figure 1a shows the distribution of SYNOP stations reporting at least every 6 h (see
color code for different frequencies) throughout the target domain for January 2010. In
total 2230 stations are found. Most of the regions in the target domain (indicated by the
red frame) are well covered, only for Africa larger regions without data are identified.

Daily 7,,4 and V,,4 are derived by averaging the available hourly data, while assign-
ing only half of the regular weight to the measurements at 00:00 UTC (of current and
following day). To evaluate the consistency between daily means based on different
sample sizes, these values were compared at stations with full daily records of 25
samples. In Fig. 2 the results for daily means in January 2001 based on 3 hourly and
6 hourly reports are displayed for temperature (panels a1, a2) and wind speed (b1, b2)
respectively. For temperature we find a high consistency even for the 6 hourly reports
(a2), with a standard deviation of the error of 0.21°C. For wind speed the precision in
the determination of the daily mean decreases considerably with the number of sam-
ples per day (o = 0.40 ms~' for 6 hourly reports). But compared to the relatively high
basic uncertainty of 0.5 ms™" for wind speed data, these potential discrepancies are
found acceptable. For 1 hourly reports up to two missing or non-valid data in a daily
record of 25 values were accepted. In the calculation of the daily means these gaps
were filled by the mean of the two adjacent dates. Daily records with report frequencies
below one hour were rejected when missing values or inhomogeneities (see Sect. 2.3)
occurred.
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2.2 Integration of ECA&D archive for temperature

The national weather services contributing data to ECA&D determined daily tem-
perature parameters based on partly different reference intervals. For example, in
some countries daily mean temperatures are based on the interval between 00:00
to 00:00 UTC, in other countries between 06:00 UTC and 06:00 UTC (van den Besse-
laar et al., 2012). Our experiments with station data at identical coordinates revealed
consistency problems between SYNOP and ECA&D for all three parameters. Espe-
cially for winter days the discrepancy is ocasionally greater than 2°C. Therefore, an
algorithm was designed to carefully include data from the ECA&D archive, considering
the density of SYNOP reports in each target area and by data comparison at identical
stations (only if coordinates and station height agree for both archives). The differences
at identical stations were used as indicator for the consistency in the target region for
each day. Depending on the presence of SYNOP data in a certain area the thresholds
for considering or rejecting an ECA&D station were adjusted (between 1 and 2°C). In
cases where no SYNOP data were available in an area of +3° around a target ECA&D
station and no comparison was possible in a somewhat larger area of +4.5°, data were
included without any further testing.

In Fig. 1b the distribution of a combined dataset of SYNOP (blue) and ECA&D (red)
for T,,g in January 2001 is shown. The chosen ECA&D data add valuable information
in Scandinavia as well as for Spain and Greece. The total station number is increased
here by about 100.

The temporal evolution 2001-2010 of input data for the different parameters is il-
lustrated in Fig. 3. The dotted lines show the fraction of SYNOP reports, the solid
lines display the total number of the data used. For wind (grey curve) only SYNOP re-
ports were used, as the number of wind data archived in ECA&D is currently very low.
Towards earlier years the availability of SYNOP reports decreases. This decrease is
considerable for the Scandinavian region and for many countries around the Mediter-
ranean Sea (compare panels a and b of Fig. 1). ECA&D data contribute especially in
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these early years. The availablity of SYNOP data is usually higher for T, and T«
than for the daily mean values T,,4 and V4.

2.3 Quality control and assurance

All input data, the hourly data of each day as well as the daily data of each month, were
quality-checked regarding different types of inhomogeneities: (1) outliers, (2) significant
shifts in the time series, (3) constant data over longer intervals and (4) exceedance of
climatological thresholds. In the following a closer description of the strategies for the
example of hourly temperature data is given.

For type (1) the minima and maxima of each daily cycle are substracted from the
mean of the cycle while omitting the extremes in the averaging. These test values (de-
noted dtn and dtx in the program) are considered absolutely (adding notation 1) as well
as relatively (divided by the standard deviation of the statistics without extremes, nota-
tion 2). Based on experiments with data of several example months empiric thresholds
were determined to decide whether a value is considered an outlier or not. Depending
on the number of data and the comparison of absolute vs. relative test value these
thresholds range between 8-14°C for dtn, /dtx, and 4-8 for dtn, /dt x.,.

For inconsistencies of types (2) and (3) a running standard deviation (sdr) of five
consecutive measurements is calculated. If the minimum of sdr (denoted sdn in the
program) reaches zero, at least five identical values in a row are indicated. For a daily
series of in total five values (6 hourly data) such an event is highly unlikely and there-
fore considered a result of erroneous data. In the case of hourly reports the threshold
for a rejection is increased to nine identical data in a row. Our sample data showed that
certain conditions in winter allow nearly unchanged temperatures over several hours.
Also, the change of sdr for each time step is recorded (the maximum difference is de-
noted dsdx) to identify sudden shifts in the common temperature level. Corresponding
tests indicated clear inhomogeneities for dsdx above 7°C. Climatological thresholds
were determined monthly wise for 19 subregions using the full ECA&D archive for
1961-2010. If subregions were insufficiently represented by ECA&D stations, the up-
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per and lower thresholds were slightly increased and decreased respectively to achieve
realistic temperature limits. Additionally, an adjustment of temperature with altitude (as-
suming 0.65°C 100 m‘1) is carried out to consider stations of high elevation possibly
not represented by corresponding data of ECA&D.

For wind data similar strategies, but with adjusted thresholds, were developed to
consider erroneous data. Concerning climatological thresholds, a global upper value of
65ms” was defined. Here, an approach considering season and region is not helpful,
as strong wind events can occur in all regions and throughout the year.

For the time series of daily values similar tests following the strategies for the hourly
data are applied. This quality check is particularly important for the extreme values
and for the ECA&D data, as related hourly data are often not available. For stations
where both extreme values as well as hourly raw data are available, a consistency
check between extremes based on these raw data and the time-integrated extremes
(denoted raw and int in the following) is made (e.g., minimum Tm is not expected to be
above minimum of corresponding hourly data Trrna}‘r:"). For temperature the consistency
between the three parameters T,iq, Tmax and T,y (€.9., Tryin €Xpected to be smaller
than T,,4) is checked for each day, if available.

The hourly data are also used to fill gaps in monthly time series of the extremes, if
the overlap between e.g. 7" and 7' is sufficiently long (more than 10 data points)
and the maximum discrepancy between these series is below 2 °C. The estimates from
the hourly raw data (e.g., ) are corrected by the mean deviation between both
monthly data series to replace missing data of e.g. Tr':,tn Similarly, ECA&D data are
used for filling up incomplete monthly SYNOP series if the same coordinates and a high
consistency (maximum deviation below 1°C) are found.

During the interpolation process a monthly background field for each parameter is
first created. Therefore, each time series used within one month, must exhibit a nearly
complete monthly statistics. Only time series containing less than five missing days
within a considered month are used. To achieve a more precise estimate of the monthly
mean, the missing values are reconstructed by linear regression with neighbouring
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stations. If no suitable stations in the neighbourhood are detected and the number of
missing data is two or smaller, the mean of the values for the two adjacent dates is
used to fill a gap. The values reconstructed in this way are only used to determine the
monthly means. For the daily interpolation step missing data are left unchanged, as
the interpolation scheme is expected to reproduce missing data more accurate than
the rough assumptions used here for the calculation of monthly means.

3 Interpolation procedure temperature

For temperature interpolation, a regression kriging approach (strategy proposed by
Ahmed and de Marsily, 1987, and Odeh et al., 1995) adapted from Krdhenmann et al.
(2011) is used. The interpolation is done in three basic steps: a regression of station
monthly means depending on three predictor parameters (elevation, continentality and
zonal monthly mean temperatures), followed by interpolation of the regression resid-
uals using kriging to obtain gridded monthly means, and finally, the kriging of daily
deviations from station monthly means.

The steps are performed separately in seven overlapping subregions (see Fig. 4;
approx. 280 km overlap). The separation roughly follows the climate classification after
Képpen and Geiger (e.g. Sanderson, 1999), thus relatively homogeneous conditions for
temperature are expected within each region. Compared to Krdhenmann et al. (2011)
slight modifications were made in the partitioning of the regions in order to adapt them
to the MiKlip domain dealt with in this work. By considering subregions instead of the
whole domain a better adjustment of the regression model as well as of the kriging pa-
rameters (a closer description will follow) during interpolation is achieved. The regional
temperature fields of the seven subregions are finally merged by linear weighting in the
overlap areas (see Fig. 4).
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3.1 Regression

In a first step a multiple linear regression of the monthly means for each station against
data fields of altitude (using elevation data from the shuttle radar topography mission
(SRTM; see http://dds.cr.usgs.gov/srtm/version2_1/SRTM3/), continentality (after Gor-
czynski, 1920) and zonal monthly mean temperature (climatology 1961-1990 based
on CRU TS 3.00; Mitchell and Jones, 2005) is applied (see corresponding fields in
Fig. 5).

T(x) = ko + k- alt(x) + k5 -con(x) + k5 - zon(x) + res(x) (1)

with alt: altitude, con: continentality index, zon: zonal mean temperature, res: residuum.
These so-called predictor fields explain a major part of the spatial variation of monthly
temperatures (Krdhenmann et al., 2011). In order to receive a region-specific regres-
sion model, usually only data of the core region (weight one, compare Fig. 4) are used
to calculate the regression coefficients. Due to the relatively sparse data density in
regions 1, 3 and 7, here also data from the overlap areas are considered.

Among the three predictors elevation is the most crucial, as temperature typically
strongly depends on it and elevation changes in space occur on very small scales.
Thus, linear regression against elevation can substantially improve the final interpo-
lation results in regions with pronounced orographic characteristics. In a new setup
applied in this work the dependency of monthly temperature from altitude is deter-
mined first and independently from the two other predictors on the basis of station data
from mountainous areas. This strategy was chosen, because height coefficients de-
rived from the standard multiple regression are potentially affected by strong horizontal
temperature contrasts. Especially for the Scandinavian region implausible lapse rates
were diagnosed under such conditions. With an independent regression step on alti-
tude based on data from valleys and mountains in relatively close distance we could
solve this issue. The orange dots in Fig. 4 mark stations used for this initial regression
step. Depending on the region different criteria (minimum distance to coast, minimum
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altitude and regional weight) are applied to receive representative subsets. Due to the
absence of data suitable for this approach in regions 3 and 7, the regression coeffi-
cients for altitude determined in regions 2 and 6 respectively are used here.

A second modification in the altitude regression setup was implemented in this work.
Also daily temperature-altitude dependencies are estimated using the same strategy
as above. In this way variations from day to day occurring especially in winter can be
considered.

For January 2010 we compared the height coefficients according to the previous
setup (setup 1, involving all predictors and stations) and the new setup (setup 2, sepa-
rate regression with subsets). Reference lapse rates were calculated using the regional
averages of representative data pairs at the top of mountains and adjacent valleys.
A minimum distance of 60 km between adjacent data pairs was chosen to avoid clus-
ters in mountain regions with high station coverage. For region 2 the results from the
two setups clearly differ for both, monthly and daily data. Compared to the monthly
reference lapse rates a clear overestimation was found for setup 1 (for 7,,,;,—0.77 vs.
-0.11°C100m™" according to reference), while for setup 2 a good agreement was di-
agnosed (-0.17 vs. —-0.11°C 100 m™" for Tmin)- INn comparison with the daily reference
lapse rates considerable deviations were found for both setups, with mean absolute de-
viations of 0.89 and 0.33°C 100m™" (Tmin) for setup 1 (theoretical consideration, since
no daily regression implemented in the previous setup) and 2, respectively. However,
a clear improvement is achieved with the new setup in this problematic region. For the
other regions no significant differences in the results from the two setups occurred in
the tested month. In both cases the absolute deviations from the reference lapse rates
lie in the range of 0.1°C 100 m™" or below for monthly and daily data.

Latitudinal changes of the solar radiation as well as land-sea distribution and at-
mospheric dynamics (preferentially leading to a zonal air mass exchange) affect the
predictor parameter of the long-term zonal monthly mean temperature. Continentality
reflects the buffering effect of the oceans on annual temperature changes. In contrast
to altitude, these two predictor fields exhibit moderate spatial changes. Their potential
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for improving the interpolation is thus important in regions with a very low observation
density, e.g. in North Africa.

Another modification compared to Krdhenmann et al. (2011) is the use of station
monthly means instead of climatological monthly values as input data for the monthly
temperature analysis. In our work monthly hindcast periods are considered instead
of current days (as in Krdhenmann et al., 2011), therefore the whole monthly statis-
tics are available. By using current monthly means as basis for the linear regression
a potentially better adjustment of the regression model to the mean weather conditions
observed in this month is achieved and the amplitude of the regression residuals is
reduced.

In Table 1 the predictive skills of the three predictors for monthly mean temperature
are shown. Listed are the relative explained variances in a regression with single pre-
dictors. The corresponding results for the multiple regression model is shown in the
last row. All three parameters show a high capacity to predict 7,,4 on a monthly basis.
Overall, more than 80 % of the spatial variance can be explained by the three predic-
tors.

3.2 Monthly and daily kriging

The monthly regression residuals (observations minus values according to regression
model) are interpolated on a 1.25km x 1.25km (0.011°) rotated basic grid (virtual North
Pole at 39.25° N, 162° W) using simple kriging. Simple kriging is the least complex krig-
ing algorithm (see e.g. Stahl et al., 2006, for a comparison of the different algorithms).
It requires a normal distribution of the data, thus an absence of spatial trends of the
mean. This assumption is fulfilled, provided that most of the systematic variance has
been removed by the regression step. However, a normal score transformation (fol-
lowing Deutsch and Journel, 1998, attaining a standard normal distribution) is applied
to the residuals prior to the interpolation. After interpolation and back transformation
block averaging is used to calculate the data on the final target grid of 5km x 5km
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(0.044°). The sum of regression field and monthly residual field results in the monthly
temperature field.

In a third step the differences between daily and monthly temperatures are inter-
polated following the same concept as above. Before this daily interpolation all daily
anomalies are height-corrected using the daily regression coefficients (correcting devi-
ations from monthly mean) for the temperature—altitude relationship determined in step
one. The daily temperature field is eventually calculated as the sum of monthly temper-
atures, daily height-corrected residuals and the reversal of the height correction.

An important aspect in the interpolation using kriging is the adjustment of the krig-
ing parameters (for details see e.g. Deutsch and Journel, 1998). These parameters
estimate the change of correlation between nearby stations with distance. The related
function considered in kriging is the semivariance y, describing half the variance be-
tween all pairs of data points Z(x;), Z(x;) at a certain distance h = x; — x; to each
other.

1N
v(h) = 55 2 {Z0x) = Z(x)))? ()
i=1

The corresponding graph, illustrated in Fig. 7, is called variogram. The variogram
parameters are sill (the maximum semivariance observed in far distance from the ori-
gin), nugget (minimum semivariance observed at the origin) and range (the distance
at which the semivariance levels off at the maximum). Stations outside the range are
not expected to carry relevant information for a target point at the origin. The nugget,
taking on values between zero and the sill, defines the noise of the data at the ori-
gin. Thus, it sets a basic uncertainty of all final gridded data in the considered region.
This nugget effect can be understood as a result of measurement error and fluctua-
tions below the spatial scale resolved by the stations. Different functions can be used
to describe the change of the semivariance with distance. Here, a spherical model is
assumed, following Krdhenmann et al. (2011).
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Several strategies of fitting the variogram function to the data in each subregion
were tested in this work. First, a “null” variogram is defined based on experiments with
data from four example months (January 2001, July 2001, January 2010, July 2010).
Using cross validation, thus leaving out subsequently one data point and reproducing
it based on the information from the remaining stations, different combinations of the
three parameters are tested. The parameter values performing best, define the “null”’
variogram. An automated function for fitting variograms (Pebesma, 2004) is afterwards
used to further optimize the variogram. Our tests showed that, on average, both the
“null” variogram based on cross validation results and the variogram based on the
automated fitting perform equally well, but in rare cases the automated fitting algorithm
fails to determine reasonable results due to a missing convergence in the fitting based
on least squares (Pebesma, 2004). In the final setup we decided to use the “null”
variogram as a robust basis and allow a slight adjustment of the parameters in cases
where clear differences between the two models occur. The parameters nugget and
range of this “null” variogram are listed in Table 3 for monthly and daily kriging of 7,4
in the seven subregions. The nugget values can be interpreted as percentage of the
background noise measured at the origin. For T, relatively low nugget-to-sill ratios
between 0.1 and 0.3 were determined. Thus, a relatively strong spatial dependence of
the residual fields is indicated. The ranges, within which data are correlated with data
point at the origin, lie between 5 and 8° on the rotated grid (around 550 to 900 km).

4 Interpolation procedure wind speed

For the interpolation of daily wind speed a new method based on the concept used
for temperature was developed. Different predictor fields correlated with wind speed
were tested and chosen. Again, the seven subregions displayed in Fig. 4 are applied.
In addition, a new subregion for the Alpine region is introduced (Fig. 8). The motivation
for this new subregion will be outlined in the next section.
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4.1 Regression

After testing a variety of potential predictor fields, four parameters were chosen for the
linear regression (see Fig. 6).

V(x) = ko + ki -exp(x) + k- coa(x) + kg - Zo(Xx) + k4 - era(x) + res(x) (3)

with exp: exposure or relative altitude, coa: coastal distance, z,: surface roughness
length, era: ERA-Interim 850 hPa reanalysis wind speed, res: residuum. The use of
relative altitude (in the following the term exposure will be used as a synonym) was
motivated by Walter et al. (2006), who found good correlations with 10 m wind speed
in Germany for altitude at a given point transformed to exposure by dividing it with
the mean altitude of the surrounding area of 10km x 10km. Here, we calculated corre-
sponding fields on a 1 km grid using elevation data from the shuttle radar topography
mission (SRTM; see http://dds.cr.usgs.gov/srtm/version2_1/SRTM3/), applying a ra-
dius of 5km for the determination of surrounding mean altitude. Block averages were
calculated to obtain data for the final target grid of 5kmx5km. For station data the exact
altitude reported is used in comparison with the 1 km grid of mean altitudes described
above. We tested different functions to find the most suitable relationship between ex-
posure and 10 m wind speed (e.g. linear, logarithmic and different power functions). On
average, exposure to the power of 0.5 turned out to be the best approach.

Coastal distance is also of high relevance for the mean wind speed in 10 m, since
the very low roughness across the sea surface, related with very low friction, leads to
typically stronger winds in the vicinity of coastlines. Our tests showed the best perfor-
mance when using the logarithm of the coastal distance in the form In(coa + 1) and
defining maximum coastal distances between 20 and 100 km. This maximum distance
is chosen individually for each month and region on the basis of the lowest root mean
square error (RMSE) for a regression on coastal distance.

Surface roughness describes the deviations of a surface from an ideal smooth form.
On the Earth’s surface obstacles such as bushes, trees or buildings increase the sur-
face roughness and thus affect the movement of air. According to theory the wind speed
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change with distance from the surface shows the following simplified dependency (un-
der stable conditions) on the roughness length z, (see e.g. Holton and Hakim, 2012):

v(z) = i In Z_o (4)
with Von Karman constant x and shear velocity v,. Based on this equation we apply the
roughness length in the regression step as In(10/z,), because linear dependency on v
is expected if the variables k and v, are constant. Here, we use roughness length data
in 1km resolution derived from the global land cover dataset GLC2000 (Bartholome
and Belward, 2005).

In addition to the three “static” predictor parameters above, the use of meteorolog-
ical field data can provide valuable information for regions with low station coverage.
Krahenmann and Ahrens (2013) showed that the inclusion of remote sensing data
from satellite observations as a predictor in regression kriging substantially improves
the gridding of surface temperature over the Iberian Peninsula. For wind speed rel-
evant satellite measurements of high quality are currently not available. However, air
pressure fields, as the initial driving force of large-scale air movement, are well anal-
ysed in weather models. Here, we tested ERA-Interim reanalysis data provided by the
European Centre for Medium-Range Weather Forecasts (ECMWF). These data are
available in 6 hourly resolution on a reduced Gaussian grid with a grid point distance
of approximately 80 km, from 1979 until today (Dee et al., 2011). In order to maintain
independence from the other three predictors, corresponding model fields of geopten-
tial height as well as the direct output for wind speed in pressure levels between 850
and 700 hPa (reflecting conditions in the nearly “free” atmosphere, undisturbed by sur-
face impacts) were examined as predictor. Horizontal gradients derived from geopo-
tential height and model wind speeds showed best correlations with surface station
wind speed for the lowest tested level 850 hPa.This level corresponds with altitudes of
around 1500 m, thus in high mountain areas like the Alpine region the data fields inter-
sect with the land surface, therefore strong horizontal gradients or relatively low model
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winds respectively occur. In these cases an independence from the predictors expo-
sure and roughness length is not given. In the 700 hPa pressure level the influence of
high mountains nearly vanishes but the correlations are generally weaker. For the final
regression setup we decided to use ERA-Interim wind fields at 850 hPa. Scalar wind
speeds are derived from the two vector components v and v. For grid points above
1000 m reanalysis data are eliminated and afterwards re-estimated by the information
of adjacent data points. Finally, daily as well as monthly ERA-Interim scalar wind speed
data fields are interpolated to the target Miklip grid using bilinear interpolation.

Despite the filter algorithm applied for reanalysis data in regions of high altitudes
a slight dependency of reanalysis data on exposure and roughness length remains for
areas like the Alps, the Atlas Mountains, the Caucasus and parts of Turkey. Thus, for
the Alps, where a good coverage with station data is available, a new subregion (Fig. 8)
was set up, for which regression on reanalysis wind speed is omitted. All grid points
above 1500 m in this area receive regional weight one. An overlap to adjacent regions
was determined and the regional weights of the adjacent regions were adjusted. Tests
indicate a slight improvement of the overall explained variance in three out of four tested
months (January/July 2001/2010) for this new configuration.

The four predictors are used for the regression of the monthly mean wind speed data.
Core regions relevant for the determination of the regression coefficients in each sub-
region were defined in the same way as for temperature. For the new region 8 weights
above 0.5 define its core area. The test results of the monthly regression for the four
example months are listed in Table 2. Each of the parameters explain a considerable
part of the spatial variance of V4. Overall, around 55 % of the variance of the monthly
mean is captured by the regression model. The values are somewhat lower than those
obtained for temperature regression. This can partly be explained by the high depen-
dency of wind speed on local characteristics not captured by the regression. In contrast
to temperature wind speed data tend to produce a logarithmic distribution. Therefore,
ratios between monthly wind data and the corresponding area mean of the related
region are considered.
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Also, linear regression on a daily basis was tested, focusing especially on the predic-
tive skill of the daily ERA-Interim reanalysis data. Thereby we found good correlations
between ERA-Interim and the daily observations. On average, 31 % of daily variance
could be explained by ERA-Interim over four tested months (same as above). Thus,
an additional regression step on a daily basis is applied using daily anomalies of ERA-
Interim 850 hPa wind data from the corresponding monthly means.

4.2 Monthly and daily kriging

Following the same scheme as described for temperature, the normal-score trans-
formed residuals of the monthly regression are interpolated using simple kriging. Again,
a “null” variogram optimized on the basis of cross validation experiments for four tested
months (same as above) was determined for monthly and daily means in each region.
The results are shown in Table 4. Compared to temperature the nuggets are some-
what larger and the ranges smaller. Thus, for wind speed the noise of the regression
residuals at the origin of each target grid point is, on average, relatively large and the
interpolation uncertainty relatively high. Regional signals vanish at distances of 2 to 6°
(220 to 670 km).

After normal-score back transformation the gridded monthly residuals are added to
the gridded regression values and multiplied by the absolute mean wind speed of the
considered region (correcting the normalization applied before regression) to obtain
the monthly field of V4.

In the daily kriging step the daily anomalies with respect to the monthly mean at
each station are interpolated. Here, ratios instead of absolute deviations are consid-
ered, respecting the characteristics of wind speed distribution. As noted in Sect. 4.1,
an additional regression with regard to daily ERA-Interim 850 hPa wind speed is per-
formed prior to the interpolation. The final daily wind field is calculated involving the
daily regression field, the back transformed daily anomaly ratios and the monthly field
of Vavg-
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5 Uncertainties of interpolation

For each of the three interpolation steps uncertaintiy estimates are recorded. For the
two kriging steps the kriging variance is used as a measure of uncertainty. Kriging
variance is known to lack precision on a local scale, since local variation of the data is
not considered in the estimation of uncertainty. More sophisticated approaches were
suggested by Deutsch and Journel (1998) and Yamamoto (2000). However, due to
the enormous increase in computing time, as observed in tests using the approach
by Yamamoto (2000), we rely on the easily available kriging variance in this work.
Regression and kriging errors (kriging variance as well as semivariance at the origin)
are combined according to error propagation to determine total uncertainties. Finally,
interquartile ranges (IQR, range between 0.25 and 0.75 quantile, thus containg 50 %
of the data) are recorded for all monthly and daily gridded datasets.

Furthermore, cross validation for all data within the example years 2001 and 2010
is applied to receive error estimates for all station coordinates. In Sect. 6.4 a compar-
ison between cross validation results and the uncertainty estimates based on kriging
variance is presented.

6 Results and discussion
6.1 Example outputs

In Fig. 9 the basic interpolation steps for the generation of the gridded field of daily
mean temperature are illustrated. The monthly field (panel ¢) is calculated as the sum of
regression field (a) and the interpolated residuals (b). The interpolated daily anomalies
(d) from the monthly data are used to determine the final grid of daily mean temperature
(e, here for 31 July 2010). The uncertainties of the daily data are characterized by the
IQR fields shown in panel f. In the central and northwestern part of the domain the
quality is indicated to be very high, with IQR around 1.0°C. In other regions, where
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the coverage of station measurements is lower (compare Fig. 1), higher IQR partly
exceeding 3°C are recorded.

Corresponding results for daily mean wind speed on 28 February 2010 are shown in
Fig. 10. Instead of absolute daily anomalies here the ratios to the monthly means are
interpolated (panel d). Note that the intermediate step of daily regression on 850 hPa
reanalysis winds (as for daily regression on altitude in temperature scheme in Fig. 9)
is not displayed here. The uncertainties of the final daily wind speed data are rela-
tively high in areas of high wind speeds. In contrast to temperature, the dependency
on the station density is lower, as a considerable amount of the spatial variability is not
captured by station measurements and predictor fields (see discussion on the nugget
effect in Sect. 4.2). To illustrate the small-scale characteristics of the interpolation prod-
ucts, the two example outputs for daily mean temperature and daily mean wind speed
are displayed for Central Europe in Fig. 10a.

6.2 Regression

In the following the results of the monthly regression analysis for the full decade 2001—
2010 are presented, for wind speed as well as for the three temperature parameters. In
Fig. 11 the spatial variance explained by the predictors (EV) is displayed for the whole
decade 2001-2010. Due to a large number of missing data in April 2001 no regres-
sion and interpolation results were produced for V4 and 7,4 in that month. Highest
values of up to around 90 % are reached for 7,4. For T, and 7,5, the EV fluctuate at
slightly lower levels of around 80 %. Concerning wind speed, the EV are considerably
lower (around 55 %). Nevertheless, taking into account its high degree of small-scale
variability, the EV values realized here for wind speed represent a promising result.
Over the 10years no visible trend as a result of the trend in the number of station data
is found. However, the curves indicate annual cycles caused by seasonal changes in
spatial variance and/or the predictive capacity of the predictor fields.

This aspect is investigated more closely in Fig. 12. Here, annual cycles based on the
statistics over the 10 years for EV as well as the spatial variability (standard deviation)
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of the raw data and the regression residuals are displayed. For temperature (panels a1,
a2; see color code of the three parameters) a generally higher spatial variability during
winter is observed. For 7,,,,, an additional summer maximum is visible, the unexplained
variance even peaks in summer for this parameter. However, the high predictive ca-
pacity of the three predictors leads to a strong reduction of the residual variability for
temperature.

For wind speed (panels b1, b2) similar annual cycles with winter maxima are indi-
cated. After regression the remaining spatial variance is considerably reduced.

6.3 Interpolation — cross validation

For two years, 2001 and 2010, the quality of the interpolation is evaluated by applying
cross validation (as defined in Sect. 3.2). Combining the cross validation results for
the monthly and the daily interpolation yields uncertainty estimates of the gridded data
near each target station. Figure 13 displays corresponding results for January 2010
(panels a1, a2) and July 2010 (b1, b2) for daily mean temperature. Panels a1 and b1
show the mean absolute error of the 31 daily values at each station (see color code).
The corresponding statistics over all days and stations are summarized in panels a2
and b2.

The RMSE is 1.68°C in January and 1.00°C in July. Thus, interpolation of mean
temperature is, on average, considerably more accurate for the summer month consid-
ered here. This finding is consistent with the relatively low variability of the regression
residuals in summer (compare with Fig. 12). However, the regional distribution of the
errors exhibits clear spatial differences: While in the North a tendency towards higher
errors in winter is found, the southern regions reveal highest errors mainly in sum-
mer. This can possibly be explained by the relatively low predictive capacity for night
temperatures during cold winter periods and for day temperatures under hot summer
conditions (compare regression residuals in Fig. 12). Especially during periods of tem-
perature inversion in winter the simple linear regression approach on altitude is not
capable to reproduce the spatial temperature variation in mountainous regions satis-
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factorily (e.g. Frei, 2013). A discussion on this aspect will follow in Sect. 8. Overall, very
accurate interpolation results are found in regions with a high observation density and
low topographic complexity.

Figure 14 shows the results of the cross validation for daily mean wind speed. Again,
January (panels a1, a2) and July 2010 (b1, b2) were investigated. As observed for
daily mean temperature, also daily mean wind speed shows a somewhat larger spread
in the error distribution in January (RMSE of 1.42 compared to 1.06 ms™" in July).
However, in the case of wind speed seasonal differences can partly be attributed to
the higher mean wind speeds occurring in January 2010 (mean over all stations: 3.37
compared to 3.05 ms~ ' in July). Relatively high absolute errors are found for stations in
coastal and mountainous areas, thus at sites with high wind speeds. Nevertheless, the
discrepancies diagnosed for highly exposed stations on the top of mountains typically
show a systematic underestimation compared to the observed values (not illustrated
in the figure, as absolute deviations are given). Thus, systematic variance caused by
the topography is not satisfactorily explained by the regression for areas of very high
exposure.

In Fig. 15 the outcomes of cross validation are summarized for the whole annual
cycles of 2001 and 2010 for the four parameters: (A) Vyyg; (B) Tayg; (C) Trmin; @and (D)
Tmax- The black and the blue curves illustrate the two cycles of daily RMSE. For com-
parison the time series of daily standard deviation over all station observations are
displayed in brown and orange. In addition to the daily values curves of monthly means
are shown. As indicated in Figs. 13 and 14, the interpolation accuracy is clearly higher
during warmer seasons for the daily means of wind speed and temperature. Only for
Tmax @ tendency towards higher errors in summer is indicated. The interpolation quality
is generally somewhat lower for the extreme temperatures (see grey curves for 7,4
added to the plots C and D for comparison). The temporal averaging used to calculate
daily means leads to a reduction of unexplained variance (compare with panel a2 in
Fig. 12) und thus increases the accuracy of the interpolation.
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The variability curves in Fig. 15 can be interpreted as the RMSE for the simple as-
sumption in which the mean over all station data is assigned to each station location.
Thus, the difference between lower and upper curves can be understood as a measure
for the skill of the interpolation method. For wind speed this skill is much lower than for
temperature, due to the large fraction of unexplained variance.

Beside the accuracy of the interpolation, expressed here in the global measure
RMSE, also its ability to preserve the observed spatial variability is of importance.
Some methods tend to smooth small-scale features (Luo et al., 2008). Regression
kriging is known to preserve spatial variance well, provided that the predictors can ex-
plain a major part of the observed variance (e.g. Krdhenmann et al., 2011). Here, the
cross validation results were used to assess this aspect. Figure 16 shows the time
series of relative variance, defined here as the ratio of spatial variance of interpolated
and observed station data, for the years 2001 and 2010 (see color code indicating
the different parameters and years). For the variance of the temperature parameters
a good agreement between observations and interpolation results are found. Only for
Tmin Significantly underestimated variances are detected during certain periods. For
wind speed the relative variances fluctuate around a level slightly below 0.7. This low
variance ratio is caused by the high degree of unexplained variance observed on very
small scales (nugget effect, Sect. 4.2). The reproduction of the data at a certain station
by a weighted average of surrounding data with a large spread leads, on average, to
a reduced signal at this station.

6.4 Evaluation of uncertainty estimates

As mentioned in Sect. 5, uncertainty fields based on regression error and kriging vari-
ance were determined for each monthly and daily data field. In the following a com-
parison of these estimates with the findings from cross validation is presented. We use
daily cross validation results (as shown in e.g. Fig. 13) and the monthly mean of daily
IQR at the nearest adjacent grid points. For each station the number of interpolated
data within the IQR error interval is counted for the two example months January and
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July 2010. The results of this experiment are displayed in Figs. 17 and 18 for daily mean
temperature and daily mean wind speed respectively. Blue colors indicate point data
for which more daily data lie outside the range of error than expected. Grey dots mark
data for which the monthly statistic fairly agrees with the definition of IQR (50 + 10 %).
Points with more accurate data than indicated by the IQR are coloured red. Addition-
ally, corresponding frequency distributions are displayed for the two months (panels a2,
b2).

The outcomes for Ta\,g show that IQR uncertainty levels are, on average, relatively
consistent with the cross validation results. Nevertheless, small scale changes of the
uncertainty, as for e.g. mountainous areas, are not well reflected in the data fields of
IQR. In consequence, a tendency towards overestimation of the error in topographi-
cally homogeneous regions is observed, while in regions of high topographic complex-
ity errors tend to be underestimated. For July 2010 the distribution is less symmetric
than for January 2010. As noted in Sect. 5, local changes of uncertainty as a result of
a relatively low or relatively high local variability of the input data are not considered
in the kriging variance. This measure mainly depends on the variogram parameters
— reflecting average changes of the correlation between adjacent data with distance —
and the station density. For certain months the basic variogram parameters determined
for each region (“null” variogram, see Sect. 3.2) can deviate significantly from the real
data characteristics in that specific month. The restriction of the automated variogram
fitting (to avoid instable variogram models, Sect. 3.2), can lead to mean IQR estimates
deviating from the mean errors based on cross validation.

For wind speed (Fig. 18) qualitatively similar results are indicated. On average, the
IQR defines a reasonable uncertainty range. However, also here the spatial variation
is very high. In contrast to temperature, the distribution of significantly outlying data is
less systematic for wind speed (a2, b2). This can be explained with its relatively high
spatial variability on small scales.
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7 Summary

In this work interpolation schemes for daily station data of minimum, maximum and
mean temperature as well as daily mean wind speed in 5 km resolution for Europe are
presented. A regression kriging approach using predictors altitude, continentality and
zonal monthly mean temperature, based on the work by Krdhenmann et al. (2011), is
applied for the temperature parameters. Modifications and further developments were
implemented to adapt the existing routine to the special demands of our project. For
wind speed a new regression kriging procedure involving the predictor variables ex-
posure, coastal distance, roughness length and 850 hPa ERA-Interim reanalysis wind
speeds was developed.

As an important prerequisite for the interpolation, a pre-processing to derive daily
means from hourly SYNOP data in combination with a profound quality control was
established. Also for the other input data, daily extreme temperatures and the data of
the ECA&D archive, detailed quality control procedures were developed. In order to
maintain consistency with SYNOP, a selection algorithm, controlling the integration of
ECA&D data in regions where SYNOP data are sparse and consistency between the
two sources is high, was implemented.

For the time period 20012010 the spatial variation of the monthly means can be
well explained by the predictors. We obtain relative explained variances in the range of
80-90 % for the temperature parameters and about 50—60 % for wind speed.

Cross validation is performed for the years 2001 and 2010 to assess the quality of
the daily interpolation products. For daily mean temperature RMSE of about 1-2°C are
diagnosed. The accuracy for the daily extremes is typically lower, with values around or
slightly below 2°C. In winter interpolation accuracies tend to be reduced compared to
summer. For daily maximum temperatures an additional summer reduction in gridding
accuracy is detected. The RMSE for daily mean wind speed lies in the range of 1—
1.5ms™". Here, also an annual cycle, with generally smaller errors in summer and
higher errors in winter, is indicated.
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Concerning the conservation of spatial variance, very good results are found for the
temperature parameters. 90-100 % of the observed variance is typically preserved in
the interpolation products. Only for minimum temperature at times lower values are
recorded. For daily wind speed, a fraction of 60—80 % of the original variance is pre-
served after interpolation. The relatively high degree of unexplained small-scale vari-
ance leads to a smoothing of the wind data.

The cross validation results are also used to evaluate the quality of the gridding
uncertainty based on kriging variance and regression errors. On average, a reasonable
consistency between these data is found. Nevertheless, temporal and spatial variations
of uncertainty occurring on small scales are not adequately reflected in the gridded
uncertainties.

8 Conclusions

The regression kriging approaches used in this work for the interpolation of daily tem-
perature and wind speed observations on a grid size of 0.044° (5 km) show good per-
formance in terms of accuracy and variance preservation. With the inclusion of suitable
predictor variables small-scale characteristics of the meteorological parameters can be
well captured.

For the dependency of temperature on altitude more reliable regression results are
obtained by performing this regression separately and on the basis of representative
stations. Also, day-to-day variations of this dependency are considered in the new
setup used in this study. Nevertheless, the linear regression approach applied to the
relatively large areas of each subregion is not capable to reflect non-linear vertical tem-
perature changes and spatial differences of this parameter within a subregion. More
complex approaches considering this issue in the calculation of high-resolution grid-
ded data in mountainous reagions have been published (e.g. Frei, 2013). However,
these specialized strategies require the presence of stations representative for a cer-
tain area and altitude level. For the relatively large domain dealt with in our work, where
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many mountain regions are insufficiently represented by station data, the inclusion of
reanalysis data describing the vertical temperature structure might offer a promising
strategy in this respect.

Concerning the regression of wind speed, a considerable part of spatial variance on
a monthly basis (40-50 %) remains unexplained by the predictors used in this work.
For predictors exposure, coastal distance and roughness length it would be more re-
alistic to take into account the current wind direction and local predictor conditions
determined for this wind direction. This strategy would introduce further complexity in
the calculations. On the other hand the percentage of variance explained by predictors
as well as the final interpolation accuracy could likely be increased.

The gridded error estimates calculated for the daily and monthly products are, on
regional average, reasonable but for certain days and areas these estimates are found
to be unrealistic. An alternative approach yielding more reliable errors (Yamamoto,
2000) was not implemented due to the enormous increase in computing time. Thus,
the determination of accurate uncertainty estimates remains an issue for datasets of
high resolution in space and time.
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Table 1. Whole-domain averages of spatial variance explained by single predictors [%] for g' S. Brinckmann et al
monthly mean temperature and four tested months. In the bottom row the results for the multiple 4 ' '
regression model involving all predictors are given. %;
Predictor Jan 2001 Jan 2010 Jul 2001 Jul 2010 —
Alitude 0 28 ® 4 .
Continentality 28 33 52 53 Z
Zonal mean temperature 30 37 41 25 é
All 85 84 84 83 =
T
QO
: R I
g
(7]
:
(2}
(2}
5
-
E
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Table 2. Whole-domain averages of the spatial variance explained by single predictors [%] for
monthly mean wind speed and four tested months. The bottom row shows the result for the
multiple regression model involving all predictors.

Predictor Jan 2001 Jan 2010 Jul 2001 Jul 2010

Exposure 24 20 18 17

Coastal distance 28 35 27 28

Roughness length 23 28 22 24

ERA-Interim 850 hPa 10 13 11 21

All 58 58 51 53
681
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Table 3. Regional variogram parameters nugget (relative to sill) and range [° rot. grid] based on &
experiments with temperature data T, of four example months January 2001, July 2001, Jan-  § S. Brinckmann et al.
uary 2010 and July 2010. Listed are the regional averages for monthly and daily interpolation. Y
©
()
Parameter Region1 Region2 Region3 Region4 Region5 Region6 Region7 -
Monthly o
Nuggel 01 o1 o1 o1 o1 02 o1 .
=
Daily 7
Nugget 0.3 0.1 0.1 0.2 0.1 0.2 0.1 o
Range 6 6 8 6 8 7 8 D
: R I
o
(7]
:
(7]
@
-
o y
E
:
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Table 4. Regional variogram parameters nugget (relative to sill) and range [° rot.grid] based on g- .
experiments with wind speed data V,q of four example months (January 2001, July 2001, Jan- = S. Brinckmann et al.
uary 2010 and July 2010). Listed are the regional averages for monthly and daily interpolation. o
()
Parameter Region1 Region2 Region3 Region4 Region5 Region6 Region7 Region8
Monthly
Nugget =~ 06 07 01 05 06 06 08 02 -
Range 8 3 7 5 5 5 2 3 Z
:
Daily 7
Nugget 0.7 0.4 0.5 0.3 0.4 0.4 0.5 0.7 o Tables Figures
Nugge : - - : - : p ; 3 | Tabes Jl Figures |
QO
: R I
g
(7]
@,
o
.
QO
E
o6 - =
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)
Mwy MiKlip EU domain
i

AT

Figure 1. (a) SYNOP stations with hourly data in target MiKlip EU domain for January 2010.
The color code indicates the frequency of reports (between 1 and 6h). The station records
marked green contain hourly data but show gaps for the main dates 00:00, 03:00, 06:00 UTC,
etc. (b) SYNOP data for T4 (blue) in January 2001 and added ECA&D data using selection

algorithm described in the text.
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Figure 2. Accuracy of daily mean temperatures (a1, a2) and daily mean wind speeds (b1,
b2) in January 2001 for different frequencies of observation (3 and 6 h) using 1 hourly data as
reference. The standard deviations, denoted sd, are added to the histograms.
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Figure 3. Temporal evolution of total input data used for the interpolations 2001-2010 (see color
code). The dotted curves show the basic number made up by SYNOP stations. The differences
indicate the increase by the inclusion of ECA&D data. For wind speed only SYNOP data are

used for the interpolations.
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Figure 4. The seven subregions used for temperature interpolation. The regional fields are
finally merged using the regional weights (grey color scale). Stations used to calculate regional

lapse rates are orange.
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Figure 5. Predictor fields of altitude (a), continentality (b) and zonal monthly mean temperature
(c; here January, based on climatology 1961-1990).
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Figure 6. Predictor fields of exposure (a), coastal distance (b), roughness length (¢), ERA-
Interim mean scalar wind velocity in 850 hPa (d; here January 2001).
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y () . . .

sill

range Distance h

Figure 7. Variogram with the parameters nugget, sill and range (after Deutsch and Journel,
1998). See description in the text.
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Figure 8. Alpine subregion (denoted region 8 in the following) introduced for the interpolation

of wind speed.
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Figure 9. Steps in the interpolation of daily mean temperature for 31 July 2010. (a) Monthly
regression field; (b) monthly regression residuals; (¢) monthly mean temperature; (d) daily
anomaly with respect to monthly mean temperature; (e) daily mean temperature; (f) interquar-

tile range of daily mean temperature.
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Figure 10. Steps in the interpolation of daily mean wind speed for 28 February 2010. (a)
Monthly regression field; (b) monthly regression residuals; (¢) monthly mean wind speed; (d)
ratio daily to monthly mean wind speed; (e) daily mean wind speed; (f) interquartile range of

daily mean wind speed.
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5 6
rel mis]

Figure 11. Detailed image of Central Europe for (a) daily mean temperature (31 July 2010) and
(b) daily mean wind speed (28 February 2010).
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Figure 12. Relative explained variance for monthly mean wind speed and for the monthly mean
of the three temperature parameters (see color code) for 2001-2010.
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Figure 13. Annual cycles (means 2001-2010) of relative explained variance for monthly mean
temperature (a1, see color code of the parameters) and wind speed (b1) and corresponding
spatial variability (10) before and after regression (a2, b2). All data are given as means over all
subregions. The error bars display the temporal standard deviation over the 10 years.
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Figure 14. Cross validation results for daily mean temperature data January 2010 (a1, a2) and
July 2010 (b1, b2). The color code indicates the monthly mean of the daily absolute deviations.
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The histograms contain the full statistics of deviations over all days and stations.
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Figure 15. Cross validation results for daily mean wind speed data January 2010 (a1, a2) and
July 2010 (b1, b2). The color code indicates the monthly mean of the daily absolute deviations.
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The histograms contain the full statistics of deviations over all days and stations.
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Figure 16. Annual cycle of daily RMSE according to cross validation for 2001 (black) and 2010
(blue) for: (a) mean wind speed V,,4; (b) mean temperature T,,4; (€) minimum temperature 7 ,;
and (d) maximum temperature T,,,. For comparison the daily standard deviation over all station
observations is displayed in brown (2001) and orange color (2010). To all data corresponding
curves of monthly means are added. In panels (c) and (d) the RMSE data for 7,4 are displayed

in grey color for comparison.
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Figure 17. Time series of the ratio of spatial variance of interpolated vs. observed station data
for the years 2001 and 2010 based on cross validation. The color code indicates the parameters

and years.
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Figure 18. Comparison of cross validation results with gridded uncertainty estimates for daily
mean temperature in January 2010 (a1) and July 2010 (b1): Fraction of interpolated daily data
at stations within nearest neighbour gridded IQR (interquartile range). Blue colors indicate an
underestimation, red colors an overestimation of the uncertainty. In panels (a2) and (b2) corre-
sponding frequency distributions are displayed.
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Figure 19. Comparison of cross validation results with gridded uncertainty estimates for daily
mean wind speed in January 2010 (a1) and July 2010 (b1): Fraction of interpolated daily data
at stations within nearest neighbour gridded IQR (interquartile range). Blue colors indicate an
underestimation, red colors an overestimation of the uncertainty. In panels (a2) and (b2) corre-
sponding frequency distributions are displayed.
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