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Abstract

Datasets of the observed weather and climate on a regular grid are an important requisite for environmental
and climate change research. In this paper we evaluate several European-scale regional reanalyses, developed
in the EU project EURO4M, and compare them to existing datasets popularly used in applications today. The
evaluation focuses on precipitation in the region of the European Alps, which, due to the marked topographic
imprints, poses a challenging test bed. Utilizing a set of statistical indicators, we examine how the datasets
represent the spatial pattern, annual cycle, frequency distribution and interannual variations. The evaluated
datasets encompass new model-based regional reanalyses (UKMO and HIRLAM) and downscaling datasets
(MESAN and MESCAN), one global reanalysis (ERA-Interim), and three station-based interpolation datasets
(E-Obs, CRU, GPCC). The reference (APGD) is a gridded interpolation derived from very dense rain-gauge
observations.

The evaluation provides insight into the relative strengths and limitations of the various datasets and
construction concepts. The new model-based regional reanalyses show richer spatial variations in the
climatology of daily precipitation compared to the driving global reanalysis (ERA-Interim), and they correct
for several unrealistic spatial features seen in global and continental interpolation datasets. But they also
show biases, shifts in regional anomalies and inaccuracies in mountain-valley contrasts. Common to both
regional reanalyses are overestimates of mean precipitation and wet day frequency, and an underestimate of
the frequency of heavy precipitation. The 4DVar UKMO reanalysis shows a better space-time coherency with
APGD compared to the 3DVar HIRLAM reanalysis. The accuracy of datasets that explicitly use rain-gauge
observations (interpolation and downscaling) is found to be very heterogeneous, depending on the density of
available station time series. In regions of high station density, downscaling procedures effectively correct for
biases in the underlying reanalysis and reduce RMSE and SEEPS errors by a factor of 2 to 5. In areas where
E-Obs and the downscaling datasets have similar input of station data the skill of the two methodologies is
comparable. Interannual variations of monthly mean precipitation are highly correlated (> 0.9) with those
of the reference for all European-scale datasets and even for meso-beta scale subregions. Our evaluations
illustrate that the new regional reanalyses provide a valuable data resource also in a region with complex
topography, but many applications will have to involve bias correction and downscaling procedures based on
direct observations, ideally at high spatial resolution.

Keywords: evaluation, regional reanalyses, grid dataset, downscaling, Alpine region, daily precipitation,

mesoscale

1 Introduction

Datasets that provide spatially comprehensive informa-
tion of the observed weather and climate at the earth’s
surface are a key input for modelling natural processes
(e.g. MONESTIEZ et al., 2001; ZAppa, 2008; MACHGUTH
etal., 2009), for planning tasks concerned with nat-
ural resources and natural hazards (e.g. GREMINGER,
2003; TverTo etal., 2005; WEINGARTNER et al., 2007;
HoLzkAMPER et al., 2012), for the monitoring of climate
variations of the past (e.g. BRUNETTI et al., 2006; AUER
etal., 2007; SCcHRIER etal., 2013) and for the study of
potential impacts of future climate change (e.g. BLENK-
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INSOP et al., 2008; OTT etal., 2013; KOPLIN etal., 2014;
BossHARD et al., 2014).

There is an increasing resource of high-resolution
datasets suitable for such applications. Many of these
rely on the spatial interpolation of observations at
weather stations onto a regular grid, eventually supple-
mented by satellite and radar data (e.g. PAULAT etal.,
2008; ErDIN et al., 2012; FRre1 et al., submitted). Due to
restrictions in national data policies, in Europe, many of
these interpolation datasets are constrained onto national
territories (e.g. PERRY and Horvris, 2005; DOLINAR,
2006; PERCEC TADIC, 2010; BRUNETTI et al., 2012), or
larger geographic entities from which data was collected
for specific projects (e.g. RUBEL and HANTEL, 2001;
RAUTHE etal., 2013; IsoTTA etal., 2014). There exist
datasets based on station data only that extend over the
entire European continent or even the globe (HAYLOCK
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etal., 2008; BECKER etal., 2013; HARRIS etal., 2014).
Large improvements have been made in the volume of
data accessible for these datasets (e.g. KLok and KLEIN
TANK, 2008; SCHNEIDER etal., 2014), but the density
of station series is partly still limited, and measuring
conventions are heterogeneous. This compromises the
effective resolution and regional consistency in these
datasets, especially in areas of complex physiography
(e.g. HuMANS etal., 2005; HOFsTRA etal., 2009). Also
the highly variable density of stations prevents from us-
ing versatile interpolation methods, which exploit the
observational data extensively where it is abundant.

Global reanalysis datasets such as those from the
NOAA/NCEP (SaHa etal., 2010), the ECMWF (DEE
etal., 2011), NASA (RIENECKER etal., 2011) and the
JMA (Onoat etal., 2007) provide an alternative source
of information on surface climate over decadal time
scales. Data assimilation systems based on physico-
dynamical models offer physically consistent informa-
tion in space and time, sub-daily time resolution and
a more comprehensive set of surface climate variables
(including fluxes of energy and water that are not mea-
sured directly). Still, the spatial resolution of current
global reanalyses limits their direct use in applications
requiring high-resolution forcing data. Therefore, down-
scaling procedures have been pursued that enhance the
resolution of global reanalyses regionally by either dy-
namical downscaling with regional climate models (e.g.
VIDALE etal., 2003; SukLiTscH etal., 2008; SOARES
etal., 2012) or by combination with high-resolution sur-
face observations through objective analysis (e.g. JANS-
SON et al., 2007; VIDAL etal., 2010).

More recently, techniques of regional model-based
data assimilation are being pursued at climate time
scales (e.g. MESINGER etal., 2006; HAHMANN etal.,
2010; LunAMAA etal., 2010). There is a high potential
of these systems to represent mesoscale patterns and ex-
treme events more accurately than the global reanalyses
or downscaling procedures mentioned above. This is be-
cause advanced data assimilation techniques allow for
the assimilation of observation types not integrated into
global reanalyses, and because the much finer model res-
olutions allow better exploitation of observations where
they are abundant.

Within the EU project EURO4M (European Reanal-
ysis and Observations for Monitoring) the needs in high-
resolution datasets for climate monitoring and environ-
mental research were addressed specifically for the do-
main of Europe. For this purpose, the project has de-
veloped and brought together continental scale datasets
from all the mentioned categories. In particular, existing
climate datasets from interpolation of station data have
been extended and improved, and new regional reanaly-
ses were developed using regional model-based data as-
similation.

The present study is part of EURO4M and aims
at comparing and evaluating existing and new datasets
from the above categories with regard to the repre-
sentation of the daily precipitation climate in the re-
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gion of the European Alps. Datasets of particular in-
terest here are two new model-based mesoscale reanal-
yses based on, respectively, a 3DVar data assimilation
with the HIRLAM model (UNDEN etal., 2002) and a
4DVar data assimilation with the UK Met Office North
Atlantic and European model (BusH etal., 2006). Fur-
thermore, two datasets will be examined that were de-
rived by further downscaling the HIRLAM reanalysis
with an objective analysis of high-resolution surface ob-
servations (MESAN and MESCAN, HAGGMARK et al.,
2000). For comparison, our evaluation also includes the
global reanalysis that was used to drive the regional re-
analyses (ERA-Interim, DEE etal., 2011) as well as two
global and one continental interpolation dataset (GPCC,
BECKER etal., 2013; CRU, HARRIS etal., 2014; E-Obs,
HAyLock etal., 2008).

The general purpose of this evaluation is to provide
insight into the relative strengths and limitations of the
various datasets in a region of complex topography. Spe-
cific consideration will be given to the meso-beta scale
patterns and the statistics of daily precipitation, includ-
ing the frequency of intense precipitation. These char-
acteristics are essential for several applications of the
new regional reanalyses and improvement over exist-
ing coarser resolution datasets may be expected partic-
ularly in these elements (e.g. BuKOvVsKY and KAROLY,
2007). The global datasets (ERA-Interim, GPCC, CRU)
are included here primarily to illustrate the added value
of the new reanalyses. Moreover, comparison of the
downscaling procedures MESAN and MESCAN against
the driving regional reanalysis (HIRLAM) will point to
the added value of integrating additional surface obser-
vations in a posteriori downscaling. Interestingly, our
study domain encompasses regions with many and re-
gions with little additional observations used for down-
scaling, so that the benefit can be examined in its de-
pendence on data density. Finally, our evaluation also
examines the reproduction of intra-seasonal to interan-
nual variations in order to assess the suitability of the
datasets for climate monitoring. The various datasets
span a range of spatial resolutions, from 50-80 km for
the global datasets down to 5km for the downscaling
datasets. The present evaluation is conducted at three
distinct resolutions (5, 22 and 55 kilometers), in order to
ensure scale consistency and to portray the performance
of the datasets over a range of spatial scales.

Our study region extends over a 1200 x 700 km? do-
main (2-17.5°E, 43-49 °N) and comprises the entire
mountain range of the European Alps, adjacent flatland
and several smaller-scale hill ranges (see Figure 1). This
is a challenging test area for regional reanalyses. Its
precipitation climate is influenced by mid-latitude dis-
turbances, local convection, the moisture source of the
Mediterranean and several orographic dynamical phe-
nomena (SCHAR et al., 1997). As a result, the region ex-
hibits strong topographic imprints on precipitation and
pronounced regional variations in the seasonal cycle and
the distribution of heavy precipitation (see e.g. ISOTTA
etal., 2014). Even though the present evaluation covers
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Figure 1: Map of the study domain with topographic height (grey-shading, in meters above sea level), the subregions used in our analyses
(frames and Aare catchment) and geographic names used in the text. The domain spans over 1200 km in the east-west direction (2-17.5 °E)

and over 700 km in the north-south direction (43-49 °N).

only a small portion of the area, for which the evaluated
datasets have been constructed (Europe), the results may
give valuable insights into their potential and limita-
tions, considering that complex physiography and short-
range climate variations are met in many other parts of
the continent.

Compared to other high-mountain areas, the Alpine
region is one with particularly dense in-situ rain-gauge
observations. This data resource is distributed between
many different national and regional services. While
only a limited portion of it was available for the con-
struction of the evaluated datasets, this resource is exten-
sively exploited in the Alpine Precipitation Grid Dataset
(APGD, IsoTTA etal., 2014), the reference dataset used
in this evaluation. APGD is a spatial interpolation de-
rived from all available high-resolution networks of the
Alpine countries, incorporates 5500 quality-controlled
rain-gauge measurements on average per day and is con-
structed on a grid with 5 km spacing.

Both the Alpine region and earlier versions of APGD
have been considered in several previous evaluation
studies with observation datasets and numerical models.
These show, for example, that many of the large-scale
interpolation datasets lack mesoscale variations even at
scales nominally resolved by the grid spacing (RUBEL
and RubpoLF, 2001; HOFSTRA et al., 2009). Also, system-
atic underestimates in the frequency of intense precipita-
tion were observed as a result of the smoothing inherent
to interpolation with coarse station data (Hofstra etal.,
2009; Turco etal., 2013). It seems that station density
is the main factor for interpolation quality in this re-
gion, more decisive even than differences in the inter-
polation method (see also HOFSTRA et al., 2008). On the

other hand, the evaluation of weather forecasting mod-
els and regional climate models in the Alps have also
pointed to biases in the representation of the Alpine pre-
cipitation climate by mesoscale models (e.g. CHERU-
BINI et al., 2002; SUKLITSCH et al., 2008; SMIATEK et al.,
2009). These biases can vary between seasons and are
connected to errors in the frequency distribution (e.g.
Frer etal., 2003). It is possible that such model biases
compromise the quality of a model-based reanalysis, un-
less they are corrected through data assimilation (e.g.
Bukovsky and KAroLy, 2007). It will be interesting to
learn how these challenges affect the accuracy of current
large-scale observation datasets in a direct comparison
of both categories, interpolation datasets and regional re-
analyses.

The outline of the paper is as follows. The evaluated
datasets and the reference dataset are introduced in sec-
tions 2 and 3 respectively. Section 4 details the evalu-
ation procedure. Section 5 describes and discusses the
results in subsections devoted to the different aspects
of the evaluation. Finally, the results are summarized in
Section 6.

2 Evaluated datasets

The present evaluation examines eight different datasets
from three different categories. Three datasets (GPCC,
CRU and E-Obs) were generated by statistical interpo-
lation of in-situ rain-gauge observations and will here-
after be denoted simply as interpolation datasets. The
station data available over the Alpine region varies
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Table 1: Overview of datasets.
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Dataset Resolution Period used Method References
spatial temporal
(approx.)
Interpolation dataset APGD Skm daily 1989-2003, 2008 PRISM for means, Isorra etal., 2014
modified SYMARP for
anomalies
E-Obs 25km daily 1989-2003, 2008 thin-plate splines for HayLrock etal., 2008;
means, kriging for Krok and KLEIN TANK,
anomalies 2008
GPCC 55km monthly  1989-2003 SPHEREMAP BECKER etal., 2013;
SCHNEIDER et al., 2014
CRU 55km monthly  1989-2003 Thin-plate splines for HaRrris etal., 2014
means, triangulated
linear interpolation for
anomalies
Model-based reanalysis HIRLAM 22km daily 1989-2003, 2008 3DVAR data UNDEN et al., 2002
assimilation
UKMO 12km daily 2008 4DVAR data RENSHAW etal., 2013
assimilation
ERA-INT 75km daily 1989-2003, 2008 4DVAR data DEE etal., 2011
assimilation
Downscaling MESAN Skm daily 1989-2003, 2008 Optimal interpolation HAGGMARK etal., 2000;
JANSSON et al., 2007
MESCAN Skm daily 2008 Optimal interpolation HAGGMARK et al., 2000;

TAILLEFER, 2002

considerably between them, with CRU building on
coarser coverage compared to GPCC and E-Obs. The
second category encompasses three datasets produced
by model-based data assimilation systems, one of which
covers the globe (ERA-Interim) and two that are re-
gional and cover Europe (HIRLAM and UKMO). These
will be denoted as global and regional reanalyses in
the following. The regional reanalyses are both driven
by boundary conditions from ERA-Interim. As a third
group we consider two datasets (MESAN and MES-
CAN) that were produced by downscaling a regional
reanalysis and objective assimilation of additional rain-
gauge observations. The HIRLAM reanalysis served
as the common basis for these downscaling datasets.
MESAN and MESCAN are methodologically very simi-
lar and use station data from the ECA&D archive (KLok
and KLEIN TANK, 2008), which also serves as input for
E-Obs. Over France and some other countries (outside
the Alps), MESAN and MESCAN also use additional
high-resolution rain-gauge data.

All the evaluated datasets extend over the European
continent and North Africa or over the entire globe.
Table 1 gives an overview of the main characteristics of
the datasets, including spatial and temporal resolutions.
Additional detail and references on each of the datasets
is provided in the following subsections. For the present
study, we simply use the section of these datasets over

the Alpine region and for the period 1971-2008, as far
as available.

2.1 Interpolation datasets

2.1.1 E-Obs

The E-Obs dataset is a daily European land-only grid-
ded dataset (HayLock etal.,, 2008) that was estab-
lished in the ENSEMBLES project and was extended in
EURO4M. Here we use version 7 on the 0.22 ° rotated
pole grid, i.e. with a grid spacing of about 25 km over
the Alps. E-Obs covers several surface climate variables,
extends over the period 1950-2012 and is widely used
for climate model evaluation and climate monitoring at
European scale (e.g. LENDERINK, 2010; NIKULIN etal.,
2011; ScHRIER etal., 2013). E-Obs builds on quality-
controlled rain-gauge data of an updated and extended
version of the European Climate Assessment Dataset
ECA&D (Krok and KLEIN TaNk, 2008). The precip-
itation data utilized is not corrected for measurement
bias (NEFF, 1977). The interpolation was done in a first
step for the monthly precipitation totals with a three-
dimensional thin-plate splines algorithm (HUTCHINSON,
1995), then for the daily proportions by a combination of
indicator and ordinary kriging (HAYLOCK etal., 2008).
HorsTrA et al. (2009) find E-Obs to have larger random
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errors and biases in the region of the Alps than else-
where, likely due to the sparse station database avail-
able (only about 350 rain-gauges) and larger precipita-
tion variability in this region.

2.1.2 GPCC

The Global Precipitation Climatology Centre (GPCC,
http://gpcc.dwd.de), operated by the German Meteo-
rological Service (DWD), has established and regu-
larly updates a suite of gridded precipitation datasets at
monthly time resolution over global land areas (BECKER
etal., 2013). In this study, we use the Full Data Re-
analysis V6, provided on a regular longitude-latitude
grid with a spacing of 0.5° degrees, i.e. approxi-
mately 55km. The dataset covers the full study pe-
riod (1971-2008) considered here. Data sources for the
GPCC dataset are various GTS and CLIMATE archives
and additional data supplied bilaterally by national me-
teorological services (SCHNEIDER etal., 2014). A semi-
automatic and source-specific quality control system is
applied to the data before analysis (SCHNEIDER etal.,
2014). To compensate for systematic measurement er-
rors, GPCC has employed an adjustment to the inter-
polated monthly fields (SCHNEIDER etal., 2014). Data
density over the Alpine region is comparable to that of
E-Obs, except for Germany, where GPCC has access to
the high-resolution rain-gauge data of DWD. The spatial
interpolation for GPCC is accomplished with a spheri-
cal adaptation of Shepard’s angular distance weighting
scheme (SHEPARD, 1984; WILLMOTT et al., 1985).

2.1.3 CRU

This monthly gridded global land-only dataset con-
structed by the Climatic Research Unit (CRU, http://
www.cru.uea.ac.uk) at the University of East Anglia
aims at providing information on long-term climate vari-
ations at continental space scales since 1901 (MITCHELL
and JoNEs, 2005; HARRis et al., 2014). In this study we
use version CRU TS 3.20 for the period 1971-2008.
The dataset is provided on a 0.5 ° longitude-latitude grid
(approximately 55km grid spacing). The spatial inter-
polation builds on a climatology (1961-1990) derived
by three-dimensional thin-plate splines (HUTCHINSON,
1995; NEw etal., 1999) and a triangular linear interpo-
lation of monthly anomalies (HARRIS etal., 2014). The
number of stations integrated in CRU is smaller than in
GPCC (see also SCHNEIDER et al., 2014). For Europe as
a whole there are between about 1200 and 500 station
anomalies at the beginning and end of our study period
respectively (HARRrIS etal., 2014) but the background
climatology was estimated with a denser coverage (NEwW
etal., 1999). The CRU precipitation grids were calcu-
lated without correction for measurement bias.

2.2 Reanalysis datasets

2.2.1 HIRLAM

The HIRLAM regional reanalysis is a model-based data
assimilation produced by the Swedish Meteorological

F.A. Isotta et al.: Evaluation of European regional reanalyses and downscalings 19

and Hydrological Institute using the hydrostatic limited-
area model HIRLAM (UNDEN etal., 2002). For the
purpose of this reanalysis the model is configured on
a rotated-pole grid with 0.2 ° spacing (approximately
22km) and with 60 vertical levels over the European
continent. It is driven with lateral boundary condi-
tions from the global reanalysis ERA-Interim (see be-
low). The reanalysis adopts a three-dimensional varia-
tional data assimilation (3DVAR) in a six-hourly cycle
(GusTAFssoN etal., 2001; LINDSKOG et al., 2001) with
observations taken from the ECMWF MARS archive.
The large-scale dynamics in the model interior are con-
strained to that of the driving global reanalysis by pe-
nalizing for large-scale vorticity differences (DAHLGREN
and GUSTAFSSON, 2012). For this study, the six-hourly
output was aggregated to daily precipitation totals con-
sistent with the daily observation times in the Alpine re-
gion.

2.2.2 UKMO

The regional reanalysis of the UK Met Office was
newly developed in EURO4M, and data was only avail-
able from one year (2008) for this study (RENSHAW
etal., 2013). UKMO is a four-dimensional variational
data assimilation (4DVAR) with the Met Office Uni-
fied Model (BusH etal., 2006), run at 0.11 ° resolu-
tion (approx. 12 km) and with 70 vertical levels, driven
by ERA-Interim, in six-hourly cycles. The 4DVAR as-
similation is run at 24 km. The model domain extends
over all of Europe including the Mediterranean and
parts of North Africa. In addition to observations as-
similated into ERA-Interim (ECWMF MARS archive),
the 4DVAR system also assimilates visibility and cloud
fraction (RAWLINS et al., 2007).

2.2.3 ERA-Interim (ERA-INT)

The global reanalysis ERA-Interim of the European
Centre for Medium-Range Weather Forecasts (ECMWE,
www.ecmwf.int) is documented in DEE etal. (2011).
It has a resolution of approximately 75 km (0.7 °) and,
hence, is the nominally coarsest of all datasets consid-
ered. ERA-Interim is based on a 12-hourly 4DVAR cy-
cle. The dataset extends over the full period consid-
ered in this study. Clearly, we are not expecting ERA-
Interim to reproduce meso-beta scale climate patterns
in the Alpine region. It is still interesting to consider it
here for illustrating the added value of higher resolution
datasets. Evaluations of ERA-Interim (and its predeces-
sor ERA-40) for precipitation and the hydrological cycle
at larger space scales have been conducted, for example,
by ZoLiNA etal. (2004) and LorRENZ and KUNSTMANN
(2012).

2.3 Downscaling datasets

2.3.1 MESAN

MESAN is an operational mesoscale analysis sys-
tem of selected meteorological parameters developed
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at the Swedish Meteorological and Hydrological Insti-
tute (HAGGMARK etal., 2000; JANSSON etal., 2007). It
assimilates additional rain-gauge observations by op-
timal interpolation (OI, e.g. DALEY, 1991; KALNAY,
2003), using, as background, a downscaled version of
the HIRLAM reanalysis on a 5km grid and isotropic
structure functions.

The analysis is performed at a three-hourly, six-
hourly or daily time scale, depending on the type of ob-
servation, namely conventional rain-gauge observations
as well as remote sensing data from radar and satellite.
Daily precipitation totals were taken from the ECA&D
archive (KLok and KLEIN TANK, 2008, the same as
for E-Obs) and from the high-resolution rain-gauge net-
works of France and Sweden. As a result, the observa-
tional input into MESAN was very heterogeneous over
the Alps, with much higher station densities over France,
Germany and Slovenia than elsewhere. For the present
study, data from MESAN was available for the period
1989-2003 and for the year 2008.

2.3.2 MESCAN

MESCAN is the name given to the developments of
the Météo-France surface analysis system CANARI
(TAILLEFER, 2002) during the EURO4M project. Like
MESAN, MESCAN is based on the OI algorithm and
both systems use the same observational datasets and
downscaled HIRLAM reanalysis, but with different fea-
tures of the host system, such as a different model orog-
raphy, the usage of the observational data base (SAARI-
NEN, 2004), the selection of the observations and the
spatial quality control. Moreover it has a modified statis-
tical model with, among others, a different background
error correlation function (structural function, imple-
mented as in the Canadian precipitation analysis Project,
MAHFOUF etal., 2007) and shorter correlation length
compared to MESAN. For the present study, MESCAN
data was available for one year (2008) only.

3 Reference dataset

The dataset used as reference in this evaluation is itself
an interpolation dataset, derived by statistical interpo-
lation of rain-gauge observations. In comparison to the
evaluated datasets, the Alpine Precipitation Grid Dataset
APGD (IsotTA etal., 2014) is based on much denser in-
situ data. It integrates data from all available national
and regional high-resolution networks of the Alpine re-
gion (i.e. the domain depicted in Fig. 1), with more
than 8500 time series in total and around 5500 obser-
vations on average per day over the period 1971-2008.
The rain-gauge density varies between 0.4 and 1.4 sta-
tions per 100 km?, with denser coverage over Austria,
Germany, Slovenia and Switzerland and coarser cover-
age over Croatia and Italy (see Fig. 3 of IsorTaA etal.,
2014). A large proportion of the stations dispose of long
records.
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APGD is a gridded analysis of Alpine daily precip-
itation on a 5-km grid (see Table 1). The spatial analy-
sis was produced with a combination of PRISM (DALY
etal., 1994 and 2002) for the long-term monthly mean
(see also SCHWARB etal., 2001) and a modified ver-
sion of SYMAP (SHEPARD, 1984; see also FREI and
SCHAR, 1998) for the relative daily deviations from cli-
matology. All observations underwent extensive qual-
ity testing, manual and automatic, checking for cod-
ing problems and spatial consistency. APGD is an up-
dated, improved and higher resolution version of a previ-
ous Alpine precipitation dataset (FREI and SCHAR, 1998)
that was used in various earlier evaluation studies (e.g.
FRre1 et al., 2003; HOFSTRA et al., 2008; SUKLITSCH et al.,
2008).

The APGD is used here as reference because of the
amount of observational information integrated. But,
like the other datasets, it is affected by errors and uncer-
tainties (for a detailed discussion see Section 4 of IsoTTA
etal., 2014). In particular, the following error sources
shall be born in mind when interpreting the results of
this evaluation: The rain-gauge data used here are sub-
ject to systematic errors due to the measurement under-
catch (NEFF, 1977; YANG etal., 1999). This is not cor-
rected for and it likely results in an underestimate of true
precipitation by APGD. SEVRUK (1985) and RICHTER
(1995) estimate the systematic measurement error in the
Alps to range from about 7 % (5 %) over the flatland re-
gions in winter (summer) to 30 % (10 %) above 1500 m
MSL in winter (summer). Note that all other interpola-
tion and downscaling datasets considered in this study,
except GPCC, are affected by measurement biases too.
The interpolation method used in APGD is designed to
estimate an area average precipitation value in the neigh-
bourhood of the grid points. In general this estimation
also involves measurements outside the pixels of the un-
derlying grid and, hence, the spatial precipitation fields
of APGD represent area averages of a larger domain
than the nominal 5-km grid pixels. The fine grid spacing
is of advantage for climatological mean fields where to-
pographic effects on the distribution are eminent and can
be estimated using physiographic predictors (SCHWARB,
2000). But for daily precipitation fields the effective res-
olution of APGD is coarser than the grid spacing, in the
order of 10-20 km (typical inter-station distance). It can
be even larger in areas with coarser networks such as
in Northern Italy (IsoTTA etal., 2014). As a result, there
is a tendency for APGD to overestimate low quantiles
of daily precipitation (and the frequency of wet days),
and to underestimate high quantiles (and the frequency
of intense precipitation), compared to an analysis with
a true 5-km resolution. The magnitude of bias from this
resolution mismatch is difficult to estimate, but an up-
per limit can be estimated when grid-point estimates
are compared against independent point measurements.
IsoTTA etal. (2014) conducted such a cross-validation
and found that biases at high quantiles are about 8 %
in data dense regions and about 20 % in a region with
very coarse station coverage. At low quantiles the bias
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is small (a few percent) and only evident in summer.
Clearly, these numbers are upper limits for the 5-km res-
olution and the effect is likely negligible when aggregat-
ing APGD up to a resolution of 22 km or larger.

4 Evaluation procedure

4.1 Parameters, scores and domains

The main focus of the present evaluation is on statis-
tics of daily precipitation and their meso-beta scale pat-
terns. To this end we have calculated and compared a
large number of the precipitation indices proposed by
the ETCCDI (KLEIN TANK etal., 2009). For simplicity
we present and discuss a selection only. The choice is
made to convey the most characteristic features of and
differences between the datasets.

The statistics to be presented include mean annual
precipitation, the frequency of wet days and the 95 %
quantile of daily precipitation. A threshold of 1 mm was
chosen to separate dry and wet days. Furthermore, a
large number of empirical quantiles were estimated to
describe the frequency distribution of daily precipita-
tion. For this purpose the daily grid-point values within
pre-defined sub-domains were pooled. Finally, we com-
pare time series of monthly precipitation anomalies from
the long-term mean in order to investigate the repro-
duction of intra-seasonal to inter-annual variations, and,
hence, to assess the reliability of the datasets for climate
monitoring. Some elements of this evaluation will be un-
dertaken with a subset of the datasets only, because of
limited time resolution or temporal extent in some of the
datasets.

Where meaningful, we summarize the correspon-
dence between evaluated datasets and reference by
quantitative scores. For this purpose we choose the con-
ventional root-mean-square error (RMSE) and the Sta-
ble Equitable Error in Probability Space (SEEPS, Rob-
WELL etal., 2010). SEEPS is a three-category score that
values the distinction between dry, light and intense pre-
cipitation. Compared to RMSE, the categorical nature of
SEEPS places less emphasis on quantitative correspon-
dence and avoids that the score is dominated by intense
precipitation. In SEEPS, light and intense precipitation
events are defined respectively as the lower two-thirds
and the upper third of all wet days. The threshold (quan-
tile) is defined individually for evaluated and reference
data and, hence, SEEPS is not sensitive to biases in the
frequency distribution of the evaluated datasets. Just as
for the RMSE, a small value of SEEPS means better cor-
respondence.

In some parts of our evaluation, the comparison be-
tween evaluated data and reference is made grid-point
by grid-point (at comparable resolutions, see below).
This brings a risk that higher resolution datasets are
excessively penalized for small misplacements in their
precipitation patterns (e.g. EBERT, 2008). Several of our
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analyses will therefore be conducted either at a coarser
than the nominal resolution of the evaluated datasets or
over climatologically and topographically distinct sub-
domains of the Alps. The subdomains are depicted in
Figure 1 and their climatological characteristics are dis-
cussed in IsoTTA etal. (2014). One of the domains was
defined as a medium size river catchment (Aare without
Reuss and Limmat, Switzerland, 11900 km?). It repre-
sents conditions with both high elevations and plains,
typical when considering catchment mean precipitation.

4.2 Evaluation at different spatial resolutions

Statistics of daily precipitation are sensitive to spa-
tial resolution (e.g. MEARNS etal., 1995; OsBORN and
HuLME, 1997; TustisoN etal. 2001; Frer etal., 2003).
To avoid inconsistencies we compare datasets with dif-
ferent original resolutions only after rescaling them to
the same resolution and onto a common grid. Three dif-
ferent resolutions will be considered, at 0.5 ° (~ 55 km),
0.2° (~ 22km) and 0.05 ° (~ 5Skm), using the grid struc-
tures of GPCC (longitude-latitude grid), HIRLAM and
MESAN (rotated pole grids), respectively, as common
grids. In most cases, the rescaling is done from higher to
coarser resolution. This upscaling is carried out with the
original daily fields by averaging, day-by-day, over all
grid points of the fine resolution contained in a grid pixel
of the coarser resolution grid. In some cases, it will be
interesting to compare datasets at fine resolution, when
a coarse resolution dataset is crudely downscaled. This
was done with a simple nearest neighbor interpolation,
which was also adopted to re-grid the APGD dataset
(originally developed on an ETRS kilometer grid) onto
the 5 km rotated pole grid used for dataset comparisons
(i.e. the MESAN grid coordinate system).

The daily precipitation statistics are calculated finally
from the rescaled datasets on the standard grids. As a re-
sult, fields of the wet-day frequency, for example, are
available on three different grids for the high-resolution
datasets MESAN, MESCAN and APGD, and an infor-
mative evaluation of the wet-day frequency in HIRLAM
(22 km) is made by comparison with the frequency de-
termined from the upscaled APGD.

We have briefly tested the sensitivity of the cor-
respondence scores (RMSE and SEEPS) upon the re-
gridding of the daily fields from MESCAN and APGD
onto the MESAN grid, used as the standard at high reso-
lution. To this end we calculated the scores in three dif-
ferent versions, using, in turn, the three native grid struc-
tures as common grid. The results for RMSE are shown
in Table 2. Estimates of RMSE differ typically by 5 %
or less between the different grids. The largest differ-
ences are found in regions SE-Massif Central (SEMC)
and Ticino, regions with particularly strong precipita-
tion gradients (see later). Nevertheless, the uncertain-
ties in RMSE arising from the re-gridding seem to be
clearly smaller than the variations of RMSE between re-
gions and between datasets. Similar results were found
for SEEPS. We conclude that the re-gridding does not
seriously affect the results of our evaluation.
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Table 2: Root mean square error of daily precipitation (mm per day)
for MESAN (upper rows) and MESCAN (bottom rows) when com-
pared to APGD (year 2008 only, 5 km resolution). Results are aver-
ages over sub-regions (see Figure 1) and were calculated when using
the APGD, MESAN and MESCAN grids as a common standard re-
spectively. SEMC: SE-Massif Central.

Region
Dataset Grid Alps SEMC Ticino Bavaria Aare
APGD 4.00 466 827 1.74  3.54
MESAN MESAN 4.00 446 8.14 1.73  3.58
MESCAN 4.00 497 835 1.76  3.55
APGD 393 267 694 1.58  3.29
MESCAN MESAN 394 259 694 1.59 332
MESCAN 3.89 272 698 1.62  3.30
S Results

This section presents and discusses results of our evalu-
ation both by visual comparison and quantitative analy-
sis. We begin by comparing mean precipitation, its an-
nual cycle, and selected statistics of daily precipitation
(wet-day frequency, 95 % quantile, Section 5.1), proceed
to the distribution functions of daily precipitation (Sec-
tion 5.2) and compare results for a particular case of
heavy precipitation (Section 5.3). Section 5.4 discusses
scores of the correspondence between the datasets for
daily precipitation. Finally, the ability of the datasets to
reproduce the intra-seasonal to inter-annual variations is
examined in Section 5.5. Our description makes use of
geographical notions for which the reader is referred to
Figure 1.

The APGD dataset will serve as reference but in our
interpretations we take into account that this dataset it-
self has errors and uncertainties (see previously Sec-
tion 3). Where meaningful, results will be discussed
for several resolutions (out of 5km, 22km and 50 km)
and always ensuring consistency in spatial resolution be-
tween evaluated and reference datasets (see Section 4).

The time period considered is partly constrained by
the limited temporal coverage in some of the evaluated
datasets. Therefore, apart from a long reference period
(15 years 1989-2003), some of our analyses will be
conducted for a single year only (2008), for which all
datasets are available. Tests revealed that the pattern
of the considered statistical parameters, as well as the
characteristic differences between the datasets are fairly
robust between the single-year and multi-year periods.
Despite the limited temporal coverage in some of our
analyses, the results can be considered representative of
the climatological behaviour of the datasets.

5.1 Mean precipitation and daily precipitation
statistics
5.1.1 Mean precipitation

Figure 2 depicts mean annual precipitation at all three
resolutions. The results provide a first overview of all
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datasets considered in this evaluation. The reference pe-
riod differs between the left-hand column (1989-2003)
and the remaining columns (2008), to ensure maximum
comparability for datasets with limited temporal cover-
age. The reference dataset (APGD) is shown at all three
resolutions (first row). Not surprisingly, the two ver-
sions at coarser resolution reproduce smooth versions of
the distribution with much smaller peak values and less
prominent mesoscale patterns, notably for the dry inner-
Alpine conditions, the wet anomalies along the south-
ern Alpine rim and the anomalies associated with the
smaller-scale hill ranges (Black Forest, Vosges).

The three global datasets (ERA-INT, GPCC and
CRU) reveal quite different representations of annual
mean precipitation in the Alps. Patterns range from a
smooth moist anomaly (ERA-INT) over a pronounced
regional moist maximum (CRU) to a structured distri-
bution with mesoscale anomalies (GPCC). GPCC repro-
duces the characteristic distribution of APGD most ac-
curately, with signatures of the moist anomaly extending
along the northern rim of the Alps, two regional anoma-
lies along the southern rim, dryness in the interior of the
ridge and patterns associated with the Massif Central
and the small-scale hill ranges (Vosges, Black Forest).
Some discrepancies to APGD are found in the Apennine
mountains, south-eastern France and for the spatial ex-
tent of the inner-Alpine dry anomaly (Trentino in North-
ern Italy). ERA-INT and CRU miss out many of these
mesoscale patterns. While ERA-INT tends to underesti-
mate domain mean precipitation, CRU exaggerates the
magnitude of the Alpine precipitation anomaly. It is
to be noted that the resolution of ERA-INT (75 km) is
coarser than the 55-km reference considered here (panel
a) and that the topography of the underlying global
model may be even coarser, which may explain some
of the discrepancies. As regards CRU, a possible expla-
nation is that the three-dimensional spline interpolation
used for the background climatology overestimates the
height dependence of precipitation and produced maxi-
mum precipitation in the region of maximum elevation
(HutcHINSON, 1995; NEw etal., 1999).

The European datasets at 22-km resolution (Fig-
ure 2, middle column) reveal more pronounced spatial
variations and much larger peak values, compared to
the global datasets. The regional reanalyses (HIRLAM
and UKMO) clearly capture the characteristic mesoscale
pattern, with moist anomalies along the rims, separated
by dryer conditions in the interior. Also, anomalies as-
sociated with details of the topography can be well dis-
cerned and UKMO reproduces the location of the two
prominent moist anomalies (Ticino and Julian Alps) par-
ticularly well. However, both reanalyses tend to overes-
timate mean precipitation. HIRLAM also overestimates
precipitation contrasts (see e.g. Jura, Vosges, Black For-
est), whereas UKMO has a more widespread overes-
timate also over flatland (see e.g. Po valley, Southern
Germany). These overestimates seem to be larger than
the expected underestimate in APGD due to measure-
ment bias (see Section 3). Visually there is an impression
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Figure 2: Mean annual precipitation (mm per year). Left column: 55-km resolution for the period 1989-2003. a) APGD; b) ERA-INT,;
¢) GPCC; d) CRU. Middle column: 22-km resolution for the year 2008. ) APGD; f) E-Obs; g) HIRLAM; h) UKMO. Right column: 5-km
grid resolution for the year 2008. i) APGD; j) HIRLAM; k) MESAN; 1) MESCAN.

that UKMO is considerably smoother than APGD (and
HIRLAM) at the 22-km resolution. This is not merely
an artefact of the rescaling. The distribution on the na-
tive UKMO grid (12 km resolution, not shown) leaves a
similar impression. A smoother model topography and
the reduced resolution of the 4DVAR data assimilation
may be reasons for this (see Section 2).

E-Obs captures certain elements of the mesoscale
Alpine precipitation pattern (e.g. the moist anomaly in
the Julian Alps) but it lacks several of the characteris-
tic anomalies, including for example the northern moist
anomaly and the pattern at the Massif Central. Over
the western Alps, precipitation anomalies are placed at
maximum elevations, which may have similar reasons
like for CRU, given the methodological similarities in
the interpolation of the climatology (see Section 2). It
is interesting to note that E-Obs compares much better
with APGD in Germany and Slovenia, where the sta-
tions used are much denser, while major discrepancies
to APGD go along with regions of poor station coverage
(e.g. in France and Austria, see http://eca.knmi.nl/).

Mean annual precipitation for the datasets with high-
est resolution (MESAN and MESCAN, 5km) are de-
picted in the right-hand column of Figure 2. The 5-km
version of HIRLAM (obtained by nearest-neighbor
downscaling, see Section 4) is included for compari-
son. The large resolution step from 22 to 5 kilome-
ters reveals a further structuring of the pattern. Both
downscaling datasets show precipitation anomalies as-
sociated with individual mountain massifs. Compared
to HIRLAM, which provided the background to these
OI systems, there is a generally better correspondence
with APGD. Notably the overestimate by HIRLAM is
substantially reduced. However, the degree of adjust-
ment varies regionally. In France, MESAN and MES-
CAN show a spatially refined pattern, which is in close
agreement with APGD, except for a somewhat smoother
appearance. The agreement is not too surprising con-
sidering that the high-resolution station data available
here contributes a bulk of added information. However,
in Switzerland, MESAN and MESCAN largely repli-
cate the spatial distribution of HIRLAM without adding
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Figure 3: Mean monthly precipitation (1989-2003) showing differences in the annual cycle. Results are depicted for APGD (black) and
six evaluation datasets (color and symbol, see legend). Numbers refer to averages over the entire Alpine region (a), and three subregions
(South East Massif Central (b), Ticino (c) and Bavaria (d), see Fig. 1). The domain-mean values were derived from the 22-km versions of

all datasets. Note the different scales between panels.

much detail (except for the correction of bias). Like in
HIRLAM, the precipitation contrasts in the Aare catch-
ment are overemphasized and the dryness of the Valais
and upper Inn valleys are too broad. A similar lack in
small-scale variability is found for Northern Italy. It
seems that the coarse station network available in these
regions has limited the ability of the downscaling meth-
ods to correct for errors in the background field and to
compensate for the lack of spatial resolution. Between
the two downscaling datasets the results are very simi-
lar. Differences can be noted over the Apennines and the
Massif Central.

More insight into how the various datasets repre-
sent mean precipitation is provided in Figure 3, which
depicts the annual cycle averaged over the Alps and
over three subdomains. The comparison is restricted to
datasets with a multi-year coverage. Generally, the main
features are well captured by all datasets. Notably, they
reproduce the distinct courses with a summer (convec-
tive) maximum at the northern Alpine rim (Bavaria) and
two seasonal maxima (spring and autumn) in the south-
ern regions (SE-Massif Central and Ticino). The under-
estimation by E-Obs and ERA-INT is evident in all do-
mains (except Bavaria) and around the year. In E-Obs,
the underestimation is particularly large at the southern
rim (Fig. 3c) and relates to the poor representation of
the prominent mesoscale anomalies there (see also Fig-
ure 2). In ERA-INT the underestimates are of compa-

rable magnitude throughout the year. GPCC follows the
annual cycle of the reference closely but underestimates
its amplitude along the southern rim (Fig. 3c). The over-
estimate by HIRLAM is particularly from winter, spring
and summer. In Ticino, this dataset (as well as CRU and
ERA-INT) misses the intermediate reduction of mean
precipitation in summer. Finally, the MESAN downscal-
ing dataset reproduces the annual cycle very well and,
hence, has corrected for much of the overestimates in
HIRLAM. In Ticino, however, MESAN also underesti-
mates the amplitude of the seasonal variation.

5.1.2 Wet-day frequency

In the Alpine region wet days are more frequent over
the ridge and over the northern and western foreland of
the Alps in Germany and France (APGD, Figure 4a).
Along the French Mediterranean coast, the Po Valley
and Eastern Austria the frequency is only about half
that over the ridge. Lower frequencies are also found
in interior parts of the Alps. This general pattern is
qualitatively evident in all evaluated datasets, but with
considerable quantitative discrepancies and mismatches
in spatial detail.

E-Obs has a very smooth distribution with several
of the topography-related patterns missing or misplaced.
Over France, where the interpolation has to bridge large
distances between stations, wet-day frequency is gener-
ally overestimated.
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Figure 4: Annual frequency of wet days (> 1 mm, fraction) in 2008 at 22-km resolution. a) APGD; b) E-Obs; ¢c) UKMO; d) HIRLAM;

¢) MESAN; f) MESCAN.

The two regional reanalyses (HIRLAM and UKMO)
overestimate the frequency of wet days considerably
over the entire domain. A similar overestimate with even
larger frequencies was found for ERA-INT (not shown).
In terms of spatial distribution, UKMO agrees well with
APGD but has a much smoother variation than would be
expected at this resolution. On the other hand, HIRLAM
overestimates spatial variability, notably the contrasts
between high and low elevations. These main spatial
characteristics of the two regional reanalysis were found
similarly for mean precipitation (Section 5.1.a).

MESAN and MESCAN (Fig. 4e, f) clearly benefit
from the analysis of additional rain-gauge observations.
Frequency and distribution of wet days are very different
from HIRLAM that has served as background. Partic-
ularly good correspondence with the pattern of APGD
is found over France, Germany and Slovenia, where a
dense station network was available for downscaling.
Residual signals from HIRLAM are, however, clearly
discernable in other regions, notably in Northern Italy,
where MESAN and MESCAN overestimate and mis-
place the gradient between Po valley and the Southern
Alpine rim.

A similar analysis for individual seasons (not shown)
reveals that the characteristic discrepancies of all evalu-
ation datasets are similar in all seasons. Quantitatively,
the overestimate in wet day frequency by the regional
reanalysis HIRLAM is particularly large in spring and
summer, the more convective seasons. A similar result
is found for UKMO, however, this comparison may be
less robust due to only one year of available data. As
regards E-Obs, the overestimation in the Alps is much
stronger in the winter half-year.

5.1.3 95 % quantile

A reliable reproduction of the occurrence of intense and
heavy precipitation is crucial in many applications of cli-
mate datasets. Here we investigate this element in terms

of the 95 % quantile, i.e. the daily precipitation amount
that is exceeded on average every 20 days. The quantiles
were determined grid-point by grid-point and, hence, are
representative of intense area-average precipitation (not
point values). Consistency in spatial scale is established
by upscaling higher resolution datasets (Section 4). Re-
sults from the 22-km versions of the datasets and for
year 2008 are depicted in Figure 5. The distribution in
APGD (Fig. 5a) is very similar to that in a long-term
climatology (see IsotTa etal., 2014). Large values are
found along the northern and southern Alpine rim, par-
ticularly in two regions to the south (Ticino and Ju-
lian Alps) that are well known for experiencing heavy
precipitation frequently. The south-eastern slopes of the
Massif Central and the Ligurian coast (Apennines) are
also affected frequently.

Signatures of this characteristic pattern are evident in
all datasets. The prominent anomalies along the south-
ern rim and many other small-scale anomalies (Jura,
Vosges and Black Forest), all of which are missed by
the coarser resolution ERA-INT (not shown), are clearly
evident in the regional reanalyses (HIRLAM, UKMO)
and in the downscaling datasets (MESAN and MES-
CAN). Discrepancies to APGD are mostly with regard
to the exact location (e.g. Ticino and Julian Alps anoma-
lies shifted in HIRLAM), the spatial extent (anomalies
in UKMO are broader) and relative amplitude (Mas-
sif Central in UKMO) of the anomalies. The downscal-
ing datasets (MESAN and MESCAN) add spatial in-
formation over France and correct for the overestimate
of HIRLAM over Southern Germany. However, the Ti-
cino anomaly is excessively reduced and, particularly in
MESAN, the quantile is distinctly underestimated there.

E-Obs shows more substantial differences to APGD
than the regional reanalysis and downscaling datasets.
Several of the mesoscale anomalies are missing and
there is a tendency for underestimates generally over the
domain. These discrepancies resemble those of mean
precipitation (see Fig. 2) and may be similarly inter-
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Figure 5: 95 % quantile of daily precipitation (mm) for 2008 at 22-km resolution. a) APGD; b) E-Obs; ¢) UKMO; d) HIRLAM; e) MESAN;

f) MESCAN.
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Figure 6: Frequency (y-axis, fraction of days, log-scale) at which daily precipitation amounts (values at 22-km resolution grid points) exceed
a threshold (x-axis, mm). Results are plotted for different time periods (a) 1989-2003, (b—f) 2008, and different subdomains (see Figure 1):
(a) and (b) whole Alps; (c) South East Massif Central; (d) East Austria; (e) Ticino; (f) Northern Alps. UKMO and MESCAN are displayed

in panels (b)—(f) only. Note the different scales (x-axes).

preted as a consequence of the coarse station network,
the attendant smoothing and the exaggeration of height
gradients by the interpolation method.

A similar analysis for the four seasons (not shown)
reveals that major features of the seasonal variation in
heavy precipitation (high quantiles in autumn, low quan-
tiles in winter) are found in all datasets. HIRLAM also
reproduces main characteristics of the seasonal variation
in the mesoscale pattern. In the one-year dataset avail-
able for UKMO there is a sign of substantial overesti-
mation in autumn over Italy, but this comparison is un-

certain given the short data series and high quantile con-
sidered. E-Obs underestimates the 95 % quantiles along
the southern rim in all seasons, but particularly so in au-
tumn and spring.

5.2 Distribution function

The frequency distribution of daily precipitation offers
further insight into the error structure of the various
datasets. Figure 6 depicts these distributions for sev-
eral subdomains of the Alps by pooling the correspond-
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ing grid points (see Figure 1). Comparability between
the various datasets is established by upscaling higher-
resolution datasets to the 22-km standard grid before
calculating the distributions (see Section 4). The results
for ERA-INT are not strictly comparable (because of
coarser resolution) but are added for comparison.

There are marked differences in the frequency distri-
bution between the domains owing to the spatial varia-
tion in precipitation intensity. For example, the regions
Ticino and SE-Massif Central exhibit distributions with
much longer tails (note the different scales between the
panels). All regional datasets reproduce these charac-
teristic differences between subdomains, corroborating
the finding of the previous subsection that major spatial
variations in precipitation intensity in the Alps are cap-
tured.

A discrepancy common to many of the datasets is the
tendency to overestimate the frequency of light and un-
derestimate that of heavy precipitation (see e.g. panels
a and b). The overestimate at small thresholds is partic-
ularly marked for the model-based regional reanalyses
(HIRLAM and UKMO). This is not merely the result
of too frequent drizzle; the overestimate is still evident
at moderate precipitation thresholds. This bias is related
to the overestimate of mean precipitation and wet-day
frequency in these datasets (see Figure 2 and 3). On
the other hand, the underestimation of high intensities
is visible in all the dataset types. E-Obs underestimates
the frequency after about 10 mm distinctly (note the log
scale) and in all domains. In SE-Massif Central the fre-
quency decrease is even steeper than that for the coarser
resolution ERA-INT. An obvious explanation for this is
the smoothing involved with the interpolation in data
poor regions.

Underestimates of the frequency of intense events are
also found for the downscaling datasets (MESAN more
so than MESCAN, see panels b, e and f). In some do-
mains this underestimation is even more substantial than
in HIRLAM (panel e, f). This has similar reasons like in
E-Obs, because the underestimation is strongly reduced
in region SE-Massif Central where these datasets build
on high-resolution station data. The result that MES-
CAN has a generally more long-tailed frequency dis-
tribution than MESAN, despite similar input data, may
be attributable to a different form and the assumption
of a shorter length scale in the structure function for
background errors (35 km in MESCAN versus 240 km
in MESAN), and, hence, more local corrections and less
smoothing.

The UKMO regional reanalysis shows the best corre-
spondence in the frequency of intense precipitation with
APGD. Clear underestimates are present in one domain
only (panel d), while there is a tendency for overesti-
mates in others (panel f). This result is somewhat coun-
terintuitive with the generally smoother spatial patterns
(see Fig. 1, 2, 3). It seems that the lack in spatial variabil-
ity in this reanalysis does not go along with a reduction
of peak values.
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5.3 Case study of an extreme precipitation
event

To illustrate the degree of correspondence between the
various observation datasets we briefly illustrate precip-
itation distributions for a particular case of heavy pre-
cipitation (Figure 7). The case consisted of two episodes
(11-17 and 20-22 May 1999) with intense and endur-
ing rainfall, succeeding shortly one after the other. The
first — a quasi-stationary frontal system — affected parts
of the northern Alpine rim and adjacent foreland regions
in Switzerland, Austria and Southern Germany (Fig. 7a).
The second — moist Mediterranean air masses lifted over
a blocked cold-air layer — was even more intense and
slightly shifted eastwards (Fig. 7e). In combination with
rapid snowmelt, the two rainfall episodes caused flood-
ing and costly damages particularly in eastern Switzer-
land, but also in Germany and Austria (BUNDESAMT FUR
WASSER UND GEOLOGIE, 2000).

The variations between datasets are quite different in
the two episodes. In the first case, location and intensity
of the precipitation peaks differ considerably. HIRLAM
misses the core of the heavy precipitation system en-
tirely. MESAN partly corrects for this, but the seven-
day total is still underestimated by more than 30 %. In
this episode, E-Obs shows the best correspondence with
APGD. It correctly positions the peak intensity, how-
ever, again underestimates the totals. For the second pe-
riod, the estimated fields are surprisingly similar. Still,
the three evaluated datasets underestimate the peak in-
tensity. In this case HIRLAM shows the best agreement
with APGD. The 22-km version of MESAN, however,
shows a clear underestimate of the peak intensity.

The depicted cases summarize impressions that we
gained from a visual comparison of the studied datasets
for a series of heavy precipitation cases in the Alps.
Namely, that the accuracy of one single dataset can
vary considerably from case to case and that a statistical
assessment, such as that of the present study, may or may
not be representative of the relative accuracy of datasets
in a particular case.

5.4 Scores

Results from a quantitative comparison of daily precipi-
tation in the evaluated datasets against APGD are shown
in Figure 8 and 9. Figure 8 depicts the spatial distribu-
tion of root mean square error (RMSE, mm per day) and
the Stable Equitable Error in Probability Space (SEEPS,
RoDpWELL etal., 2010, dimensionless). The scores were
determined from the daily precipitation series of year
2008 for each gridpoint of the 22-km versions of the
datasets (see Section 4). Figure 9 compares mean values
of the two scores averaged over subdomains (see Fig. 1)
and stratified between winter half-year (defined here as
the period from October to March) and summer half-
year (April-September).



28 F.A. Isotta etal.: Evaluation of European regional reanalyses and downscalings Meteorol. Z., 24, 2015

11-17 May 1999

[oleolololele)

ONUI=2NWOINO© =22 AN
¢ OOU1I00O-WAINO© =

w

Figure 7: Precipitation sum (mm) for 11-17 May 1999 (a—d) and 20-22 May 1999 (e-h). Results for 22-km resolution datasets. a,e) APGD;

b,f) E-Obs; c,g) HIRLAM; d,h) MESAN.

For most of the datasets the spatial distribution is dif-
ferent between the two scores (Fig. 8). RMSE tends to
be larger in areas with a more vigorous precipitation cli-
mate (Massif Central, Ticino, Julian Alps, cf. Fig. 5),
because it weights similar relative errors more heav-

ily at high compared to low intensities. On the other
hand, SEEPS tends to show more evenly distributed pat-
terns due to its implicit calibration to the local climate
(categories defined by quantiles). RMSE is considered
here primarily to quantify the magnitude of typical local
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Figure 8: RMSE (mm/d, left column) and SEEPS (non-dimensional, right column) of the evaluated datasets when compared to APGD.
Results are for daily precipitation in 2008 using the 22-km versions of the datasets. a, f) E-Obs; b, g) UKMO; c, h) HIRLAM; d, i) MESAN;
e, j) and MESCAN.
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Figure 9: RMSE (mm/d, left column) and SEEPS (right column) for winter half-year (October—March; upper row) and for summer half-year
(April-September; lower row) in 2008. The scores were calculated for the 22-km resolution datasets. Values are averages of the scores over
five subdomains (see Fig. 1; ALP: whole domain, SEMC: SE-Massif Central, TI: Ticino, BAV: Bavaria, AARE: Aare river catchment).

errors, while SEEPS is used for comparing the degree of
correspondence between different regions of the domain
(see also RODWELL etal., 2010).

For the European interpolation dataset (E-Obs) and
the downscaling datasets (MESAN and MESCAN) the
density of input data seems to be a key factor of dataset
reliability. In E-Obs this manifests in clear contrasts of
SEEPS between Germany and Slovenia on the one hand,
and France and Italy on the other hand (see Fig. 8, and
regions BAV and SEMC in Fig. 9). These are exactly
the regions with particularly dense and coarse station
coverage respectively in the underlying ECA&D dataset
(see Section 2). In MESAN and MESCAN, where high-
resolution observations were also used over France (on
top of the ECA&D data), the SEEPS score replicates the

pattern of data density too and shows pronounced con-
trast across country borders, such as the French-Italian
border (Fig. 8). Both downscaling datasets reveal very
small values both for RMSE and SEEPS over France (re-
gion SEMC in Fig. 9), indicating very close correspon-
dence with APGD. This is not surprising considering
that over this part of the domain MESAN and MESCAN
used the same high-resolution station data like APGD,
except for differences in the data quality procedures.
The two regional reanalyses (UKMO, HIRLAM)
show a much more evenly distributed SEEPS score
(Fig. 8). There is an indication that correspondence with
APGD is relatively poor over an elongated region of
the inner Alpine dry climate (see also Fig. 3). This is
likely a result of the somewhat coarser effective resolu-
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tion of the reanalyses and difficulties to capture precipi-
tation processes in this topographically complex region.
UKMO has smaller errors than HIRLAM throughout the
domain, with RMSE being typically 10-20 % smaller
(Fig. 9). While the difference in RMSE may, to some
extent, be influenced by the varying biases of the two
reanalyses (see also Figs. 2 and 4), the systematic dif-
ference in SEEPS also points to a better reproduction of
the temporal course of precipitation in UKMO.

Compared to E-Obs the two model-based reanalyses
have smaller error scores in areas where E-Obs disposes
of a very low station data input, such as France and parts
of Northern Italy (see Fig. 8, regions SEMC and TI in
Fig. 9). However, for much of the remaining areas, the
European interpolation dataset corresponds better with
APGD (see Germany in Fig. 8; regions BAV, and AARE
in Fig. 9).

The two downscaling datasets provide clearly im-
proved 22-km precipitation fields compared to the orig-
inal regional reanalysis (HIRLAM, see Fig. 8). This is
evident in areas with dense station coverage (e.g. do-
mains SEMC and BAV in Fig. 9), where RMSE and
SEEPS scores are smaller by a factor of 2 to 5. In the
other regions improvements are smaller but still mea-
sureable (Fig. 9). An exception to this is the Apen-
nine region, where HIRLAM has slightly smaller RMSE
and SEEPS (Fig. 8). Comparison of the downscaling
datasets against E-Obs reveals that MESAN and MES-
CAN rarely improve over the interpolation of station
data alone when the observational data input is com-
parable (i.e. everywhere except France, Fig. 8). Only
in Ticino (see Fig. 9) there is a measurable improve-
ment over E-Obs. Clearly, MESAN and MESCAN offer
higher spatial resolution than E-Obs, but at the coarser
scale considered here, the gain from using a regional re-
analysis (HIRLAM) as background is not clearly mea-
sureable.

Between MESAN and MESCAN there are only
small differences in the scores, but errors are somewhat
smaller for MESCAN (Figs. 8 and 9). This may be re-
lated to the generally stronger underestimate of high in-
tensities by MESAN (see Figs. 5 and 6) and it may have
its origin in the longer correlation range used for the
background error function in MESAN, which is also evi-
dent in generally smoother precipitation fields (MESAN
vs. MESCAN) as was verified in several case studies.

5.5 Intra-seasonal to inter-annual variations

In the Alpine region, the variations of precipitation
within and between years can be considerable. Depar-
tures from the long-term monthly mean typically ex-
ceed the range of +/—25 % in more than half of the
months, even when considering averages over mesoscale
subregions. Several studies have also reported on long-
term variations and trends in parts of the region (e.g.
ScHaMmIDLI et al., 2002; BRUNETTI et al., 2006; EFTHYMI-
ADIS etal., 2006; ZoLINA etal., 2008). In this context,
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the evaluated datasets examined in this study could pro-
vide a basis for monitoring the precipitation climate in
the Alps and for studying its dynamical relationships
(e.g. KLEIN TaNK etal., 2002; QUADRELLI etal., 2001).
In view of such applications we briefly test the vari-
ous datasets for their representation of intra-seasonal to
inter-annual variations over the recent past.

For this purpose we have derived monthly time
series of precipitation anomalies (ratios between ac-
tual monthly totals and long-term means of the calen-
dar month) in several subdomains and separately for
each dataset. The common 22-km grid was used to en-
sure consistent calculation of subdomain means, with
higher- and lower-resolution datasets re-scaled (see Sec-
tion 4). APGD is again used as reference. The evalua-
tion is restricted to datasets covering the full 15 years
(1989-2008), i.e. UKMO and MESCAN are omitted.

The evaluation of the temporal anomaly series is pre-
sented in the form of Taylor diagrams in Figure 10, com-
paring the correlation (angular direction) and the tempo-
ral standard deviation (radial direction) of the datasets
with respect to APGD (circle on x-axis, TAYLOR, 2001).

For temporal anomalies over the entire Alpine re-
gion (Fig. 10a) all the datasets provide very consistent
time series. Correlations with APGD all exceed 0.95.
Also the magnitude of the variations is accurately cap-
tured, except that ERA-INT underestimates the standard
deviation significantly, likely due to the limited resolu-
tion of mesoscale patterns. Larger differences between
the datasets, however, emerge for meso-beta scale sub-
domains, where resolution and density of input data
are more critical (Fig. 10b—d). Best correspondence
with APGD is found for GPCC and MESAN (all sub-
domains) as well as for E-Obs in areas with dense
station coverage (Bavaria). The correlations for CRU,
HIRLAM and ERA-INT are clearly smaller and these
datasets also underestimate variability.

In the mountainous regions Ticino and SE-Massif
Central, monthly precipitation anomalies are often
strongly influenced by a few events of intense precipi-
tation. Errors in their spatial extent and amplitude, due
to limited station coverage and smoothing, affect the ac-
curacy of the time series. This is reflected, for exam-
ple, in the substantial improvement of MESAN over E-
Obs in SE-Massif Central. It is interesting that MESAN
also improves on E-Obs in Ticino, despite similar data
density and limited correlation of its background dataset
(HIRLAM). It is unclear whether methodological dif-
ferences in the spatial interpolation/downscaling are re-
sponsible for this.

In summary, the present evaluation indicates that
most of the evaluated datasets provide quite consis-
tent information regarding the temporal evolution of
monthly anomalies. Even the coarse resolution global
dataset GPCC can provide accurate regional monthly
anomaly series. However, there is a tendency to under-
estimate variability, notably over the smaller domains.
Datasets using station observations directly (interpola-
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Figure 10: Taylor diagrams of the variation in relative monthly precipitation anomalies over the 15 years 1989-2003. APGD is used as
reference (small circle on x-axis). The angular axis denotes correlation with APGD, the radial direction represents the standard deviation of
the relative anomalies (dimensionless). a) whole Alpine domain; b) SE-Massif Central; c) Ticino; d) Bavaria (see Fig. 1 for details of the
regions). The domain-mean anomalies were calculated from the 22-km resolution versions of the datasets.

tion or downscaling) are observed to be more accurate
than the model-based regional reanalyses.

6 Conclusions

We have evaluated and compared several existing and
newly developed climate datasets that extend over the
entire European continent (at least) and offer themselves
for application in environmental research, climate moni-
toring and the study of climate change impacts. The suite
of evaluated datasets encompasses rain-gauge-based in-
terpolation datasets (E-Obs, CRU, GPCC), model-based
regional (and one global) reanalyses (UKMO, HIRLAM
and ERA-INT) and downscaling datasets (MESAN and
MESCAN). The comparison is conducted for daily pre-
cipitation in the region of the European Alps. Their to-
pographic complexity and climatic diversity provide an
ideal test bed for datasets that promise to resolve meso-
beta scale climatic features and heavy precipitation bet-
ter than existing global and monthly datasets.

The reference is a gridded interpolation from high-
resolution rain-gauge networks (1971-2008, IsoTTA
etal., 2014). The APGD dataset stands out by uniquely
dense (5500 stations on average) and spatially more
homogenous data coverage than any of the evaluated

datasets. Inaccuracies in the reference dataset are to be
expected particularly at small scales, which is why the
smallest of the considered scales (5km) is used for vi-
sual comparison only. At the intermediate (22 km) and
coarse (55km) resolution, the reference dataset is ex-
pected to have smaller errors than the major discrepan-
cies of the evaluated datasets that we describe here.

The new model-based regional reanalyses (UKMO
and HIRLAM) show much richer and more realistic spa-
tial variations in the climatology of mean Alpine precip-
itation and several statistics of daily precipitation than
the driving global reanalysis (ERA-INT). They also cor-
rect for several unrealistic spatial features seen in global
and continental interpolation datasets, deficiencies re-
lated to the limited station coverage available for these
latter datasets.

In absolute values, however, the regional reanalyses
exhibit biases and misplacements of regional anoma-
lies that can result, locally, in discrepancies of sim-
ilar or larger amplitude like those of the driving re-
analysis or from interpolation datasets. The regional re-
analyses overestimate mean precipitation in the Alps
and they misrepresent mountain-valley and mountain-
flatland contrasts (overemphasized in HIRLAM and un-
deremphasized in UKMO). They also overestimate the
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frequency of wet days (light/moderate events) and un-
derestimate that of intense precipitation. The 4DVar
UKMO reanalysis underestimates intense events less
and exhibits a better temporal correspondence (RMSE,
SEEPS) with the reference dataset than the 3DVar
HIRLAM reanalysis.

The accuracy of datasets that explicitly use in-situ
rain-gauge observations (for interpolation or downscal-
ing) is found to strongly depend on the station density
available in their construction. As a result, their perfor-
mance is very heterogeneous over the Alpine region. In
areas with poor data coverage important mesoscale fea-
tures are missing and there are biases in the frequency
distribution (too frequent wet days, too small high quan-
tiles) that relate to reduced effective resolution (larger
search neighbourhood, see also HOFSTRA etal., 2009).
In areas with dense station coverage, however, the con-
tinental interpolation dataset E-Obs is less biased and
has better correspondence (RMSE and SEEPS) with the
reference than the regional reanalyses. Likewise, when
fed with dense station data, the two downscaling datasets
MESAN and MESCAN largely correct for biases in the
underlying regional reanalysis and reduce RMSE and
SEEPS errors substantially (a factor of 2 to 5). In areas
where E-Obs and the downscaling datasets have similar
input of station data the skill of the two methodologies
is comparable and it is unclear whether downscaling has
profited from the usage of a regional reanalysis on top
of the station data.

Our visual comparisons and reported error patterns
(frequency distribution) suggest that all datasets do not
fully resolve the spatial variations that one might ex-
pect to be resolved on the basis of their respective
grid spacing. In model-based regional reanalyses this
is due to a smooth topography, processes not resolved
at the grid-spacing scale, and, in the case of UKMO,
a data assimilation coarser than the model grid. In the
interpolation and downscaling datasets it is the limited
station network that compromises effective resolution
(e.g. ENsORr and ROBESON, 2008; HorsTrA etal., 2010;
Turco etal., 2013). As a consequence, there is consid-
erable uncertainty about and spatial heterogeneity in the
scales effectively resolved in the datasets. On the one
hand this causes difficulties in defining a strictly compa-
rable reference dataset for the evaluation (e.g. FrRE1 etal.,
2003). On the other hand, several applications of such
datasets — notably in hydrology and with extremes — are
resolution dependent (e.g. TETZLAFF and UHLENBROOK,
2005; LoBLIGEOIS etal., 2013). Here, we recommend to
presume that the datasets are of coarser resolution than
the grid spacing, which would reduce impacts from the
smoothing-related biases seen in our evaluation.

Despite biases and inaccuracies in the climatologi-
cal patterns, the evaluated datasets provide very consis-
tent results on intraseasonal to interannual variations of
monthly mean precipitation. Correlations with the ref-
erence dataset are mostly larger than 0.9 when consid-
ering subdomains of 100 x 100 square kilometres or
larger. Even the coarse resolution global dataset GPCC
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is found to provide accurate regional monthly anomaly
series in Alpine subdomains. This is a promising result
for the utility of the evaluated datasets as a basis for
trans-European climate monitoring. What remains to be
assessed is, however, how accurately the datasets can
reproduce longer-term variations and trends, and how
the underestimate of temporal variability, observed with
most of the datasets, affects the statistical significance of
the trends.

Our evaluations illustrate that regional reanalyses
provide a valuable new data resource also in regions
with a complex climatology. Yet, there are still con-
siderable biases involved and applications will con-
tinue to involve bias corrections and downscaling proce-
dures that rely on direct observations. The reliability of
these post-processings as well as the accuracy of model-
independent datasets for evaluation was found to de-
pend critically on station density. Further developments
would therefore substantially profit from improvements
in the accessibility of high-resolution station data.
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