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Abstract
Convection-permitting climate models have shown superior performance in simulating important aspects of the precipita-
tion climate including extremes and also to give partly different climate change signals compared to coarser-scale models. 
Here, we present the first long-term (1998–2018) simulation with a regional convection-permitting climate model for Fenno-
Scandinavia. We use the HARMONIE-Climate (HCLIM) model on two nested grids; one covering Europe at 12 km resolution 
(HCLIM12) using parameterized convection, and one covering Fenno-Scandinavia with 3 km resolution (HCLIM3) with 
explicit deep convection. HCLIM12 uses lateral boundaries from ERA-Interim reanalysis. Model results are evaluated against 
reanalysis and various observational data sets, some at high resolutions. HCLIM3 strongly improves the representation of 
precipitation compared to HCLIM12, most evident through reduced “drizzle” and increased occurrence of higher intensity 
events as well as improved timing and amplitude of the diurnal cycle. This is the case even though the model exhibits a cold 
bias in near-surface temperature, particularly for daily maximum temperatures in summer. Simulated winter precipitation is 
biased high, primarily over complex terrain. Considerable undercatchment in observations may partly explain the wet bias. 
Examining instead the relative occurrence of snowfall versus rain, which is sensitive to variance in topographic heights it 
is shown that HCLIM3 provides added value compared to HCLIM12 also for winter precipitation. These results, indicating 
clear benefits of convection-permitting models, are encouraging motivating further exploration of added value in this region, 
and provide a valuable basis for impact studies.

Keywords  Convection-permitting climate modeling · HARMONIE-climate · Fenno-Scandinavia · Precipitation · Diurnal 
cycle · Extremes

1  Introduction

Projected future warming in northern Europe is among the 
largest in the world, driven to a large extent by the strong 
positive feedback involving reduction of snow and ice as the 
climate warms (Collins et al. 2013). As a result of global 
warming, the probabilities for winter cold episodes in this 
region are projected to decrease significantly (Benestad 
2011) and summer warm extremes to be more pronounced 
(e.g. Nikulin et al. 2011). Further, the hydrological cycle 
intensifies (Bengtsson 2010) leading to more precipita-
tion as well as more intense extreme events (e.g. Vautard 
et al. 2014). Projected changes in precipitation amounts, 
snowpack and snow cover will considerably impact surface 
hydrology through, for example, changed surface runoff as 
well as timing and amplitude of the spring flood (von Storch 
et al. 2015).
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Several observational studies have assessed extreme pre-
cipitation events in the Fenno-Scandinavian region and the 
associated role of certain atmospheric circulation patterns, 
on an annual basis (Irannezhad et al. 2017) as well as for 
the cold (e.g. Azad and Sorteberg 2017; Mazon et al. 2015) 
and warm (e.g. Hellström 2005) seasons. In fall and winter, 
when westerly and south-westerly winds dominate, there is 
a strong orographic control of precipitation distribution and 
amounts (Isemer et al. 2015). Weather and climate mod-
els’ ability to reproduce spatial distributions and amounts 
in the Scandinavian mountains is therefore related to their 
representation of topography in the model. For example, 
Pontopiddan et al. (2017) showed the importance of model 
grid resolution in accurately reproducing a heavy rainfall 
event occurring in an area of steep topography in southern 
Norway. Compared to observations a model with kilometer 
scale grid spacing performed much better than a coarser 
model and reanalysis.

During summer, heavy rainfall events are still mostly 
associated with large-scale cyclonic activity (Hellström 
2005), however, the relative importance of convective thun-
derstorms and rain showers increases (Isemer et al. 2015), 
which may be diurnally forced or embedded in meso-scale 
or frontal systems. Weather and climate models strug-
gle to accurately represent atmospheric convection since 
it involves dynamical and thermo-dynamical interactions 
from the small turbulent scales (< 1 km) to the large syn-
optic scales O(1000 km) (Bryan et al. 2003; Molinari and 
Dudek 1992; Arakawa 2004). With the typical grid spacing 
of O(10–50 km) of regional climate models (RCMs) con-
vective processes are at best only partly resolved and are 
therefore usually parameterized, even though some recent 
studies indicate that convection parameterization may not be 
needed even at those grid spacings (Vergara-Temprado et al. 
2020). RCMs with parameterized convection commonly 
show biases in precipitation characteristics similar to those 
seen in coarser-resolution global climate models (GCMs) 
(Liang 2004; Brockhaus et al. 2008). Major deficiencies 
include too large areas of precipitation when compared to 
observations and generally too frequent weak intensities (the 
“drizzle” problem) (e.g. Dai 2006; Stephens et al. 2010), and 
a premature onset and too early peak of diurnally forced con-
vective precipitation, presumably because of the difficulty 
of representing convective inhibition (e.g. Brockhaus et al. 
2008; Dai and Trenberth 2004; Dai 2006).

The inherent problems associated with parameteriza-
tion of atmospheric convection has motivated interest in 
higher-resolution (< 4 km) models that allow treating deep 
convection as largely resolved rather than parameterized, so 
called “convection-permitting” models (Prein et al. 2015). 
Convection-permitting regional climate model (CPRCM) 
simulations have been widely shown to alleviate, at least 
to some extent, these biases. Compared to RCMs with 

parameterized convection such improvements have been 
most evident through a closer match of the diurnal cycle to 
observations (e.g. Leutwyler et al. 2017; Ban et al. 2014; 
Prein et al. 2013a; Brisson et al. 2016; Gao et al. 2017; 
Belušić et al. 2020) and improved representation of sub-
daily high-intensity precipitation events (e.g. Murata et al. 
2017: Lind et al. 2016, Ban et al. 2014; Kendon et al. 2014; 
Fosser et al. 2015). CPRCMs have also shown higher skill 
in simulating seasonal characteristics of snow conditions, 
such as snow pack and snow cover, in mountainous areas 
(Ikeda et al. 2010; Prein et al. 2013b: Kawase et al. 2018; 
Rasmussen et al. 2011).

Importantly, uncertainties in future climate responses of 
precipitation on the regional and local scale, particularly 
short-duration intense convective precipitation events, are 
in part related to the inability of coarser resolution climate 
models to represent these small-scale atmospheric pro-
cesses, land-sea contrasts, mountain-valley circulations 
and fine scale surface properties (Kendon et al. 2017; Pon-
topiddan et al. 2017; Prein et al. 2015; Westra et al. 2014; 
Langhans et al. 2013). Moreover, CPRCMs have been shown 
to potentially respond differently to warming with some-
times stronger increase in precipitation extremes than in 
coarser scale models (e.g. Kendon et al. 2014; Lenderink 
et al. 2019). Improved performance and different response 
strongly motivates the use of CPCRMs despite the require-
ment of large computational resources.

High-resolution climate modeling efforts over Fenno-
Scandinavia have so far been relatively few. Many of the 
existing efforts are either part of large pan-European multi-
model experiments (Christensen and Christensen 2007; 
Jacob et al. 2014) where spatial resolution has been limited 
to at best around 10 km, or short-term single-model experi-
ments over parts of the Fenno-Scandinavian region at higher 
spatial resolution (e.g. Xu et al. 2019; Pontopiddan et al. 
2017; Heikkilä et al. 2011; Larsen et al. 2013; Mazon et al. 
2015; van Pham et al. 2016).

In this study, we present a two-decade long simulation 
using the HARMONIE-Climate regional climate model, 
cycle 38 (HCLIM38-AROME) run at 3 km grid spacing 
over Fenno-Scandinavia. Lateral boundary conditions are 
provided by data from global reanalysis, with an interme-
diate nesting step at 12 km grid spacing using HCLIM38-
ALADIN (Belušić et al. 2020). The simulations have been 
conducted within the Nordic Convection Permitting Climate 
Projections project (NorCP). NorCP aims to increase the 
knowledge of climate processes and changes as well as pro-
vide detailed climate information over the Fenno-Scandi-
navian region using the next generation high-resolution cli-
mate models. Scenario simulations have also been conducted 
within NorCP, downscaling two GCMs with otherwise the 
same model setup as in this study. These results will be pre-
sented in a separate paper.
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The finer model grid resolution combined with the 
extensive simulated time period enables us, for the first 
time, to assess the performance of a CPRCM on clima-
tological time scales over Fenno-Scandinavia. The first 
part of the paper is devoted to describe the ability of 
HCLIM38-AROME and the intermediate step HCLIM38-
ALADIN to represent climate conditions at continental 
to sub-continental and seasonal to multi-annual space 
and time scales in Fenno-Scandinavia. The second part is 
focused on the added value of the high resolution and we 
investigate to what extent HCLIM38-AROME improves 
the representation of regional to local scale climate fea-
tures compared to HCLIM38-ALADIN, primarily in terms 
of precipitation.

2 � Data and methods

2.1 � Model and experiments

HCLIM38 (Lindstedt et al. 2015; Lind et al. 2016; Belušić 
et al. 2020) is a regional climate modeling system based 
on the ALADIN-HIRLAM NWP system (Bengtsson et al. 
2017; Termonia et al. 2018). A comprehensive description 
of HCLIM38 model system is presented in Belušić et al. 
(2020) and only a brief overview is provided here. The 
HCLIM38 model system provides flexibility as it contains 
a suite of different physics packages, each adapted for dif-
ferent horizontal grid resolutions. In this study, two pack-
ages are applied; (1) AROME which is designed for con-
vection-permitting scales (< 4 km) and which is used with 
non-hydrostatic dynamics (Bengtsson et al. 2017; Seity 
et al. 2011; Termonia et al. 2018), and, (2) ALADIN which 
is the limited-area version of the global model ARPEGE 
and the default option in HCLIM38 for grid spacings ≳ 
10 km (Termonia et al. 2018).

HCLIM38-ALADIN has been run over a domain cov-
ering a large part of Europe and eastern North Atlantic 
(Fig. 1) on a grid with horizontal resolution of 12 km, 
65 levels in the vertical and the time step of 300 s. The 
boundary data were taken from the global ERA-Interim 
reanalysis (Dee et al. 2011) on a grid with approximately 
80 km resolution in the horizontal, available every 6 h. 
The higher resolution simulation was performed using 
HCLIM38-AROME on a 3-km grid (Fig. 1) with 65 verti-
cal levels and the time step of 75 s. HCLIM38-ALADIN 
provided boundary data every 3 h. The model simulations 
cover the years 1997–2018 treating the first year as spin-
up not used for model evaluation. For convenience, from 
now on the shorter HCLIM3 and HCLIM12 acronyms will 
be used for HCLIM38-AROME and HCLIM38-ALADIN, 
respectively.

2.2 � Verification data

HCLIM model simulations are evaluated against a number 
of different observations and reanalysis products, summa-
rized in Table 1. Observations are associated with, some-
times substantial, uncertainties that originate from multiple 
sources. These include instrument errors and uncertainties, 
location representativeness (e.g. point measurements from 
meteorological stations or areal averages from remote sens-
ing), post-processing (interpolation to a grid, quality checks) 
and spatial and temporal characteristics of the variable itself 
(Kotlarski et al. 2019; Lundquist et al. 2019; Prein and Gob-
iet 2017; Herrera et al. 2019). Systematic biases in gauge-
based observations of precipitation can be large, especially 
in windy conditions and for snowfall (Lussana et al. 2018; 
Adam and Lettenmeier 2003; Rubel and Hantel 2001). The 
main factors contributing to these biases are the local defor-
mation of the wind field by the gauge (Wolff et al. 2015), 
wetting and evaporation losses as well as underestimation of 
trace amounts (Yang et al. 2005; Rasmussen et al. 2012), all 
conspiring to lower precipitation sums compared to the real 
values. In general for the Baltic Sea area, Rubel and Hantel 
(2001) estimate that undercatch may be up to 20–50% in 
winter while being less than 5% in summer.

Climate model evaluation exercises, wherever possible, 
rely on gridded reference data sets which involves spatial 
analysis and interpolation of point measurements onto a 

Fig. 1   Domain used in the HCLIM12 simulation. The nested 
HCLIM3 domain is represented by the inner black rectangle. The 
color scale represents the altitude above mean sea level in meters. The 
magenta colored polygon defines the Fenno-Scandinavian region used 
in the analysis
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regular grid. The quality of these products largely depends 
on the availability of stations to base the interpolation on, 
implying that in regions where station density is low the 
quality of the gridded product is also lower (Herrera et al. 
2019). Obtaining high-quality observational data over moun-
tainous areas is notoriously difficult due to the large spatial 
variability over the terrain and the lack of dense networks of 
stations in these regions (Hughes et al. 2017; Lussana et al. 
2018; Lundquist et al. 2019). Lundquist et al. (2019) even 
conclude that for many mountain ranges, high-resolution 
atmospheric models actually capture range-wide annual 
precipitation with larger accuracy than the collection of pre-
cipitation gauges. A few existing gridded datasets quantify 
uncertainty estimates through the production of ensemble 
values. For example, Newman et al. (2015) created a station-
based gridded data set of ensembles of daily precipitation 
and temperature for the conterminous United States. In addi-
tion to providing more rigorous estimation of uncertainty 
this also allows uncertainty estimates to be propagated in 
downstream applications such as hydrological modeling 
where uncertainties in input meteorological fields are impor-
tant. From version 16 and onwards of the pan-European 
gridded E-OBS data set, a new method of interpolation has 
been applied generating a 100-member ensemble for each 
daily field of precipitation and temperature (mean, maximum 
and minimum) (Cornes et al. 2018). The uncertainty quanti-
fied by the ensemble only relates to interpolation uncertainty 
and, as such, is more closely related to uncertainty due to 
station density than uncertainty in the original data.

Here the model data is compared to the ensemble mean of 
the E-OBS ensemble using the spread (given by the 5–95% 
span of the ensemble members) as a measure of the obser-
vational uncertainty. Additionally, in some of the figures, 

the model mean values are related to the inter-annual vari-
ability in E-OBS (not to confuse with the ensemble spread), 
calculated as standard deviations and presented as either 
grey vertical bars or shadings. Despite the different hori-
zontal resolutions between E-OBS and NGCD (Table 1), the 
number of stations over Fenno-Scandinavia used in their 
generation is similar. However, NGCD is based on different 
interpolation methods, namely Bayesian spatial interpola-
tion, achieving a very high grid resolution of 1 × 1 km. It is 
important to note that while terrain height in the Scandina-
vian mountains can reach 2000 m or more, most stations are 
located below 1000 m, in for example valleys (see Fig. 1 in 
Lussana et al 2019). This causes large uncertainty in pre-
cipitation and temperature values over high-alpine areas and 
mountain ridges.

In the national datasets, the number of stations is simi-
lar or even somewhat larger than used in E-OBS. However, 
as illustrated in Fig. S1 in Supplementary material, E-OBS 
includes very few stations over Denmark, while Klimagrid 
(Table 1) is based on a much denser network, cf. Wang and 
Scharling (2010). Still, the hourly datasets for precipitation 
used here are mostly based on lower number of stations 
compared to their corresponding daily records and/or cover 
shorter time periods, and are therefore associated with larger 
uncertainties. The HIPRAD dataset differs from SeNorge 
and Klimagrid as it is based on radar data and uses data from 
around 700 rain gauges to correct climatological bias (Berg 
et al. 2016), thus providing good spatial coverage (except in 
the mountains). HIPRAD cover the years 2000–2014, how-
ever, due to relatively frequent and occasionally extended 
gaps in the data during the first few years, we only consider 
the time period 2005–2014.

Table 1   Observational and reanalysis data sets used in the model evaluation

See text for explanation of acronyms for variables
a Not including Denmark

Data set Description Variables used Time period Resolution References

ERA5 ECMWF reanalysis MSLP, T2m, Pr, clt, 
SWd, LWd, SH, LH

1998–2018  ~ 30 km
Daily/hourly

Hersbach et al. (2018)

E-OBS Gridded obs
Version 20.0 e

MSLP, T2m, Pr 1998–2018 0.1 deg
Daily

Cornes et al. (2018)

CLARA-A2 CM-SAF
AVHRR, second gen

SWd, clt 1998–2015 0.25 deg
Daily

Karlsson et al. (2017)

NGCD Gridded obs
Fenno-Scandinaviaa

T2m, Pr 1998–2018 1 km
Daily

Lussana et al. (2018)

SeNorge Gridded obs
Norway

Pr 2010–2018 1 km
Hourly

Lussana et al. (2018)

HIPRAD Gridded gauge-corrected 
radar data

Sweden

Pr 2000–2014 2 km
Hourly

Berg et al. (2016)

Klimagrid Danmark Gridded obs Denmark Pr 2011–2019 1 km
Hourly

Wang and Scharling (2010)
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For the evaluation of HCLIM on seasonal and monthly 
time scales, all data is remapped to the coarsest grid unless 
indicated otherwise. However, it is as important to assess 
the impact on the results using all available data, espe-
cially in assessing the added value of HCLIM on kilom-
eter-scale resolution. Therefore, a section is dedicated to 
investigate the benefits of HCLIM3 using model data and 
observations on native grids. Since most verification data 
is available for land areas only (except ERA5 and CLARA-
A2), when data is averaged over the Fenno-Scandinavia 
region (as defined by the magenta colored polygon in 
Fig. 1) we consider only land points. The analyzed period 
is reduced to match the observations (unless otherwise 
stated). In addition to the data sets in Table 1, station-
based observations provided by the Norwegian meteoro-
logical institute (MET Norway) (Lussana et al. 2018) and 
the Swedish Meteorological and Hydrological Institute 
(SMHI) (available from https​://www.smhi.se/data) have 
been used. Standard evaluation metrics such as mean bias, 
root-mean-square error (RMSE) and Pearson correlation 
coefficient (PCC) are used in the study.

2.3 � Precipitation analysis

Precipitation is characterized by strong heterogeneity, both 
in space and time; from large multi-day synoptic scales 
associated with cyclones and frontal systems, through 
meso-scale features like squall lines and orographic uplift-
ing, down to isolated convective showers with lifetimes of 
an hour or less. The “Analyzing Scales of Precipitation” 
(ASoP) method (Klingaman et al. 2017; Berthou et al. 
2018) provides a valuable means to evaluate the spatial 
and temporal aspects of precipitation distributions. In 
ASoP, the precipitation distribution is separated into dis-
crete bins of different precipitation intensities. The bins 
are defined in such a way that the number of events in each 
bin is similar (Klingaman et al. 2017). The contribution of 
each bin to the total precipitation is expressed as either an 
actual or fractional contribution. In the former, for each 
bin the frequency of events (i.e. counts) is multiplied by 
its mean precipitation giving a contribution in units of 
mm per time unit. The sum of all bins is then equal to 
the total mean precipitation of the full distribution. The 
actual contribution provides information on how much 
each precipitation rate (each bin) contributes to the total 
mean and which parts of the distribution are responsible 
for eventual biases (if compared to another distribution). 
The fractional contribution is retrieved by scaling each 
bin’s actual contribution by the total mean precipitation, 
thus providing information on the relative contribution 
of different precipitation intensities, i.e. the shape of the 
distribution regardless of total precipitation. A fractional 

contribution index (FC) is defined following Berthou et al. 
(2018) and given by;

quantifying the absolute differences in fractional con-
tributions per intensity bin (FCi) between a model (mod) 
and reference data (ref). The FC values ranges between 
0 for a perfect match and 2 for no overlap at all. We will 
show percentage differences between FC(HCLIM3, ref) and 
FC(HCLIM12, ref) which implies that a negative difference 
means added value in HCLIM3 compared to HCLIM12 and 
vice versa for a positive difference.

ASoP may be applied to each grid point in a domain, 
allowing one to assess the spatial patterns of the precipita-
tion distribution. The method is applicable to any input grid 
and temporal resolution. Here, ASoP is calculated per grid 
point, both while keeping data on native grids and when 
remapped to a common grid before calculation. This is done 
for both daily and hourly time scales.

3 � Results and discussion

3.1 � Large‑scale circulation, precipitation 
and temperature

The large-scale circulation over northern Europe and Scan-
dinavia is characterized by strong westerly flow during the 
cold season when the storm track over the North Atlantic 
is in its most active phase (Fig. 2a), turning to generally 
higher mean sea-level pressure (MSLP) and weaker gradi-
ents during the summer. The seasonal MSLP patterns in both 
configurations of HCLIM are similar to ERA5 over Fenno-
Scandinavia. Positive anomalies (higher pressure) are vis-
ible in summer (June, July, August—JJA) over continental 
Fenno-Scandinavia, and negative anomalies north of and 
over northernmost Fenno-Scandinavia in winter (December, 
January, February—DJF). In winter, when low-pressure sys-
tems frequently pass over the region, the variability of daily 
mean MSLP averaged over Fenno-Scandinavia is larger than 
in summer (Fig. 2b, top panel). The variability is similar in 
E-OBS and ERA5 and is well reproduced in HCLIM with 
the exception of an underestimation of the MSLP associated 
with the strongest high-pressure situations in winter in both 
HCLIM12 and HCLIM3.

Both HCLIM12 and HCLIM3 have, on average, larger 
precipitation amounts than observations throughout the year 
over Fenno-Scandinavia (Fig. 3; Table 2a), although still 
within E-OBS inter-annual variability (here defined as plus/
minus one standard deviation of monthly mean values in 
Fig. 3). Further, we note that the seasonally averaged 90% 

FC(mod, ref ) =
∑

i

|FCmod
i

− FC
ref

i
|,

https://www.smhi.se/data
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E-OBS ensemble spread, reflecting interpolation uncer-
tainties, is relatively large in both seasons (Table 2a; Fig. 
S1), particularly in summer, and the region average biases 
in both HCLIM12 and HCLIM3 are less than half of this 
spread. The differences between the models are largest in 
late spring and summer when HCLIM12 simulates excessive 

precipitation amounts compared to HCLIM3. In the domi-
nating westerly flow the majority of the accumulated winter 
precipitation falls at the western continental boundary of 
Fenno-Scandinavia, west and upslope of the Scandinavian 
mountains but also with local maxima in western Denmark 
and southern Sweden (Fig. 4). The lee effect of this barrier 

Fig. 2   a DJF and JJA seasonal means of daily MSLP in ERA5 (con-
tour lines at 1  hPa intervals) and differences between HCLIM and 
ERA5 (shading, units are in hPa). b Boxplot of DJF and JJA daily 
values of MSLP (top), precipitation (middle) and T2m (bottom) in 

HCLIM, E-OBS and ERA5 averaged over land grid points in Fenno-
Scandinavia. The boxes show medians (middle grey line), interquar-
tile range (box heights), the whiskers represent 5th and 95th percen-
tiles and dots are outliers

Fig. 3   Annual cycles of precipitation (a) and T2m (b) anomalies with 
respect to E-OBS over Fenno-Scandinavia. Solid lines represent all 
grid points and dotted lines grid points below 500 m altitude based 

on E-OBS orography. Dashed lines are T2m from the open land tiles 
in HCLIM. Vertical grey bars represent ± one standard deviation of 
E-OBS monthly mean values
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gives rise to a strong negative eastward gradient in precipita-
tion amounts. This feature is well captured by HCLIM; how-
ever, larger differences are seen over complex topography 

and over the northernmost parts of Norway, Sweden and 
Finland, where observations show a minimum. There sim-
ulated precipitation is around 0.5–2 mm/day larger than 

Table 2   (a) DJF and JJA seasonal mean values of daily precipitation (Pr; in mm/day) and daily T2m (mean), T2mx (maximum) and T2mn (mini-
mum) temperatures in °C

Data is averaged over the Fenno-Scandinavia region. For E-OBS the values in parenthesis are the 90% ensemble uncertainty ranges (see Sect. 2), 
and for the model-E-OBS differences in Pr the numbers in parenthesis represent the biases in percent (%). (b): Summer (JJA) season RMSE and 
PCC in HCLIM compared to CLARA-A2 for total cloud cover fraction (clt) and short-wave down-welling radiation at surface (SWd), and com-
pared to ERA5 for surface net radiation (RNS), surface sensible (SH) and latent (LH) heat fluxes

(a) Pr T2m T2mx T2mn

DJF E-OBS 2.0 (1.9) − 6.7 (2.2) − 3.5 (2.7) − 10.2 (3.2)
HCLIM12–E-OBS 0.2 (14.4) − 1.0 − 1.5 − 0.3
HCLIM3–E-OBS 0.3 (18.8) − 0.4 − 1.1 0.3

JJA E-OBS 2.6 (3.1) 12.9 (1.8) 17.6 (2.4) 8.5 (3.1)
HCLIM12–E-OBS 0.7 (25.8) − 1.2 − 2.6 − 1.2
HCLIM3–E-OBS 0.2 (7.1) − 1.3 − 2.6 − 1.3

(b) clt SWd RNS SH LH

HCLIM12
RMSE (PCC)

3.7 (0.84) 13.0 (0.80) 8.5 (0.89) 14.4 (0.44) 9.8 (0.78)

HCLIM3
RMSE (PCC)

6.0 (0.74) 16.3 (0.74) 10.9 (0.89) 12.1 (0.38) 9.7 (0.77)

Fig. 4   DJF (top panels) and JJA (bottom panels) daily mean precipitation in E-OBS (left column) and differences to HCLIM12 (middle) and 
HCLIM3 (right). Units in mm/day
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observations, corresponding to > 50% higher values (Fig. 4 
and supplementary Figure S2). However station density 
is relatively low and thus uncertainty levels in E-OBS are 
higher (Fig. S1). In addition to higher amounts of winter 
precipitation HCLIM and ERA5 overestimate the variance 
of daily mean values over Fenno-Scandinavia compared to 
E-OBS (Fig. 2b, middle panel). In summer HCLIM12 is on 
average approximately 25% wetter than E-OBS (Table 2a) 
with extensive areas of 10–50% higher amounts (Fig. 4, Fig. 
S2). In HCLIM3, on the other hand, average summer pre-
cipitation is represented more accurately; somewhat drier 
in the south and south-east and wetter in the north, again 
mostly along the mountain range, but on average in good 
agreement with E-OBS (Figs. 3, 4; Table 2a).  

As discussed earlier (Sect. 2), high-resolution (~ 5 km 
grid spacing or less) atmospheric models have often shown 
improved temporal and spatial distributions of precipitation 
over complex terrain (Lundquist et al. 2019; Hughes et al. 
2017; Prein et al. 2013b), due to better resolved dynam-
ics and processes and their interactions with the strongly 
heterogeneous surface. Ikeda et al. (2010) performed non-
hydrostatic model simulations at kilometer-scale resolution 
over the Colorado headwaters in the US for a set of winter 
seasons, and results showed good agreement with observa-
tions. Similar conclusions have also been drawn in studies 
over other mid-latitude areas with complex terrain, for exam-
ple Japan (e.g. Kawase et al. 2018). However, in HCLIM3 
the wet bias over high-altitude terrain (compared to E-OBS 
and NGCD) is larger than in HCLIM12. Part of this could 
be related to model physics, for example the micro-physics 
(e.g. Liu et al. 2011). Also, in HCLIM fixed values are used 
for the cloud concentration nuclei (CCN) numbers over sea 
(100/cm3), land (300/cm3) and cities (500/cm3). Preliminary 
sensitivity results over Norway indicate that using more real-
istic CCN values can improve the negative bias in precipita-
tion seen in the coastal regions and the positive bias over 
mountainous regions (O. Landgren, conference presentation, 
Joint 30th ALADIN Workshop and HIRLAM ASM 2020).

However, part of the wet bias seen here in winter is likely 
due to too low precipitation values in E-OBS. In addition 
to undercatch problems (which are not accounted for in the 
production of E-OBS data set), the sparseness of stations in 
mountainous regions mostly located below high-alpine areas 
and peaks, leads to high uncertainties and likely underesti-
mated precipitation sums (Isotta et al. 2015). Also, Lussana 
et al. (2018) argue that the SeNorge observation data set, 
covering Norway and part of NGCD data set (see Table 1), 
underestimates precipitation over southern Norway, a region 
where HCLIM, especially HCLIM3, has a wet bias com-
pared to E-OBS (Fig. 4). Interestingly, Crespi et al. (2019) 
was able to improve monthly climatologies of precipitation 
over Norway, especially in remote mountainous regions, by 

combining the output of another simulation with HCLIM 
run at 2.5 km resolution with in situ observations.

As E-OBS and NGCD show similar amounts this indi-
cates that the apparent bias in HCLIM may partly be due 
to problems with the observations. Using only grid points 
located below 500 m altitude (according to orography in 
E-OBS) reduces the winter wet bias in HCLIM3 by nearly 
50% and to a lesser extent in HCLIM12 (Fig. 3). Still, as 
seen in Sect. 3 below, added value is emergent in HCLIM3 
over the Scandinavian mountains when comparing snow and 
rain ratios directly to in situ observations.

Prior to analysis of the near-surface temperature (T2m) 
the model data have been interpolated to the E-OBS grid 
and height compensated for altitude differences between 
the topography of the models and E-OBS, assuming a time-
invariant lapse rate of 0.65 K/100 m. Daily mean T2m is 
overall lower in HCLIM compared to observations and rea-
nalysis in most seasons (Figs. 3, 5; Table 2a), especially in 
summer when both HCLIM12 and HCLIM3 have larger dif-
ferences than half of the E-OBS ensemble spread (Table 2a). 
At the same time, we note that a cold bias in T2m in winter 
and summer over Fenno-Scandinavia has been seen in other 
state-of-the-art RCMs as well (see e.g. Figure 2 in Belušić 
et al. 2020) indicating a common model deficiency. The 
cold bias in HCLIM is most pronounced in northern Fenno-
Scandinavia during the summer months where, on average, 
the simulated daily mean T2m is around 2 °C too low in 
both HCLIM3 and HCLIM12 (Fig. 5). In DJF colder tem-
peratures compared to E-OBS are collocated over the Scan-
dinavian mountains, especially over the ridge. The differ-
ences are in part related to differences in orographic heights 
in the model and observations, and with the more accurate 
representation of orography in HCLIM3 the differences are 
smaller. Although a lapse rate-correction of T2m has been 
applied, we note that this can sometimes be problematic dur-
ing winter when inversions are present in the valleys. East 
of the mountains, over mid- and northern Sweden and over 
Finland there are higher winter temperatures of up to 1–2 °C 
in the model. As seen in Fig. 2b (bottom panel), the variance 
of daily mean temperature in winter is underestimated (more 
so in HCLIM3 than in HCLIM12). In particular days with 
low temperatures (lower quartile and outliers in box plot) are 
underrepresented, indicating underestimation of the intensity 
and/or frequency of cold days.

The mean diurnal range of T2m is underestimated com-
pared to E-OBS both in winter and summer except over the 
Scandinavian mountains, the Baltic states and Denmark 
where the range is similar or overestimated (Fig. 6). A com-
parison of daily minimum and maximum temperatures pro-
vides further insight. The smaller range in winter is mainly 
due to higher minimum temperatures than in E-OBS (reach-
ing 3–4 °C higher values in some parts of northern Sweden 
and Finland), although lower maximum temperatures also 
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contribute to a lesser extent (Fig. S5). In the warm season, 
with emphasis in summer, HCLIM suffers from strong 
underestimation of the daily maximum temperatures, with 
biases larger than the entire 90% ensemble spread in E-OBS 
(Table 2a). The largest differences, up to approximately 4 °C 
lower maximum temperatures, occur over northern Scandi-
navia. However, the minimum temperatures are at the same 
time also lower than observations (not shown), offsetting 
some of the bias in diurnal range due to maximum tem-
peratures alone. We note that in parts of Denmark, north-
ern Poland and the Baltic states the combination of daily 
minimum temperatures being colder and the daily maxi-
mum temperatures somewhat warmer results in the diurnal 
temperature range to be significantly overestimated. How-
ever, the uncertainty in E-OBS daily minimum and maxi-
mum temperatures is high in these areas with a 90% spread 
between 3–4 °C (Fig. S1) making it difficult to judge the 
severity of the model bias. We conclude that

•	 HCLIM exhibits a significant cold bias in summer, below 
reported observation uncertainty, which is to a large part 
attributed to too low daily maximum temperatures.

•	 In winter, daily minimum temperatures are higher in 
HCLIM compared to observations, especially in northern 
part of Fenno-Scandinavia.

•	 Both above points lead to an underestimation of the diur-
nal temperature range.

The too warm daily minimum temperatures in winter 
may partly be due to an underestimation in HCLIM of 
the most intense MSLP situations (Fig. 2b). Such high-
pressure conditions are characteristic of a blocking 
anti-cyclonic circulation pattern, a feature that has been 
shown to be underestimated also in other RCMs over 
Europe compared to reanalysis data (Jury et al. 2019). 
Furthermore, since modeled T2m values presented here 
are grid point averages, these are weighted values from 
different surface tiles and patches. In our simulations, two 
patches per grid point over continental natural surfaces 

Fig. 5   DJF (top row) and JJA (bottom row) daily mean T2m in 
E-OBS (left column) and differences to HCLIM12 (middle) and to 
HCLIM3 (right). To account for differences in topography due to 

different grid resolutions, each grid point in HCLIM was height cor-
rected to the E-OBS topography, using a standard atmosphere lapse 
rate of − 0.65 °C/100 m
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are used—open land and forest. However, observation 
stations are mainly located in open land areas or forest 
glades which during the winter often exhibit colder local 
conditions than forested areas (Samuelsson et al. 2011; 
Li et al. 2015). One reason for the colder conditions are 
the generally higher albedo over open land compared 
to forest, with an even stronger albedo difference in the 
presence of snow (as snow partly resides under instead 
on top of the forest canopy). Also, the forest canopy has 
generally larger roughness lengths than open land which 
hinders development of very stable conditions and subse-
quent strong nocturnal cooling that frequently occurs in 
winter. Using model open land T2m instead of the grid 
cell average has distinct seasonal impacts on the results. In 
winter, open land daily mean temperatures are indeed low-
ered which leads to an even stronger domain average cold 
bias compared to observations (dashed lines in Fig. 3b. 
See also supplementary Figure S4). Both daily maximum 
and minimum temperatures are colder than grid average 
values. The warm bias in minimum temperatures seen for 
grid average values over large areas in northern Sweden 

and Finland turns to a cold bias compared to E-OBS (Fig. 
S4). A consequence of this is that the amplitude of the 
diurnal cycle in open land T2m is higher compared to that 
in the grid cell average and is therefore in closer agree-
ment with observations (Fig. S6). In contrast, in summer 
the grid average and open land temperatures are overall 
very similar.

3.2 � Clouds and radiation

In this section, we make a limited evaluation of cloud cover 
and surface radiation and heat fluxes in HCLIM, focusing on 
the summer months. As seen in Fig. 7, compared to ERA5 
HCLIM3 has around 20–30 W/m2 lower values of net sur-
face radiation (RNS) during the daylight hours in summer. 
This is mostly due to lower fluxes of incoming solar radia-
tion (see below) that further cause the sensible heat (SH) 
fluxes to also be underestimated. In HCLIM12 the bias in 
RNS is also negative but not as large. However, it overes-
timates the latent heat (LH) fluxes while underestimating 
SH fluxes, which is most likely related to the overly wet 
conditions (Figs. 3, 4) leading to a stronger near-surface 

Fig. 6   Same as in Fig. 5 but for mean diurnal range of the near-surface temperature, i.e. the difference between daily maximum and minimum 
temperatures
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evaporative cooling. HCLIM3 on the other hand has simi-
lar LH as ERA5 but underestimates SH, which means that 
the Bowen ratio is lower in HCLIM3. The annual cycle of 
monthly mean shortwave down-welling radiation (SWd) in 
HCLIM was further compared to 17 measurement stations 
located over Sweden and operated by the Swedish Mete-
orological and Hydrological Institute (SMHI). This con-
firmed the above results; in the warm season HCLIM values 
were most often lower than observations by more than one 
standard deviation of the measurements (not shown), where 
standard deviation was defined by the monthly inter-annual 
variability in station data. On average HCLIM has between 
10–15 W/m2 lower SWd fluxes (at individual sites up to 
25–30 W/m2 lower), the bias being most evident for stations 
located in northern Sweden.

Compared to the CLARA-A2 satellite data, HCLIM and 
ERA5 both simulate larger total cloud cover (clt) frac-
tions and correspondingly lower fluxes of SWd in JJA over 
Scandinavia (Fig. 8a, b). The largest differences occur in 
HCLIM3 (Table 2b), particularly over northern Scandi-
navia which is also the region with the largest errors in 
daily maximum T2m (compare Fig. 8 with Fig. 5, see also 
Fig. S7). The latter is significantly driven by the amount 
of solar radiation available at the surface which peaks 
around local afternoon. A comparison of cloud cover for 
cloud types differentiated by height of occurrence (low-, 
medium- and high-level clouds) with respect to CLARA-
A2 and ERA5 (not shown) indicates that the positive cloud 
cover bias in HCLIM is primarily due to larger seasonal 
average fractions of low-level clouds. These clouds often 
make efficient shields for incoming solar radiation due 
to their high opacity. The frequency distributions of JJA 

monthly mean clt fractions differ between HCLIM12 and 
HCLIM3 (Fig. 8c). In the CPRCM the shape of the dis-
tribution is similar to CLARA-A2 but shifted to larger 
cloud fractions. HCLIM12 on the other hand has a more 
narrow distribution with higher frequency of cloud cover 
fractions in the 55–75% range (close to the most typical 
values in CLARA-A2) and lower frequencies elsewhere. 
In the frequency distributions of JJA monthly mean SWd 
(Fig. 8d) there is a clear shift to lower values in HCLIM 
compared to both CLARA-A2 and ERA5, with similar 
biases in HCLIM12 and HCLIM3. We further note that 
the seasonal means of down-welling longwave radiation 
at the surface (LWd) as simulated by HCLIM are similar 
to ERA5. The differences are generally within the ± 10% 
range, somewhat weighted towards lower values in 
HCLIM (not shown). In conclusion, in the HCLIM simu-
lations there is evidence of:

•	 Too large summer season cloud cover fractions over 
Fenno-Scandinavia, especially the northern part where 
differences reach 15–20% compared to satellite data. 
HCLIM3 has larger bias than HCLIM12 (RMSE of 6.0 
and 3.7 respectively, see Table 2b).

•	 Concurrent underestimation of short-wave radiation 
reaching the surface with a net surface radiation energy 
deficit compared to ERA5.

The overestimated cloud cover is thus most likely the 
major cause for the lower than observed daily maximum 
temperatures through a deficit in SWd (compare e.g. Fig-
ure 5 with supplementary Figure S7).

Fig. 7   DJF (a) and JJA (b) diurnal cycles of the surface energy 
budget; solid lines represent net surface radiation flux (RNS), dashed 
lines the latent heat (LH) fluxes and dot-dashed lines the sensible heat 

(SH)  fluxes. Units are in W/m2. Grey shading around ERA5 repre-
sents ± one standard deviation of seasonal mean values (for each 
3 h-step)
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RCMs inherently struggle to represent cloud structures 
with, for example, often too large cloud fractions (Kothe 
et al. 2011) especially for high clouds (Böhme et al. 2011) 
and do not capture the diurnal cycle of some cloud types 
particularly well. Using CPRCMs some of these biases are 
reduced (Hentgen et al. 2019). For example several stud-
ies have shown decreased cloud fractions (Ban et al. 2014; 
Brisson et al. 2016) or more frequent cloud-free conditions 
(Prein et al. 2013a) in CPRCMs compared to RCMs. As a 
consequence there is an increase in SWd that impacts the 
near-surface temperatures.

The larger overestimation of cloud cover in HCLIM3 
than in HCLIM12 thus contrasts with other studies show-
ing instead reduced cloud fractions in the warm sea-
son in CPRCMs compared to RCMs (noting again that 
HCLIM12, apart from the presence of convection param-
eterization, differs in model physics for the atmosphere 
from that in HCLIM3). The lower Bowen ratio in HCLIM3 
compared to ERA5 indicates that more energy is used in 
surface evaporation and less in heating of the atmosphere 
through sensible heat. This could mean a too strong mois-
tening of the planetary boundary layer and too high cloud 
cover fractions during the day which would lead to reduced 

Fig. 8   Summer (JJA) mean of a: total cloud cover fraction (clt in per-
cent) and b: shortwave down-welling radiation at the surface (SWd 
in W/m2), in CLARA-A2 and percentage differences in HCLIM3, 

HCLIM12 and ERA5 with respect to CLARA-A2. Frequency distri-
butions of JJA monthly clt (c) and SWd (d) over Fenno-Scandinavia
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SWd. In accordance with this, in recent NWP versions of 
HARMONIE-AROME (similar physics as in HCLIM3) 
there have been problems with the Leaf-Area-Index (LAI) 
in the model, causing too much daytime evaporation (S. 
Tijm, personal communication, May 2020). Further inves-
tigation is needed to establish the causes for the tempera-
ture, cloud and radiation biases; however, this is beyond 
the scope of this study.

3.3 � Benefits of high‑resolution HCLIM

In this section, we focus on investigating the added value 
of applying HCLIM in convection-permitting configuration 
over Fenno-Scandinavia, with emphasis on precipitation. 
We address three aspects of added value by showing exam-
ples of improved performance in representing; (1) different 

precipitation intensities including extreme precipitation, (2) 
the diurnal cycle of summertime precipitation and (3) the 
fraction of solid precipitation in high-altitude areas.

As shown earlier, HCLIM is on average wetter than the 
E-OBS and NGCD observations over Fenno-Scandinavia 
throughout most seasons (Fig. 3a). For winter, the ASoP 
analysis of daily precipitation shows that almost all pre-
cipitation intensities in HCLIM12 and all in HCLIM3 con-
tribute to the higher total mean amounts, with the largest 
contribution from intensities between 1 and 10 mm/day 
(Fig. 9a). HCLIM3 overestimates intensities just above 
10 mm/day unlike HCLIM12, while both HCLIM3 and 
HCLIM12 overestimate intensities higher than ca 30 mm/
day, possibly linked to the mentioned observational 
uncertainty. In terms of fractional contribution, HCLIM3 
is in closer agreement to NGCD for low (< 5 mm/day), 

Fig. 9   Actual contributions per intensity bin to the total mean pre-
cipitation, units in mm per time unit. DJF (a) and JJA (b) daily pre-
cipitation over Fenno-Scandinavia, and, JJA hourly precipitation 
over Norway (c), Sweden (d) and Denmark (e) compared to national 
high-resolution data sets (see Table  1). Lower panels in each row 
show the differences compared to reference observations (given by 

black lines in respective upper panels). In a, b all data has been rema-
pped to the E-OBS grid prior to analysis. In c–e the data were kept 
on native grids, except that for HCLIM3 the analysis was made both 
on the native-grid data (dashed line) and the data remapped to the 
HCLIM12 grid (solid line)
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moderate (5–20 mm/day) and high (> 20 mm/day) pre-
cipitation rates (Table 3). Figure 9b shows that the wetter 
conditions in summer in HCLIM compared to NGCD are 
due to too large contributions from nearly all intensities, 
however, the biases are smaller in HCLIM3. Furthermore, 
the shape of the distribution (fractional contributions per 
intensity bin) in HCLIM3 is in remarkable agreement with 
NGCD (Table 3; supplementary Figure S8). HCLIM12, 
on the other hand, clearly has too large contributions from 
events with intensities < 10 mm/day compared to higher 
intensity events.

A significant part of summer precipitation is of convec-
tive nature (either “purely” as in meso-scale convective sys-
tems or embedded in larger scale features like cold fronts) 
and tend to be of short duration with moderate or high inten-
sities (Prein et al. 2017). The more accurately captured sum-
mer daily precipitation distribution in HCLIM3 most likely 
reflects an improved representation of these convective 
events. This is further investigated through analysis of sum-
mer precipitation on the hourly time scale over three regions 
where observations are available (Table 1): Norway, Sweden 
and Denmark. The ASoP analysis (Fig. 9c–e) reveals that for 
all three regions HCLIM12 overestimates the contribution 
from low-to-moderate intensities (below ca 3 mm/h, see also 
Figure S8), which is a symptomatic behavior seen in coarser 
scale RCMs (Leutwyler et al. 2017; Berthou et al. 2018). 
The too frequent “drizzle” in HCLIM12 is relatively inde-
pendent of the geographical location; compared to NGCD 
the model has generally 30–70% higher frequencies of wet 
days (see supplementary Figure S3). For higher intensity 
events (5–20 mm/h), on the other hand, HCLIM12 has lower 
contribution than observed. In HCLIM3 contributions from 
low-to-moderate intensity events are reduced and total mean 
differences are small (Fig. 9c–e). As for daily precipitation 
the shape of the distributions in HCLIM3 are markedly 
closer to observations with improvements of around 40–70% 

for low, moderate and high intensities (Table 3; Fig. S8). 
There is a tendency in HCLIM3 to have larger contribu-
tions from more extreme precipitation rates, between 5 and 
20 mm/h, compared to observations, especially in Denmark 
(Fig. 9e). The small differences between HCLIM3 results 
on native grid and on the HCLIM12 grid (only a marginal 
shift to higher intensities on the native grid) bear witness to 
up-scale added value, i.e. that the improved performance of 
HCLIM3 still remains even if data is spatially aggregated 
prior to analysis. The uncertainties in observations are gen-
erally larger for more intense precipitation events. In sum-
mer, extreme precipitation is often characterized by short-
duration localized events and thus may be misrepresented 
in observations or missed entirely. The larger contributions 
in HCLIM3 compared to Klimagrid for high precipitation 
rates (Fig. 9e), where HCLIM12 is in closer agreement, are 
very likely in part due to underestimation of intense events 
in the Klimagrid observations. Klimagrid is based solely on 
station data (rain gauges) and thus intense localized events 
are expected to be underestimated to some extent due to 
incomplete spatial coverage.

Of particular interest is the question of how precipita-
tion extremes are represented in HCLIM because of its 
societal and environmental impacts. Figure 10 shows dif-
ferences with respect to observations of calculated higher 
percentiles (above the upper quartile) for daily precipita-
tion (DJF and JJA) over Fenno-Scandinavia and for hourly 
precipitation (only JJA) over the three selected countries. 
On daily time scales, irrespective of season, HCLIM3 is in 
closer agreement with NGCD observations than HCLIM12, 
with differences being within ± 5%. HCLIM12 and E-OBS 
have overall lower probabilities. Note that all data is kept on 
native grid resolutions, however, similar conclusions can be 
drawn when data has been interpolated to the coarsest grid 
prior to analysis (not shown). E-OBS has around 10–15% 
lower estimates than NGCD, with largest differences for the 

Table 3   Percentage differences in FC index between HCLIM3 and HCLIM12 (see Sect.  2) for three separate intensity levels (in mm/day or 
mm/h) corresponding to low, moderate and high precipitation rates

The last column, Total, considers the full distribution. Negative values means improved performance of HCLIM3 compared to HCLIM12, and 
vice versa for positive values. Tabulated data is based on results from Figure S8 in Supplement. For daily precipitation NGCD is the reference 
dataset and for hourly data only JJA season is considered with SeNorge, HIPRAD and Klimagrid as reference datasets respectively

Pr < 5.0 (%) 5.0 < Pr < 20.0 (%) Pr > 20.0 (%) Total (%)

Daily precipitation
 DJF − 51 − 36 − 49 − 44
 JJA − 94 − 92 − 90 − 92

Pr < 1.0 (%) 1.0 < Pr < 8.0 (%) Pr > 8.0 (%) Total (%)

Hourly precipitation
 Norway − 50 − 44 − 73 − 49
 Sweden − 74 − 71 − 79 − 72
 Denmark − 38 − 51 91 − 30
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highest percentiles, which further emphasize the importance 
of high-resolution observations in evaluation of high-resolu-
tion CPRCMs (Prein and Gobiet 2017). Larger differences 
between models and observations occur on the hourly time 
scale (Fig. 10). HCLIM3 has overall larger probabilities than 
HCLIM12 and, for Norway and Sweden, is in closer agree-
ment with high-resolution observations. Conversely, over 

Denmark, HCLIM12 has smaller differences compared to 
Klimagrid observations.

The summer mean diurnal variation of precipitation 
is also more correctly represented in HCLIM3 compared 
to HCLIM12, both in terms of frequency and intensities 
(Fig. 11), although the observed inter-annual spread is large. 
The “drizzle” issue in HCLIM12 again stands out clearly, 
particularly in the wet-hour frequency. The overestimation 

Fig. 10   Percentiles of daily (left) and hourly (right) precipitation, 
given as percentage anomalies with respect to reference data sets. For 
daily data, values are averages over Fenno-Scandinavia for both DJF 
(solid lines) and JJA (dashed lines) seasons, and the reference data set 
is NGCD (Table 1). For hourly data JJA is shown with averages com-

puted over Norway (solid lines), Sweden (dashed lines) and Denmark 
(dot-dashed lines) and reference data sets are SeNorge, HIPRAD and 
Klimagrid respectively (Table  1). Only wet days (> 1  mm/day) and 
wet hours (> 0.1 mm/h) are used in the percentile calculations

Fig. 11   JJA diurnal cycles of hourly precipitation over Norway (left 
column), Sweden (middle column) and Denmark (right column). Top 
row shows wet-hour frequencies in percent (%) and bottom row mean 

precipitation intensities in mm per hour. Grey shading in bottom pan-
els represent observed ± one standard deviation derived from seasonal 
averages, i.e. the inter-annual variability
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is largest during daytime with a distinct and higher peak in 
precipitation intensity around noon. In all three countries the 
observed peak in precipitation occurs later in the afternoon 
and HCLIM3 is able to capture the timing in closer agree-
ment with observations than HCLIM12, most evident in 
Norway and Sweden. Walther et al. (2013) investigated the 
sensitivity of the representation of diurnal cycle of precipi-
tation to the model grid resolution in summer over Sweden 
validating against rain gauges. They found that successively 
refining the grid spacing from 50 to 6 km in a model that 
parameterizes convection led to an improved timing of the 
peak by shifting it toward the end of the afternoon. How-
ever, even at 6 km resolution the model showed a too early 
peak. In contrast, HCLIM3 is able to capture the precipita-
tion peak. Comparing HCLIM to 103 rain gauges covering 
Sweden for the time period 1998–2017 further supports the 
results above that HCLIM3 improves the diurnal variation 
of precipitation amounts compared to HCLIM12 (Fig. S9). 
Differences in performance seen here, especially for the tim-
ing of the diurnal peak, are rather typical when comparing 
models with parameterized convection and CPRCMs (Prein 
et al. 2015) and similar added value has been seen in other 
areas in Europe, for example in Central and Western Europe 
(Ban et al. 2014; Leutwyler et al. 2017; Berthou et al. 2018; 
Fosser et al. 2015; Belušić et al. 2020). However, over Den-
mark the shape of the diurnal cycle is not as well represented 
in HCLIM3 compared to Klimagrid (HCLIM12 have similar 
shape as in the other regions). In particular, HCLIM3 exhib-
its a minimum in precipitation intensity during the morning 
hours whereas in Klimagrid the minimum occurs earlier 
during the night. Although there are uncertainties regarding 
Klimagrid precipitation intensities, particularly high inten-
sities, there is larger reliability in representing the shape 
of the mean diurnal cycle correctly. Indeed, the minimum 
during night and afternoon maximum is expected (ERA5 
also shows a minimum during night for the majority of land 
points in the region, including Denmark; not shown). The 
reason for the anomalous behavior of HCLIM3 is not clear 
at this stage and will be further investigated.

Evaluating simulated snowfall is challenging for several 
reasons, the cornerstone being related to the difficulties in 
measuring snowfall (e.g. Rasmussen et al. 2012). Rasmus-
sen et al. (2012) have shown that for the same area, snow 
observations can largely differ due to the wind influence, 
adding difficulties to validate simulated snow accumulation 
even with in-situ observation. To overcome this issue, we 
use the annual fraction of solid precipitation to validate the 
simulated results with station-based observations (Fig. 12). 
This variable is calculated by dividing the number of days 
with solid precipitation by the total number of wet days. The 
observations are provided by the Norwegian Meteorological 
Institute (Lussana et al. 2018). Figure 12b is showing a clear 
increase of the fraction of solid precipitation with higher 

elevation when compared to Fig. 12a; mostly due to a more 
realistic representation of the topography in HCLIM3. There 
are, however, also considerable changes over low elevation 
areas in Sweden and Finland, indicating that the different 
physics and microphysical schemes in the two model ver-
sions are also impacting the amount of snowfall. When 
zooming in on a smaller area (Fig. 12c, d), one can see how 
the topography has an important impact on solid precipita-
tion; the smoother topography of HCLIM12 results in an 

Fig. 12   Annual mean fraction of solid compared to total precipi-
tation as simulation by HCLIM12 (a) and HCLIM3 (b), while c, d 
are showing a regional zoom comparing the simulated results to 
station-based observations (black circles). e The fractions of solid 
precipitation as a function of elevation for observations (black) over 
Norway and the associated nearest grid point from HCLIM12 (blue) 
and HCLIM3 (red). The top and right panels are showing the density 
plots for the fraction of solid precipitation and elevation, respectively
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underestimation. The observations overlaid on Fig. 12c, d 
(dots) reveal that HCLIM3 overall has a better representa-
tion of simulated solid precipitation, as a combined result 
of the changed physics schemes and higher spatial resolu-
tion. Figure 12e shows the fraction of solid precipitation as 
a function of the elevation in HCLIM12, HCLIM3 and the 
observations (blue, red and black, respectively). It appears 
that while HCLIM3 is still not reproducing the observed 
snowfall frequency at the station locations, there is a clear 
shift toward a larger snowfall fraction for the higher reso-
lution model, making HCLIM3 more consistent with the 
observations. Note though that the approach used to select 
grid-point does not take into account the elevation, which 
might have resulted in larger differences for some locations 
due to the highly complex topography of the region.

4 � Summary and conclusions

21-year long simulations covering the years 1997–2018 have 
been conducted using the HCLIM cycle 38 regional climate 
model: HCLIM12 using ALADIN physics configuration at 
12 km grid spacing with hydrostatic dynamics and a convec-
tion parameterization scheme; and HCLIM3 using AROME 
physics with non-hydrostatic dynamics and convection-
permitting horizontal resolution of 3 km. HCLIM12 was 
applied over a domain covering the main part of Europe 
(excluding the southernmost regions) while HCLIM3 was 
applied over an inner nested domain covering the Fenno-
Scandinavian region. The HCLIM3 simulation is, to the best 
of the authors’ knowledge, the first long-term simulation at 
convection-permitting scales covering Fenno-Scandinavia. 
Our motivation is to investigate the benefits from such high-
resolution climate simulations in this region.

The results are summarized as the following:

•	 The long-term annual and seasonal means of the climate 
variables analyzed here are reasonably well captured over 
Fenno-Scandinavia by HCLIM (both on 12- and 3-km 
grid resolutions) mostly within reported uncertainties in 
observations.

•	 One important exception is the inadequate representation 
of the diurnal variation of the near-surface temperature, 
particularly during the summer season when HCLIM 
strongly underestimates daily maximum temperatures 
over widespread land areas.

•	 The underestimated daily maximum temperatures entails 
a negative bias in the model in shortwave down-welling 
radiation (SWd) at the surface, both compared to satel-
lite, reanalysis and station data, spatially correlated with 
a positive bias in cloud cover.

•	 Over Fenno-Scandinavia, HCLIM is able to reproduce 
spatial and temporal characteristics of daily mean pre-

cipitation, although the coarser model (HCLIM12) has 
in general wetter conditions in summer with on average 
25% more precipitation than E-OBS observations.

•	 The relative contributions from different daily precip-
itation rates to the total mean in summer are remark-
ably well captured by HCLIM3 indicating high skill in 
representing the underlying processes. HCLIM12, with 
parameterized convection, instead distinctly overesti-
mates low-to-moderate precipitation rates, a major cul-
prit for the wetter conditions.

•	 On the sub-daily time scales there is more clear evidence 
of added value for precipitation in HCLIM3, especially 
in summer. In addition to improved representation of the 
contribution of different intensities to the total mean, 
including extremes, HCLIM3 also shows improved tim-
ing and amplitude in the diurnal cycle.

•	 HCLIM3 has improved fractions of solid to total precipi-
tation in high-altitude areas for which the high-resolution 
representation of the complex orography in mountain 
areas plays an important role.

Observations are inherently associated with uncertain-
ties, and parts of the model biases seen here may be related 
to observations, especially in the Scandinavian mountains 
where sparse networks and systematic undercatch of pre-
cipitation negatively impacts observational products for this 
region. Compared to daily time scales the uncertainties in 
observations are larger on the hourly time scale, primarily 
due to reduced number of available stations and observed 
time periods. Results here emphasize the importance of 
high-resolution observations in evaluation of high-resolu-
tion models. There are indications that the strong summer 
temperature bias in HCLIM are related to surface processes, 
for example too strong latent heat fluxes relative to sensi-
ble heat fluxes (compared to ERA5) which could impact 
cloud fractions positively and SWd negatively. Also, further 
investigation of the role of micro-physics and CCN values 
for the precipitation biases over Scandinavian mountains in 
winter would help gain further insight into the model biases 
and deficiencies, as well as more effort to include additional 
high-quality observations. This is prospect for future studies.

The results presented here are generally consistent with 
other studies applying CPRCMs. We conclude that there is 
a clear benefit of using HCLIM38 at the convection-permit-
ting scale over northern Europe, in the summer as well as 
in the winter season. This demonstration of added-value of 
high-resolution modeling clearly indicates that such high-
resolution models should be taken into consideration in stud-
ies of future climate change in mountain areas and, conse-
quently, in design and implementation of climate services 
for such regions.



1910	 P. Lind et al.

1 3

Acknowledgements  This study has been undertaken as part of the 
NorCP project which is a Nordic collaboration involving climate mod-
eling groups from the Danish Meteorological Institute (DMI), Finnish 
Meteorological Institute (FMI), Norwegian meteorological institute 
(MET Norway) and the Swedish Meteorological and Hydrological 
Institute (SMHI). The authors acknowledge the use of computing and 
archive facilities at ECMWF and at the National Supercomputer Centre 
in Sweden (NSC) which is funded by the Swedish Research Council via 
Swedish National Infrastructure for Computing (SNIC).

Funding  Financial support has been provided by: Horizon 2020 
EUCP EUropean Climate Prediction system under Grant agreement 
no. 776613. The research project BioDiv-Support funded though the 
2017–2018 Belmont Forum and BiodivERsA joint call for research 
proposals, under the BiodivScen ERA-Net COFUND programme, and 
with the funding organisations AKA, ANR (ANR-18-EBI4-0007), 
BMBF (KFZ: 01LC1810A), FORMAS (2018-02434, 2018-02436, 
2018-02437, 2018-02438) and MICINN (through APCIN: PCI2018-
093149). The Maj and Tor Nessling foundation.

Data availability  The authors assure that all data and materials as well 
as software application or custom code support the published claims 
and comply with field standards. All data and material is available 
upon request.

Code availability  The ALADIN and HIRLAM consortia cooperate 
on the development of a shared system of model codes. The HCLIM 
model configuration forms part of this shared ALADIN-HIRLAM sys-
tem. According to the ALADIN-HIRLAM collaboration agreement, 
all members of the ALADIN and HIRLAM consortia are allowed to 
license the shared ALADIN-HIRLAM codes within their home coun-
try for non-commercial research. Access to the HCLIM codes can be 
obtained by contacting one of the member institutes of the HIRLAM 
consortium (see links at: https​://www.hirla​m.org/index​.php/hirla​
m-progr​amme-53). The access will be subject to signing a standardized 
ALADIN-HIRLAM license agreement (https​://www.hirla​m.org/index​
.php/hirla​m-progr​amme-53/acces​s-to-the-model​s). Some parts of the 
ALADIN-HIRLAM codes can be obtained by non-members through 
specific licenses, such as in OpenIFS (https​://confl​uence​.ecmwf​.int/
displ​ay/OIFS) and Open-SURFEX (https​://www.umr-cnrm.fr/surfe​x).

Compliance with ethical standards 

Conflict of interest  The authors declare that they have no competing 
interest.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creat​iveco​mmons​.org/licen​ses/by/4.0/.

References

Adam JC, Lettenmeier DP (2003) Adjustment of global gridded pre-
cipitation for systematic bias. J Geophys Res 108:4257. https​://
doi.org/10.1029/2002J​D0024​99

Arakawa A (2004) The cumulus parameterization problem: 
past, present, and future. J Clim 17:2493–2525. https​://doi.
org/10.1175/1520-0442(2004)017<2493:RATCP​P>2.0.CO;2

Azad R, Sorteberg A (2017) Extreme daily precipitation in coastal 
western Norway and the link to atmospheric rivers. J Geophys Res 
Atmos 122:2080–2095. https​://doi.org/10.1002/2016J​D0256​15

Ban N, Schmidli J, Schär C (2014) Evaluation of the convection-
resolving regional climate modeling approach in decade-long 
simulations. J Geophys Res Atmos 119:7889–7907. https​://doi.
org/10.1002/2014J​D0214​78

Belušić D, de Vries H, Dobler A, Landgren O, Lind P, Lindstedt D, 
Pedersen RA, Sánchez-Perrino JC et al (2020) HCLIM38: a flex-
ible regional climate model applicable for different climate zones 
from coarse to convection-permitting scales. Geosci Model Dev 
13:1311–1333. https​://doi.org/10.5194/gmd-13-1311-2020

Benestad RE (2011) A new global set of downscaled temperature 
scenarios. J Clim 24:2080–2098. https​://doi.org/10.1175/2010J​
CLI36​87.1

Bengtsson L (2010) The global atmospheric water cycle. Environ Res 
Lett 5:025002. https​://doi.org/10.1088/1748-9326/5/2/02500​2

Bengtsson L, Andrae U, Aspelien T, Batrak Y et al (2017) The HAR-
MONIE–AROME model configuration in the ALADIN–HIR-
LAM NWP system. Mon Weather Rev 145:1919–1935. https​://
doi.org/10.1175/MWR-D-16-0417.1

Berg P, Norin L, Olsson J (2016) Creation of a high resolution precipi-
tation data set by merging gridded gauge data and radar observa-
tions for Sweden. J Hydrol 541(A):6–13. https​://doi.org/10.1016/j.
jhydr​ol.2015.11.031

Berthou S, Kendon EJ, Chan SC, Ban N, Leutwyler D, Schär C, Fosser 
G (2018) Pan-European climate at convection-permitting scale: a 
model intercomparison study. Clim Dyn. https​://doi.org/10.1007/
s0038​2-018-4114-6

Brisson E, Van Weverberg K, Demuzere M, Devis A, Saeed S, Stengel 
M, van Lipzig NPM (2016) How well can a convection-permitting 
climate model reproduce decadal statistics of precipitation, tem-
perature and cloud characteristics? Clim Dyn 47:3043–3061. https​
://doi.org/10.1007/s0038​2-016-3012-z

Brockhaus P, Lüthi D, Schär C (2008) Aspects of the diurnal cycle in 
a regional climate model. Meteorol Z 17:433–443. https​://doi.
org/10.1127/0941-2948/2008/0316

Bryan GH, Wyngaard JC, Fritsch JM (2003) Resolution require-
ments for the simulation of deep moist convection. Mon 
Weather Rev 131(10):2394–2416. https​://doi.org/10.1175/1520-
0493(2003)131%3C239​4:RRFTS​O%3E2.0.CO;2

Böhme T, Stapelberg S, Akkermans T, Crewell S, Fischer J, Rein-
hardt T et al (2011) Long-term evaluation of COSMO forecasting 
using combined observational data of the GOP period. Meteorol 
Z 20(2):119–132. https​://doi.org/10.1127/0941-2948/2011/0225

Christensen JH, Christensen OB (2007) A summary of the PRU-
DENCE model projections of changes in European climate 
by the end of this century. Clim Change 81:7–30. https​://doi.
org/10.1007/s1058​4-006-9210-7

Collins M et al (2013) Long-term climate change: projections, com-
mitments and irreversibility. In: Stocker TF, et al. (eds) Climate 
change 2013: the physical science basis. IPCC, Cambridge Uni-
versity Press, Cambridge, pp 1029–1136

Cornes R, van der Schrier G, van den Besselaar EJM, Jones PD (2018) 
An ensemble version of the E-OBS temperature and precipita-
tion datasets. J Geophys Res Atmos. https​://doi.org/10.1029/2017J​
D0282​00

https://www.hirlam.org/index.php/hirlam-programme-53
https://www.hirlam.org/index.php/hirlam-programme-53
https://www.hirlam.org/index.php/hirlam-programme-53/access-to-the-models
https://www.hirlam.org/index.php/hirlam-programme-53/access-to-the-models
https://confluence.ecmwf.int/display/OIFS
https://confluence.ecmwf.int/display/OIFS
https://www.umr-cnrm.fr/surfex
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1029/2002JD002499
https://doi.org/10.1029/2002JD002499
https://doi.org/10.1175/1520-0442(2004)017<2493:RATCPP>2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017<2493:RATCPP>2.0.CO;2
https://doi.org/10.1002/2016JD025615
https://doi.org/10.1002/2014JD021478
https://doi.org/10.1002/2014JD021478
https://doi.org/10.5194/gmd-13-1311-2020
https://doi.org/10.1175/2010JCLI3687.1
https://doi.org/10.1175/2010JCLI3687.1
https://doi.org/10.1088/1748-9326/5/2/025002
https://doi.org/10.1175/MWR-D-16-0417.1
https://doi.org/10.1175/MWR-D-16-0417.1
https://doi.org/10.1016/j.jhydrol.2015.11.031
https://doi.org/10.1016/j.jhydrol.2015.11.031
https://doi.org/10.1007/s00382-018-4114-6
https://doi.org/10.1007/s00382-018-4114-6
https://doi.org/10.1007/s00382-016-3012-z
https://doi.org/10.1007/s00382-016-3012-z
https://doi.org/10.1127/0941-2948/2008/0316
https://doi.org/10.1127/0941-2948/2008/0316
https://doi.org/10.1175/1520-0493(2003)131%3C2394:RRFTSO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2003)131%3C2394:RRFTSO%3E2.0.CO;2
https://doi.org/10.1127/0941-2948/2011/0225
https://doi.org/10.1007/s10584-006-9210-7
https://doi.org/10.1007/s10584-006-9210-7
https://doi.org/10.1029/2017JD028200
https://doi.org/10.1029/2017JD028200


1911Benefits and added value of convection‑permitting climate modeling over Fenno‑Scandinavia﻿	

1 3

Crespi A, Lussana C, Brunetti M, Dobler A, Maugeri M, Tveito OE 
(2019) High-resolution monthly precipitation climatologies over 
Norway (1981–2010): joining numerical model data sets and 
in situ observations. Int J Climatol 39:2057–2070. https​://doi.
org/10.1002/joc.5933

Dai A (2006) Precipitation characteristics in eighteen coupled climate 
models. J Clim 19:4605–4630. https​://doi.org/10.1175/JCLI3​884.1

Dai A, Trenberth KE (2004) The diurnal cycle and its depiction in the 
community climate system model. J Clim 17:930–951. https​://
doi.org/10.1175/1520-0442(2004)017,0930:TDCAI​D.2.0.CO;2

Dee DP et al (2011) The ERA-interim reanalysis: configuration and 
performance of the data assimilation system. Q J R Meteorol Soc 
137:553–597. https​://doi.org/10.1002/qj.828

Fosser G, Khodayar S, Berg P (2015) Benefit of convection permit-
ting climate model simulations in the representation of convective 
precipitation. Clim Dyn 44:45–60. https​://doi.org/10.1007/s0038​
2-014-2242-1

Gao Y, Leung LR, Zhao C, Hagos S (2017) Sensitivity of U.S. sum-
mer precipitation to model resolution and convective param-
eterizations across gray zone resolutions. J Geophys Res Atmos 
122:2714–2733. https​://doi.org/10.1002/2016J​D0258​96

Heikkilä U, Sandvik A, Sorteberg A (2011) Dynamical downscaling 
of ERA-40 in complex terrain using the WRF regional climate 
model. Clim Dyn 37:1551–1564. https​://doi.org/10.1007/s0038​
2-010-0928-6

Hellström C (2005) Atmospheric conditions during extreme and non-
extreme precipitation events in Sweden. Int J Climatol 25:631–
648. https​://doi.org/10.1002/joc.1119

Hentgen L, Ban N, Kröner N, Leutwyler D, Schär C (2019) Clouds in 
convection-resolving climate simulations over Europe. J Geo Res 
Atmos 124(7):3849–3870

Herrera S, Kotlarski S, Soares PMM et al (2019) Uncertainty in grid-
ded precipitation products: Influence of station density, interpo-
lation method and grid resolution. Int J Climatol 39:3717–3729. 
https​://doi.org/10.1002/joc.5878

Hersbach H, de Rosnay HP, Bell B, Schepers D, Simmons A et al 
(2018) Operational global reanalysis: progress, future directions 
and synergies with NWP. ECMWF ERA Rep Ser 27:20

Hughes M, Lundquist JD, Henn B (2017) Dynamical downscaling 
improves upon gridded precipitation products in the Sierra Nevada, 
California. Clim Dyn. https​://doi.org/10.1007/s0038​2-017-3631-z

Irannezhad M, Chen D, Kløve B, Moradkhani H (2017) Analysing the 
variability and trends of precipitation extremes in Finland and 
their connection to atmospheric circulation patterns. Int J Climatol 
37(S1):1053–1066. https​://doi.org/10.1002/joc.5059

Isemer H-J, Russak V, Tuomenvirta H (2015) Annex A.1.2. In: BACC 
II Author Team (eds) Second assessment of climate change for 
the Baltic Sea basin, Regional Climate Studies. Springer, Cham

Isotta FA, Vogel R, Frei C (2015) Evaluation of European regional rea-
nalyses and downscalings for precipitation in the Alpine region. 
Meteorol Z 24(1):15–37. https​://doi.org/10.1127/metz/2014/0584

Jacob D, Petersen J, Eggert B et al (2014) EURO-CORDEX: new 
high-resolution climate change projections for European impact 
research. Reg Environ Change 14:563. https​://doi.org/10.1007/
s1011​3-013-0499-2

Jury MW, Herrera S, Gutiérrez JM, Barriopedro D (2019) Block-
ing representation in the ERA-Interim driven EURO-CORDEX 
RCMs. Clim Dyn 52:3291–3306. https​://doi.org/10.1007/s0038​
2-018-4335-8

Karlsson K-G, Anttila K, Trentmann J, Stengel M, Fokke Meirink J, 
Devasthale A, Hanschmann T, Kothe S, Jääskeläinen E, Sedlar J, 
Benas N, van Zadelhoff G-J, Schlundt C, Stein D, Finkensieper S, 
Håkansson N, Hollmann R (2017) CLARA-A2: the second edition 
of the CM SAF cloud and radiation data record from 34 years of 
global AVHRR data. Atmos Chem Phys 17:5809–5828. https​://
doi.org/10.5194/acp-17-5809-2017

Kawase H, Yamazaki A, Iida H, Aoki K, Sasaki H, Murata A, Nosaka 
M (2018) Simulation of extremely small amounts of snow 
observed at high elevations over the Japanese Northern Alps in 
the 2015/16 winter. SOLA 14:39–45. https​://doi.org/10.2151/
sola.2018-007

Kendon EJ, Roberts NM, Fowler HJ, Roberts MJ, Chan SC, Senior CA 
(2014) Heavier summer downpours with climate change revealed 
by weather forecast resolution model. Nat Clim Change 4:570–
576. https​://doi.org/10.1038/nclim​ate22​58

Kendon EJ, Ban N, Roberts NM, Fowler HJ, Roberts MJ, Chan SC, 
Evans JP, Fosser G, Wilkinson JM (2017) Do convection-permit-
ting regional climate models improve projections of future pre-
cipitation change? Bull Am Meteorol Soc 98:79–93. https​://doi.
org/10.1175/BAMS-D-15-0004.1

Klingaman NP, Martin GM, Moise A (2017) ASoP (v1.0): a set of 
methods for analyzing scales of precipitation in general circulation 
models. Geosci Model Dev 10:57–83. https​://doi.org/10.5194/
gmd-10-57-2017

Kothe S, Dobler A, Beck A, Ahrens B (2011) The radiation budget in 
a regional climate model. Clim Dyn 36:1023–1036. https​://doi.
org/10.1007/s0038​2-009-0733-2

Kotlarski S, Szabó P, Herrera S et al (2019) Observational uncertainty 
and regional climate model evaluation: a pan-European per-
spective. Int J Climatol 39:3730–3749. https​://doi.org/10.1002/
joc.5249

Ikeda K, Rasmussen R, Liu C, Gochis D et al (2010) Simulation of 
seasonal snowfall over Colorado. Atm Res 97(4):462–477. https​
://doi.org/10.1016/j.atmos​res.2010.04.010

Langhans W, Schmidli J, Fuhrer O, Bieri S, Schär C (2013) Long-term 
simulations of thermally driven flows and orographic convection 
at convection-parameterizing and cloud-resolving resolutions. J 
Appl Meteorol Climatol 52:1490–1510. https​://doi.org/10.1175/
JAMC-D-12-0167.1

Larsen MAD, Thejll P, Christensen JH, Refsgaard JC, Jensen KH 
(2013) On the role of domain size and resolution in the simu-
lations with the HIRHAM region climate model. Clim Dyn 
40:2903–2918. https​://doi.org/10.1007/s0038​2-012-1513-y

Lenderink G, Belušić D, Fowler HJ, Kjellström E, Lind P, van Mei-
jgaard E, van Ulft B, de Vries H (2019) Systematic increases 
in the thermodynamic response of hourly precipitation extremes 
in an idealized warming experiment with a convection-permit-
ting climate model. Environ Res Lett 14:L074012. https​://doi.
org/10.1088/1748-9326/ab214​a

Leutwyler D, Lüthi D, Ban N, Fuhrer O, Schär C (2017) Evaluation 
of the convection-resolving climate modeling approach on conti-
nental scales. J Geophys Res Atmos 122:5237–5258. https​://doi.
org/10.1002/2016J​D0260​13

Li Y, Zhao M, Motesharrei S, Mu Q, Kalnay E, Li S (2015) Local 
cooling and warming effects of forests based on satellite observa-
tions. Nat Commun 6:6603. https​://doi.org/10.1038/ncomm​s7603​

Liang X-Z (2004) Regional climate model simulation of summer pre-
cipitation diurnal cycle over the United States. Geophys Res Lett 
31:L24208. https​://doi.org/10.1029/2004G​L0210​54

Lind P, Lindstedt D, Kjellström E, Jones C (2016) Spatial and temporal 
characteristics of summer precipitation over central Europe in a 
suite of high-resolution climate models. J Clim 29:3501–3518. 
https​://doi.org/10.1175/JCLI-D-15-0463.1

Lindstedt D, Lind P, Kjellström E, Jones C (2015) A new regional 
climate model operating at the meso-gamma scale: performance 
over Europe. Tellus A Dyn Meteorol Oceanogr 67:1. https​://doi.
org/10.3402/tellu​sa.v67.24138​

Liu C, Ikeda K, Thompson G, Rasmussen R, Dudhia J (2011) High-
resolution simulations of wintertime precipitation in the Colorado 
headwaters region: sensitivity to physics parameterizations. Mon 
Weather Rev 139:3533–3553. https​://doi.org/10.1175/MWR-D-
11-00009​.1

https://doi.org/10.1002/joc.5933
https://doi.org/10.1002/joc.5933
https://doi.org/10.1175/JCLI3884.1
https://doi.org/10.1175/1520-0442(2004)017,0930:TDCAID.2.0.CO;2
https://doi.org/10.1175/1520-0442(2004)017,0930:TDCAID.2.0.CO;2
https://doi.org/10.1002/qj.828
https://doi.org/10.1007/s00382-014-2242-1
https://doi.org/10.1007/s00382-014-2242-1
https://doi.org/10.1002/2016JD025896
https://doi.org/10.1007/s00382-010-0928-6
https://doi.org/10.1007/s00382-010-0928-6
https://doi.org/10.1002/joc.1119
https://doi.org/10.1002/joc.5878
https://doi.org/10.1007/s00382-017-3631-z
https://doi.org/10.1002/joc.5059
https://doi.org/10.1127/metz/2014/0584
https://doi.org/10.1007/s10113-013-0499-2
https://doi.org/10.1007/s10113-013-0499-2
https://doi.org/10.1007/s00382-018-4335-8
https://doi.org/10.1007/s00382-018-4335-8
https://doi.org/10.5194/acp-17-5809-2017
https://doi.org/10.5194/acp-17-5809-2017
https://doi.org/10.2151/sola.2018-007
https://doi.org/10.2151/sola.2018-007
https://doi.org/10.1038/nclimate2258
https://doi.org/10.1175/BAMS-D-15-0004.1
https://doi.org/10.1175/BAMS-D-15-0004.1
https://doi.org/10.5194/gmd-10-57-2017
https://doi.org/10.5194/gmd-10-57-2017
https://doi.org/10.1007/s00382-009-0733-2
https://doi.org/10.1007/s00382-009-0733-2
https://doi.org/10.1002/joc.5249
https://doi.org/10.1002/joc.5249
https://doi.org/10.1016/j.atmosres.2010.04.010
https://doi.org/10.1016/j.atmosres.2010.04.010
https://doi.org/10.1175/JAMC-D-12-0167.1
https://doi.org/10.1175/JAMC-D-12-0167.1
https://doi.org/10.1007/s00382-012-1513-y
https://doi.org/10.1088/1748-9326/ab214a
https://doi.org/10.1088/1748-9326/ab214a
https://doi.org/10.1002/2016JD026013
https://doi.org/10.1002/2016JD026013
https://doi.org/10.1038/ncomms7603
https://doi.org/10.1029/2004GL021054
https://doi.org/10.1175/JCLI-D-15-0463.1
https://doi.org/10.3402/tellusa.v67.24138
https://doi.org/10.3402/tellusa.v67.24138
https://doi.org/10.1175/MWR-D-11-00009.1
https://doi.org/10.1175/MWR-D-11-00009.1


1912	 P. Lind et al.

1 3

Lundquist J, Hughes M, Gutmann E, Kapnick S (2019) Our skill in 
modeling mountain rain and snow is bypassing the skill of our 
observational networks. Bull Am Meteorol Soc 100:2473–2490. 
https​://doi.org/10.1175/BAMS-D-19-0001.1

Lussana C, Saloranta T, Skaugen T, Magnusson J, Tveito OE, Andersen 
J (2018) seNorge2 daily precipitation, an observational gridded 
dataset over Norway from 1957 to the present day. Earth Syst 
Sci Data 10:235–249. https​://doi.org/10.5194/essd-10-235-2018

Lussana C, Tveito OE, Dobler A, Tunheim K (2019) seNorge_2018, 
daily precipitation, and temperature datasets over Norway. 
Earth Syst Sci Data 11:1531–1551. https​://doi.org/10.5194/
essd-11-1531-2019

Mazon J, Niemelä S, Pino D, Savijärvi H, Vihma T (2015) Snow bands 
over the Gulf of Finland in wintertime. Tellus A Dyn Meteorol 
Oceanogr 67:1. https​://doi.org/10.3402/tellu​sa.v67.25102​

Molinari J, Dudek M (1992) Parameterization of convective pre-
cipitation in mesoscale numerical models: a critical review. 
Mon Weather Rev 120:326–344. https​://doi.org/10.1175/1520-
0493(1992)120,0326:POCPI​M.2.0.CO;2

Murata A, Sasaki H, Kawase H et al (2017) Evaluation of precipitation 
over an oceanic region of Japan in convection-permitting regional 
climate model simulations. Clim Dyn 48:1779–1792. https​://doi.
org/10.1007/s0038​2-016-3172-x

Newman AJ, Clark MP, Craig J et al (2015) Gridded ensemble precipi-
tation and temperature estimates for the contiguous United States. 
J Hydrometeorol 16(6):2481–2500

Nikulin G, Kjellström E, Hansson U, Strandberg G, Ullerstig A (2011) 
Evaluation and future projections of temperature, precipitation 
and wind extremes over Europe in an ensemble of regional climate 
simulations. Tellus A Dyn Meteorol Oceanogr 63(1):41–55. https​
://doi.org/10.1111/j.1600-0870.2010.00466​.x

Pontoppidan M, Reuder J, Mayer S, Kolstad EW (2017) Downscaling 
an intense precipitation event in complex terrain: the importance 
of high grid resolution. Tellus A Dyn Meteorol Oceanogr 69:1. 
https​://doi.org/10.1080/16000​870.2016.12715​61

Prein AF, Gobiet A (2017) Impacts of uncertainties in European grid-
ded precipitation observations on regional climate analysis. Int J 
Climatol 37:305–327. https​://doi.org/10.1002/joc.4706

Prein AF, Gobiet A, Suklitsch M, Truhetz H, Awan NK, Keuler K, 
Georgievski G (2013a) Added value of convection permitting 
seasonal simulations. Clim Dyn 41(9–10):2655–2677. https​://
doi.org/10.1007/s0038​2-013-1744-6

Prein AF, Holland GJ, Rasmussen RM, Done J, Ikeda K, Clark MP, 
Liu CH (2013b) Importance of regional climate model grid spac-
ing for the simulation of heavy precipitation in the Colorado 
headwaters. J Clim 26:4848–4857. https​://doi.org/10.1175/JCLI-
D-12-00727​.1

Prein AF, Langhans W, Fosser G, Ferrone A, Ban N, Goergen K, Kel-
ler M, Tölle M, Gutjahr O, Feser F et al (2015) A review on 
regional convection-permitting climate modeling: demonstrations, 
prospects, and challenges. Rev Geophys 53:323–361. https​://doi.
org/10.1002/2014R​G0004​75

Prein AF, Liu C, Ikeda K et al (2017) Simulating North American mes-
oscale convective systems with a convection-permitting climate 
model. Clim Dyn. https​://doi.org/10.1007/s0038​2-017-3993-2

Rasmussen R, Liu C, Ikeda K, Gochis D, Yates D, Chen F, Tewari M, 
Barlage M, Dudhia J, Yu W, Miller K, Arsenault K, Grubišić V, 
Thompson G, Gutmann E (2011) High-resolution coupled climate 
runoff simulations of seasonal snowfall over Colorado: a process 
study of current and warmer climate. J Clim 24:3015–3048. https​
://doi.org/10.1175/2010J​CLI39​85.1

Rasmussen R, Baker B, Kochendorfer J, Myers T, Landolt S, Fischer 
A, Black J, Thériault J, Kucera P, Gochis D, Smith C, Nitu R, Hall 
M, Cristanelli S, Gutmann A (2012) How well are we measuring 
snow: the NOAA/FAA/NCAR winter precipitation test bed. Bull 
Am Meteorol Soc. https​://doi.org/10.1175/BAMS-D-11-00052​.1

Rubel F, Hantel M (2001) BALTEX 1/6-degree daily precipitation cli-
matology 1996–1998. Meteorol Atmos Phys 77:155–166. https​://
doi.org/10.1007/s0070​30170​024

Samuelsson P, Jones CG, Willén U, Ullerstig A, Gollvik S, Hansson 
U, Jansson C, Kjellström E, Nikulin G, Wyser K (2011) The 
Rossby Centre Regional Climate model RCA3: model descrip-
tion and performance. Tellus A 63:4–23. https​://doi.org/10.111
1/j.1600-0870.2010.00478​.x

Seity Y, Brousseau P, Malardel S, Hello G, Bénard P, Bouttier F, 
Lac C, Masson V (2011) The AROME-France convective-scale 
operational model. Mon Weather Rev 139(3):976–991. https​://doi.
org/10.1175/2010M​WR342​5.1

Stephens GL, L’Ecuyer T, Forbes R, Gettelmen A, Golaz J-C, Bodas-
Salcedo A, Suzuki K, Gabriel P, Haynes J (2010) Dreary state of 
precipitation in global models. J Geophys Res 115:D24211. https​
://doi.org/10.1029/2010J​D0145​32

Termonia P, Fischer C, Bazile E, Bouyssel F et al (2018) The ALADIN 
system and its canonical model configurations AROME CY41T1 
and ALARO CY40T1. Geosci Model Dev 11:257–281. https​://
doi.org/10.5194/gmd-11-257-2018

Vautard R, Gobiet A, Sobolowski S, Kjellström E, Stegehuis A, 
Watkiss P, Mendlik T, Landgren O, Nikulin G, Teichmann C, 
Jacob D (2014) The European climate under a 2°C global warm-
ing. Environ Res Lett 9:034006. https​://doi.org/10.1088/1748-
9326/9/3/03400​6

Van Pham T, Brauch J, Früh B, Ahrens B (2016) Simulation of snow-
bands in the Baltic Sea area with the coupled atmosphere-ocean-
ice model COSMO-CLM/NEMO. Meteorol Z 26:71–82. https​://
doi.org/10.1127/metz/2016/0775

Vergara-Temprado J, Ban N, Panosetti D, Schlemmer L, Schär C (2020) 
Climate models permit convection at much coarser resolutions 
than previously considered. J Clim 33:1915–1933. https​://doi.
org/10.1175/JCLI-D-19-0286.1

Von Storch H, Omstedt A, Pawlak J, Reckermann M (2015) Intro-
duction and summary. In: BACC II Author Team (eds) Second 
assessment of climate change for the Baltic Sea basin, Regional 
Climate Studies. Springer, Cham. https​://doi.org/10.1007/978-3-
319-16006​-1_1

Walther A, Jeong J-H, Nikulin G, Jones C, Chen D (2013) Evalu-
ation of the warm season diurnal cycle of precipitation over 
Sweden simulated by the Rossby centre regional climate model 
RCA3. Atmos Res 119:131–139. https​://doi.org/10.1016/j.atmos​
res.2011.10.012

Wang PR, Scharling M (2010) DMI-Technical Report, 10–13, 2010 
Klimagrid Danmark: Dokumentation og validering af Klimagrid 
Danmark i 1x1km opløsning. https​://www.dmi.dk/filea​dmin/
Rappo​rter/TR/tr10-13.pdf

Westra S, Fowler HJ, Evans JP, Alexander LV, Berg P, Johnson F, 
Kendon EJ, Lenderink G, Roberts NM (2014) Future changes to 
the intensity and frequency of short-duration extreme rainfall. Rev 
Geophys 52:522–555. https​://doi.org/10.1002/2014R​G0004​64

Wolff MA, Isaksen K, Petersen-Øverleir A, Ødemark K, Reitan T, Bræk-
kan R (2015) Derivation of a new continuous adjustment function 
for correcting wind-induced loss of solid precipitation: results of a 
Norwegian field study. Hydrol Earth Syst Sci 19:951–967

Xu Y (2019) Estimates of changes in surface wind and temperature 
extremes in southwestern Norway using dynamical downscaling 
method under future climate. Weather Clim Extremes. https​://doi.
org/10.1016/j.wace.2019.10023​4

Yang D, Kane D, Zhongping Z, Legates D, Goodison B (2005) Bias 
corrections of long-term (1973–2004) daily precipitation data over 
the northern regions. Geophys Res Lett 32:L19501. https​://doi.
org/10.1029/2005G​L0240​57

Publisher’s Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1175/BAMS-D-19-0001.1
https://doi.org/10.5194/essd-10-235-2018
https://doi.org/10.5194/essd-11-1531-2019
https://doi.org/10.5194/essd-11-1531-2019
https://doi.org/10.3402/tellusa.v67.25102
https://doi.org/10.1175/1520-0493(1992)120,0326:POCPIM.2.0.CO;2
https://doi.org/10.1175/1520-0493(1992)120,0326:POCPIM.2.0.CO;2
https://doi.org/10.1007/s00382-016-3172-x
https://doi.org/10.1007/s00382-016-3172-x
https://doi.org/10.1111/j.1600-0870.2010.00466.x
https://doi.org/10.1111/j.1600-0870.2010.00466.x
https://doi.org/10.1080/16000870.2016.1271561
https://doi.org/10.1002/joc.4706
https://doi.org/10.1007/s00382-013-1744-6
https://doi.org/10.1007/s00382-013-1744-6
https://doi.org/10.1175/JCLI-D-12-00727.1
https://doi.org/10.1175/JCLI-D-12-00727.1
https://doi.org/10.1002/2014RG000475
https://doi.org/10.1002/2014RG000475
https://doi.org/10.1007/s00382-017-3993-2
https://doi.org/10.1175/2010JCLI3985.1
https://doi.org/10.1175/2010JCLI3985.1
https://doi.org/10.1175/BAMS-D-11-00052.1
https://doi.org/10.1007/s007030170024
https://doi.org/10.1007/s007030170024
https://doi.org/10.1111/j.1600-0870.2010.00478.x
https://doi.org/10.1111/j.1600-0870.2010.00478.x
https://doi.org/10.1175/2010MWR3425.1
https://doi.org/10.1175/2010MWR3425.1
https://doi.org/10.1029/2010JD014532
https://doi.org/10.1029/2010JD014532
https://doi.org/10.5194/gmd-11-257-2018
https://doi.org/10.5194/gmd-11-257-2018
https://doi.org/10.1088/1748-9326/9/3/034006
https://doi.org/10.1088/1748-9326/9/3/034006
https://doi.org/10.1127/metz/2016/0775
https://doi.org/10.1127/metz/2016/0775
https://doi.org/10.1175/JCLI-D-19-0286.1
https://doi.org/10.1175/JCLI-D-19-0286.1
https://doi.org/10.1007/978-3-319-16006-1_1
https://doi.org/10.1007/978-3-319-16006-1_1
https://doi.org/10.1016/j.atmosres.2011.10.012
https://doi.org/10.1016/j.atmosres.2011.10.012
https://www.dmi.dk/fileadmin/Rapporter/TR/tr10-13.pdf
https://www.dmi.dk/fileadmin/Rapporter/TR/tr10-13.pdf
https://doi.org/10.1002/2014RG000464
https://doi.org/10.1016/j.wace.2019.100234
https://doi.org/10.1016/j.wace.2019.100234
https://doi.org/10.1029/2005GL024057
https://doi.org/10.1029/2005GL024057

	Benefits and added value of convection-permitting climate modeling over Fenno-Scandinavia
	Abstract
	1 Introduction
	2 Data and methods
	2.1 Model and experiments
	2.2 Verification data
	2.3 Precipitation analysis

	3 Results and discussion
	3.1 Large-scale circulation, precipitation and temperature
	3.2 Clouds and radiation
	3.3 Benefits of high-resolution HCLIM

	4 Summary and conclusions
	Acknowledgements 
	References




