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S. Thorndahl, E. Førland, W. Lennart, V. Mačiulytė and A. Mäkelä (2021).
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1 INTRODUCTION

The ongoing anthropogenic climate change is driven by increasing greenhouse gas
emissions from human activities leading to an enhanced greenhouse effect and in-
creasing global surface temperature (IPCC 2021). Projected future warming is
among the largest in the world over northern high latitudes enhanced by different
feedback mechanisms (Previdi et al. 2021). For example, reducing snow and ice
coverage in a warming climate reduces the surface albedo (i.e. reflectivity) lead-
ing to the absorption of incoming solar radiation by the Earth system. In addition
to global warming, the impacts of climate change include decreasing Arctic sea ice
coverage as well as increasing global mean sea level and extreme weather events,
to mention a few (IPCC 2021). The impacts of climate change can be studied with
global and regional climate models (GCMs and RCMs, respectively). The inform-
ation on climate change is highly relevant for stakeholders and policymakers in
order to mitigate and adapt to future changes. The climate information produced
by climate models is also useful for impact modeling of, for instance, hydrological
cycle and road weather which are also affected by climate change in the Nordic
region.

The spatial resolution of GCMs has commonly been 25–300 km (e.g. Demory
et al. 2020; Moreno-Chamarro et al. 2022) while it has been around 12 km in the
state-of-the-art RCM simulations for Europe, such as those of the EURO-CORDEX
project (Jacob et al. 2020). Recently, climate models have reached even finer grid
spacings (Stevens et al. 2019; Coppola et al. 2020). Both GCMs and RCMs have
their advantages and drawbacks (see e.g. Denis et al. 2002). Generally, RCMs can
reach finer horizontal grid spacings compared to GCMs over a selected region with
the same computational power (Demory et al. 2020; Gutowski et al. 2020; Lucas-
Picher et al. 2021). There is evidence that higher grid spacings in climate models
improve the representation of small-scale features, such as precipitation extremes
(Diaconescu and Laprise 2013; Jacob et al. 2014) and local variations over highly
heterogeneous surfaces including complex topography or coastlines, compared to
coarser-resolution models (e.g. Kotlarski et al. 2014; Torma et al. 2015; Giorgi
et al. 2016).

Both GCMs and RCMs still include notable shortcomings especially related to
the treatment of convection (Dirmeyer et al. 2012; Vergara-Temprado et al. 2020).
Generally, convection needs to be described in a simplified manner with convec-
tion parameterization schemes for horizontal grid spacings above 10 km. The use
of convection parameterization has been shown to lead to inaccuracies in repres-
enting sub-daily precipitation extremes (Hanel and Buishand 2010; Gregersen et
al. 2013; Berg et al. 2019) and the diurnal cycle of precipitation (Trenberth et al.
2003; Brockhaus et al. 2008; Prein et al. 2015; Beranová et al. 2018; Pichelli et



18

al. 2021). Therefore, this raises concerns regarding the skill of climate models
to adequately represent the most intense precipitation in the present and future
climate.

Running convection-permitting regional climate models (CPRCMs) with ex-
plicit deep convection and a high grid spacing (typically < 4 km) has become
affordable on a climatic scale (10 years or more) as a result of increased com-
puter capacity (see e.g. Coppola et al. 2020; Lucas-Picher et al. 2021; Pichelli
et al. 2021). Many of the CPRCMs are based on convection-permitting numerical
weather prediction (NWP) models that have already operated at a kilometer-scale
longer than two decades (Mass et al. 2002). In addition, climatic-scale convection-
permitting GCM simulations are planned, for instance, within the NextGEMS pro-
ject (NextGEMS 2022), although it is estimated that it will take at least a dec-
ade until convection-permitting GCM simulations will be performed more widely
(Lucas-Picher et al. 2021). The use of explicit deep convection and the finer grid
spacings have been shown to alleviate some of the above-mentioned shortcom-
ings. CPRCMs can improve, for instance, the representation of the diurnal cycle
and high-intensity sub-daily precipitation events (e.g. Ban et al. 2021). An added
value of CPRCMs over RCMs has been found over Europe, Asia, Africa, and the
United States (Lucas-Picher et al. 2021 and references therein). However, running
convection-permitting models still requires more computational power compared
to RCMs, and therefore, the studies conducted with such models have commonly
concentrated on relatively small domains or only a few years (see e.g. Ban et al.
2015). In addition, convection-permitting climate modeling efforts have been re-
latively few over the Nordic region so far.

As a result of increased grid spacing and explicitly resolved deep convection
in climate models, extreme precipitation events can be simulated more realist-
ically. This is crucial because precipitation extremes cause major environmental
and socioeconomic hazards worldwide and also in the Nordic region. Especially
short-duration intense precipitation can lead to flooding, landslides, and erosion
events as well as cause damage to infrastructure, private property, agriculture, and
sometimes even to human lives. Furthermore, several observational studies have
shown that the past extreme precipitation events have become globally more fre-
quent over recent decades (Besselaar et al. 2013; Westra et al. 2013; Fowler et al.
2021). There are also indications that precipitation extremes have become more
intense over the Nordic-Baltic region (Du et al. 2019).

Precipitation extremes are predicted to increase further due to climate change
as the atmosphere can hold more moisture with increasing temperatures. This
is called the Clausius–Clapeyron relationship (Trenberth et al. 2003) which pre-
dicts an increase of precipitation by approximately 7 % per degree Celsius. Even
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higher increases can be found for local short-duration heavy precipitation events
in a warming climate (e.g. Lenderink and Van Meijgaard 2008; Berg et al. 2019;
Poschlod and Ludwig 2021). With better resolved high-intensity sub-daily precip-
itation events, convection-permitting climate models are highly needed to provide
more accurate information on the future precipitation extremes.

The main objectives of this thesis:
This thesis aims to answer the following research questions:

Q1. What are the present-day characteristics and the past changes of precipita-
tion extremes over the Nordic region? (Paper I)

Q2. How well are the features of regional climate represented in a state-of-the-
art regional climate model and RCM-driven road weather model over the
Nordic region? (Papers II, III, and IV)

Q3. What are the benefits of convection-permitting regional climate models?
(Papers III and IV)

Understanding the past and present-day features of regional climate, such as
precipitation extremes, is important in order to put the future changes in con-
text while the impacts of climate change can be studied with climate models. It
is also important to estimate the impacts of climate change on roads as difficult
road weather conditions pose a threat to public safety and health as well as to
industry and transport sectors. Road conditions can be studied with road weather
models which are examples of impact models. Both climate and impact models
need to be evaluated in the present climate to build confidence in climate change
scenarios. As discussed above, there is evidence that high-resolution convection-
permitting models can resolve precipitation extremes more accurately compared
to climate models with convection-parameterization schemes. However, running
convection-permitting models requires large computational resources, and there-
fore, the added value provided by such models needs to be addressed.

To study the first research question, the past changes and the present-day char-
acteristics of precipitation extremes were studied with a long-term observational
dataset retrieved from in situ rain gauges over the Nordic-Baltic area. For the
second research question, climate model simulations were conducted with a state-
of-the-art regional climate model, HARMONIE-Climate (HCLIM), over the Nordic-
Baltic region spanning from 13 to 21 years in the present-day climate. To show-
case a novel application of the regional climate model data, the HCLIM simulations
were also used to drive a road weather model, RoadSurf. In this thesis, the HCLIM
and RoadSurf simulations were evaluated comparing the model results to several
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observational datasets. The third research question was addressed by performing
21-year-long convection-permitting model simulations within the Nordic Convec-
tion Permitting Climate Projections (NorCP) project. In this thesis, the added value
provided by the convection-permitting model setup was investigated, especially in
its ability to resolve precipitation extremes.

The rest of the thesis is structured as follows: Section 2 gives a brief intro-
duction to regional climate models along with convection-permitting models and
precipitation formation processes. Section 3 introduces the used models, observa-
tional datasets, and methods. Section 4 gives an overview of the observed changes
in heavy precipitation events, the model performance in the present-day climate
as well as the added value provided by the convection-permitting model setup.
Section 5 discusses the results of the thesis while Section 6 summarizes the results
and gives future directions.
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2 BACKGROUND

2.1 REGIONAL CLIMATE MODELS

Regional climate models (RCMs) are one of the key tools that can be used to pro-
duce high-resolution climate information suitable for applications of vulnerability,
impacts, adaptation, and climate services (Giorgi 2019). RCMs are used to down-
scale coarser 3D climate information that provides initial and lateral boundary
conditions for RCMs. Therefore, the concept is often called dynamical downscal-
ing or nesting. The lateral boundary information is provided either by reanalyses
that are the best representations of the past atmospheric states or global climate
models (GCMs) (Lucas-Picher et al. 2021). It needs to be noted that the quality of
the driving GCM affects the quality of the RCM model output (Denis et al. 2002).
RCMs are run at high horizontal resolutions (commonly 10–25 km) over a limited
area while the GCMs are typically run with horizontal grid spacings of 25–300 km
covering the whole globe. Generally, the horizontal grid spacing of the coarser
model should be at a maximum of 12 times larger compared to the targeted grid
spacing of the RCM (Prein et al. 2015; Lucas-Picher et al. 2021). Higher resol-
utions require the use of shorter model time steps to ensure numerical stability.
Furthermore, also the vertical resolution needs to be sufficient.

In climate models, the Earth’s atmosphere is divided into a three-dimensional
grid in which a range of Earth system processes and their interactions are repres-
ented by physical equations. Parameterizations are needed to represent important
processes that take place on smaller scales compared to the grid spacing of the
model, which is considered to be one of the main sources of model errors and
uncertainty (Prein et al. 2015). Especially, deep convection is one critical sub-
grid process that typically needs to be parameterized in case of grid resolutions of
above 10 km. Many studies have shown that the use of a convection parameteriz-
ation scheme leads to a misrepresented diurnal cycle of convective precipitation,
underestimated hourly precipitation intensities, and overestimated frequencies of
low-intensity precipitation events (Prein et al. 2015).

Compared to coarser-scale models, the high resolution in RCMs improves the
representation of fine-scale land-surface interactions and atmospheric processes,
especially over regions with highly variable orography and land-sea contrasts
(Rummukainen 2016; Gutowski et al. 2020). RCMs can also be used to provide cli-
mate change information for impact researchers, stakeholders, and policymakers
(Fig. 1). The RCM simulations of present or future climate can further be em-
ployed in impact modeling, such as hydrological or road weather models. For
instance, RCMs can provide input data for road weather models that can be used
to study the impacts of regional climate on road surfaces and driving conditions.
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1. Global climate 
models / Reanalysis

2. Regional
climate models

3. Analysis

● Climate indices
● Extremes
● Variability
● Bias correction

etc.

● Impact modelers 
(e.g. hydrology, 
road weather)

● Climate services
● Stakeholders
● Policymakers

etc.

4. Users

Figure 1. The modeling chain between global climate models or reanalysis data,
regional climate models, analysis, and end-users.

2.2 CONVECTION-PERMITTING MODELS

Convection-permitting regional climate models (CPRCMs or CPMs) can be used to
downscale the RCMs to even finer grid resolutions. Typically, the grid resolution of
CPRCMs varies between 1–4 km which allows to switching off the deep convection
parameterization scheme and permits deep convection to be explicitly resolved
(Lucas-Picher et al. 2021). However, CPRCMs still include parameterizations of
smaller-scale processes, such as shallow convection and cloud microphysics.

Generally, the hydrostatic approximation used in RCMs does not hold at hori-
zontal grid spacings of less than 10 km. The hydrostatic approximation considers
a balance between the downward-directed force of gravity and upward-directed
vertical pressure gradient force, i.e. the decrease of pressure with height (White
et al. 2005; Cullen 2007) reducing the vertical momentum equation as

∂ p
∂ z
= −ρg (1)

where p is pressure, z the distance above the ground, ρ density, and g the gravita-
tional constant (Salmon 1988; Holton 1992). Generally, this assumption holds for
atmospheric phenomena that are wider than they are tall in a stable and neutral
atmosphere (Maurya et al. 2020). The Earth’s atmosphere is, on average, close to
the hydrostatic equilibrium. However, the hydrostatic balance can be disturbed,
for instance, in the case of dense cloud formation and deep convection. Therefore,
a non-hydrostatic dynamical core, i.e. the large-scale adiabatic part of a model,
needs to be used in high-resolution CPRCMs.

Many studies have shown that explicit deep convection and finer representa-
tion of topography in CPRCMs add value especially on small spatial and temporal
scales and over areas with steep orography. Improvements can be found for sub-
daily extreme precipitation as well as the timing and amplitude of diurnal cycle
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of convective events, among others (Prein et al. 2015). Also, near-surface tem-
peratures, winds, snowfall, and surface snow cover are better resolved in CPRCMs
compared to RCMs over complex topography (Lucas-Picher et al. 2021).

2.3 PRECIPITATION FORMATION

This section covers precipitation formation processes of which especially deep con-
vection is better resolved in CPRCMs compared to coarser resolution climate mod-
els. When air is rising, its pressure decreases and it expands leading to adiabatic
cooling. Cooler air can hold less water vapor, and with sufficient cooling, air can
become saturated, i.e. reach relative humidity of 100 %. If the ascent continues
or moisture is added to the air, relative humidity can rise above 100 %, which is
called supersaturation (Rogers and Yau 1996). When air is supersaturated, cloud
droplets can form if enough water is condensed on micron and sub-micron-sized
aerosol particles, i.e. small liquid or solid particles suspended in the air. Rain
droplets can form via collision and coalescence of the cloud droplets or via interac-
tions between cloud droplets and ice crystals (Rogers and Yau 1996). Supercooled
cloud droplets, ice particles, or a mixture of these can exist in clouds in which the
cloud top extends to temperatures below 0 ◦C. Supercooled liquid droplets can ex-
ist below 0 ◦C, but usually with temperatures warmer than -10 ◦C (Pruppacher and
Klett 1996). Ice can be formed, for instance, by direct deposition (sublimation) of
water vapor to the solid phase and by freezing of the liquid droplets. Depending
on how precipitation is formed, it can fall in either liquid or solid phases. Liquid
forms are rain and drizzle while the solid forms include snow, ice crystals, hail,
and graupel. However, phase changes can occur before precipitation reaches the
ground due to the vertical air temperature profile. For example, snow can melt
into raindrops in case the surface temperature is above 0 °C (Sankaré and Théri-
ault 2016).

There are several ways in which air can rise or be lifted to reach saturation, i.e.
to the lifting condensation level (LCL). Different precipitation formation methods
can be divided into stratiform, convective, and orographic (Poujol et al. 2020).
Based on Houze (1993), precipitation can be defined as stratiform when the up-
ward vertical motions producing precipitation are smaller than the speed of fall-
ing ice crystals and snow (1–3 m s−1). Stratiform precipitation can be formed via
a low ascent of air in synoptic systems, such as cold or warm fronts. The less-
dense warmer air overrides more dense colder air when air masses with different
densities collide, which in the right conditions leads to saturation and further, to
precipitation.

Orographic precipitation can be generated by a large-scale flow of moist air
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rising across the side of elevated land formations, such as mountain ridges. In the
case of relatively consistent winds (for example, the westerly wind belt in Norway),
the prevailing climate is usually more moist on the windward side of the mountain
compared to the downwind side. This is because orographic precipitation occurs
on the windward side leading to drier and warmer air on the downwind side as
the air descents leading to adiabatic warming.

Emanuel (1994) defines atmospheric convection as small-scale thermal direct
circulation which is caused by the effects of gravitation on an unstable vertical
distribution of air mass. Convection can be divided into two modes: mostly non-
precipitating shallow convection that has a shallow vertical extent of 1.5–2 km
and reaches the boundary layer inversion depth with bases below 1 km altitude as
well as deep convection that can extend to the upper troposphere or even to the
tropopause producing intense precipitation events and thunderstorms. The size of
an individual convective cell is usually between 1 and 10 km, but they can also form
larger mesoscale convective systems. These systems usually consist of multiple
organized deep convective cells which can produce a contiguous precipitation area
of 100 km or more on the horizontal scale in at least one direction (Houze 1993).

To initiate convection, some specific air parcels have to be warmer and lighter
compared to the surroundings and start rising making the air parcels buoyant.
If the air parcels can rise above a level in which they become positively buoyant
(i.e. above the level of free convection; LFC) and the layer with positive buoyancy
is deep enough (i.e. the convective available potential energy, CAPE, is high),
deep convection can occur (Markowski and Richardson 2010). Air parcels are
negatively buoyant below that level and lifting by external forces is required in
case of convective inhibition (CIN). Therefore, the initiation of deep convection
can often be associated with air mass boundaries, such as synoptic fronts and sea
breezes or heat-driven orographic circulation (Markowski and Richardson 2010).

The lifecycle of an ordinary single cell starts with an existing updraft that leads
to the towering cumulus stage (Fig. 2a). The following mature stage (Fig. 2b) de-
velops large-enough precipitation that falls downwind. Also, an anvil is formed. A
major part of the hydrometeors evaporates before reaching the ground and there-
fore, cool the environment by consuming the latent heat of evaporation, which in-
duces a cold downdraft. A gust front forms to the leading edge of the downdraft.
The dissipating stage (Fig. 2c) starts when the downdraft dominates the cell and
the cooled air spreads out of the updraft, which means that the updraft is not main-
tained. Finally, the convective cloud is dissipated to a long-lasting anvil consisting
of mainly ice crystals. Multicellular convection can occur if convection is triggered
repeatedly along the gust front, especially with moderate vertical wind shear con-
ditions (i.e. the difference in wind speed or direction that occurs at increasing
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heights in the atmosphere).

  

Height (km)

1. Towering cumulus stage 2. Mature stage 3. Dissipating stage

(a) (b) (c)

5–8 km 8–16 km 8–11 km 

Figure 2. The stages of an ordinary convective cell: (a) towering cumulus stage,
(b) mature stage, and (c) dissipating stage. Based on Markowski and Richardson
(2010).
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3 MATERIALS AND METHODS

3.1 MODELS

3.1.1 REGIONAL CLIMATE MODEL

Papers II, III, and IV employed the cycle 38 of the regional climate model
HARMONIE-Climate (HCLIM38; Belušić et al. 2020) that is used to model the
Earth’s atmosphere and is based on the ALADIN-HIRLAM numerical weather pre-
diction (NWP) system (Bengtsson et al. 2017; Termonia et al. 2018). Similar to
other RCMs, important atmospheric processes, such as radiation, turbulence, shal-
low convection, and microphysics, are parameterized in HCLIM38. The high res-
olution in RCMs compared to coarser-resolution models brings new challenges to
the used parameterization schemes and for instance, the surface parameteriza-
tions. In HCLIM38, the surface parameterization framework is SURFEX (Surface
Externalisée) in which e.g. towns are represented with a town energy balance
scheme (Masson et al. 2013). SURFEX represents subgrid surface heterogeneity
using a tiling approach in which the ocean and land surfaces are split into four
tiles: continental natural surfaces, sea, and inland water in addition to towns. In
HCLIM38, continental natural surfaces are divided into two patches, open land
and forest.

The HCLIM38 modeling system includes three different model configurations,
namely HCLIM38-ALADIN, HCLIM38-ALARO, and HCLIM38-AROME, that can be
adapted for different horizontal grid resolutions (Fig. 3). For convenience, the
shorter ALADIN, ALARO, and AROME acronyms will be used, respectively. ALADIN
is the current default option for grid resolutions over 10 km. It is used with hydro-
static dynamics and it parameterizes shallow and moist deep convection. AROME
is designed for convection-permitting resolutions (< 4 km) and it is used with
non-hydrostatic dynamics. Deep convection is resolved explicitly but shallow con-
vection is parameterized. Usually, when low-resolution GCMs are downscaled,
an intermediate model step is needed in between the GCM and the convection-
permitting model to avoid too large resolution jumps (Prein et al. 2015). ALADIN
can be used as an intermediate model step between GCMs and AROME. The per-
formance of ALADIN and ALADIN-driven AROME is evaluated in Paper III and
Paper IV.

There is a gap between the grid spacing of 10 km and the convection-permitting
scales of less than 4 km. This gap is usually called "the grey zone" since the tra-
ditional convection parameterizations are not valid but convection cannot be ex-
plicitly resolved either. While simulations within the grey zone should be avoided
with AROME and ALADIN, simulations in the convection grey zone can be per-
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Figure 3. The recommended horizontal grid resolutions for the three model con-
figurations in HCLIM38. Figure from Belušić et al. (2020).

formed with ALARO. ALARO includes a scheme which takes into account that the
size of the convective cells becomes significant compared to the grid spacing of the
model when the model resolution is finer. Similar to ALADIN and AROME, shallow
convection is parameterized in ALARO. The ALARO model configuration is evalu-
ated in Paper II. It is good to note that the three model setups include different
parameterizations for convection, radiation, turbulence, and microphysics.

3.1.2 ROAD WEATHER MODEL

A one-dimensional road weather model RoadSurf (Kangas et al. 2015) was applied
in Paper II. RoadSurf solves the energy balance at the ground surface and calcu-
lates the vertical heat transfer into the ground as well as between the ground and
the atmosphere (Fig. 4). RoadSurf parameterizes hydrological processes includ-
ing accumulation of rain and snow, run-off from the surface, evaporation, melting,
sublimation, and freezing. The road surface friction is estimated with a numerical
statistical equation (Juga et al. 2013). The model assumes a flat horizontal sur-
face for which the thermodynamic properties are similar for every simulated point.
The first two layers are always assumed to be asphalt. Topography is accounted
for implicitly through the input data, but the model does not include any shading
elements, such as trees. Also, the effect of traffic is included as the traffic is as-
sumed to pack some of the snow into ice while the remaining snow is considered
to be blown away from the road. On the other hand, wintertime road maintenance
actions, such as salting and snow plowing, are not taken into account because the
model is utilized to plan these maintenance operations.

The inputs of RoadSurf are near-surface air temperature, near-surface relat-
ive humidity, precipitation, downwelling shortwave and longwave radiation, and
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Figure 4. A schematic of the energy balance used in the RoadSurf model.
Figure reprinted with permission from Kangas et al. (2015) (Licence no.
5190210301357).

10 m wind speed. In operational use, RoadSurf initializes road conditions utiliz-
ing observations from meteorological and road weather stations as well as radars.
RoadSurf can also be used to forecast road weather for the upcoming days us-
ing NWP model data. In Paper II, RoadSurf was modified to utilize the regional
climate model data from ALARO. Also, the bottom layer ground temperature sim-
ulated by ALARO was utilized in RoadSurf. This parameter is not required as an
input by the operational version in which it is estimated by an equation based on
only one measurement site located in Southern Finland. The outputs of RoadSurf
include road surface temperature, surface friction, road surface conditions, the
water, snow, and ice storages on the road (called storage terms) as well as a traffic
index describing the prevailing driving conditions. The model includes eight road
surface condition classes (dry, damp, wet, wet snow, dry snow, frosty, partly icy,
and icy) based on the road surface temperature and the sizes of the storage terms.

3.2 DATA

3.2.1 MODEL SIMULATIONS

All regional climate model simulations considered in this thesis were performed
with the HCLIM38 model. In Paper II, ALARO was run over the Nordic region
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(151 x 181 grid boxes) with 12.5 km horizontal grid resolution for a period from
2002 to 2014. The years 2000 and 2001 were considered a spin-up and were not
included in the analysis. RoadSurf was run offline utilizing the hourly outputs from
ALARO. In Paper III and Paper IV, the model experiments were performed with
double nesting. First, ALADIN was run over a large part of Europe and the eastern
Atlantic (313 x 349 grid boxes) with a 12 km grid resolution covering 1998–2018.
The first modeled year, 1997, was considered a spin-up. AROME was run over
the Nordic region (637 x 853 grid boxes) with a horizontal grid resolution of 3
km with boundary data from ALADIN updated every 3 hours. Both ALADIN and
AROME produced outputs for each hour, except for precipitation that was available
every 15 minutes in AROME. The sea surface (sea-surface temperature and sea-ice
concentration) and lateral boundary data for both ALARO and ALADIN were taken
from the ERA-Interim reanalysis data (Dee et al. 2011) every 6 h. ALARO and
ALADIN model setups were run with hydrostatic dynamics, 65 vertical levels, and
a time step of 300 s. The AROME setup was run with a non-hydrostatic dynamical
core, 65 vertical levels, but the time step was shorter, 75 s. The simulated domains
are shown in Fig. 5.

In all Papers II, III, and IV, the analyzed regions were sufficiently far away
from the lateral boundaries. Boundary effects have been estimated to extend some
six times the grid spacing of the lateral boundary data (Matte et al. 2017), and
therefore, the affected distance is 480 km for the ALARO and ALADIN domains as
both of these models are driven by the reanalysis data that has a grid resolution of
∼80 km. In AROME, the affected distance is around 72 km. For the ALARO run,
the distance from the analyzed region to the boundaries was in places less than
480 km, but still around 200 km. Therefore, the distance is considered adequate.

3.2.2 ROAD WEATHER OBSERVATIONS

In Paper II, the RoadSurf model simulations were compared with observations
measured at 25 road weather stations located in different parts of Finland. The
nearest grid cell to each station was selected for the analysis. It needs to be kept
in mind that the road weather observations are point measurements that are com-
pared with an areal average over the model grid cell. Observations of road surface
temperatures and conditions were provided by the Vaisala ROSA road weather
package and Vaisala DRS511 sensors that were installed on the road surface (Vais-
ala 2022). The data availability was on average 79 % between 2002 and 2014.
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Figure 5. Model domains used in Papers II, III, and IV. The color scale represents
the altitude in meters. The country borders used in the analysis are marked with
magenta.

3.2.3 IN SITU OBSERVATIONS

In Paper I, the annual maximum 1-day precipitation (Rx1d hereafter) measured
at a dense station network over the Nordic-Baltic region was studied. In addition,
the date of occurrences of the annual maxima was collected and studied. The
number of stations with 30-year long time series was at its densest in 1969–2020
(Fig. 6). Paper I especially concentrated on 724 time series that had at least a
data availability of 80 % during 1969–2020. Additionally, long-term trends were
studied utilizing 138 time series that contained at least 80 % of the data during
1901–2020. The records of observed daily precipitation were studied at 5058
stations.

There are some limitations in the Rx1d dataset. First, the differences in sta-
tion density and the length of the time series bring some heterogeneity in the
data when studying the temporal and spatial variability of annual maximum pre-
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Figure 6. Number of digitized daily precipitation series covering the Nordic-Baltic
countries with time. Red lines indicate the densest recent period of 1969–2020.
Figure from Paper I.

cipitation. In addition, gauge types as well as the exact locations of the stations
might have changed during the years. Furthermore, the annual maximum values
were extracted with slightly different criteria depending on the country. The used
criteria varied from excluding years with more than a certain number of missing
observations to excluding years with crucial months missing while some countries
did not apply any limits. However, the criteria were adapted to each country’s
climate and therefore, the uncertainty related to the different extraction criteria is
assumed to be acceptably low.

The Rx1d dataset was utilized in Paper IV to evaluate the performance of the
HCLIM38 model. In addition, Paper IV employed annual maxima of 1-hour pre-
cipitation measured over the Nordic area. The analysis in Paper IV was restricted
to the years 1998–2018, and no missing values were accepted. This resulted in 648
stations at the daily scale over Finland, Denmark, Norway, and Sweden and in 116
stations at the hourly scale over Denmark, Norway, and Sweden. In addition, in
situ observations of precipitation and snowfall were used in Paper III.

Similar to the daily data, also the hourly annual maximum precipitation data
include uncertainties. These uncertainties can stem from instrument errors, qual-
ity checks, and the possible undercatch of precipitation. The undercatch can be
large especially for windy conditions or snowfall (Adam and Lettenmeier 2003;
Rubel and Hantel 2001). Rubel and Hantel (2001) have estimated that the under-
catch is around 20–50 % in winter and 2–5 % in summer in the Baltic sea region.
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3.2.4 GRIDDED OBSERVATIONS

In Papers II, III, and IV, the HCLIM38 model results were compared to several
gridded observational datasets. In order to compare the model to gridded observa-
tions, the data was remapped to the coarsest grid before the analysis, temperature
with a bilinear and precipitation with a first-order conservative remapping method.
The observational datasets used in Papers II, III, and IV are summarized in Table
1 along with their references.

Table 1. A summary of the gridded observational datasets used for the model
evaluation in Papers II, III, and IV.

Data Resolution (grid/time) Time period Domain Reference
CLARA-A2 0.25◦ / Daily 1998–2015 Global Karlsson et al. (2017)
E-OBS 0.1◦ / Daily 1998–2018 Europe Cornes et al. (2020)
ERA5 31 km / Hourly 1998–2018 Global Hersbach et al. (2020)
HIPRAD 2 km / Hourly 2005–2014 Sweden Berg et al. (2016)
Klimagrid 1 km / Hourly 2011–2018 Denmark Wang and Scharling (2010)
NGCD 1 km / Daily 1998–2018 Fennoscandia Tveito and Lussana (2018)
seNorge 1 km / Hourly 2010–2018 Norway Lussana et al. (2018)

Paper II utilized the version 19.0e E-OBS dataset of gridded daily precipitation
and near-surface air temperature observations that are extracted from the in situ
stations and then interpolated. The data covers the pan-European domain with a
horizontal grid resolution of 0.1◦ (∼ 12 km). Paper III and Paper IV employed
version 20.0e of E-OBS. All Papers II, III, and IV utilized the ensemble means of
the daily realizations of the 100-member ensemble that can be considered as grid
box averages. Lapse rates of 0.64 and 0.65 K/100 m were used in Paper II and
Paper III, respectively, to compensate for the differences between the topography
in the model and E-OBS for the evaluation of air temperature.

The Nordic Gridded Climate Dataset (NGCD) dataset of gridded daily air tem-
perature and precipitation was employed in Paper III and Paper IV. This dataset
is similar to E-OBS, but it includes a finer grid resolution of 1 km. The utilized ver-
sion was 19.03 which interpolates the in situ data with a Bayesian interpolation
method.

Papers II, III, and IV utilized the ERA5 reanalysis product that combines
numerical weather models and data assimilation of observations. The dataset
provides many variables including precipitation, total cloud cover, shortwave and
longwave radiation, wind speed, near-surface relative humidity as well as sens-
ible and latent heat fluxes. The time resolution in ERA5 is one hour and the grid
resolution is around 30 km.

The CLARA-A2 dataset of cloud cover and shortwave radiation was used in Pa-
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per III. The data is derived from the Advanced Very High-Resolution Radiometer
sensor which is carried by operational meteorological satellites. The grid resolu-
tion of CLARA-A2 is 0.25◦ with daily coverage.

National high-resolution gridded observations of hourly precipitation were
used in Paper III and Paper IV. These included a radar-based HIPRAD dataset
covering Sweden with a 2 km grid resolution as well as Klimagrid and seNorge
datasets which are in-situ-based interpolated observations covering Denmark and
Norway, respectively, with a 1 km grid resolution. HIPRAD data is corrected with
daily scaling factors from the PTHBV observational dataset that includes under-
catch correction.

It is good to note that also gridded observational products include uncertain-
ties. For instance, undercatch is present in precipitation datasets that are inter-
polated from in situ station data. Furthermore, uncertainty originates from the
interpolation process of in situ measurements. Especially precipitation can be un-
derestimated over complex topography and areas with sparse data coverage (Prein
and Gobiet 2017). Interpolation can also lead to smoothing of the spatial variab-
ility and therefore, underestimation of extremes (Hofstra et al. 2010). In Paper
IV, the effect of interpolation on the results was studied by geographic sampling,
i.e. selecting the grid cells from both the model simulations and observations that
included at least one weather station. In case the model has a horizontal grid res-
olution of tens of kilometers or finer, some model grid cells are likely compared to
interpolated observational values and not to actual measurements. For instance,
Risser and Wehner (2020) recommended geographic sampling when comparing
precipitation extremes from a high-resolution model to gridded observations.

3.3 METHODS

3.3.1 EXTREME VALUE ANALYSIS

Extreme precipitation was studied with extreme value analysis (Coles 2001) in
Paper I and Paper IV. Extreme value analysis was used to compute the return
levels of daily precipitation in Paper I and also hourly precipitation in Paper IV.
Return level refers to the amount of precipitation that occurs on average every T
years (the return period). Return levels can be used as design values, i.e. values
that can be utilized in the design of infrastructures, such as storm drains and dams.
Return levels are sensitive to the time period used in the extreme value analysis
if the statistical properties change in time. Therefore, the changes in the return
levels were analyzed by performing the extreme value analysis for separate 30-year
periods in 1901–2020 in Paper I. In Paper IV, the return levels were computed
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for 1998–2018 assuming stationarity, i.e. that the statistical properties including
mean and variance do not change in time. The assumption was tested with the
Kwiatkowski–Phillips–Schmidt–Shin (KPSS) test (Kwiatkowski et al. 1992). The
results from the KPSS test indicated stationarity for more than 90 % of the in situ
stations and grid cells in the HCLIM38 model and gridded observational datasets.

In both Paper I and Paper IV, annual maximum precipitation data were used to
fit the generalized extreme value (GEV) distribution to estimate the return levels.
This block maxima method removes the effect of seasonality and ensures that the
selected maximum values are independent. For a random variable (x), the cumu-
lative distribution for the GEV is given by

F(x) =

¨

ex p{−[1+ ξ( x−µ
σ )]

−1/ξ}, ξ ̸= 0

ex p{−ex p[−( x−µ
σ )]}, ξ= 0

(2)

where µ is the location, σ the scale, and ξ the shape parameter. The location
parameter refers to the center of the GEV distribution and therefore, shifts the
distribution to the left or right. The scale parameter affects the dispersion while
the shape parameter controls the skewness and the heaviness of the tail. Figure
7 shows the effect of the shape parameter on the resulting return level curves.
Depending on the shape parameter, the return level curves can follow either Gum-
bel (ξ = 0), Fréchet (ξ > 0), or Weibull (ξ < 0) distributions. The Gumbel and
Fréchet distributions lead to exponential and heavy upper tails, respectively. In
the Weibull distribution, the upper tail is bounded and approaches some limit.

Several possible methods can be used to estimate the parameters. In Paper I,
the parameters were estimated with the maximum likelihood approach (Prescott
1980). Paper IV utilized a modified maximum likelihood method that included a
Bayesian prior distribution for the shape parameter (Martins and Stedinger 2000;
Frei et al. 2006). It prevents the estimation of unrealistic shape parameters if the
sample size is relatively small. Hence, this method is used in several other studies
(Frei et al. 2006; Rajczak et al. 2013; Rajczak and Schär 2017; Ban et al. 2020).
When the parameters are estimated from the data, return values can be computed
for different return periods using the quantile function that can be written as

F−1(x) =

¨

µ+ σξ {[−ln(x)]−ξ − 1}, ξ ̸= 0

µ−σln{−ln(x)}, ξ= 0
(3)

To reduce the sensitivity of the choice of extreme value distribution and parameter
estimation method, only a relatively short return period of 5 years was used in Pa-
per I. To account for the possible non-stationarity of precipitation climate during
1901–2020, return levels were also computed by fitting a non-stationary GEV dis-
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Figure 7. The impact of the shape parameter on the return level curves. The x-
axis represents the logarithm of the return period and the y-axis the return level.
Fréchet distribution (ξ = 0.2) is at the top, Gumbel distribution (ξ = 0) in the
middle, and Weibull distribution (ξ= −0.2) at the bottom. Here, σ is set to 1 and
µ to 0.

tribution in which the location parameter was allowed to vary with time. In Paper
IV, return levels were computed for return periods of 5, 10, and 20 years.

3.3.2 TREND ANALYSIS

The non-parametric Mann-Kendall trend test (Mann 1945; Kendall 1975) was used
to study the trends in the observed annual maximum daily precipitation during
the periods of 1969–2020 and 1901–2020. The Mann-Kendall test is known to
be suitable for non-normally distributed hydro-meteorological time series. It tests
if the independent and identically distributed data has a monotonic increasing or
decreasing trend (Yue and Pilon 2004).



36

4 OVERVIEW OF THE RESULTS

4.1 OBSERVED CHANGES IN HEAVY PRECIPITATION

This section shows the main results of Paper I. The daily return levels of the 5-year
return period (M5) are similar over the Nordic and Baltic countries based on the
stationary GEV analysis. The M5 values tell the precipitation amount per day that
occurs on average every 5 years. Finland has a few lower M5 values whereas the
west coast of Norway has higher values compared to the rest of the region. Based
on the non-stationary GEV analysis, the M5 values have increased from 1969 to
2020 (Fig. 8a) indicating intensifying precipitation extremes. The increase has
been up to 10 % at most of the stations. An increase of more than 20 % can be seen
in Southern Norway and at some stations in Finland whereas a slight decrease is
detected over central parts of Sweden and some scattered stations over the region.
Furthermore, the M5 values are clearly higher in the most recent 30-year period
of 1969–2020 and 1901–2020 as shown in Fig. 8b.

In addition, annual maximum daily precipitation (Rx1d) events have intensi-
fied during the study periods of 1969–2020 and 1901–2020. Significant positive
trends are found over southeastern Norway, southern Sweden, and scattered over
Finland and the Baltics. Significant negative trends occur in southern parts of Nor-
way and Sweden while non-significant negative trends are concentrated especially
in the inland areas of Sweden, southern parts of Finland, and coastal regions of
Norway.

Most of the annual maximum precipitation events occur between July and Oc-
tober. In Finland, Sweden, and the Baltics, the most frequent month of Rx1d
occurrence is July while it is August in Eastern Norway and Denmark. The an-
nual maxima occur somewhat later in the year in today’s climate compared to the
1900s; there has been a small shift from summer occurrence towards autumn.
In some stations in Norway, the Rx1d events are found more than 20 days later
in the current climate. Although the majority of the stations experience a later
occurrence, an earlier occurrence of Rx1d is evident at a third of the stations.

The highest measured 1-day precipitation values mainly vary between 50 and
100 mm excluding the coast near south-western Norway where the records are
higher than 100 mm. There are, however, some occurrences of very large precipit-
ation values in all countries. The record event of 229.6 mm in the region occurred
in November 1940 in south-western Norway due to an orographic precipitation
event.
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Figure 8. (a) Changes in M5 values (1969–2020) based on the non-stationary
GEV analysis with time-varying location parameter. Significant trends according
to the Mann-Kendall test are depicted with black outer circles. (b) Boxplots of M5
based on the stationary GEV analysis for three time slots between 1969 and 2020
(upper figure), and for five time slots between 1901 and 2020 (lower figure).
Boxes depict the lower (0.25) and upper (0.75) quantiles, and the bolded line
represents the median (0.5 quantile). The histogram describes the occurrences of
M5 values considering the classes of the sub-figure (a). Figure from Paper I.

4.2 MODEL PERFORMANCE

4.2.1 REGIONAL CLIMATE MODEL

All three HCLIM38 regional climate model setups, ALARO (Paper II), ALADIN
(Paper III), and AROME (Paper III) showed sufficient performance in capturing
the characteristics of present-day climate over 2002–2014 (ALARO) and 1998–
2018 (ALADIN and AROME). The found biases are in line with other RCM simu-
lations conducted over the Nordic region (see Discussion). Precipitation is mainly
overestimated in ALARO, ALADIN, and AROME throughout the year compared to
an observational dataset, E-OBS, over Finland and the Nordic region (Fig. 9). The
largest biases are found in spring and summer in all model setups. The biases in
ALARO and ALADIN are of the same magnitude despite the different model do-
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mains (Finland vs. the Nordic region). Although AROME improves the summer-
time precipitation statistics, it has larger biases in winter compared to ALADIN,
especially over the Scandinavian mountains, although using finer grid resolutions
in RCMs has generally been shown to improve the precipitation distributions over
complex terrain. On the other hand, the largest biases in ALARO, ALADIN, and
AROME are seen over the areas of high elevation and over the northern parts of
the domain where the observations show a minimum. These areas have a less
dense station network, which increases the uncertainty in the used observational
dataset, E-OBS. Furthermore, the undercatch is larger in winter compared to sum-
mer, which could explain some part of the model biases.

Figure 9. The differences of daily precipitation in ALARO, ALADIN, and AROME
compared to E-OBS for (a–c) December–January–February (DJF) and (d–f) June–
July–August (JJA). The time periods are 2002–2014 for ALARO and 1998–2018
for ALADIN and AROME. The fldmean represents the mean bias over the domain,
and the numbers in parenthesis depict fldmeans over Finland. The used reference
values can be found in Paper II and Paper III.

All model setups have a positive bias in near-surface air temperatures (Tair)
in winter over most parts of Finland and Sweden and a negative bias over the
mountainous areas (Fig. 10). The warm bias in winter can be associated with
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higher minimum values of daily temperature in the model setups compared to
E-OBS. One cause of the underestimated minimum temperatures could be the un-
derestimated most intense wintertime mean sea level pressure situations that are
associated with a blocking anti-cyclonic circulation pattern. In addition, it needs to
be noted that the modeled Tair values are weighted values from different surface
tiles and patches (open land and forest over natural surfaces). In situ stations are
usually located in open land areas or forest glades where the local conditions are
mainly colder in winter compared to forests due to generally higher albedo and
smaller roughness length that leads to a higher occurrence of stable conditions
and nocturnal cooling. When the open land Tair is used instead of the grid cell
average, the positive bias in minimum temperatures in winter seen in Sweden and
Finland turns into a cold bias.

Figure 10. The differences of daily near-surface air temperature in ALARO,
ALADIN, and AROME compared to E-OBS for (a–c) December–January–February
(DJF) and (d–f) June–July–August (JJA). The time periods are 2002–2014 for
ALARO and 1998–2018 for ALADIN and AROME. The fldmean represents the
mean bias over the domain, and the numbers in parenthesis depict fldmeans over
Finland. The used reference values can be found in Paper II and Paper III.

The biases of daily temperature in summer are overall negative, which is
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caused by underestimated daily maximum temperatures. The daily maximum
temperature is too low due to overestimated cloud cover which causes a deficit in
simulated downwelling shortwave radiation (SW d). ALADIN and AROME over-
estimate especially low-level clouds that have high opacity and can block some of
the incoming solar radiation. The underestimated SWd also leads to an under-
estimation of net surface radiation and further, to an underestimation of sensible
heat fluxes in ALADIN and AROME. In addition, ALADIN overestimates latent heat
fluxes, which can be due to the wet bias in precipitation. Overestimated latent heat
fluxes could, in turn, lead to a too moist planetary boundary layer and too high
cloud cover fractions. On the contrary, ALARO underestimates cloud fraction in
summer, although the underestimation is relatively small. This leads to overes-
timated SWd in northernmost Finland. Downwelling longwave radiation (LW d)
is mainly underestimated in all model setups, although both negative and positive
biases occur in ALADIN and AROME.

4.2.2 ROAD WEATHER MODEL

To showcase a novel application of RCM data in impact modeling, this section
shows the main results from Paper II in which ALARO data was used to drive
the road weather model RoadSurf over 2002–2014. Evaluation against 25 road
weather stations located in Finland revealed that the RoadSurf model results are
mainly in line with road surface temperature observations (Troad) during an ex-
tended winter period from October to April, despite some biases.

The variability in the monthly biases of near-surface air temperatures (Tair)
was shown to explain the majority of the variability in the monthly biases of Troad ,
especially in January and February (Fig. 11). Warm biases in the wintertime Tair
reflect in the warm biases in Troad occurring in Lapland. Similarly, cold biases in
Tair lead to underestimated Troad in Southern Finland. In addition, downwelling
longwave radiation seems to play a small role in the biases of Troad .

The road weather model must simulate temperatures close to 0 ◦C accurately
as wet surfaces tend to freeze in these conditions (Vajda et al. 2014) which can
lead to increased slipperiness. RoadSurf captures well the number and variation
of zero-crossing days, counted as days when Troad was both below -0.5 ◦C and
above 0.5 ◦C. Another crucial aspect is snowy and icy road conditions which cause
a major part of wintertime and weather-related traffic accidents. The modeled
and observed road surface conditions (e.g. dry, damp, wet, snowy, frosty, icy)
are similar, although RoadSurf slightly overestimates icy and snowy conditions,
which might be partly caused by the absence of road maintenance operations in the
model. In addition, RoadSurf tends to underestimate observed damp conditions
that are mainly predicted as partly icy in the model.
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Figure 11. The mean monthly biases of road surface temperature (Troad) against
(a) the mean monthly biases of near-surface air temperature (Tair) and (b) the
mean monthly biases of downwelling longwave or shortwave radiation (LWd for
October–March and SWd for April) at the road weather stations from 2002 to 2014.
The squared R values depict linear regression for different months. Figure adapted
from Paper II.

4.3 BENEFITS OF CONVECTION-PERMITTING MODELS

In Paper III and Paper IV, an added value is found in high-resolution convection-
permitting AROME over coarser-scale ALADIN, especially in capturing the sub-
daily precipitation over the analyzed period of 1998–2018. In addition, mean
daily precipitation is better represented in AROME compared to ALADIN in sum-
mer as seen in Section 4.2.1, while the biases are smaller in ALADIN in winter.
However, the annual fraction of solid precipitation (the number of days with solid
precipitation divided by the total number of wet days) is closer to observations in
AROME compared to ALADIN. This is mostly due to a better-resolved topography
in AROME as well as changes in the used physics schemes.

In summer, a significant part of precipitation is associated with convective
events that generate short-duration precipitation with moderate to high intens-
ities (e.g. Prein and Gobiet 2017). Therefore, the smaller biases in AROME seen
in summer can be related to better resolved convective events. ALADIN overes-
timates the low-to-moderate precipitation intensities while underestimating the
highest intensities. In AROME, both of these shortcomings are reduced, although
AROME overestimates the highest precipitation intensities.
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Despite this overestimation, AROME still simulates the high-intensity precipit-
ation events better compared to ALADIN as revealed by probability density func-
tions and upper tail percentiles. In addition, AROME represents the diurnal cycle of
mean and heavy precipitation more realistically compared to ALADIN over Sweden
and Norway. Furthermore, the hourly return levels are captured substantially bet-
ter in AROME than in ALADIN (Fig. 12). Explicitly resolved deep convection is a
very probable reason for the superior performance of AROME because the major-
ity of the convective short-duration high-intensity events take place in summer as
mentioned earlier.

Figure 12. Hourly return levels in (a) Sweden, (b) Norway, and (c) Denmark for
ALADIN, AROME, ERA5, and in situ stations. Boxes depict the lower (0.25, Q1)
and upper (0.75, Q3) quantiles representing the interquartile range (IQR), and the
bolded line represents the median (0.5 quantiles). The whiskers show the range
from Q1-1.5IQR to Q3+1.5IQR. The data are shown in their native grids. Figure
adapted from Paper IV.

In addition, the results indicate that climate models should be compared to
several different observational datasets as the model performance varied depend-
ing on which dataset was used as a reference. For instance, comparing the model
setups to high-resolution national datasets instead of the coarser observational
dataset, E-OBS, leads to improved performance of AROME and deteriorated per-
formance of ALADIN. The reason can be the smoothing of extremes in the coarser-
scale observations. Indeed, geographic sampling, i.e. selecting only the grid
cells with one weather station, affects the model evaluation. When geographic
sampling is applied, the biases in simulated heavy and extreme precipitation de-
crease in AROME and increase in ALADIN.
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5 DISCUSSION

Studying both the past changes and model performance in the current climate
is crucial to build more robust climate change projections over the Nordic region.
Paper I suggests that the heavy precipitation statistics have changed in the Nordic-
Baltic region over the past 50 years towards a longer tail of the daily precipitation
distribution, assuming that majority of the values can be associated with rainfall
and not snowfall. In addition, annual maximum values occur slightly later in the
present-day climate compared to the 1900s. It is good to keep in mind the un-
certainties related to observations, such as undercatch, changes in gauge types, or
station locations. For example, the design of windshields has improved with time
(Yang et al. 1999), which could mean reduced undercatch and therefore, higher
precipitation values towards the most recent decades.

Although the reasons for the increasing annual maximum values and their later
occurrences were not investigated, a part of the intensification is likely due to the
increasing temperatures in the region (e.g. Hartmann et al. 2013). Moreover,
the extended summer season means also a longer season of favorable conditions
for convection, which could explain the shift from summer occurrences towards
autumn. On the other hand, a part of the changes can be related to natural and
multi-decadal variability of precipitation. In addition, the trends and also return
levels are very sensitive for the selected time period as illustrated in Fig. 8. Con-
structing design values based on all available data between 1901 and 2020 leads
to lower design values compared to using only the most recent 30-year period.
Therefore, non-stationarity should be considered in the development of design
values in order to build a more robust infrastructure.

Based on the results from Paper II and Paper III, the features of present-day
regional climate, including precipitation, are sufficiently captured by the HCLIM38
regional climate model over the Nordic region. The biases of the coarser-resolution
model setups, ALARO and ALADIN, are of the same magnitude, while AROME re-
solves better some features, such as mean summer precipitation. The model bi-
ases over the study area are comparable to other regional climate models (see e.g.
Kotlarski et al. 2014; Belušić et al. 2020). For instance, the overestimation of low-
to-moderate precipitation intensities and overestimation of the highest intensities
by ALADIN is a very common feature seen also in other coarse- resolution RCMs
(Berthou et al. 2020). It needs to be noted that model evaluation is dependent on
the quality of observations. The undercatch of precipitation and spatial smoothing
of extremes in gridded datasets lead to lower observed values, which might lead
to too excessive overestimation of precipitation seen in RCMs. As climate models
reach higher spatial resolutions, a robust model evaluation requires high spatial
and temporal resolution observations.
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Exploring model biases is important for model development as well as to build
confidence in future climate scenarios. It was found that the cold bias seen in
summer in ALADIN and AROME is mainly due to underestimated maximum daily
temperatures. These are, in turn, caused by a deficit in downwelling shortwave
radiation stemming from the overestimated cloud cover. However, further invest-
igation is necessary for a better understanding of the causes of temperature, radi-
ation, and cloud biases. For instance, sensitivity studies performed over Norway
indicated that a more realistic aerosol description in the HCLIM38 model could
reduce the negative bias in precipitation near the coastal regions and the positive
bias over complex mountainous regions (Landgren 2020).

RCMs can also be used to drive impact models. In Paper II, RCM data was
applied for the first time as an input in a road weather model. The results indicate
that RCM data can be used as a driver of the road weather model RoadSurf over
the Nordic region. The biases in road surface temperatures (Troad) were, however,
slightly higher than what has been reported in previous studies (Karsisto et al.
2016; Karsisto et al. 2017). The differences can be explained by the differences
in forcing data: in previous studies, RoadSurf has mainly been forced with a high-
resolution numerical weather prediction model with a grid resolution of 2.5 km
allowing a better representation of local features and topography. Using finer grid
resolution in the driving RCMs has been shown to lead to improvements in other
impact models (Lucas-Picher et al. 2021). Therefore, there is potential to reduce
the biases in RoadSurf with finer grid resolutions used in the driving HCLIM38
model. Moreover, the biases in the input data, i.e. in the HCLIM38 model, clearly
affect the performance of RoadSurf. For instance, the biases in Troad are mainly
associated with the biases in air temperature (Tair). Also Karsisto et al. (2017)
noted that removing the bias from Tair leads to a 50 % decrease in the biases of the
nighttime Troad . Therefore, impact modeling can also benefit from the RCM model
development. However, it is not completely evident what part of the RoadSurf’s
biases stems from the input data and what is caused by the model itself. This could
have been investigated in more detail by bias correcting some of the needed input
parameters, such as Tair and precipitation.

In both Paper III and Paper IV, the high-resolution convection-permitting
AROME was found to improve precipitation statistics compared to the coarser-
resolution ALADIN. Benefits were especially seen for the representation of high-
intensity sub-daily precipitation events and their diurnal cycle. These findings
are in line with other studies performed over other parts of the world, including
Europe, Asia, Japan, and the USA (e.g. Lucas-Picher et al. 2021 and the refer-
ences therein). While mainly precipitation statistics were studied in Paper III and
Paper IV, other studies have also indicated better-resolved storms, sea breezes
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as well as air temperatures and wind speeds over complex topography, among
others, in convection-permitting models (Lucas-Picher et al. 2021). However, the
reasons behind the found added value in sub-daily precipitation statistics were
not investigated in Paper III and Paper IV. Coppola et al. (2020) highlighted that
some single precipitation extreme events can be missed by CPRCMs. Even though
CPRCMs are generally not expected to reproduce the exact location and timing
of specific observed extreme events, similar events can be found in the model for
other time steps or locations leading to well-represented long-term statistics by
CPRCMs. For instance, Olsson et al. (2021) showed that although AROME was
not able to fully capture an observed extreme precipitation event in August 2014
over Malmö, another event of similar intensity was found for a different year. The
coarser resolution ALADIN was not able to produce as high intensities within the
entire 21-year-long study period. However, understanding the underlying pro-
cesses and meteorological conditions leading to extreme events is needed to better
address the remaining shortcomings in CPRCMs.

Some studies have also revealed that CPRCMs respond differently to climate
change compared to coarser scale models. Kendon et al. (2014), Lenderink et
al. (2019), and Pichelli et al. (2021) found a stronger intensification of sub-daily
precipitation events with warming climate by CPRCMs. Accounting for the bet-
ter resolved sub-daily precipitation in CPRCMs, these models are highly needed
for more realistic future scenarios of extreme precipitation events (Kendon et al.
2017). However, previous studies have emphasized that the ensemble approach,
i.e. utilizing results from several different climate models, is needed for a more
robust assessment of climate change at regional and global scales (e.g. Jacob et al.
2014; Jacob et al. 2020). Different models might lead to different climate change
responses, and thus, studying only one model introduces uncertainty in the projec-
tions. So far, the production of large CPRCM ensembles has been hindered because
running climate-scale CPRCM simulations (over 10 years) is computationally ex-
pensive. Therefore, computationally less demanding coarser-resolution RCMs and
GCMs have still their place in constructing climate change projections. Building
CPRCM ensembles requires coordinated collaboration and combined computa-
tional resources between several research institutes. The Coordinated Regional
Climate downscaling Experiment Flagship Pilot Study (CORDEX-FPS) initiative
(Coppola et al. 2020; Ban et al. 2021; Pichelli et al. 2021) and the NorCP pro-
ject (Paper III) are successful examples of such collaborations.
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6 CONCLUSIONS AND FUTURE ASPECTS

The ongoing climate change is posing new challenges for northern high latitudes
that is experiencing accelerated future warming. Regional climate models (RCMs)
are useful tools to provide information on future climate for stakeholders and poli-
cymakers. RCMs can also be used as an input for impact modeling of hydrological
cycle and road weather, among others, in the Nordic region.

Similar to coarser scale climate models, RCMs include uncertainties especially
related to the way convection is treated in the model. This so-called parameteriza-
tion of convection is shown to lead to an insufficient presentation of high-intensity
sub-daily precipitation events and their diurnal cycle. This uncertainty can be
reduced with convection-permitting regional climate models (CPRCMs) that re-
solve deep convection explicitly. However, running such models require demand-
ing computational resources, and only recently, convection-permitting model sim-
ulations were performed over the Nordic region. Correctly represented precipita-
tion extremes in RCMs are of importance due to their devastating nature through
flooding, landslides, and erosion events. Furthermore, exploring past trends in
precipitation extremes helps to put the future trends in context. This thesis aimed
to answer the following research questions:

Q1. What are the present-day characteristics and the past changes of precipita-
tion extremes over the Nordic region?

Q2. How well are the features of regional climate represented in a state-of-the-
art regional climate model and RCM-driven road weather model over the
Nordic region?

Q3. What are the benefits of convection-permitting regional climate models?

The first question was addressed in Paper I. The 5-year return values of daily
precipitation are homogeneous over the Nordic-Baltic area, excluding some lower
values over Finland and higher values over the west coast of Norway. In addition,
the highest annual maximum records are similar among the countries with the
highest daily value of 229.6 mm recorded in south-western Norway. The majority
of the stations have experienced increasing annual maximum daily precipitation
values between 1969 and 2020. Also, the long-term changes between 1901 and
2020 are mostly positive. Significant positive trends are especially found in the
southeast of Norway, southern Sweden, and southwest of Finland while negative
trends are found in central Sweden. There has been a shift towards later occur-
rences of annual maximum events compared to the 1900s, which could be linked
with increasing temperatures in the region. Based on the results, the trends and
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computation of return periods are sensitive to the selected period. Therefore, the
non-stationarity nature of precipitation is important to take into account in the
construction of present-day design precipitation values.

The second research question was studied in Papers II, III, and IV by em-
ploying the regional climate model HCLIM38. In addition, a novel application of
the RCM data to drive a road weather model, RoadSurf, was shown in Paper II.
HCLIM38 includes three different model setups, ALARO, ALADIN, and AROME,
each suitable for different horizontal scales. Based on the results, all HCLIM38
model setups adequately capture the present-day climate characteristics, includ-
ing precipitation extremes, over the Nordic region. The model biases are similar
in the coarser-resolution ALARO and ALADIN at 12 km grid resolution. The bi-
ases are also comparable to other RCM simulations conducted over the region. All
model setups overestimated mean daily precipitation. Cold bias in air temperat-
ure was detected in the summer linked with underestimated shortwave radiation
due to too large cloud fractions in ALADIN and AROME. However, more research is
needed to find the origins of these biases. It was also shown that the HCLIM38 can
successfully be used as driving data of the road weather model RoadSurf. Road-
Surf captures well the observed road weather conditions, such as road surface
temperatures and road surface conditions compared to 25 road weather stations
in Finland. The biases in RoadSurf were associated with the biases in the driving
HCLIM38 model, especially with the biases in air temperature.

The third question was explored in Paper III and Paper IV which studied the
benefits and added value of the higher resolution HCLIM38 setup, AROME, at 3
km with explicitly resolved deep convection over the coarser-resolution ALADIN
setup at 12 km with convection parameterization. The results from both papers in-
dicate that mean daily precipitation in summer as well as high-intensity sub-daily
precipitation are better resolved in AROME compared to ALADIN. Furthermore,
AROME produces more realistic diurnal cycles of mean and heavy precipitation.
The hourly return levels simulated with AROME are clearly closer to observations,
while they are underestimated in ALADIN. In addition, AROME improves the rep-
resentation of solid to total precipitation over areas of high elevation. Although
more investigation is needed to quantify the reasons for the superior performance
of AROME over ALADIN in simulating the above-mentioned aspects, one probable
reason is the more realistically resolved characteristics of deep convection and the
more accurate representation of topography in AROME.

It is good to note that observations include uncertainties that complicate the
model evaluation. For instance, precipitation observations are prone to under-
catch, notably during winter. Furthermore, the interpolation process of in situ ob-
servations can lead to high uncertainties especially over areas of high-elevations
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and sparse station networks. Gridded datasets are also associated with spatial
smoothing of extremes. This was partially overcome by geographic sampling,
i.e. by selecting only the grid cells with one weather station for further evalu-
ation. Nonetheless, good temporal and spatial resolution observational datasets
are needed for a meaningful evaluation of high-resolution climate models.

The results of this thesis indicate that the HCLIM38 model can be used to es-
timate the impacts of climate change on the regional climate and precipitation
extremes over the Nordic-Baltic region. Moreover, climate change is expected to
increase precipitation extremes in the region as the extremes have already become
more heavy-tailed during the past decades. Ongoing work is devoted to analyzing
the future projections over Northern Europe produced within the NorCP project
with HCLIM38 at 3 km resolution. Another important task is to put the HCLIM38
simulations in context by comparing the results with other RCMs, something that
is ongoing as well. In addition, exploring the benefits of high-resolution HCLIM38
simulations for other parameters than precipitation will continue in the future.
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