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Abstract

Weather and climate models applied with sufficiently fine mesh grids to en-
able a large part of atmospheric deep convection to be explicitly resolved have
shown a significantly improved representation of local, short-duration and in-
tense precipitation events compared to coarser scale models. In this thesis, two
studies are presented aimed at exploring the dependence of horizontal resolu-
tion and of parameterization of convection on the simulation of precipitation.
The first examined the ability of HARMONIE Climate (HCLIM) regional cli-
mate model to reproduce the recent climate in Europe with two different hor-
izontal resolutions, 15 and 6.25 km. The latter is part of the ”grey-zone” res-
olution interval corresponding to approximately 3-10 km. Particular focus has
been given to rainfall and its spatial and temporal variability and other charac-
teristics, for example intensity distributions. The model configuration with the
higher resolution is much better at simulating days of large accumulated pre-
cipitation amounts, most evident when the comparison is made against high-
resolution observations. Otherwise, the two simulations show similar skill,
including the representation of the spatial structure of individual rainfall ar-
eas of primarily convective origin. The results suggest a ”scale-awareness” in
HCLIM, which supports a central feature of the model’s description of deep
convection as it is designed to operate independently of the horizontal resolu-
tion. In the second study, summer season precipitation over the Alps region,
as simulated by HCLIM at different resolutions, is investigated. Similar model
configurations as in the previous study were used, but in addition a simulation
at the ”convection-permitting” 2 km resolution has been made over Central
Europe. The latter considerably increases the realism compared to the for-
mer regarding the distribution and intensities of precipitation, as well as other
important characteristics including the duration of rain spells, particularly on
sub-daily time scales and for extreme events. The simulations with cumulus
parameterization active underestimate short-duration heavy rainfall, and rain
spells with low peak intensities are too persistent. Furthermore, even though
the 6.25 km simulation generally reduces the biases seen in the 15 km run,
definitive conclusions of the benefit of ”grey-zone” resolution is difficult to es-
tablish in context of the increased requirement of computer resources for the
higher-resolution simulation.





Sammanfattning

Väder- och klimatmodeller som tillämpats med en tillräckligt hög geografisk
upplösning för att explicit upplösa en stor del av konvektionen har visat på
en avsevärt förbättrad representation av lokala, kortlivade och intensiva neder-
bördshändelser jämfört med modeller med grövre upplösning. I denna avhan-
dling presenteras två studier som syftar till att utforska det horisontella upplös-
ningsberoendet och beroendet av parameterisering av konvektion beträffande
simulering av nederbörd. I den första undersöks förmågan hos HARMONIE
Climate (HCLIM) regionala klimatmodell att reproducera senaste tidens kli-
mat i Europa med två olika horisontella upplösningar, 15 respektive 6.25 km.
Den senare ingår således i ”grey-zone”-intervallet, motsvarande ca 3-10 km.
Särskilt fokus har ägnats åt nederbörd och dess rumsliga och tidsliga vari-
abilitet samt andra egenskaper som t.ex. intensitetsfördelning. Modellkonfigu-
rationen med den högre upplösningen är betydligt bättre på att simulera dagar
med stora nederbördsmängder, särskilt tydligt när jämförelsen görs mot högup-
plösta observationer. Men i övrigt uppvisar de två simuleringarna likartade
prestationer, inklusive förmågan att representera den rumsliga strukturen av
enskilda, mestadels konvektiva, nederbördsområden. Resultaten tyder därmed
på en ”skal-medvetenhet” i HCLIM, vilket stödjer ett av de främsta ändamålen
med modellens beskrivning av den djupa konvektionen vilken är avsedd att
fungera oberoende av den horisontella upplösningen. I den andra studien anal-
yseras den simulerade nederbörden under sommarsäsongen över Europeiska
Alp-regionen i ett antal simuleringar utförda med HCLIM på olika upplös-
ningar. Liknande modellkonfigurationer som i förra studien har använts, men
dessutom har en simulering med ”konvektions-tillåtande” 2 km upplösning
gjorts över Centraleuropa. Den senare ökar avsevärt realismen jämfört med
de förra avseende nederbördens fördelning, intensitet och andra viktiga egen-
skaper som bl.a. nederbördsområdens varaktighet, i synnerhet på korta tidsskalor
och för extrema händelser. Simuleringarna med konvektions-parameterisering
påslagen underskattar påtagligt frekvensen av kortvariga, kraftiga regn, och
låg-intensiva nederbördshändelser är också alltför beständiga. Trots att 6.25
km-simuleringen generellt reducerar de avvikelser som ses i den mer grovup-
plösta simuleringen kan inte några definitiva slutsatser dras gällande ett ökat
värde av den högre upplösningen, särskilt inte när den sätts i jämförelse med
det kraftigt ökade resursbehovet att köra modellen på denna skala.
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Introduction

Within the climate modeling community, it is still an open research question re-
garding the ability of current generation of climate models to provide societies
with accurate and reliable predictions of regional climate change, particularly
concerning the statistics of extreme events and high impact weather including
hydrological extremes such as flash floods. This complicates the efforts to for-
mulate appropriate and necessary strategies for mitigation and adaptation to
climate change on regional and local level (van den Hurk et al., 2016). There-
fore, there is an urge within the climate research community, in part driven
by expectations from society, to generate more accurate and reliable predic-
tions of regional weather and climate extreme events than are possible with
the current generation of climate models(Prein et al., 2015b). In this con-
text, this thesis deals with evaluation of the ability of a state-of-the-art high-
resolution regional climate model (RCM) to adequately represent precipitation
characteristics, with emphasis on high-intensity, extreme events. The research
questions addressed include; firstly, with respect to present standard horizontal
resolution in RCMs, ∼10-25 km, to what extent will simulated precipitation
statistics improve (if at all) when applying a grid-spacing within ”grey-zone”
(3-10 km) resolution? Secondly, due to the inherent assumptions and deficien-
cies in sub-models of deep convection, the benefit of running the RCM at a
sufficiently high resolution to allow cumulus parameterization to be omitted,
thereby handling deep convection explicitly, will be investigated.

Precipitation represents one of the most critical meteorological and cli-
matological variables that has a large impact on the environment and society.
The observed multi-scale, irregular spatial pattern of precipitation reflects the
complex ways in which moisture is distributed and transported in the atmo-
sphere by the winds and transferred back to the surface in preferred regions
of convergence, such as in the mid-latitude storm tracks and the inter-tropical
convergence zone. The vigor of rain producing storms (from cyclones to lo-
calized thunderstorms) is dependent on the moisture content in the atmosphere
available for condensation and latent heat release (Trenberth, 2011). While the
location of atmospheric moisture is controlled by the large-scale wind systems,
the amounts are constrained thermodynamically by the water holding capacity
of the atmosphere (over land the surface moisture available for evaporation is
also a limitation) and thus temperature dependent. This dependence is embod-
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ied in the Clausius-Clapeyron (CC) relation which states that saturation vapor
pressure increase exponentially with temperature. Under the assumptions that
precipitation rates scales with near-surface specific humidity and low-level rel-
ative humidity stays approximately constant, the CC equation implies a ∼ 7%
increase in specific humidity per Kelvin of atmospheric warming, which is
essentially supported by observations and climate models (Held and Soden,
2006). To a first order then, keeping everything else equal, under the influence
of atmospheric warming the pattern of precipitation minus evaporation (P-E)
will be accentuated; increased evaporation fluxes, larger advection of moisture
from areas of divergence and increased convergence of moisture at locations
where storms form leading to larger precipitation rates following the CC rate.
At odds with this, on a globally averaged scale, the atmospheric energy balance
sets a limit to the mean precipitation increase rate of around 2-3%K−1 (Held
and Soden, 2006; Trenberth, 2011). The disparity ensures that the characteris-
tics of precipitation, in terms of frequency, duration and intensity of events, are
bound to change in a warming (or cooling) climate. From a societal and envi-
ronment perspective, these anticipated changes in precipitation characteristics
are as much of concern as total amounts, as these factors determine the distri-
bution of precipitation once it hits the ground with potentially large effects on
the surface run off. As such, this can have significant implication on phenom-
ena such as flash floods and droughts that in turn severely impacts society and
the environment.

The CC-scaling of heavy rainfall is a first order consideration, keeping other
factors unchanged. However, theoretical arguments and model studies show
that there are expected changes in other components that affect the hydrolog-
ical cycle, for example in precipitation efficiency and atmospheric dynamics.
It is also becoming increasingly clear that for a more complete framing of the
question and analysis of precipitation extremes in present and future climates
it is critical to assess the behaviour of rainfall events on a range of time scales,
particularly sub-daily (Westra et al., 2014). Evidence is accumulating from
observational studies supported by model simulations indicating that sub-daily
rainfall intensities scale with temperature at a significantly larger rate than im-
plied by the CC-scaling (Berg et al., 2013; Lenderink and van Meijgaard, 2008,
2010; Loriaux et al., 2013). Therefore, any changes in precipitation extremes
should not be expected to occur accordingly to the CC-scaling, and reliable
projections of future changes demand that the models are able to simulate the
processes responsible for the observed scaling behaviour.

Climate change is thus certainly very likely to locally change the intensity,
frequency, duration, and amounts of precipitation. High-impact precipitation
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events are often caused by large accumulations of rainfall in a few hours, typi-
cal for so called flash floods, and are mostly associated with strong convective
activity. The dynamical and thermodynamical interactions on synoptic to local
scale should be just right to enable sufficient moisture convergence and vertical
updrafts, and hence condensation and rainfall, as well as constraining convec-
tive systems to become quasi-stationary (Doswell et al., 1996; Houze, 2004;
Lin et al., 2001). In addition, airflow-orography interactions may modify the
development of precipitation-producing storms in critical ways by influenc-
ing the low-level stability and convergence patterns (Houze, 2012). The main
characteristics of events leading to flash floods or landslides constitute a chal-
lenge for weather and climate models, as it requires an accurate representation
of the local environment and storm dynamics, most importantly deep moist
convection. Testing of how well climate models deal with these characteristics
of precipitation is an issue of significant societal importance.
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Clouds and precipitation in numerical
models

Cumulus parameterization

Clouds are created by a variety of mechanisms causing them to have very dif-
ferent geometrical properties and physical characteristics. They interact in
many complex ways with the other components of the climate system, in-
cluding hydrological, dynamical, boundary layer, radiation, and surface pro-
cesses. In the past half century research has been devoted to the problem of
including the effects of cloud processes on scales not explicitly resolved by
numerical models predicting weather and projecting future climate through
the introduction and development of cumulus parameterization (CP) schemes.
Cumulus convection involves narrow saturated updrafts, narrow precipitation-
driven downdrafts and broad unsaturated downdrafts in the region surrounding
the clouds, potentially organizing into mesoscale structures such as squall lines
(Houze, 2004). It is particularly critical to represent deep moist convection be-
cause it is a foremost precursor to localized, short-duration heavy rainfall and
thunderstorms responsible for landslides and flash floods. Also, the convective
activity results in strong vertical reorganization of atmospheric layers, trans-
porting moisture and aerosols to higher levels and producing high level strat-
iform clouds which can have a large effect on the radiative balance (Houze,
2004; Molinari and Dudek, 1992).

Individual moist convective updrafts and downdrafts have horizontal dimen-
sions on the order of 0.1− 10 km. In large-scale models (LSM) with typical
mesh-grid sizes of O(100), these convective elements are therefore far from be-
ing resolved. The outstanding objective of a cumulus parameterization scheme
is then to describe the statistical behavior of cumulus clouds under different
conditions, and under certain closure assumptions obtain a closed system that
can be used in the prediction of weather and climate (Arakawa, 2004). At grid
box widths of a few ten’s of kilometers, the quasi-equilibrium (QE) hypothesis
(Arakawa and Schubert, 1974) is generally fulfilled, stating that at these spatial
scales the deep convective fraction is considered small and the sub-grid con-
vective adjustment (feedback) acts on a time scale significantly smaller than

15



the large scale forcing. As the description of the evolution of individual cumu-
lus clouds is not possible, cumulus parameterization schemes further postu-
lates that each grid box width is large enough to include a statistical ensemble
of convective clouds at different stages of evolution representing a collective
steady state. These two arguments form the basis for most CP schemes used in
LSMs today. When used in state-of-the-art large-scale global climate models
(GCMs), the statistics of precipitation are generally in good agreement with
observations when averaged over larger areas (continental or larger) and over
monthly or longer time scales (IPCC, 2014). Still, there are significant limi-
tations in GCMs to accurately produce realistic precipitation statistics on the
regional scale and short time scales, including deficiencies in the frequencies
(Stephens et al., 2010), the diurnal cycle (Dai, 2006) and in the representation
of precipitation extremes (Kharin et al., 2013; Kopparla et al., 2013).

High-resolution mesoscale models

Applying a finer mesh grid in LSMs in general leads to improvements in pre-
cipitation statistics (e.g. Delworth et al., 2012; Gent et al., 2009; Iorio et al.,
2004; Li et al., 2011) but this comes with added computational cost. A com-
mon method then to obtain more detailed information on regional climate
statistics is dynamical downscaling (also referred to as regional climate mod-
els, RCMs). It enables models to be run at high resolutions at a relatively low
cost as the downscaling is restricted to a limited region. Findings from such
studies show better realism of the location, timing and intensities of precip-
itation, especially of convective origin, and improved spatial variability (e.g.
Di Luca et al., 2011; Gao et al., 2006; Prein et al., 2015a; Rauscher et al.,
2010; Rummukainen, 2015). This is most likely indicative of better simulation
of mesoscale dynamics due to better resolved smaller-scale phenomena (e.g.
fronts) and mesoscale boundary layer circulations like sea-breezes, orographic
circulations and convective outflows, all important agents for triggering of con-
vection. However, the refined resolution in RCMs do not necessarily correct
for all deficiencies. There are still systematic errors in sub-daily precipitation,
particularly the diurnal cycle, even at resolutions of ∼10 km in models with an
active convection scheme (Walther et al., 2013).

Originally designed for coarser grids, CP schemes applied at resolutions less
than ∼20 km begin to violate the underlying statistical assumptions on which
they are based, most importantly the assumption of a clear scale-separation in
time and space, i.e. the QE hypothesis breaks down. Deep cumulus clouds of-
ten organize into mesoscale structures, eventually covering significantly larger
areas than the individual cumulunimbi. Such systems start to be resolved by
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mesoscale models, however, the individual clouds from which they originate
still remain subgrid. This multi-scale interaction in time and space of clouds
and dynamics (e.g. up- and downdroughts, cold pools and gust fronts) further
complicates the design of CP schemes. Entering the so called ”grey-zone” res-
olution of ∼3-10 km, the issues of double counting convective precipitation
(parameterized and resolved) and the risk of excessive grid point stabilization
(Gerard, 2007; Gerard et al., 2009) further degrade the model convective pre-
cipitation response. Despite many extensive studies concerning the treatment
of deep convection for high-resolution models, numerical simulation at grey-
zone resolution is still an unsolved problem. Therefore, the benefit of applying
models at grey-zone resolutions is still a matter of debate. Related to this
is the question of necessity to use CP schemes at high resolution when deep
moist convection, especially organized convection, is to some extent resolved
on the grid? The absence of a gap in the energy spectrum of convective cloud
processes makes it difficult to define a limit above which convective cloud sys-
tems must be parameterized and below where they can be handled explicitly.
In view of this, Arakawa et al. (2011) promotes the idea of a unified cloud
scheme that is independent of resolution, i.e. with smooth transitions between
the coarse (O(100) km) and fine scales (O(1) km).

Convection-permitting models (CPMs)

By design cumulus parameterization schemes are not able to produce locally
realistic rainfall amounts. Due to their lack of a direct memory of what hap-
pened during previous time steps they are unable to allow proper (convective)
storm advection, development, or decay. This has adverse effects on storm
persistence and on quasi-stationary systems characterized by regeneration of
convective cells, for example through interaction with topography. Further
detrimental effects are seen on sub-daily precipitation characteristics such as
the diurnal cycle. Inherent uncertainties and approximations in CP schemes
imply that an explicit treatment of convection is necessary to remedy the de-
ficiencies associated with small scale precipitation processes. Handling deep
convection explicitly in models, however, demands that the model mesh grid
have a high enough horizontal resolution so as to avoid unphysical convec-
tive processes, e.g. forcing updrafts on a too coarse scale causing too strong
mass flux and precipitation, potentially leading to grid point storms (Deng and
Stauffer, 2006). What resolution is sufficient to turn off the cumulus param-
eterization, entering the so called ”convection-permitting” resolution? To a
large extent, it is a matter of the nature of the convective systems intended to
be modelled, and the environment in which they originate (Done et al., 2006).
For instance, mesoscale organized convection associated with wide and deep
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atmospheric layers of convective instability may be resolved to a significant
degree with grid boxes of a few kilometers widths. Weisman et al. (1997) in-
vestigated idealized squall lines and found them adequately represented when
the model resolution was increased to approximately 4 km. Similar results
were found for a real case by Yu and Lee (2010). On the other hand, for
more weakly forced environments when triggering mechanisms and evolution
of convection become more dependent on boundary layer turbulent mixing, it
is argued that grid increments of less than 1 kilometer is required (Bryan et al.,
2003; Petch et al., 2002). The results of Schwartz et al. (2009), Langhans
et al. (2013) and Langhans et al. (2012) have shown that for mid-latitude sum-
mer seasons with convectively dominated weather, increasing resolution from
4 km to kilometer-scale did not significantly increase the performance in terms
of rain spell structure, spatial mean of precipitation and its diurnal cycle or the
resulting bulk tendencies of heat and moisture. Together, these findings in-
dicate that although kilometer-scale ”convection-permitting” models (CPMs)
provide more detail of the smallest resolvable convective structures, the added
scales seem to be dominated by chaos without providing any added skill to the
larger scales and aggregated precipitation statistics.

Over the past couple of decades, the benefit of CPMs for simulation of quanti-
tative precipitation forecasts has been widely recognized (e.g. Craig and Dörn-
brack, 2008; Kain et al., 2008; Lean et al., 2008; Roberts et al., 2009; Roberts
and Lean, 2008; Schwartz et al., 2009; Weisman et al., 1997; Weusthoff et al.,
2010) and led to implementation of CPMs in operational weather forecast-
ing worldwide. Recently, along with development in computational science,
CPMs has been introduced and increasingly used to study weather on the cli-
mate (annual to multi-decadal) time scale (Prein et al., 2015b). A number of re-
cent studies have demonstrated the multiple benefits of convection-permitting
climate model (CPCM) simulations concerning sub-daily characteristics of
precipitation dominated by convection (e.g. Ban et al., 2014; Fosser et al.,
2014; Kendon et al., 2012; Prein et al., 2013). In particular, the CPCMs have
shown improved representation of the diurnal cycle and frequency-intensity
distributions (Ban et al., 2014; Fosser et al., 2014; Prein et al., 2013) and ex-
tremes (Chan et al., 2014), as well as the realism in terms of spatial extent
and duration of rain spells (Kendon et al., 2012; Prein et al., 2013). Few cli-
mate change studies with CPCMs have been conducted. Kendon et al. (2014)
and Ban et al. (2015) project future increases in summer hourly rain events in
CPCMs. Interestingly, they do not agree on whether or not the climate sen-
sitivity of hourly precipitation in CPCMs may differ significantly from non-
CPCMs projections. It is worthwhile mentioning that with respect to future
projections of extreme precipitation using CPCMs, although skillful in repre-
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senting precipitation processes, CPCMs are dependent on driving large-scale
models to provide good large-scale circulation within which CPCMs will op-
erate.

The HARMONIE Climate model

The NWP model HARMONIE (Hirlam Aladin Regional Mesoscale Opera-
tional NWP In Europe) is an international effort, a model framework developed
jointly by multiple national meteorological services in Europe. The model
system offers flexibility as it has a number of different physical parameteriza-
tions available, allowing the model to be configured in multiple ways suitable
for different purposes. The HARMONIE model is a non-hydrostatic spectral
model, however, for larger domains and coarser resolutions, the dynamical
core is ready to be used in a hydrostatic setting as well. With regards to the
multi-scale effects of moist convection, HARMONIE is especially interest-
ing as it include the ALARO physics package (Gerard et al., 2009), which
is developed to be applicable at a large range of horizontal resolutions from
the meso-beta (∼50 km) to the meso-gamma scale (down to 3-4 km). The
AROME physics (Seity et al., 2011) in HARMONIE is instead adapted for
higher, ”convection-permitting”, resolutions. However, there is ongoing de-
velopment within the ALARO community to allow this physics parameteri-
zation to be applied at kilometer-scale (Gerard, 2015). The central feature in
ALARO is the cumulus parameterization scheme 3MT (Modular Multiscale
Microphysics and Transport) (Gerard, 2007; Gerard et al., 2009; Piriou et al.,
2007), targeted towards horizontal resolutions within the grey-zone. In tradi-
tional parameterizations, separate schemes are used for deep convective clouds
and for large-scale clouds resolved on the grid, with microphysical conversion
to precipitation treated separately in each scheme. At grey-zone resolutions,
the sub-grid convective updrafts contribute a significant part to the total (unre-
solved plus resolved) updraft and impose major effects on the grid-scale vari-
ables. It therefore becomes problematic to handle the separation of the pro-
cesses; i.e. there is an increased risk for double representation of convective
processes and subsequent excessive consumption of moisture leading to double
counting of condensation. Furthermore, with the finer resolution and shorter
time steps, there is no longer a clear scale of separation in time and space thus
violating the QE hypothesis. 3MT was developed to address these issues and
a first step was to introduce a time dependence for the updraft vertical velocity
and for the fraction of area where this updraft takes place, thereby relaxing
the QE hypothesis. The introduction of prognostic variables, and subsequently
memory of previous activity, let precipitation be produced at one time step
and grid box and then be advected and fall to the ground at another time step
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and grid box. Further development of 3MT focused on having a coherent cou-
pling between the resolved and unresolved processes to avoid double counting;
this led to the idea of summing various condensate sources before being pro-
cessed by the microphysics scheme in a single computation (Gerard, 2007).
Thus, the deep convective updrafts in 3MT does not directly produce precipi-
tation. Instead, it detrains cloud condensates which is then combined with re-
solved condensates to feed the microphysics. This further enables the scheme
to more accurately represent the anvil clouds produced through deep convec-
tion, and theirs effect on the radiation and vertical stratification of temperature
and moisture (stratiform anvil clouds may also produce precipitation). Up- and
downdrafts are also separated in time, the latter being driven by the prognostic
evolution of water phases in the air column (evaporation of precipitation for
example). Thus, the prognostic downdraft is developed independently from
the updraft and its life cycle may continue beyond that of the updraft, just as
commonly seen in nature.

To accomplish this clean handling of processes and avoiding double counting
the parameterization computation is performed with a cascading approach. To
this end internal variables for temperature and the five prognostic water phases
are introduced, starting from the grid box initial state and are then sequentially
updated through the interaction with the other schemes of the package (radia-
tion, turbulence, microphysics etc.) until a final state is achieved. The ambition
of 3MT is a coherent treatment of condensation, clouds and precipitation that
is scale-aware, i.e. that is applicable at all resolutions, and as such it is one of
the more sophisticated convection parameterization schemes available today.
The physics package has been evaluated in single column models and in 3D
setups for real weather events, and the results have been promising where 3MT
has allowed the model to represent convection initiation, evolution and decay
more realistically than more traditional schemes (Gerard, 2007; Gerard et al.,
2009). Also, the scale-awareness has been studied for quantitative precipita-
tion forecasts as well as extremes, confirming that using 3MT at a range of
resolutions produce similar results (De Troch et al., 2013).

20



Summary of papers

Paper I
A new regional climate model operating at the meso-gamma
scale; performance over Europe

Reliable details of regional to local precipitation statistics provided by climate
models have been shown to be sensitive to the applied model grid horizon-
tal resolution. Generally, higher resolution improves on this information, but
running models on climate time scales at very high resolution is also compu-
tationally expensive. Simulation over limited areas reduces the cost; regional
climate models then allow both the use of more sophisticated physics schemes
and a higher resolution which provides a finer description of surface charac-
teristics and better resolved processes. Regional climate modelling groups are
facing three competing demands in the coming years; first, the grid domain
size needs to be large enough for synoptic system to develop. Secondly, to be
able to assess changes and uncertainties in rare events in the context of cli-
mate change, an ensemble of simulations are needed. Lastly, the requirement
of high enough resolution to properly simulate local extreme meteorological
events such as high-intensity convective rainfall. This study partly addresses
these questions and present results from decade-long simulations using the
HARMONIE Climate (HCLIM) regional climate model, run at different hori-
zontal resolutions over a domain covering Europe.

Single, one way nesting experiments have been conducted whereby HCLIM
dynamically downscaled ERA-Interim fields to grids with 15 and 6.25 km grid
box lengths respectively. The latter grid mesh falls within the category of
”grey-zone” scales. Climate simulations on continental scale at this resolution
is uncommon and have therefore not been extensively explored. Berg et al.
(2012) performed multi-decade simulations with two RCMs at 50 and 7 km
grid resolutions over Germany driven by GCMs. Both models reproduced
daily precipitation distributions in reasonable agreement with observations,
including the higher percentiles of rainfall intensity. However, the implica-
tions and appropriateness of using the RCMs at the grey-zone scale with re-
gards to convective precipitation were not considered in any detail. In another
study, Fosser et al. (2014) investigated the impact of resolution on the sub-
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daily precipitation statistics comparing convection-permitting and grey-zone
simulations over central Europe. They found that the RCM with resolution of
7 km failed to accurately model the diurnal cycle, and concluded that the cu-
mulus parameterization scheme was not properly adapted to this scale. Yu and
Lee (2010) showed in a case study of a convective squall line that grey-zone
resolutions could not resolve the convection explicitly and that cumulus pa-
rameterization was necessary. However, the application of a CP scheme in the
simulations performed poorly because of deficiencies in the triggering mecha-
nism giving too wide precipitation areas.

Here, we further explore, and in more depth assess the performance of a cli-
mate model applied at grey-zone scale. An overarching scientific question is
to estimate potential added benefit from the higher resolution simulation, and
to what extent it justifies the added cost of running the model at this resolu-
tion. The decade long simulations with HCLIM was compared to a number
of observations and to ERA-Interim (ERA-I) data. Because this was the first
simulation with the HARMONIE model in a climate configuration, the first
part of the study investigated the ability of HCLIM to reproduce the mean cli-
mate over Europe. As expected, the large-scale circulation is well represented
compared to ERA-I. In fact, the daily variability of mean sea level pressure
is remarkably well simulated. Further, on monthly and seasonal time scales
the main climatic features are also well captured by HCLIM, although with
a clear warm bias in near-surface temperature in winter over north-east Eu-
rope, too much precipitation in spring, primarily over eastern Europe, and also
biases in the surface radiation budget related partly to biases in cloud cover.
The differences between HCLIM at 15 and 6.25 km resolutions (HCLIM15
and HCLIM6 respectively) are often small when the data is smoothed over
time and space. However, at daily time scales, larger differences occur, es-
pecially for precipitation. For a number of sub-regions in Europe for which
high-resolution gridded observations are available, the distribution of daily ac-
cumulated rainfall estimates in HCLIM are in good agreement with observa-
tions. But more importantly, based on frequency-intensity distributions it was
further found that for rare, high-intensity events, HCLIM6 performed better
than HCLIM15. This was particularly evident when the data was not spatially
smoothed through aggregation and comparing to high-resolution regional ob-
servational data sets.

Models using a CP scheme are typically inclined to experience symptoms of
grey-zone peculiarities in weather situations dominated by localized or mesoscale
convection. This issue is expected to be alleviated in HCLIM with the 3MT
scheme, and to assess this, we applied an object-based statistical method,
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SAL (Wernli et al., 2008), developed for analysis of rain spell attributes such
as spatial structure and amplitude. It involves a direct one-to-one compari-
son to observations, requiring that model and observational data have similar
weather patterns on the time scale considered. The analysis was carried out
for daily precipitation data for a number of sub-regions in Europe. In most
cases HCLIM shows more realistic features in terms of the structure and am-
plitude compared to another RCM, RCA3 (Samuelsson et al., 2011), which
has been run at 6 km resolution with a CP scheme not specifically adapted
for grey-zone scale. RCA3 tends to produce too widespread rain spells, simi-
larly to what was concluded in Yu and Lee (2010) where mesoscale convection
was simulated with models with active CP in grey-zone applications. HCLIM
better resembles the observed structure by having, on average, smaller and/or
more peaked rain objects.

We conclude from these findings that HCLIM is able to simulate the conti-
nental to sub-continental climate features in Europe in good agreement with
observations and other RCMs, even when applied to grey-zone resolutions.
On the daily time scale, HCLIM shows skill in capturing high-intensity pre-
cipitation events and also represent the spatial character of precipitation in a
more realistic sense than another RCM run at 6 km resolution. Added value
in HCLIM6 compared to HCLIM15 is mainly evident for rare, high-intensity
precipitation events when the former is in closer agreement with observations.
With a higher dry-day probability, HCLIM6 also shows signs of reducing the
”drizzling” problem often seen in climate models. Otherwise the differences
are generally small, and acknowledging that HCLIM15 performs similar to
HCLIM6 in the SAL analysis, this indicates to some extent a scale-awareness
in HCLIM, in line with the results of De Troch et al. (2013).

Paper II
Spatial and temporal characteristics of summer precipita-
tion over Central Europe in a suite of high-resolution cli-
mate models

As previously discussed the inherent assumptions and errors in cumulus pa-
rameterization schemes have detrimental effects on the simulated precipita-
tion, particularly on sub-daily time scales (Brockhaus et al., 2008; Hanel and
Buishand, 2010; Tripathi and Dominguez, 2013). Increasing the model res-
olution enough to allow the cumulus parameterization to be omitted, at less
than ∼3-4 km, has proven highly beneficial for the realism of precipitation in
models. This is especially evident on sub-daily time scales and for convective
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precipitation concerning many aspects such as spatial and temporal frequency,
intensity and event duration and sizes (Ban et al., 2014; Fosser et al., 2014;
Kendon et al., 2012; Prein et al., 2015b). Although still relatively sparse,
with the continuous growth in computational resources, climate simulations
with convection-permitting climate models (CPCMs) are becoming increas-
ingly conducted (Prein et al., 2015b).

In this study, a suite of HARMONIE Climate simulations has been carried
out in order to investigate the sensitivity of the representation of daily and
sub-daily precipitation statistics to horizontal resolution and explicit versus
implicit handling of convection. Therefore, paper II is an extension of paper I
wherein daily output was the highest temporal resolution, and paper II further
provides a more detailed examination of spatial and temporal characteristics
of rainfall. To this end, a number of summer seasons have been sampled in
order to focus on precipitation dominated by convective processes. Each of
the samplings cover May through August, and May is subsequently omitted
from analysis to account for spin-up. HCLIM was setup using three configura-
tions; two were integrated at 15 km and 6.25 km horizontal resolution (hereon
HCLIM15 and HCLIM6 respectively) using the ALARO physics packages
that utilizes the 3MT convection scheme; and the third setup employed the
AROME physics package designed for convection-permitting resolutions and
was run at 2 km resolution (hereon HCLIM2). The two former model config-
urations downscaled ERA-Interim data over a domain covering Europe, and
HCLIM2 was nested within HCLIM15 over an inner domain covering parts
of Central Europe, including the Alps. The analysis was restricted to the Alps
region where gridded high-resolution (in space and time) precipitation obser-
vations are available. This region represents a challenge for models both in
terms of the complex topography and its proximity to different climatological
regimes giving rise to rather complex meteorological conditions often involv-
ing convective components (Frei and Schär, 1998; Isotta et al., 2013). With
this set of HCLIM simulations, the focus is on the models ability to reproduce
sub-daily precipitation and relate the results to the different horizontal resolu-
tions. In particular, when cumulus parameterization is omitted as in HCLIM2,
to what degree does the realism change, both in the mean and for extreme
events? Further, with the use of cumulus parameterization, is there a benefit
of increasing the model resolution from a more standard (in RCMs) 15 km to
6.25 km?

Compared to EURO4M (Isotta et al., 2013), which is based on several thou-
sand daily gauge measurements of accumulated precipitation, HCLIM is able
to reproduce the frequency-intensity distributions over the Alps region. Even
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for high-intensity rainfall events, both HCLIM6 and HCLIM2 are consistent
with observations while HCLIM15 underestimates the probabilities. However,
a spatial analysis reveals overestimation of simulated average summer daily
precipitation in areas with steep topography, especially over the crests. The
close association with topography suggests that convection in HCLIM tend to
be too easily triggered over steep terrain, which is also confirmed in a spatial
analysis of wet hour frequencies over Switzerland. In lower lying and more
smooth areas surrounding the Alps there is a better agreement of daily ac-
cumulations, although HCLIM15 and HCLIM6 are too dry in the Po valley
(northern Italy) and HCLIM2 is generally too wet in southern Germany.

On the hourly time scale, however, substantial differences in performance
are seen between the HCLIM model configurations. Here, the analysis is per-
formed over Switzerland where hourly observations are available; RdisaggH
(Wüest et al., 2010) which is a blend of radar estimates and daily accumula-
tions from rain gauges. The frequency of moderate and heavy hourly events
in HCLIM2 is in good agreement with observations, while the coarser ver-
sions clearly underestimate. We further note that HCLIM2 more realistically
represent the spatial distribution of heavy rainfall events, for example in parts
of southern Switzerland which is subjected to few but vigorous convective
storms, often with mesoscale organization (Isotta et al., 2013). This suggests
that the CPCM is more able to simulate the mesoscale circulation and air flow
interaction with topography in this area. These features are important for a
correct representation of flash floods (Doswell et al., 1996; Lin et al., 2001;
Ulbrich et al., 2003). Such phenomena occurs with specific spatial and tem-
poral characteristics tied to the precipitation patterns. Here, these character-
istics are further explored with the Fractions Skill Score (FSS) methodology
(Roberts and Lean, 2008) and a rain spell duration analysis (Kendon et al.,
2012). FSS statistically assesses the modelled spatial frequency of rain spells
in a domain compared to observations. By aggregating data on successively
larger spatial scales, FSS also provides information on which spatial scales a
model has sufficient skill to represent the event frequency.

Results from the FSS and duration analyses reveal important model differ-
ences. The main outcome is that HCLIM2 simulate these characteristics with
a considerable larger realism than the model versions using a cumulus param-
eterization scheme. For example, in a purely statistical sense, the probability
for duration of rain spells in a grid point (computed from consecutive hours
with precipitation above a certain threshold) in HCLIM15 and HCLIM6 are
clearly biased low for short-duration events, i.e. the spells are generally too
persistent. This is especially pronounced for moderate-to-strong precipitation
events. Furthermore, HCLIM15 and HCLIM6 too frequently produce multi-
hour rain spells with low peak intensities. These kind of deficiencies have been
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noted in other RCMs (e.g. Kendon et al., 2012), and is most probably related
(at least in part) to the use of a convective parameterization. The bias pattern
is consistent with a problem seen in many climate models; the too early onset
of diurnally forced convection, prohibiting the build-up of convective available
potential energy and often resulting in a lower late afternoon maximum in con-
vective precipitation rate than observed (e.g. Ban et al., 2014; Brockhaus et al.,
2008; Kendon et al., 2012; Prein et al., 2013). In all these respects, HCLIM2
is in much closer agreement with observations.

With this study, we are able to add support to other recent findings using
CPCMs and provide good evidence that HCLIM in a ”convection-permitting”
configuration is well suited for the purpose of examining precipitation ex-
tremes and related processes. However, further investigation is needed to es-
tablish added value of using HCLIM with 3MT in a grey-zone scale resolution.
Generally, HCLIM6 performs better than HCLIM15; a larger probability for
the very rare hourly events, in better agreement with observations, and the large
biases in duration and peak intensities are also somewhat reduced. However,
the analysis does not show a clear benefit of the grey-zone scale simulation.
Since it is several times more expensive to run at this resolution, it is still an
open question whether or not such a resolution is to be used on an operational
basis.
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Conclusions and outlook

The successful representation of convection at different scales is required to
ensure that global and regional climate models are able to faithfully simulate
weather and climate. Furthermore, confidence in a climate model’s projec-
tions of sub-daily precipitation extremes is dependent on its ability to accu-
rately represent processes responsible for any changes. This poses a chal-
lenge for climate models, because any model in which convection needs to
be parameterized is generally unable to accurately represent local convective
events. Omitting cumulus parameterization entirely by increasing the reso-
lution to convection-permitting grid spacings (≤4 km) is an appealing strat-
egy that would circumvent many of these issues. However, for simulations
on climate time scales this is computationally demanding. It could then be ar-
gued that developing parameterization schemes for scales within the grey-zone
could be a viable option to produce high-resolution climate projections.

We have sought to gain further insight into these issues with the two pre-
sented studies in this thesis. The primary objective was to investigate the
effect of grid resolution and cumulus parameterization on simulated precip-
itation variability and extremes on different spatial and time scales in a re-
gional climate model. For this purpose, we used the HARMONIE Climate
(HCLIM) model applied to a number of grid spacings ranging from more stan-
dard ∼10-20 km to kilometer-scale including intermediate ”grey-zone” reso-
lutions. From the results we could conclude that HCLIM is able to reproduce
the main climate patterns over Europe on daily to seasonal time scales, includ-
ing the spatial and temporal variability, in agreement with other state-of-the-
art RCMs. In particular, it was found that HCLIM run at 6.25 km resolution
(HCLIM6) with the 3MT scheme generates more realistic spatial structure of
daily summer rain events compared to another RCM using a CP scheme not
specifically adapted for this resolution. Also, the days and hours with high
accumulations of precipitation are better captured in HCLIM6 compared to
the run with a coarser grid (HCLIM15). In fact, in many aspects of the simu-
lated precipitation such as the dry day (or hour) probability, spatial distribution
and duration of rain spells, HCLIM6 performs better than HCLIM15, sug-
gesting added value of ”grey-zone” resolution. The greatest benefit, however,
occurs when HCLIM is configured with a convection-allowing 2 km resolu-
tion (HCLIM2), treating convection explicitly. Although with different model
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physics formulations, HCLIM2 outperforms the setups with active CP on the
coarser grids, especially on sub-daily time scales. So far, there has been a
limited number of climate studies with convection-permitting climate models
(Prein et al., 2015b), but they are increasing. Our findings here with HCLIM
are in line with those obtained in similar studies conducted recently (Ban et al.,
2014; Fosser et al., 2014; Kendon et al., 2012; Prein et al., 2013); i.e. for
daily precipitation estimates, CPCMs and RCMs at more standard resolutions
show similar performance, but on a shorter time scales the former models ex-
hibit a significantly higher degree of realism regarding rainfall characteristics.
CPCMs have consistently showed their skill in adequately modeling local-
ized short-duration precipitation events declaring their importance for climate
change studies of these processes.

However, the question remains regarding what spatial grid resolution is suf-
ficient for accurate representation of rainfall extremes on various time scales
(Prein et al., 2015b; Westra et al., 2014). Even at kilometer-scale, shallow
convection and small scale processes involved in deep convection, such as in-
cloud turbulence, are not resolved. This may for example cause too strong
updrafts and precipitation in CPCMs (Kendon et al., 2012). Dependent on the
situation, cumulus parameterization may still be needed below 4 km resolu-
tion. In forthcoming studies, we will continue to explore the scale-awareness
in HCLIM with the 3MT scheme active. Recent development suggests that
this model configuration may be applied on kilometer-scale resolution. This
would allow the study of HCLIM’s ability to reproduce localized extreme pre-
cipitation events and the diurnal convective variability across the ”grey-zone”
scale range down to kilometer scale using (in all other respects) identical model
configurations. This could be further extended to investigate the dependence
of the interplay between small scale processes and large-scale flow on the grid
resolution. For instance, how will the initiation, evolution and decay of phe-
nomena such as Vb cyclones (Messmer et al., 2015) and atmospheric river
events (Lavers and Villarini, 2013), both responsible for situations with ex-
treme precipitation in Europe, be affected by the different grid spacings? With
respect to projections of future climates, a more complete analysis should also
include the sensitivity on the resolution of the lateral boundary conditions as
well. This would bring clarity and guidelines on how to combine GCMs and
RCMs and the respective domain characteristics in optimal ways to achieve
satisfying regional and local climate statistics.

Equally important is to assess uncertainties in projections. At present, en-
sembles are lacking of CPCMs with different model formulations and different
GCMs or RCMs providing the boundary conditions. This is becoming more
feasible and we plan to contribute to such undertakings. Already, HCLIM has
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taken part in a European project in which a number of real cases of extreme
precipitation events over the island of Crete have been simulated in a num-
ber of different CPCMs using same boundary conditions (Koutroulis et al.,
2015). Findings from these experiments (and similar future studies) will add
understanding to the dependence on the performance on variations in CPCM
formulation. Further, the cases were rerun with perturbed boundary conditions
representing a two degree temperature increase, which will allow an examina-
tion of potential changes of these extreme events in a warming climate.

Overall, the findings presented in this thesis are satisfying as they show that
HCLIM is fit for its purpose, encouraging its further use in exploring changes
in precipitation and associated processes in a changing climate.
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