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Abstract

Climate modelling has become increasingly important, especially in the last few
years. Non-hydrostatic climate modelling is necessary at scales where the hydrostatic
assumption is not valid, i.e., at grid spacings of 10 km and less.

In the present thesis, merits and shortcomings of some of today’s state-of-the-
art non-hydrostatic regional climate models are evaluated and discussed. There-
fore, several sensitivity experiments were conducted with each of the participating
models over the FEuropean Alpine region with a horizontal resolution of 10 km, and
evaluations against high-resolution observation datasets were made.

Key findings in this thesis include the fact that all models have in common the
tendency to overestimate precipitation along the Alpine ridge, and to underestimate
precipitation leeward of the Alps. The magnitudes and exact locations of the maxima
and minima of the precipitation biases however vary from model to model. In terms
of temperature no common feature could be made out, here merely every model has
its own characteristic bias patterns.

The results achieved in the sensitivity experiments give rise to optimism for cur-
rently ongoing and upcoming local-scale experiments at a horizontal resolution of
less than or equal to 3 km, where the ‘added value’ of the very high resolution shall
be evaluated.






Zusammenfassung

Die Klimamodellierung erfreut sich besonders in den letzten Jahren zunehmender
Bedeutung, auch durch Politik und Offentlichkeit. Nicht-hydrostatische Klimamodel-
lierung wiederum ist iiberall dort notwendig, wo die hydrostatische Approximation
nicht giiltig ist, d.h. bei Auflésungen von 10 km und weniger.

In der vorliegenden Arbeit werden die Vorziige und Defizite aktuell moderner
nicht-hydrostatischer regionaler Klimamodelle evaluiert und erortert. Zu diesem
Zweck wurden mit jedem der beteiligten Modelle einige Sensitivitats-Experimente
mit 10 km horizontaler Auflésung iiber dem Alpenraum erzeugt und eine Evaluie-
rung auf Grundlage von hochaufgelosten Beobachtungs-Datensétzen durchgefiihrt.

Ein Hauptergebnis dieser Studie ist unter anderem, dass allen Modellen eine Ten-
denz zur Uberschitzung des Niederschlags entlang des Alpenhauptkamms gemein
ist. Umgekehrt werden Niederschldge im Lee der Alpen unterschétzt. Die Grofien-
ordnung und Lokalisierung der Minima und Maxima der Abweichungen zu den Be-
obachtungen variieren jedoch von Modell zu Modell. Im Zusammenhang mit der
Temperatur konnte kein allen Modellen gemeinsames Merkmal gefunden werden.
Diesbeziiglich hat jedes Modell eher sein eigenes charakteristisches Muster von Ab-
weichungen.

Die erzielten Resultate in den Sensitivitats-Experimenten geben Grund zu Opti-
mismus fiir anstehende, noch hoher aufgeloste Experimente mit einer horizontalen
Auflésung von weniger als 3 km, in denen der ,added value* der erhéhten Auflésung
evaluiert werden soll.

vii






Contents

Preface
1 Introduction
1.1 The name of the game . . . . . . .. ... ... ... ....
1.2 Climate modelling — a brief history . . . . ... ... ...
1.3 Regional Climate Models . . . . ... ... ... .. ....
1.3.1 Why exactly do we need them? . . . . .. ... ...
1.3.2 Turmoil at the boundaries . . . . . . ... ... ...
1.3.3 Stepbystep . ... ... ... L.
1.3.4 Model domains: An agony of choice, or perhaps not?
1.3.5 Two heads are better thanone . . . .. ... .. ..
1.3.6  Resources ad infinitum? — No, sorry. . . .. .. ..
1.3.7 Applications . . . . ... ...
1.4 Summary . . . . ...

3

Climate models and errors associated with them

2.1
2.2
2.3
24
2.5
2.6

2.7
2.8

Climate models and their role in climate change scepticism
Sources of uncertainty . . . . .. ... ...
Getting a grip on those model errors . . . . . .. .. .. ..
Sensitivity studies at the regional scale . . . . . . ... ...
NHCM-1. . . . . e e e
COSMO-CLM description . . . . . .. .. .. ... ... ...
2.6.1 Model equations . . . .. ... ... ... ... ..
2.6.2 Rotated spherical coordinates . . . . . ... ... ..
2.6.3 COSMO-CLM workflow . . .. .. ... ........
Sensitivity analysis setup . . . . ... ... L oL
SUMMATY . . . . o v v o e e e e e e e e e

Summary and Conclusions

Appendix: The publications — Foreword

A High Resolution Sensitivity Studies with CCLM in the Alpine region
Abstract . . . . . . . L

[y

0 00 3 W W

10
12
12
14
15
16
17

19
19
20
21
23
24
25
26
28
29
39
41

43

47

49
o1



Contents

Zusammenfassung . . ... Lo oL 53
A.l Introduction . . . . . . . . . . ... ... 55
A2 Experimental setup . . . . . . . . ... ... 56
A.3 Data and evaluation methods . . . . . . ... ... ... ... ..., 58
A.3.1 Observational data . . . ... ... ... ... ......... 58

A32 Clustering . . . . . . . . .. 59

A3.3 Regridding . . ... .. ... 60

A4 Evaluation. . . . . . . . . . ... e 62
A4.1 Temperature . . . . . .. .. . ... 63

A.4.2 Precipitation . . . . . ... 65

A5 Discussion . . . .. .. 68

B Error Characteristics of High Resolution RCMs over the Alpine Area 71
Abstract . . . . . . . e 73
B.1 Introduction. . . . . . . . .. .. ... .. 75
B.2 Experimentalsetup . . . . .. . . .. ... ... ... ... ... 76
B.2.1 Models . . ... ... . ... 76

B.2.2 Model configuration and ensemble construction . . . . . . .. 81

B.2.3 Simulation period . . ... ... ... oL 81

B.3 Referencedata . . .. ... . ... ... .. ... ... .. ..., . 84
B.3.1 Subregional analysis . . . . ... ... ... ... ... ... 85

B4 Results. . . . . . . . e 86
B.4.1 Fulldomainresults . . . . ... ... ... ... ........ 86

B.4.2 Subregional results . . . . ... ... L oL 90

B.5 Discussion & Conclusions . . . . . . .. .. ... ... .. ...... 94
B.6 Electronic Supplementary Material . . . . .. .. ... ... ..... 97
List of Figures 103
List of Tables 105
List of Acronyms 107
Bibliography 113



Preface

Parts of this PhD thesis have already been published. The references are:

o M. Suklitsch, A. Gobiet, A. Leuprecht, C. Frei (2008): High Resolution Sen-
sitivity Studies with the Regional Climate Model CCLM in the Alpine Region.
Meteorol. Z., 17, 4, pp. 467-476

o M. Suklitsch, A. Gobiet, H. Truhetz, N.K. Awan, H. Géttel, D. Jacob (2010):
Error Characteristics of High Resolution Regional Climate Models over the
Alpine Area. Clim. Dyn., in press






1 Introduction

The world is changed: | feel it in the
water, | feel it in the earth, | smell it in
the air... Much that once was is lost,
for none now live who remember it.

(Galadriel)

1.1 The name of the game

The world is changing continuously. This is no new phenomenon. Changes also
happened in the past. Climate records show — in geological terms — several abrupt
changes in diverse parameters. Yet, it is the speed these changes happen with
nowadays that has to concern us. These changes are also closely tied to human
evolution: The human population increased from ~2.5 billion people in the year 1950
to ~6.8 billion people in the year 2010 and will presumably rise to ~8.9 billion people
in the year 2050. More people need more space and generally more resources. This
changes the way we interact with our environment (urbanization), the way we till
our fields (fertilizers), where we till our fields (deserts), where we do cattle-breeding
(deforestation) and how we tap into new resources (oil/gas drilling, mining). All
this in return also changes the climate through feedback mechanisms.

Until recently there was no clear scientific statement about the role of humans in
climate change. Only the latest Intergovernmental Panel on Climate Change (IPCC)
report finally states likelihoods for human contributions to climate change. They
state it is likely! that humans contribute to the occurrence of warmer and fewer cold
days and nights over most land areas. It is further likely warmer and more frequent
hot nights over most land areas bare a human contribution (IPCC 2007). This lead
to the conclusion

‘The understanding of anthropogenic warming and cooling influences
on climate has improved since the TAR, leading to very high confidence?
that the global average net effect of human activities since 1750 has been
one of warming ...’ (IPCC AR4, WG 1, SPM)

The IPCC AR4 further states

Definition of ‘likely’ in IPCC AR4: > 66 % probability of occurrence
2¢yery high confidence’ in IPCC nomenclature means there is a 9 out of 10 chance the statement is
correct
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Figure 1.1: Schematic view of the components of the climate system, their processes
and interactions. Source: IPCC AR4.

‘Warming of the climate system is unequivocal, as is now evident from
observations of increases in global average air and ocean temperatures,
widespread melting of snow and ice, and rising global average sea level’
(IPCC AR4, WG 1, SPM)

This is mainly due to the increase of greenhouse gas concentrations in the atmo-
sphere, and from these mainly carbon dioxide (CO:). Concentrations of CO. have
increased from 280 ppm in the pre-industrialized era (before 1750) to 387 ppm at
the beginning of 2010 (source: http://www.esrl.noaa.gov/gmd/ccgg/trends/).
Primary sources of this increase are the use of fossil fuel, cement production and
deforestation. Besides CO. there are also other greenhouse gases, some of them
much more ‘effective’ with respect to global warming. One of these gases is methane
(CH4). Large amounts of CH, and other trace gases are stored in permafrost soil
in Siberia (e.g., Rodionov et al. 2006). With a further increase of greenhouse gas
concentrations and thus a further increase in temperature it is likely that permafrost
will melt, release methane, and in a positive feedback loop further increase green-
house gas concentrations in the atmosphere (e.g., Kirpotin et al. 2009; Blok et al.
2010; Shakhova et al. 2010; Shkolnik et al. 2010). But there are also other thoughts
as to what causes climate change. For example, ideas persist that the sun may have
an impact on climate and climate change. While it is undoubted that the sun influ-
ences the climate (there are correlations between solar spots and significant climatic
events) it is questionable whether the sun alone could be the cause for the rapid
warming observed in recent years. Recently studies have surfaced which assign the
sun a cooling effect through interaction of solar wind and aerosols in the atmosphere
(e.g. Svensmark et al. 2007; Svensmark et al. 2009). Ionized aerosols are more likely
to provide cloud condensation nuclei. As a result there would be more clouds which
reduce the albedo, consequently less solar radiation reaches the surface.



1.2 Climate modelling — a brief history

In order to contain global warming at moderate level vast actions have to be
taken. But which actions have a positive effect on the environment and which ones
do not? Are there feedback processes that reveal themselves only after a certain
period? There are many processes that have a threshold at which they tilt over
and change their characteristics. Since there are many possible ‘paths’ of actions
but only one Earth we need to find ways of projecting the effects of these actions
without further harming the environment. One important way is paved by models.
Yet, models not only help us projecting the effects of actions (i.e., climate change)
but also help us to analyze the impacts of climate change. This information enables
to plan adaptation strategies.

Depending on the discipline models may be very diverse kinds of things. An
architect for example builds a model of the construction he is entitled to plan.
Chemists build models of molecules. Mathematicians create a model of the orbits of
planets around the sun. Even a toy may be called a model. As different as models
may be, there are three characteristics all models have in common (von Storch et al.
1999):

o Simplification. A model has to be smaller and easier to understand than its
real antetype. For example, street maps are easier to handle due to their
pocket size. A map without a scale on the other hand would be senseless.

e Idealization. Models emphasize on the important links and characteristics, and
disregard those which are rather unnecessary. This is done by abstraction, e.g.,
buildings are replaced by rectangles on a street map. It is not necessary to
know how the buildings look like, one only needs to know where they are.

o Subjectiveness. Which parts of the system under investigation are important
and which ones can be disregarded are subjectively considered by the modeller.
They depend on the task the model has to fulfil. For example, if one creates a
map of underground stations it is rather unimportant to contain bicycle routes
in it.

In terms of climate modelling the aim is to reproduce the relevant processes of
one or more of Earth’s subsystems which contribute to the climate. The Earth
system can be divided into a number of subsystems, e.g., atmosphere, hydrosphere,
cryosphere, etc. (cf. Figure 1.1). Similarly, climate models are built in a modular
way. How many of these subsystems are modelled and in what detail depends on
the computational resources available. But before we can talk about today’s climate
models we have to think about the evolution of these — today sophisticated — tools.



1 Introduction

The World in Global Climate Models

Mid-1970s Mid-1980s
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Figure 1.2: Evolution of GCMs over the last few decades. The additional physics
incorporated in the models are shown pictorially by the different features in the
modelled world. (Source: IPCC AR4).



1.2 Climate modelling — a brief history

1.2 Climate modelling — a brief history

Climate modelling has evolved in parallel to Numerical Weather Prediction (NWP),
where most climate models — both global and regional — stem from. Yet there
have been attempts to simulate, or rather project, the future climate much sooner.
Swedish researcher Svante Arrhenius for example presumed a warming effect of
greenhouse gases in the late 19th century with a very simple yet effective so called
zero-dimensional energy balance model. He simply added up how much radiation
was retrieved from the sun, what part of that radiation was reflected and what
part was absorbed. Such model does not resolve neither longitude nor latitude nor
altitude, thus the name ‘zero-dimensional’.

One step after the zero-dimensional energy balance model come one-dimensional
energy balance models, where Earth is represented through a number of zonal bands.
This model made horizontal energy transfer possible, but it lacked the very impor-
tant vertical dimension. So, the logical advancement was to introduce the vertical
dimension which led to the development of two-dimensional energy balance models
(e.g., Sellers 1969). This kind of model was already able to rudimentarily reproduce
large scale energy transports like the Hadley cell. Nevertheless these models had too
warm temperatures at the surface and too low temperatures at the model top. The
reason for this lies in the lack of the second important energy transport mechanism
apart from radiation: convection. Energy is not only transported through radiation
but also through differences in air density. When such differences reach a crucial
limit vertical transport occurs and lasts as long as this instability occurs. The mod-
els that include these processes are known as radiative-convective models (RCMs in
short, not to be messed up with Regional Climate Models (RCMs) we will focusing
in this work).

The next step towards today’s global climate models are the so-called ‘Earth-
system models of Intermediate Complexity’ (e.g., Crucifix et al. 2002). These models
bridge the gap between the two extremes, conceptual and more inductive models as
described above on the one side, General Circulation Model operated at the highest
spatial resolution computationally feasible on the other side.

The up to now final step in the evolution of climate models are the General
Circulation Models (GCMs), often also called global climate models. General Cir-
culation Models (GCMs) are highly complex representations of the Earth system.
These models simulate the state of the atmosphere with physically correct equa-
tions. The complexity of the GCM depends on its application, and it is a constant
struggle with compromises when it comes to realistically representing the Earth sys-
tem. The evolution of GCMs since the mid 1970’s is displayed in Figure 1.2. Until
recently most models only contained the atmospheric circulation (Atmosphere Gen-
eral Circulation Models (AGCMs)) although it is known that oceans, cryosphere and
land surface also play an important part regarding the climate of Earth. So today,



1 Introduction

cloud bpas
radatiely actve gases and agrosols
| precipitaton

momentum, labent and sensiie heat fuxes .
& 4 i

Figure 1.3: Conceptual structure
of a coupled AOGCM. Illustra-

tion by D. Viner (CRU), found e
at http://www.cru.uea.ac.uk/ orzonal sichange.
difusion and advection

cru/info/modelcc/.

with increased computing power, most models contain an oceanic component that
interacts with the atmospheric component (Atmosphere-Ocean General Circulation
Models (AOGCMs)). Processes included in an AOGCM are laid out in Figure 1.3.
Lately, it has been recognized that the carbon cycle also plays a major part in
the Earth system which led to the development of Coupled Climate-Carbon Cycle
General Circulation Models (C*coms).

1.3 Regional Climate Models

In the last section the evolution of GCMs over the last few decades has been laid out.
Today’s GCMs are already highly sophisticated and, compared to 15 years back, also
rather high resolved. But their current resolution is still unsatisfactory for certain
aims. The needs for RCMs will therefore be discussed in Subsection 1.3.1. Right
thereafter more details concerning RCMs will be laid out: lateral boundary conditions
(LBCs) and nesting (Subsection 1.3.2), the ‘resolution jump’ issue (Subsection 1.3.3),
model domains (Subsection 1.3.4) and attempts to couple various types of RCMs
(Subsection 1.3.5). This is followed by a discussion on the resource issues related
to regional climate modelling (Subsection 1.3.6) and areas of applications for RCMs
(Subsection 1.3.7).

1.3.1 Why exactly do we need them?

The climate system is global by nature. Yet its characteristics vary from one region
on Earth to another. Until the early 1990’s the primary tools for climate simulation
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and projection were GCMs (Giorgi and Mearns 1991). Back then GCMs were able to
represent the main characteristics of the general circulation reasonably well. But
their performance at reproducing regional climate details was rather poor (e.g.,
Grotch 1988; Mearns et al. 1990). To a lesser extent this issue still exists today (e.g.,
Coppola and Giorgi 2010).

One cause for the rather poor regional performance are representation deficiencies
in the dynamical and numerical processes. The main problem however is the hor-
izontal resolution. Formally it lies between 1° and 2.5° (about 120 km to 300 km)
as can be seen in Meehl et al. (2007). Their effective resolution is rather 6 times the
grid distance, i.e., of the order of 1000 km (Grotch and McCracken 1991). As a con-
sequence only the effect of large scale forcings on the general circulation is captured,
impacts of a number of regional to local forcings get lost. This results in two effects:
First, it precludes the reproduction of realistic, high resolution climatic detail. This
lack of high resolution detail in return leads to the second effect, inaccuracies at
the global scale. For example, the Alps have a strong effect on cyclogenesis in the
northern Mediterranean (e.g., Pichler et al. 1990; Aebischer and Schér 1998; Trigo
et al. 2002). But in GCMs they are represented as several tens of grid boxes with
little elevation, and thus their influence is considerably underestimated.

So, why not just increase the horizontal resolution in GCMs? The first and foremost
reason is that up to now the computational resources are not sufficient. But this
situation will certainly improve in the near future. Today already some simulations
are carried out at resolutions below 50 km on the global scale (e.g., Sato et al. 2009),
but only for specific time slices and only for the atmospheric model part (no coupling
with ocean or any other climate subsystem).

On the other side we have climate impact research. Their models are designed
for very fine scales (resolution ranging from a few metres to kilometres). To derive
input data for these models from a 150 km GCM (when the study area maybe is even
smaller than that 150 km by 150 km box) is rather difficult. In order to circumvent
this problem the GCM data can be downscaled, i.e., it is refined. There are two
main methods for downscaling: a statistical and dynamical one. At this point they
only shall be outlined. A general comparison of all sorts of methods is given e.g., in
Wilby (1997). Statistical downscaling makes use of statistical relationships between
large-scale climate variables and local ones. Many specific methods are described in
IPCC (2007), section 11.10.1.3. Dynamical downscaling uses RCMs which contain
physical-dynamical equations of fundamental climate processes like GCMs do.

Apart from that there are two other dynamical methods for generating regional
climate information. The first one uses a high resolution GCM (e.g., May 2004;
Mizuta et al. 2006; Sato et al. 2009), the second makes use of a Variable Resolution
General Circulation Model (VRGCM) (e.g., Déqué and Piedelievre 1995; Krinner et al.
1997; Fox-Rabinovitz et al. 2001; McGregor et al. 2002; Gibelin and Déqué 2003).
In the latter case the horizontal resolution of the GCM is increased over a confined
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area of interest, over the rest of the globe it uses the typical 2° or coarser resolution.
Both GCM type approaches have their own strengths and weaknesses. Advantages
of VRGCMs over uniform grid GCMs are discussed in Fox-Rabinovitz et al. (2008).
Chauvin et al. (2006) investigated the response of vortexes to a warming climate
in both VRGCM and a uniform grid GCM. However, the advantage of nested RCMs
is that their demands on computational resources are smaller than running, e.g., a
GCM with a variable resolution grid. Furthermore, already a large number of coarse
grid GCM simulations based on different emission scenarios exist which have been
performed solely to enable RCM studies.

RCMs like their big brother GCMs are highly complex and comprehensive represen-
tations of the true nature. But they are applied over a confined region of interest.
Depending on the task and available resources such regions of interest extend over
landscapes, countries and continents, respectively. This enables to use much finer
resolutions. An overview of developments in regional climate modelling and issues
related to it is given in Giorgi and Mearns (1991), Giorgi and Mearns (1999), Wang
et al. (2004) and Rummukainen (2010).

Current RCMs are operated at horizontal resolutions of 25 km to 50 km in long
term climate simulations and projections on the continental scale, e.g., in projects
PRUDENCE (Christensen et al. 2007a), ENSEMBLES (Hewitt 2005), RMIP (Fu et al.
2005) or NARCCAP (Arritt et al. 2006). In sensitivity experiments which are run for
a considerably shorter period of time the horizontal resolution often lies between
7 km and 25 km (besides attached publications also in, e.g., Hohenegger et al. 2008;
Meissner et al. 2009; Hurkmans et al. 2010). Recently, simulations with a horizontal
resolution of less than 7 km have been conducted, mainly in the course of case studies
(Kuell et al. 2007; Trentmann et al. 2009).

An interesting detail aside: Often the area covered by the RCMs correlates to the
location of the research institute: most European institutes simulate the climate of
Europe, U.S. and Canadian institutes simulate the climate of North America and so
on. This is of course a valid approach, since funding for projects aiming at foreign
regions are hard to gain. However, in the process of the next IPCC assessment
report (IPCC ARJb) regional climate modellers from all over the world have settled
on common model domains (CORDEX, see http://copes.ipsl. jussieu.fr/RCD_
Projects/CORDEX/CORDEX.html) and additionally on a priority study area, Africa .
This continent is likely to be affected strongest by climate change (e.g., Hulme et al.
2001; Boko et al. 2007).

1.3.2 Turmoil at the boundaries

Applying RCMs over a confined region of interest renders the problem of boundary
conditions. In order to let the RCM know what is going on outside its domain it
has to be ‘driven’ by global data. Driving a RCM means supplying lateral boundary

10
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conditions (LBCs) at the sides of the RCM domain. The LBCs consist of the parame-
ters temperature, moisture, the wind components, sea surface temperature and sea
ice cover. Depending on the model and incorporated additional modules (e.g., an
air chemistry model) further parameters might be needed. Generally speaking: the
more parameters are available for LBCs the better. As we will see later it makes a big
difference if, for example, cloud parameters like cloud water content are supplied.

Depending on the task and period the LBCs comes either from a GCM or a re-
analysis. In case of double- or multiple-nesting approaches LBCs are taken from a
coarser resolved simulation of the same model.

The way LBCs are applied to the RCM domain is called nudging. This means
that over a defined number of grid points (often called transitional zone, adjustment
zone or sponge zone, which contains between 4 and 10 gridpoints at each side of
the RCM domain) internal RCM fields are adjusted, or relaxed, to the global data.
The influence of the global data decreases with each grid point further into the RCM
domain following specific rules (e.g., Davies 1976). The theory behind applying LBCs
is thoroughly discussed in Staniforth (1997) and a detailed description of the lateral
boundary relaxation is given in Marbaix et al. (2003).

There are several additional nudging techniques available from which the most
prominent is called ‘spectral nudging’ (Kida et al. 1991; von Storch et al. 2000).
The idea behind this nudging technique is that one assumes the large scale (or
synoptic scale) information contained in the global data is correct — or at least
more correct than the one that the RCM would produce. So, the global data is
transformed into phase space where the high frequent ‘noise’ is truncated. The
remaining fields are back transformed into grid space and then the RCM fields are
adjusted to those fields starting from model top to a defined height with decreasing
weight with decreasing height. Improvements using this technique have been shown
(e.g., von Storch et al. 2000; Meinke et al. 2006). However, one has to be careful in
terms of which parameters to nudge that way, down to which height and how strong
the nudging should be done. Otherwise no or even worsening effects on the results
might occur.

Another issue is that the driving data is typically available at intervals of 6 hours.
RCMs, however, are calculating the state of all its variables at intervals of some min-
utes to a few seconds (depending on the horizontal resolution). At every time step
also the LBCs have to be updated, therefore they are interpolated linearly between
the original interval. This implies one source for errors since, e.g., the passage of
a front might not happen with constant velocity. Even more critical is the case
when a cyclone develops near the edge of the RCM domain (e.g., Termonia et al.
2009). This is why the LBC problem ties in with another issue in regional climate
modelling, the size of the RCM domain. This issue will be discussed in more detail
in Subsection 1.3.4.

11



1 Introduction

1.3.3 Step by step

Also of major importance is the resolution step between the LBC and RCM resolution.
This step is mostly chosen as a factor between 3 and 5. This means that, e.g., in
data from a GCM with 150 km resolution one could nest a RCM with 30 km to 50 km
resolution. However, it has been found, e.g., in Denis et al. (2003), Beck et al. (2004)
and Suklitsch et al. (2008, Appendix A), that much higher resolution steps (in these
particular cases: 10 and 12, respectively) are possible.

This however also depends on the choice of the model domain discussed below. If
the final horizontal resolution is smaller than achievable with a single downscaling
step one has to think of multiple nesting, i.e., between the GCM resolution and the
final RCM resolution one (or more) RCM simulations with intermediate resolution
are interposed. For example, if one wants to reach a final resolution of 3 km starting
from a GCM (resolution: 150 km) one could think of the nesting steps 150 km —
50 km — 10 km — 3 km.

The choice of intermediate resolution(s) depends on the RCM and the nesting
techniques it provides. Some RCMs, e.g., COSMO model in CLimate Mode (COSMO-
CLM), have to refine the resolution sequentially, meaning that the resolution steps
proposed above would have to be simulated one after another. This has an impact
on the LBCs which therefore can only be provided at the output interval of the
model which is, by design, one hour at its best. Other models, e.g., MM5, have the
capability of ‘internal multiple nesting’, i.e., the nesting is done in a single model run
internally (which also gets rid of the LBC update interval problem). By nesting the
finer resolved model domain internally the update interval of the LBCs in this finer
model domain is equal to the computational time step of the coarser model domain.
This nesting method often is bound to a fixed resolution step. For example, in MMb5
the factor of the resolution step is 3. So, in the example from above one would have
to ‘choose’ the steps 150 km — 50 km — 18 km — 6 km — 2 km (numbers partly
rounded).

1.3.4 Model domains: An agony of choice, or perhaps not?

The section title emphasizes the fact that there is a conflict between what the model
domain could look like from a modeller’s point of view and what the model domain
has to look like due to external influences such as orography and computational con-
straints. The modeller is not as free in the choice of the domain as one might think.
Especially the domain size has been found to have a strong impact on the model
results (e.g., Vannitsem and Chomé 2005; Suklitsch et al. 2008). Further, a badly
chosen model domain can — in the worst case — render a simulation meaningless or
cause a simulation to crash. A fact that becomes even more important if the model
crash occurs not until several years of simulation have succeeded.
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Figure 1.4: COSMO-CLM domains used in projects ‘consortial runs’ (a), PRUDENCE
(b) and reclip:century (C)

But then, what is a ‘good’ model domain? In the author’s opinion a good model
domain first of all extends much wider than the evaluation domain. For example, if
the effects of model setup on the performance of a model in the Alpine region has to
be evaluated then it would make sense to have this area in the centre of the model
domain with a considerable amount of gridpoints around it in order to detach the
evaluation domain from the LBCs.

Next, there often is a predominant inflow area, i.e., a preferred direction in the
general circulation. For example, EOF analysis of the flow pattern over Europe
show that the flow over the Alpine region mostly has western or northern compo-
nents. Such EOF and PCA analysis have extensively been done by e.g., Horel (1981),
Kostopoulou and Jones (2007) and Huth et al. (2008). It therefore makes sense to
extend the model domain further into that direction to better capture the pattern
of the determining flow. This is even more crucial if the lateral boundary conditions
do not provide liquid and/or solid water variables such as cloud water content. In
that case the RCM has to build up a repository of these variables itself which might
take several hundred kilometres. As a third point one should stress the advantage of
having either no or much sea surface in the model domain (a fact that also has been
considered only marginally in the two attached publications due to well known rea-
sons). The sea is an important source of moisture, but cutting through coastal areas
can introduce more errors than benefits, because land grid points in the GCM might
become translated to sea grid points in the RCM and vice versa. This introduces
inconsistencies in the energy budgets of the two models.

Another bad idea with respect to the choice of the model domain is to place its
edge through a major mountain range. If it is avoidable such regions should always
be included as a whole. For example, such problems occurred in the CLM-community
when it came to simulations in Europe (see Figure 1.4). They chose a model domain
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where either the Caucasus with elevations of more than 3100 m had to be crossed at
the eastern edge (Figure 1.4a), or Greenland reached into the domain with elevations
as high as 2100 m in the northwestern corner (Figure 1.4b). Both elevation values
refer to the RCM domain. In the driving GCM these areas are much lower. This
resulted in inconsistencies in air mass advection. In the first case too much air
mass was kept in the model domain which caused detrimental effects at the eastern
boundary (Hollweg et al. 2008), in the latter case too less air was advected into the
model domain causing one cyclone formation after another.

But especially with COSMO-CLM there is a nice way to circumvent these two
problems while at the same time simulate whole Europe. CCLM uses a rotated coor-
dinate system (this topic will be discussed in more detail in Section 2.6). Basically
this means the north pole in the model is shifted so that the equator runs through
the domain centre (in order to avoid problems resulting from meridian convergence).
By altering the position of this rotated north pole the model domain can be rotated
far enough to locate the northern border southeast of Greenland and the south-
ern border northwest of Caucasus. In Figure 1.4c the result of this shifted north
pole is depicted. This domain is used in the currently running project reclip:century
(http://foresight.ait.ac.at/reclip/), where high resolution climate scenarios
for the Alpine region are created.

All these items sum up and constrain the modeller in his or her ‘choice’ of the
model domain.

1.3.5 Two heads are better than one

In recent years endeavours have started to implement more climate subsystems into
RCMs, making them rather to regional earth system models. This is a very simi-
lar development to global earth system models. Besides the atmospheric part plus
oceans and land surface other modules handling biogeophysical and chemical com-
ponents are introduced. Such components range from air chemistry, over dynamic
vegetation, glaciers and ice sheets to the carbon cycle. The perspectives of such
regional earth system models are laid out in Giorgi (1995). This also implicates a
shift in the delineation of climate models and climate impact models, since parts of
the latter already are included in RCMs.

The inclusion of additional subsystems has of course positive effects on the model
results, e.g., the inclusion of air chemistry enables a more realistic pool of cloud con-
densation nuclei and therefore more realistic conditions for the microphysics which
in return produce more accurate precipitation patterns. The downside of such re-
gional earth system models are once again the computational costs which increase
with each subsystem added to the RCM. At the moment, coupling of RCMs is done
mainly in form of regional atmosphere-ocean-sea ice models (see e.g., Doscher et al.
(2002), Schrum et al. (2003) and Seo et al. (2007)). But more and more effort is
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also put into coupling of RCMs and chemistry models (e.g., Vogel et al. 2009),

At the same time also the coupling of GCMs with RCMs in an alternative way is
discussed. The GCM not only provides LBCs for the RCM, but the RCM also passes
back its higher resolution results to the GCM. This is for example interesting in
tropical regions, where the deep convection is already resolved by RCMs. Studies
so far suggest that there is at least potential for improvements of the GCM results
even far away from the nested RCM domain (e.g., Lorenz and Jacob 2005; Inatsu
and Kimoto 2009).

1.3.6 Resources ad infinitum? — No, sorry.

A very — if not the most — restricting factor in regional climate modelling are com-
putational resources, meaning CPU capacity, network speed, and storage capacity.
With respect to these two resources the five factors horizontal resolution, vertical
resolution, domain size, time step and simulation period are interdependent. Hori-
zontal resolution and time step are tied together linearly by the Courant-Friedrichs-
Lewy (CFL)-criterion: a reduction of the grid spacing by a certain factor has to be
accompanied by a reduction of the time step of the integration by the same factor.
For instance, a reduction of the grid spacing by a factor of 3 increseas the increases
the CPU needs by a factor of 27. Further, the storage needs increase by a factor of
9, both provided that the domain size and vertical resolution are left unchanged.
However, especially when going to very fine grid spacings of less or equal 3 km it
may also be necessary to increase the vertical resolution, particularly in mountainous
regions, so resource needs increase even more.

In order to keep the needs at a bearable level model domains are downsized in
higher resolution runs, which already might violate the guidelines for ‘good’ model
domains outlined in Subsection 1.3.4. Another possibility that was practised espe-
cially in the beginnings of regional climate change studies was the use of time slice
experiments. Nested in transient GCM runs the RCMs had been run for only one or
two selected periods, often one period in the past and one in the future (e.g., Gobiet
et al. 2006).

Finally, there is the issue with the location of the High Performance Computing
(HPC) centres where climate simulations are conducted. As a matter of fact, these
centres seldom lie within walking distance of the research institute that performs
the simulations. So, thousands and tens of thousands of megabytes of data have to
be transferred across (a part of) the globe, which at least the moment also takes
its share of time. Sharp tongues claim the researcher is more occupied by copying
simulation data rather than by actually simulating.

In light of these circumstances, there exists a discrepancy between what is com-
putationally feasible and what climate modellers would like to be able to simulate.
Naturally, it would be great to be able to simulate, e.g., the whole Alpine region as
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it has been done in the publications attached in the appendix, but with a horizon-
tal resolution of only 3 km and for a period of dozens of years or even a century.
However, this is not feasible at the moment, both in terms of CPU power and stor-
age capacity. But then, Sellers (1973) was discouraged by the prospect that his
conclusions about the relation between the solar constant and annual mean surface
temperature discovered in a simple energy balance model would never be able to be
generalized. Computers that today are part of nearly every household were mere
science-fiction back then. With that in mind the author is quite optimistic that
there will be at least decade-long simulations feasible at the envisioned resolution
by the year 2015 and century-long simulations by the year 2020.

1.3.7 Applications

The study areas in which RCMs are used cover a huge range. The main purpose in all
of these applications of course is the quest for added value over GCMs. One central
application of RCMs can be found in climate change research. Since the late 1990’s
numerous studies on climate change using RCMs have been published for all kinds
of regions around the world (e.g., Leung et al. 1999; Takle 1999; Pan et al. 2001;
Chen et al. 2003; Diffenbaugh and Ashfaq 2009). Through the better representation
of regional forcings also better reproduction of climate change signals and thus an
‘added value’ could be achieved (e.g., Giorgi et al. 1994; Jones et al. 1997; Leung
and Ghan 1999; Whetton et al. 2001; Synder et al. 2002).

A second application is found in seasonal forecasts (e.g. Fennessy and Shukla
2000). In this research area RCMs are nested into AGCMs or AOGCMs. The difference
to climate change research lies in the fact that these simulations are actual forecasts
rather than projections of some future climate and therefore can be verified. This
enables such simulations to provide data for RCM developers. In the seasonal forecast
RCM results are further bias corrected using statistical correction methods such as
singular value decomposition analysis (SVDA), canonical correlation analysis (CCA)
and quantile mapping (QM) (e.g., Feddersen et al. 1999; Sperber et al. 2001; Themes]
et al. 2010). Going further into detail RCMs have also be applied in studies aiming
at understanding climate processes such as land-atmosphere interaction (e.g., Schér
et al. 1999; Pal and Eltahir 2003; Seneviratne et al. 2006; Seneviratne et al. 2010),
topographic effects on regional climate (e.g., Yoshikane et al. 2001; Xu et al. 2004),
effects of land use change on regional climate (e.g., Copeland et al. 1996; Sen et al.
2004) and cloud-aerosol-climate interactions (e.g., Qian and Giorgi 1999; Giorgi et al.
2003).

A third big branch of research where RCMs are used is paleoclimatology. In this
research area the aim in the use of RCMs is to better understand processes that lead
to certain events, e.g., the rapid cooling in the Younger Drias, or the climatic history
in a specific area (e.g., Renssen et al. 2001; Zheng et al. 2004; Sloan 2006).
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1.4 Summary

In this chapter developments in climate modelling, starting from simple energy bud-
get models over early GCMs to today’s coupled RCMs have been presented. All these
developments are intended to foster our understanding in global climate, global
change and the causes and impacts of these changes.

The data gained in global and regional climate modelling is provided to climate
impact research which in return can draw scenarios for mitigation of and adaptation
to climate change. Whatever these scenarios look like and what actions they suggest,
ultimately it is up to the society to set the stage in terms of laws and to decide on
which strategies have to be implemented. Up to now this final step all too often was
flatlined by differing interests of the various economic sectors.

Nonetheless, hope remains that in the future there won’t be a generation who
hears the words from Galadriel in the movie version of ‘The Lord of the Rings’
provided at the beginning of this chapter, even if it would have an altered mean-
ing.
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2 Climate models and errors associated
with them

In this chapter the actual work of the PhD candidate, which first and foremost con-
sists of sensitivity experiments, is put into the broader context of the existing pool
of knowledge available in literature. Therefore, at first the role of climate models in
climate change scepticism is laid out in Section 2.1. This sets the stage for a discus-
sion on the sources of uncertainties in climate models given in Section 2.2. After that
one specific source, model errors, is considered in more detail in Section 2.3, which
gives way to the need for sensitivity studies (Section 2.4) and a short description of
the project the PhD candidate had a part in (Section 2.5). The last two sections
then describe the tool the PhD candidate worked with, i.e., the COSMO-CLM, in Sec-
tion 2.6 and the general approach to the evaluation of the sensitivity experiments
conducted within NHCM-1 in Section 2.7.

2.1 Climate models and their role in climate change
scepticism

One of the most used sceptic arguments about climate change is that climate models
are unreliable. This is often accompanied by the statement that models can not even
predict next week’s weather, how on Earth should they be able to predict the future
climate?

For starters, this is accounted for by speaking of climate projections rather than
climate predictions. Further, weather is chaotic and can indeed not be predicted with
certainty. Climate on the other hand is the weather averaged out over several months
or years, and this can be projected with certain accuracy. Still, the argument stays
the same, climate models are unreliable. This is true in some sense. Climate models,
both General Circulation Models (GCMs) and Regional Climate Models (RCMs), are
subject to errors. However, two remarks have to be considered regarding model
results that go public:

1. In climate change projections seldom the raw model output is taken. One
method to obtain the values for specific parameters in the future is the so-called
6 approach. In this approach first the difference between the future climate
simulation and the ‘control’ simulation (i.e., the simulation carried out with
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the same carbon dioxide (CO2) scenario for a past period) is calculated. This
difference is then added up to observations of the same period as the control
simulation. This way model errors (ideally) cancel out each other. The rest of
the uncertainty has to be addressed by multimodel ensembles, which leads to
the second remark.

2. In climate change projections, at least in recent ones, often plenty of combi-
nations of GCMs, CO, scenarios and RCMs are used to cover a broad range of
possible future climates. Such has been done in already mentioned projects
like RMIP (Fu et al. 2005), PRUDENCE (Christensen et al. 2007a) and ENSEM-
BLES (Hewitt 2005). And this also will be done in the future, since there are
aspects of uncertainty models will never get rid of.

2.2 Sources of uncertainty

Climate simulations often provide data for climate impact studies. For such studies
it is crucial to know about the uncertainties related to the data. There are three
sources of uncertainty: The first one arises from the fact that future greenhouse
gas concentrations are not yet known and therefore have to be assumed in scenarios,
most notably the Intergovernmental Panel on Climate Change (IPCC) SRES scenarios
(Nakic¢enovi¢ et al. 2000). This is addressed by simulating the climate with one RCM
driven by different GCMs/CO, scenarios.

The second source of uncertainty arises from the climate’s variability. Each year
differs from others through changes in the sequence of weather events, climate oscil-
lations and global teleconnections such as El Nino Southern Oscillation (ENSO) and
North Atlantic Oscillation (NAO). Consequently, this means that the performance of
the climate models, both GCMs and RCMs, might vary from year to year. This source
of uncertainty is ‘natural’ and inevitable, but it can be reduced through transient
climate simulations and averaging over long time periods. Additionally, also models
feature internal variability. Model internal variability usually describes the capacity
of the model to produce different solutions with a perturbed state of initialisation.
This internal variability can not be undone, in fact it is a result of the nonlinear
nature of the modelled system. However, its magnitude can be estimated by con-
ducting sensitivity experiments where the initial conditions (ICs) are perturbed and
— in case of RCMs — the lateral boundary conditions (LBCs) are left unchanged or
vice versa. The model internal variability is assumed to reflect the climate variability
in the same order of magnitude.

The third source of uncertainty stems from model errors. These errors also have
various sources, the simplest one being bugs in the model’s source code. Models,
as was discussed in Section 1.1, are subject to simplification and idealisation, which
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leads to errors. Simplification is twofold: First, there is simplification through dis-
cretization. This means that the continuous equations such as those displayed in
Subsection 2.6.1 are approximized by finite differences of some order. For example,
in COSMO-CLM the equations of motion are discretized with 3rd order precision in
the horizontal direction and 5th order precision in the vertical direction. The second
form of simplification regards parameterizations, where processes that are said to
be be insignificant are left out. Idealisation means that for the benefit of decreased
computational resource needs or as a consequence of the lack of sufficient knowledge
various processes are reduced in complexity. For example, in microphysics schemes
various types of hydrometeors are combined into several categories. In radiation
schemes only the vertical direction is regarded instead of the (real) omni-directional
radiation and the virtually infinite number of spectral lines are combined into a
manageable amount of spectral intervals. Both will be discussed with focus on the
COSMO-CLM in Subsection 2.6.3. The good news is that these model errors can be
mended or even corrected through model improvement by the developers. Until
then, the climate modellers’ task is to quantify the effects of the model errors.

2.3 Getting a grip on those model errors

From the discussion in the section above it is clear that the topmost task for the
model developers is to reduce the model errors. To do so, they have to be supplied
with information on how the models perform under which circumstances. Until then
the task of the climate modellers is to find a suitable setup of their model for the
region investigated on the one hand and to quantify the effects of the model errors
on the other hand. One is also advised to do a bias correction, especially in case
the model results are used in further studies like climate impact studies. There are
various empirical-statistical postprocessing methods around, which aim at reducing
model errors. Some of them are suited for specific parameters only, others can be
applied to all kinds of parameters. A comparison of some promising methods such
as Local Scaling and Quantile Mapping is done in Themefll et al. (2010).

The first two tasks described above can rather easily be achieved by conducting
sensitivity experiments as it has been done for the publications contained in the
appendix. One such kind of sensitivity experiments employ changes in the model
setup while keeping the ICs and LBCs unchanged. This topic will be discussed in
more detail in the next section. In this section other ways of quantifying model
errors shall be presented with focus on RCMs.

One such way are transferability studies. RCMs do not perform equally well in any
region of the world. For example, a model originally developed for simulating areas
within the Innertropical Convergence Zone (ITCZ) that did not have to account
for sea ice might have difficulties simulating the climate of the Arctic. Contrary,
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a model initially developed for the polar regions might encounter problems when
simulating tropical deep convection. However, recently projects have evolved which
systematically check the RCMs’ performances in various regions of the world, e.g., the
Inter-Continental Transferability Study (1ICTS) (Rockel et al. 2006). First results of
this study have been published in Rockel and Geyer (2008). They found similarities
between their CLM simulations (using an older version of the model than the one used
for the experiments in the appendix) and those with other RCMs. Using the example
of precipitation they showed that the models tend to overestimate precipitation in
mountainous regions and over tropical oceans, despite different numerical schemes
and convection parameterizations used in the different models. The details however
(e.g., the position of highest model biases within mountain ranges) differ. Rockel
and Geyer (2008) also found issues within the CLM, e.g., a sharp land-sea contrast
in tropical regions which is not apparent in the observations. This lead to their,
rather obvious, conclusion that adaptations to the model setup, including the choice
of parameterizations, are necessary for model domains located in the tropics.

An overview on RCM intercomparison studies and RCM transferability studies is
given by Takle et al. (2007). They list many studies, most notably one where the
hydrological processes in RCMs have been investigated (Anderson et al. 2003). The
main outcome there was that most RCMs fail at reproducing the intensity of pre-
cipitation events (the so-called ‘model drizzle’ issue) and the timing of convective
precipitation events. They also provide a few hypothesis, where the most interesting
one states there is no single domain which provides climatic conditions for model
development and tuning that in return would result in better model performances
in every possible model domain around the world.

All these projects used simulations with a horizontal resolution between 20 km
and 50 km or slightly above. Climate change studies at higher resolution gradually
arise. The projects listed below feature simulations at a horizontal resolution of
10 km:

o A project in which regional climate scenarios for Germany were produced (Ja-
cob et al. 2008). In this project one RCM REMO was used to produce transient
climate simulations for the period 1950 to 2100 using one GCM as driving
model with three different scenarios.

o In project reclipmore (http://foresight.ait.ac.at/reclip/, Loibl et al.
(2007)) 10-year time slice simulations were conducted for the Greater Alpine
Region (GAR). One time slice were the 1980’s, the other one were the 2040’s.
From these simulations climate change signals for the Alpine region were de-
duced. Though pioneering with respect to horizontal resolution in this region
and delivering climate change projections for the Alpine region with unprece-
dented detail, the project could not address the uncertainty due to climate
variability, thus a follow-up project has been developed (see next item).
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o Project reclip:century (http://foresight.ait.ac.at/reclip/) features tran-
sient climate simulations for the GAR for the period 1960 to 2050, an extension
of the model runs to the year 2100 is contemplated. In this project 2 different
CO scenarios created with 2 different GCMs are used as driving data for 2
different RCMs. The driving GCMs (ECHAM-5 and HadCM) have been carefully
chosen to cover a wide range of the climate sensitivity in this particular region
while keeping the number of necessary simulations at a minimum.

o In project CECILIA (http://www.cecilia-eu.org) three 30-year time slice
simulations were carried out using two different RCMs nested into slightly
coarser simulations of the same models conducted earlier.

These projects are — to the knowledge of the author — the first ones featuring
the 10 km resolution in climate change projections. The layout of the projects shows
the current limitations in terms of computational resources. As discussed in Sub-
section 1.3.6 we are currently just on the brink of resources which allow for higher
resolved long-term simulations.

2.4 Sensitivity studies at the regional scale

But it doesn’t always have to be transient climate simulations. For model devel-
opment purposes as well as for studies aiming at the evaluation of models at high
resolution also shorter simulation periods are sufficient. This is where sensitivity
studies enter the scene.

Sensitivity experiments with RCMs are as old as regional climate modelling itself.
The purpose of sensitivity experiments is to either find a ‘best’ setup for a specific
region or time period of interest or to study the effects of changes in model setups
and/or ICs and/or LBCs on the performance of RCMs.

Which one of these alternatives is chosen depends on the task. Changes in the
initial conditions, as has been discussed in Section 2.2, are often made to check the
model internal variability, the least error one has to expect when conducting climate
simulations or projections. Changes in the model setup are done if a ‘best’ setup for
a specific region of the world is searched for.

Maybe the most prominent framework for sensitivity experiments with respect to
LBCs and initial conditions is the ‘Big-Brother Experiment’. Originally applied in
simulations with the Canadian RCM (CRCM) (Denis et al. 2002; de Elia et al. 2002;
Dimitrijevic and Laprise 2005) it later also got applied to other RCMs (e.g., Herceg
et al. 2006). The framework in these experiment can be separated into three steps:

1. Establish a reference climate using a high-resolution RCM simulation over a
large domain (the ‘Big Brother’, BB),
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2. Degrade this reference climate by filtering those features that usually are not
resolved in the atmospheric models usually used in global climate simulations,
and

3. Use these degraded fields to drive the same nested RCM, run it with the same
high horizontal resolution, but this time over a smaller area embedded in the
BB domain. This simulation is then called the ‘Little Brother’ (LB).

Since both simulations, BB and LB, feature the same numerics, dynamics, physics
and resolution the model errors are also the same. Hence, the differences may stem
solely from errors associated with the nesting and downscaling technique. Using the
Big-Brother approach one can tell whether the outer domain is big enough when
driven with coarse GCM data in order to reproduce the climate in the LB domain.

Other studies rely on changing model setups to investigate a wide range of topics.
For example, there is the study by Brockhaus et al. (2008). They used the COSMO
model in CLimate Mode (COSMO-CLM) to evaluate changes in the model setup on
the ability to reproduce the diurnal cycle and vertical profiles of various parameters.
They found out, e.g., that the model underestimates the diurnal temperature range
together with a considerable cold bias in the boundary layer of 1 K to 3 K. Also,
they found that precipitation maxima in the model occurred 3 hours to 7 hours
early.

Meissner et al. (2009) also conducted several sensitivity experiments with the
COSMO-CLM over a period of 10 years. They investigated influences of model res-
olution (7 km and 14 km) and driving data (ERA-40 and NCEP re-analysis) on the
results. They found that the influence of changing the LBCs is bigger than the
influence of the horizontal resolution, ICs, parameterization and time integration
schemes.

In the project Non-Hydrostatic Climate Modelling (NHCM-1), which the two pub-
lications attached in the appendix are a part of, extensive sensitivity experiments
at the 10 km scale have been conducted.

2.5 NHCM-1

In the framework of the project Non-Hydrostatic Climate Modelling (NHCM-1), sys-
tematic sensitivity experiments were conducted at the 10 km scale in the European
Alpine region. These experiments were the test bed for later even higher resolved
simulations (at the scale of 3 km and below, also called the ‘cloud resolving scale’),
with focus on two test areas in Austria: an Alpine region (‘Hohe Tauern’) charac-
terised by steep orography, and a hilly area (‘Oststeiermark’) mostly featuring small
elevations.
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For the sensitivity experiments, various RCMs which are in principle capable of
simulating at such fine scales (amongst others the German COSMO-CLM and the
U.S. WRF model) were employed, aiming at elucidating the resolution-dependent
performance of various model components, particularly physical parameterizations.
As part of the project, an international intercomparison campaign for Local-scale
Climate Models (LCMs) was conducted. This enabled for the first time to quanti-
tatively investigate the uncertainty range associated with LCMs using probabilistic
techniques. In the ‘Oststeiermark’ region the evaluation was backed by a novel ob-
servation network, the WegenerNET (http://www.wegenernet.org), comprising 151
observation sites, one site per 2 km?.

The overall objective of the project NHCM-1 was to investigate yet unclear po-
tentials and shortcomings of current RCMs and to provide estimates of related un-
certainties. The longer-term background aim was to build a better basis for RCM
development and to provide climate impact research with more reliable, more com-
prehensive and more consistent data on the climate at regional to local scales than
available from statistical downscaling.

Results of this project have up to now been published in Suklitsch et al. (2008,
Appendix A), Suklitsch et al. (2010, Appendix B) and Awan et al. (2010). All three
publications deal with sensitivity experiments at the 10 km-scale. Further publica-
tions are to be submitted during this year, both with focus on extreme events and
the very high resolution.

At this point, an insight to one of the RCMs used in the project, the German
COSMO-CLM shall be given.

2.6 COSMO-CLM description

The COSMO model in CLimate Mode (COSMO-CLM) is a non-hydrostatic regional
climate model which evolved from the operational Numerical Weather Prediction
(NWP) model Lokal-Modell (LM) of the German Weather Service (DWD). For a long
time the development of the NWP model (done by DWD) and its climate version
(managed by the Climate limited-area modelling (CLM) community) ran in parallel,
with only occasional merges of code parts. In 2006, in alignment with the rebranding
of the model to the name COSMO, a joint development of both the NWP code and the
climate code has been agreed on. Model version 4.0 which is used for the sensitivity
experiments of this work was the first joint model version of COSMO-CLM.

Time integration is realized by the two-time-level Runge-Kutta scheme. Alter-
natively, a three-time-level Leapfrog scheme is implemented. The model physics
consist of a cloud scheme with prognostic precipitation and four hydrometeor types
(cloud droplets, cloud ice, rain and snow), a mass flux scheme for convection (Kain
and Fritsch 1993; Kain 2003) (alternatively the Tiedtke scheme (Tiedtke 1989) is
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implemented), and a J-two-stream radiation scheme following Ritter and Geleyn
(1992). Turbulence is described by a turbulence and surface layer scheme developed
by M. Raschendorfer (Doms et al. 2007). COSMO-CLM contains a multi-layer soil
model with prognostic soil temperature and water content (Heise et al. 2003). In the
default configuration (which was also used in the sensitivity experiments conducted
for this work) the main levels lie in depths of 0.005 m, 0.025 m, 0.07 m, 0.16 m,
0.34 m, 0.7m, 1.42 m, 2.86 m, 5.74 m and 11.5 m.

The external parameters (often misleadingly also called ‘time-invariant’ parame-
ters') like topography, land-sea mask and various vegetation parameters are taken
from a dataset provided by DWD (Doms et al. 2007). Topography and land-sea mask
therein are derived from the GTOPO30 dataset, land cover is provided by the GLC
and CORINE data, the soil type is taken from the Digital Soil Map of the World. The
tool for preparing these datasets for use with COSMO-CLM is presented in Smiatek
et al. (2008).

2.6.1 Model equations

The set of basic prognostic equations of the COSMO-CLM reads

P = Vpt o202 () -V - (T) (2.1)
B epfea) PV v (epafena 1)@ 2.2
pera = Ly (23)
p% = -V P (I'-T) (2.4)
pd((i:f _ _v. (Pl,f+F1,f) 4+ M (2.5)
p = p{Ra(1+(Ry/Ra—1)¢" —¢' —¢") T} (2:6)

Equations 2.1 to 2.6 describe the evolution of a non-hydrostatic compressible mean
flow. @y represents the rate of diabatic heating or diabatic cooling and is given by

Qun=ILyI'+LsI"—V - (H+R). (2.7)

A list with meanings of all variables is given in Table 2.1. These equations form
a complete set to predict the grid scale variables of state, provided that all terms

1This term goes back to the time when models were (mainly) used for numerical weather prediction.
For the short periods NWP models were applied the external parameters could indeed be taken
as time invariant.
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Table 2.1: Variables used in the COSMO-CLM model equations in order of appearance
in equations 2.1 to 2.7.

variable name

description

HORT <D

total density of the air mixture

barycentric velocity (relative to the rotating Earth)
time

gradient (Nabla) operator

pressure

apparent accelerations of gravity

constant angular velocity of Earth rotation
turbulent flux of momentum (the ‘Reynolds stress tensor’)
heat capacity of dry air at constant pressure

heat capacity of dry air at constant volume

rate of diabatic heating or cooling

air temperature

mass fraction (specific content) of water vapour
turbulent flux of water vapour

source-sink term of liquid water

source-sink term of ice

mass fraction (specific content) of liquid water and ice
precipitation flux of liquid water and ice

turbulent flux of liquid water and ice

gas constant of dry air

gas constant of water vapour

latent heat of vaporization

latent heat of sublimation

turbulent flux of sensible heat

flux of solar and thermal electromagnetic radiation

describing the impact of subgrid scale processes are known. The subgrid-scale terms
are calculated as functions of the grid scale variables in so-called parameterization
schemes. An in-depth discussion of these parameterization schemes would go beyond
the scope of this work. But there will be references to publications focusing on
parameterization schemes further below when it comes to the COSMO-CLM workflow
(Subsection 2.6.3). For a general overview on parameterization schemes in weather
and climate modelling the well-disposed reader may be referred to Stensrud (2007).
The equations are then transformed to a spherical coordinate system using terrain
following, pressure based n coordinates. A more detailed description of this kind of
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2 Climate models and errors associated with them

Figure 2.1: Depiction of the rotated coordinate system used in COSMO-CLM. (a)
shows the rotated north pole at geographical position 150°W /35°N, (b) shows the
resulting grid over Europe. Dashed grey lines indicate the geographical grid, solid
black lines indicate the rotated grid, both with a gridline spacing of 10°. Red lines
indicate the rotated 0° meridian and the rotated equator.

vertical coordinate is given in Doms and Schéttler (2002).

2.6.2 Rotated spherical coordinates

As mentioned above the prognostic equations are transformed to a spherical coordi-
nate system. Spherical coordinates are non-orthogonal and therefore cause numerical
problems due to the convergence of the meridians and ultimately due to pole singu-
larities. Using spherical coordinates alone would render simulations with domains
crossing one of the poles impossible. But since in RCMs only a confined region is
simulated one can shift (or tilt) the north pole within the model in a way that the
equator runs through the model domain, ideally through its centre. Further, the
smaller the domain the more negligible become the effects of meridian convergence,
and thus problems resulting from that are minimised.
The transformation relations are given by

¢ = arcsin {sin Pg sin cpg + cos pg cos gogN Ccos ()\g - AgN) }
COS g sin ()\g - )\gN)

A = arctan
cos (g sin ¥ cos (/\g — )\g) — sin g cos P

(2.8)
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for the transformation from geographical lon/lat coordinates to rotated spherical
coordinates, and by

Yy = arcsin {sin @ sin <pgN + cos ¢ cos A cos wg}
in A
Ag = arctanq — e - N (T )\gN (2.9)
Sin g €OS p coS A — Sin ¢ €os Y,

for the transformation back to geographical lon/lat coordinates, with

p,A ... rotated latitude and longitude
©@g,\g ... geographical latitude and longitude
gpgN,)\g ... geographical latitude and longitude of the rotated north pole

Figure 2.1 shows one version of the rotated coordinate system used in COSMO-CLM.
Figure 2.1a shows the rotated north pole at geographical position 150°W/35°N,
roughly 1600 km NNE of Hawai’i. The solid black lines indicate the resulting ro-
tated coordinate grid. Needless to say, due to the meridian convergence in this
specific coordinate system it would be unwise to simulate North America. The
equator is not visible in this part of the figure, it runs across South America. Fig-
ure 2.1b shows a view centred on Europe with the same rotated north pole. Here
the equator can be seen running across the Azores, the English Channel, northern
Germany, Poland, Belarus and southern Russia further East (indicated by the more
horizontal red line). This is the exact rotated coordinate system used in project
reclip:century at the 50 km resolution. The 10 km resolution simulations use a slightly
different coordinate system with the rotated pole located at 170°W /42°N. This is
also the rotated coordinate system used in all sensitivity studies conducted in the
course of project NHCM-1 which the two publications attached focus on.

2.6.3 cOSMO-CLM workflow

In Section 1.3 the general idea behind the concept of regional climate modelling and
RCMs has been laid out. But how does one get from providing boundary conditions
at each side of the model domain to a full grown simulation within this domain? Of
course, there are the equations shown in Subsection 2.6.1, but there is much more
to a simulation than meets the eye. The steps from the start of a simulation to its
end shall be provided in this section.

Before the COSMO-CLM itself can be run, the initial and lateral boundary con-
ditions have to be prepared. This is done using the external preprocessor INT2LM
(Schéattler 2009). This tool performs the interpolation of data of the coarse driving
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Figure 2.2: Domain decomposition in COSMO-CLM. The red rectangle indicates the
relaxation zone.

model to the resolution of the COSMO-CLM run. Built in is the possibility to pro-
cess GME, TFS and COSMO-CLM data. Additionally it is possible to process data of
theoretically any other climate model. For these, however, a pre-preprocessing has
to be done which converts the data to the specific format INT2LM can handle.

Figure 2.3 to Figure 2.6 show an exemplary COSMO-CLM workflow. It is based
on a typical model configuration used in NHCM-1, consisting of the Runge-Kutta
time integration scheme and the Kain-Fritsch convection scheme. Of course there
are many other setup possibilities (some of them were tested in NHCM-1), which
partly end up in a slightly changed workflow. However, the differences to each other
possible combination of model settings will not be further discussed.

A full model run can be subdivided into 7 main steps (highlighted by the grey
boxes in Figure 2.3 to Figure 2.6), where some of them are rather of technical nature.
The first thing done when starting a simulation is, quite clearly, the setup of the
model. In this step all the namelists which hold the settings for one specific model
run are read in. Further, the processor ‘grid’ is set up. This is a simple Cartesian grid

30



2.6 COSMO-CLM description

— .
namelist namelist
Imgrid tunin,
a g 9
3 /
@
w (pro;ﬁzsur domain }
] decomposition
[T} p
5 setup
Q d
namelist namelist namelist namelist initialize
dynctl phyctl diactl input restart field
c
=
‘z'u' allocate compute
8 meteorological fields constant fields
<
. first two pi endless loop over all records ]\
-
- 5 { A
- o -/_/boundary' flelds" \\_ check if record | check minfmax)— check for land /“
(=] 3 setup restart is needed grid points
5 g fields —
Q restart fields
=l
= = initialize compute PS init outout
= reference andT S |— ™ OLLIDU
atmosphere @ init time vanables
2 set number of max. stable Rayleigh damping initialize
o boundary lines [ |horizontal wind[—| coeff (height spectral
- for exchg processes wvelocity (CFL, dependent nudging
]
=
= T nitialze R
— initialize | | canopy | | initialize | | initialize || initialize || initialize
radiation (LAI, PLCOV, ROOTDP) Flake diagnostics assimilation satellite

Figure 2.3: Illustration of the workflow in COSMO-CLM (part 1/4). Gray shaded
boxes on the left mark main steps in the model run, ellipses denote input/out-
put processes, rectangles refer to computations (rounded corners have no special
meaning).

with x processors per column and y processors per row. According to this processor
grid the model domain gets decomposed into several subdomains in a way that each
CPU gets the same amount of grid points to process (cf. Figure 2.2). For example,
in a model run with 16 Central Processing Units (CPUs), 4 in each direction, and a
domain size of 108 by 80 grid points, each CPU will get a subdomain with size 27
by 20 grid points. Each CPU computes the full set of model equations in its own
subdomain. That alone would lead to different climates in each subdomain, so there
are exchanges at the boundaries of these subdomains.

The final step in the model setup is the initialisation of a structure for the restart
fields. Restart fields are required for a ‘warm start’ of the model. A warm start
has to be done when, e.g., High Performance Computing (HPC) regulations prohibit
running the model for an undefined long time. This implicates that at a certain
time the simulation has to be stopped and restarted so that other users of the HPC
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can run their code. For example, the HPC facilities of the European Centre for
Medium-Range Weather Forecasts (ECMWF) implemented a maximum run time of
24 h per job. During this period it would be possible to simulate about 6 months,
depending on the model setup (see Subsection 1.3.6). In case of the COSMO-CLM a
typical restart period is one month, i.e., after one month the simulation is suspended,
restart files are written to disk, and a new process is started which carries on with
the simulation at the point of interruption. Basically, the restart fields hold the
complete state of the model at the time the simulation was stopped.

The second main step is purely technical, as there is done only the allocation and
initialisation of all the meteorological fields needed throughout the model run. Ad-
ditional ‘constant fields’, i.e., fields regarding the (rotated) grid, Coriolis force, and
a mask for horizontal diffusion (according to the relaxation zone at the boundaries),
are set up.

In the third step the first action is to setup a list of initial variables, LBC variables
and restart variables. After that the first distinction in the model run is made,
namely whether or not the aforementioned ‘warm start’ is done. If the model starts
from scratch (also called ‘cold start’), the first two files of boundary fields are read
in (because of the interpolation for each time step). In an endless loop over all
variables in the files with LBCs it is checked whether or not the variable is actually
needed, what its minimum and maximum values are (in order to prevent numerical
instabilities) and which grid points are land grid points. In case of a ‘warm start’ only
the restart file of the previous model run is read in as-is. In both cases afterwards the
subsequent steps are the initialisation of the reference atmosphere, the computation
of surface pressure (PS) and air temperature at the surface (T _S) at the very first
time step, and the initialisation of all output variables defined in the namelist. The
reference atmosphere is needed since COSMO-CLM internally works with deviations
from a reference state (i.e., with pressure perturbations, temperature perturbations,
etc.), which increases numerical accuracy.

The fourth step again is rather of technical nature. Further variables are ini-
tialised, the number of boundary lines for exchange processes (between adjacent
CPUs) is set (this number depends on the time integration scheme), and the max-
imum allowed horizontal wind velocity according to the Courant-Friedrichs-Lewy
(CFL)-criterion (Courant et al. 1928; Courant et al. 1967) is calculated. The CFL-
criterion describes the maximum wind velocity within the model domain at which
the simulation remains stable. Higher wind velocities would lead to numerical in-
stabilities and ultimately to a model crash.

The fifth step is called ‘Digital Filtering Initialization (DFI)’ (see Figure 2.4). This
step is skipped in the present setup since at the time the simulations were done it was
still under development for the Runge-Kutta time integration scheme. The DFT is
done adiabatically forward and backward in time in COSMO-CLM. Adiabatic means
that all diabatic processes are disabled, no heat is transferred to or from the air
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Figure 2.4: Illustration of the workflow in COSMO-CLM (part 2/4).

mass. The general idea behind the DFI is to remove high frequencies in the initial
simulation fields while applying only very small changes to them (Lynch and Huang
1992).

The sixth step is the heart and soul of every model run, the time integration
(a.k.a. forecast). It can be subdivided into 9 substeps dealing with different parts of
the simulation, e.g., radiation, microphysics, turbulence, etc. This step is repeated
as often as necessary to reach the simulation end date. For example, in NHCM-1
COSMO-CLM simulations were done for a period of 16 months. At a time step of 80 s
this results in 524 880 iterations. However, some parts in this step are not done every
time. For instance, the radiation scheme is generally called only once per simulated
hour, the convection scheme every 10th time step. Both calling intervals can be set
by the user in case of the COSMO-CLM. The 9 steps in the time integration sequence
are:

1. LBC data is read in and (if necessary) interpolated to the current time step.
The prognostic fields get reordered in terms of time steps. This is a key process
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Figure 2.5: Illustration of the workflow in COSMO-CLM (part 3/4).

for the forecast to work. At any point of the time integration all prognostic
fields are stored at the current, the previous, and the next time step. At
this point in the model the fields get shifted one time step towards the past.
Fields of the past time step are destroyed, since they are not relevant for the
forecast any more. Fields of the present time step get assigned to the past time
step, and fields of the future time step get assigned to the present one. Next,
the temperature at the boundary between soil and atmosphere is calculated
together with the air density of moist air (the base state of the model contains
only dry air).

After that the ‘physics’ package is processed. It contains the computation
of precipitation, clouds and aerosols. The first module in this package is the
gridscale precipitation in addition to the microphysics module. The gridscale
precipitation module, despite its name, does not only calculate precipitation
rates for rain and snow, but also the rates of change of temperature, cloud
water, cloud ice and water vapour due to cloud microphysical processes. Mi-
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crophysics schemes must describe the formation, growth and sedimentation
of hydrometeors, and through that provide latent heat rates for the dynamics
(substep 6). They are a central part of every model describing the atmosphere.
Yet they are also very difficult because of their complexity, non-linearity, multi-
scale interactions, lack of observations and (maybe most important) still a lack
of fundamental knowledge. As a consequence, some basic assumptions have
to be made: Various types of hydrometeors are simplified to a few categories
(e.g., cloud droplets, cloud ice, rain, snow, graupel). This assumption con-
siderably reduces computational demands, since only a manageable amount of
equations has to be solved. Another assumption prescribes a thermodynamical
equilibrium between cloud droplets and water vapour. This enables a diagnos-
tic treatment of evaporation and condensation, called ‘saturation adjustment
technique’. However, this means the microphysics scheme has to be called two
or three times (depending on the model setup) per time step. A description
of the microphysics scheme actually used in the COSMO-CLM is given in Doms
et al. (2007).

Next comes the radiation scheme where all processes related to incoming and
outgoing radiation are taken care of. In COSMO-CLM this is done with a scheme
following Ritter and Geleyn (1992). Ideally, the task of the radiation scheme
would be to solve the monochromatic radiative transfer equation. However,
an ‘exact’ solution of this equation is not possible due to computational con-
straints. The workload would be a spectral integration over several thousand
spectral intervals and solid angles of monochromatic, directional radiance. Fur-
ther, relevant input like cloud distribution and optical properties of the atmo-
sphere are not known with sufficient accuracy. So, a massive reduction of the
number of spectral intervals and a simplified description of the directional as-
pects is made which render acceptable results for radiative fluxes and heating.
Translated to COSMO-CLM this means that 8 spectral bands (5 in the thermal
part and 3 in the solar part of the spectrum) are computed, and the direc-
tional aspect is reduced to the vertical. Of course, this reduction comes with
considerable limitations. The standard approach of a column-by-column pro-
cessing neglects any direct interaction between adjacent grid cells (i.e., clouds
cast shadows only directly below them, which is not justified for high horizon-
tal resolution), and it also neglects effects related to the deviation of Earth’s
surface from the horizontal orientation (i.e., the alignment of slopes towards
the sun). Effects considered in the radiation scheme in COSMO-CLM are the
CO, concentrations according to the selected scenario, the sunshine conditions
due to the geographical latitude, and the surface albedo according to current
soil properties (soil type, vegetation and snow/ice conditions). The last step
in the radiation scheme is the computation of the actual radiative fluxes, the
resulting heating rates and the radiation budget at the surface. Due to its
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computational demands the radiation scheme often is called only once per
simulated hour, and the resulting fluxes and rates are held constant until the
next call to the scheme.

. After the radiation scheme the turbulence scheme is called. Turbulence is

about calculating the transport and exchange of heat and momentum between
near surface layers and the lower parts of the atmosphere. It mainly occurs in
the planetary boundary layer (PBL). Inseparably tied to turbulence is the clo-
sure problem, which basically means that the number of unknown variables su-
persedes the number of equations. Through closure assumptions, where higher-
order terms are approximated as empirical functions of lower-order terms and
of known independent variables, this problem can be mended and the equa-
tions can be solved (Stull 1988). In COSMO-CLM a scheme following Mellor and
Yamada (1982) is implemented. It calculates the vertical diffusion coefficients,
the temporal tendencies of the turbulent diffusion (which in return are added
to the tendency fields) and the stability functions. The latter do not take into
account effects of subgrid scale condensation and evaporation.

. Right after the turbulence scheme the soil model is processed. In case of the

COSMO-CLM a multi-layer soil model is used. In the default configuration it
features 9 soil levels, where the upper seven are hydrologically active, i.e.,
water that sinks below 4 m depth (through ‘gravitational drainage’) vanishes
from the model domain. The soil model first calculates the evaporation and
transpiration from the soil plus the moisture distribution within the soil. Then
the temperature and water content of each soil layer is calculated, leading to
an altered air pressure directly above the soil. Next, the frozen fraction of
water content in each soil layer, the surface fraction which is covered by snow
or water, the snow density and snow height are calculated. In an own small
hydrology submodule the evaporation from the so-called interception store
and from snow cover are calculated. Both the evaporation from bare soil and
transpiration by plants is computed, and the equations for heat conductivity,
water transport and water runoff are solved.

. The next step in the time integration loop is the call to the convection scheme

(see Figure 2.5). In this scheme the convective (also called sub-grid scale) ten-
dencies are calculated for the horizontal wind components (U, V), air temper-
ature (T), specific humidity (QV), cloud water content (QC), cloud ice content
(QI), cloud rain content (QR) and cloud snow content (QS) and added to the
already calculated grid scale tendencies. Additionally, the convective rain and
snow rates are computed. For nearly all simulations the Kain-Fritsch convec-
tion scheme (Kain and Fritsch 1993; Kain 2003) was used. Independent from
the scheme there are at the moment several issues in COSMO-CLM regarding
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Figure 2.6: Illustration of the workflow in COSMO-CLM (part 4/4).

convection: There is an inconsistent treatment of fractional cloud cover, and
the convective cloud cover is insensitive to the actual mixing ratio. There is no
interaction between ‘turbulent’ and ‘convective’ mixing, the latter is further
insensitive to the model resolution. There is no interaction between gridscale
and convective precipitation, and there is further no feedback of condensation
and evaporation due to convection on the gridscale amount of cloud conden-

sates. Despite all these shortcomings convection schemes deliver reasonable
results.

The next big step is summarised with the term ‘dynamics’. In this module
the actual forecast is done. But before this can happen, time step and grid
dependent values like the horizontal diffusion mask are set, the small time step
used for computation of the ‘fast waves’ is calculated, it is checked whether
the CFL-criterion is violated, and the tendencies for the horizontal wind com-
ponents at the boundaries between CPU subdomains are computed.

At that point the real forecast starts with the computation of the so-called
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‘slow tendencies’ which are added to the advective tendencies. This includes
temperature tendency due to radiative forcings and tendency of temperature,
humidity and wind components due to convective forcings. At the same time
Rayleigh friction is applied to the wind components. The necessity of this step
can be taken from e.g., Stevens and Duan (2001). Then the horizontal and
vertical diffusion is applied to all three wind components.

In the ‘Runge-Kutta core’ itself, at first the temporal tendencies due to hori-
zontal advection are calculated. Such tendencies have to be treated separately
for ‘slow modes’ and ‘fast waves’. In COSMO-CLM first the slow tendencies for
the three wind components (U, V, W), T and pressure perturbation (PP) are
calculated. But in a non-hydrostatic model also ‘fast waves’ (i.e., sound waves)
are solutions of the model equations. These ‘fast waves’ have to be treated
separately and with a reduced time step. This happens in the according ‘fast
waves’ module.

After all the tendencies have been calculated they can be exchanged at the
boundaries of neighbouring computational subdomains. Next, based on the
temporal tendencies the advection for all moisture variables (QV, QC, QI, QR,
QS, (cloud graupel content (QG)), turbulent kinetic energy (TKE)) is computed,
followed by the horizontal advection and tendencies for QV, QC, QI and TKE,
which are added up to ‘final’ tendencies for the prognostic variables. After
that the values have to be exchanged between adjacent subdomains again. As
a last step the aforementioned saturation adjustment for the variables T, QV
and QC has to be made.

. Right after the ‘dynamics’ the spectral nudging (see Subsection 1.3.2) is per-

formed. This step is skipped by default and has to be actived by the user.

. The next step is called relaxation. Here, the first action is another satura-

tion adjustment, this time applied to condensation and evaporation variables.
Right afterwards all prognostic variables are relaxed towards the boundary
values at the future time step (i.e., they are gradually adjusted to the values
prescribed by the driving model). Also, a Rayleigh damping is applied to the
wind components at the future time step in the upper model layers. This is
crucial in order to weaken upward propagating waves before they reach the
model top, where they would be reflected due to the rigid-lid nature of the
upper boundary condition. Finally, an Asselin time filter (Asselin 1972) is
applied to all prognostic variables at the present time step. This filter is im-
portant to get rid of high frequency waves and computational ‘noise’ which
could adversely affect the results.

. The next step after the time filtering is a final update of the tendencies of tem-

perature and humidity variables due to cloud microphysics in case one runs the



2.7 Sensitivity analysis setup

model with the cloud ice scheme. Then very small values of humidity (< 107%)
are set to 0. All variables are exchanged between neighbouring subdomains.
Diagnostic variables (e.g., 2m air temperature, 2m relative humidity, 10 m
wind components) are calculated. Right after that all parameters defined in
the namelist are written to disk. If necessary, also the restart fields are written
to disk.

10. The rest of the model run, after the time integration has reached its final time
step, solely consists of technical stuff, namely the deallocation of all variables
and the destruction of the MPI environment.

2.7 Sensitivity analysis setup

In the previous section the workflow of one specific COSMO-CLM run has been dis-
cussed. Now this is put into the broader context of the sensitivity experiment setup
used for the work presented in this thesis. The basic approach is very simple: take
a global dataset, prepare it for use with the RCM, run the model, optionally do
some postprocessing of the model results and evaluate them. The details, however,
slightly vary from one model to the other.

The approach to the sensitivity experiments and their evaluation is schematically
displayed in Figure 2.7. In case of Suklitsch et al. (2008, Appendix A) only the
very left path in this figure is taken, since in that publication only COSMO-CLM
experiments were done and evaluated. The full figure applies for Suklitsch et al.
(2010, Appendix B).

In all sensitivity experiments ECMWF 40-year Re-Analysis (ERA-40) builds the
basis, i.e., it provides the lateral boundary conditions (LBCs). The global information
provided by this dataset has to be preprocessed in a way that the RCM can handle
the data. This includes both a format conversion (e.g., from Gridded Binary (GRIB)
to Network Common Data Form (netCDF)) and the interpolation of the coarse data
to the horizontal and vertical resolution the RCM is intended to simulate with. The
ERA-40 data is further completed with ‘external, time-invariant datasets’ such as
model orography, leaf area index, plant cover and soiltype. All those variables
needed as ICs and LBCs for each model are then stored in the model specific format.

The LBC variables also vary from RCM to RCM. For example, MM5 uses relative
humidity, whereas COSMO-CLM uses specific humidity. This preprocessing step has
to be done whenever something is changed regarding the model domain, i.e., if the
domain size, the vertical resolution or the horizontal resolution is altered. In case
of the two German RCMs, COSMO-CLM and REMO, the preprocessing further has to
be done twice in case of the double-nesting experiments, one time for the coarse
resolution, one time for the fine resolution, where the results of the previous, coarser
resolved model run are taken instead of ERA-40. This means the preprocessor of
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Figure 2.7: Schematic view of
the sensitivity analysis setup.

COSMO-CLM had to be used 8 times for the experiments contained in Suklitsch et al.
(2010, Appendix B).

The next step comprises the RCM simulations. This step is repeated as many
times as needed to do all setup changes that were arranged.

‘Postprocessing’ of the RCM output can have different meanings. Firstly, it can
mean a simple data format conversion. For example, MM5 writes its output in bi-
nary format. In order to be able to evaluate the results they have to be converted
to another format which can be easier handled. In climate research the data format
is mostly netCDF. Secondly, postprocessing may mean the computation of ‘derived
variables’ that are not part of the model output. For example, models only provide
the eastward and northward wind components. For some applications it might be
necessary to have wind speed and wind direction. Another example is precipitation:
Depending on the setup COSMO-CLM provides four or five components of precipi-
tation — gridscale and sub-gridscale rainfall amount, gridscale and sub-gridscale
snowfall amount, and graupel amount, which represent the liquid, solid and frozen
components of precipitation, respectively. For some evaluations this partition is nec-
essary, but for evaluation against observations the total precipitation amount has to
be calculated out of these components.

The program used for postprocessing is subject to the modelers’ preferences. It
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can be a program developed on their own, or they can be externally provided pro-
gram suites like netCDF Operator (NCO) (http://nco.sf.net) and Climate Data
Operators (CDO) (http://www.mpimet.mpg.de/~cdo/). The postprocessed model
output is then stored and collected for evaluation.

The evaluation in the present studies has been done with the tool ‘Wegener Center
Integrated Climate Model Evaluation System (WICE). WICE is a compilation of
IDL routines developed and maintained at Wegener Center for Climate and Global
Change (WEGC). Its capabilities range from simple annual, seasonal and monthly
statistics of a defined area over subregional analysis to diurnal cycle evaluation at
single grid points. In this tool models can be evaluated against gridded observations
as well as single observation sites. The output of the evaluation can be done in form
of map plots (e.g., for simple bias plots) as well as in form of plain text files. The
latter has been done, e.g., for some of the evaluations in subregions. This data has
then be plotted with separate specific IDL programs.

2.8 Summary

In this chapter the aim of sensitivity studies has been discussed. A connection
between existing literature and the work of the PhD candidate on this topic through
the project NHCM-1 has been set. Finally, a thorough insight to the inner workings
of the specific Regional Climate Model (RCM) COSMO-CLM has been given, and some
of its merits and shortcomings have been discussed. Attached in the appendix there
are two publications which extensively feature sensitivity experiments conducted
with this and other RCMs in the framework of the project NHCM-1.
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In the previous chapters the author gave a broad overview on the topic of regional
climate modelling. It started with a few statements from the Intergovernmental
Panel on Climate Change (IPCC) Fourth Assessment Report (AR4) which should
stress the need of climate models in general.

These statements were followed by the description of the evolution of General
Circulation Models (GCMs), after which the question why there is a need for Regional
Climate Models (RCMs) was answered. RCMs then were discussed in-depth, some
RCM specific issues and details have been described.

After that a description of certain long-term climate simulations was given which
emphasised two topics: (1) the need for ensembles of RCMs in order to be able to
judge the uncertainty that comes with the different simulations and (2) the basis
for the need of sensitivity studies which, through several short-term experiments,
give hints on which parts of the model need improvements, and help to estimate the
magnitude of model errors.

In order to give more insight to the author’s own work two specifics of the COSMO-
CLM were then described: the model equations and the rotated coordinate system
that is used in the model. A thorough explanation of the workflow of an exemplary
model setup was given afterwards, where also some of the COSMO-CLM specific issues
were described. At last the genereal approach to the sensitivity experiments done
in Non-Hydrostatic Climate Modelling (NHCM-1) has been presented.

The author’s work in the project NHCM-1 can be summarised as given below:

e compile the source code of COSMO-CLM and auxiliary programs on various
computer platforms,

e design script environments that handle the succession of model specific tasks
without further user input,

¢ decide on suitable model domains and specific ‘interesting’ model setups which
cover the majority of COSMO-CLM’s capabilities and

e run sensitivity experiments with the model using the setups found,

o design a framework for the evaluation of RCMs (but also other model and
observation data should be handled; the tool WICE mentioned in Section 2.7),
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o systematically evaluate the results of the own sensitivity experiments and those
of other models and through that

« identify merits and shortcomings of the model,
e accompanied by an estimation of their error ranges.

The results of this work are compiled in the two publications attached in the
appendix. Suklitsch et al. (2008) was intended to provide a first insight to the
biases of COSMO-CLM. Suklitsch et al. (2010) extended the sensitivity experiment
approach to four models and aimed at providing error ranges of the model ensemble.
The error range therefore has been defined as the interval from the 2.5th percentile
to the 97.5th percentile of the biases of the ensemble of simulations.

The simulations presented in the attached publications were all carried out for
the year 1999. The various model domains used throughout the study are shown
in Figure A.1 and Figure B.1. The different model setups are briefly described in
Table A.1 and Table B.1.

One finding concerns similarities and differences between the models. While
COSMO-CLM shows hardly any differences when changing parameterizations, MM5
and and especially WRF results are strongly affected by such changes. Contrary,
COSMO-CLM and REMO show big impacts on their results by the choice of the do-
main size and, to a lesser extent, also of the vertical resolution. The latter fact can
only be verified for COSMO-CLM, since REMO did not feature sensitivity experiments
related to vertical resolution.

Additionally, a kind of ‘clustering’ of the results has been found: the two German
RCMs give rather similar results, as well as the two American RCMs. One may
speculate whether these similarities are due to the different nesting strategies used in
these models. As we’ve learned in Subsection 1.3.3 the two German models can only
update the lateral boundary conditions (LBCs) every hour. However, COSMO-CLM
experiments dealing with LBC update interval did not show considerably deviating
results.

Another key finding within the 10 km sensitivity experiments carried out in this
study is that all RCMs tend to overestimate precipitation along the Alpine ridge,
most notably in winter where it reaches up to 50 %. Parts of this bias, however, may
be due to measurement errors of solid precipitation. A rather COSMO-CLM-specific
feature related to precipitation is its underestimation at the western boundary. This
seems to stem from non-existent hydrometeors in this region. These hydrometeors
have to be built up from scratch which seems to take longer in the COSMO-CLM than
in the other models. The width of the inflow region where hardly any precipitation
occurs is about 300 km. Extending the model domain further west considerably
weakened this feature. The two double-nesting experiments with COSMO-CLM did
not show this feature at all. But these two simulations were supplied with the
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variables cloud water content (QC), cloud rain content (QR) and cloud snow content
(QS) at the lateral boundaries.

Another rather common feature is the underestimation of precipitation in autumn
in the southeastern part of the domain. This underestimation is most likely linked
to the models’ inability to reproduce one specific weather event in that region which
was related to the passage of an upper air short wave trough in September.

Regarding temperature one can identify a strong cold bias in COSMO-CLM and
REMO, especially in winter where it reaches up to -3.0 K. This cold bias is weaker
during the rest of the year. Contrary, MM5 and WRF show a cold bias in summer,
and no bias (MM5) or even a warm bias (WRF) in winter.

The seasonal error range for precipitation lies between -28.4 % and +67.7 %. The
seasonal error range for daily mean temperature ranges from -3.0 K to +1.7 K.

One of the most important findings, however, is related to the evaluation regions:
The evaluation results obtained for the whole domain are robust against the subdi-
vision in several subregions, the error range hardly changes, particularly in case of
temperature. In case of precipitation the error range increases by 28 %.

The results give some confidence for the application of high-resolution RCMs in
future climate scenarios. However, the error ranges and their characteristics in
subregions may not be mapped directly to future simulations. The error ranges here
were derived from ‘perfect boundary condition’ experiments, i.e., the simulations
were driven by re-analysis data. In simulations regarding the future climate RCMs
are driven by GCMs. In that case, also errors of the GCMs and the RCMs’ reactions
to them have to be considered.

One thing that has not been covered by the two publications is a systematic
evaluation of the model’s performance at reproducing the diurnal cycle of both
temperature and precipitation. This will be done in an upcoming publications. The
present publications were primarily a tool for finding one or more suitable setups
for higher resolved simulations at the ‘cloud resolving scale’, i.e., at a horizontal
resolution of less than 3 km which in the author’s opinion has been fulfilled well
enough.
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Appendix: The publications — Foreword

The publications in this appendix, which are part of this PhD thesis, span the re-
search questions outlined in the previous chapters. The publications are reprinted
with permission of the corresponding publishers. I hereby confirm that the publica-
tions have been attached unaltered in contents. For stylistic reasons, however, the
formatting has been aligned with the rest of the PhD thesis and to better conform
to the NIST guidelines for the proper use of units (http://physics.nist.gov/cuu/
Units/rules.html). Additionally, some typos that slipped through proof reading
at publication time were corrected, and the references of all three parts (the two
publications and the synopsis) were merged.

The first publication is:

M. Suklitsch, A. Gobiet, A. Leuprecht, C. Frei (2008): High Reso-
lution Sensitivity Studies with the Regional Climate Model CCLM
in the Alpine Region. Meteorol. Z., 17, 4, pp. 467-476

It discusses simulations at a horizontal resolution of roughly 10 km (0.09°) which
were carried out over the Alps and its surroundings with the COSMO model in
CLimate Mode (COSMO-CLM) alone. In this publication we discuss the influence
of different setup options of the model on the results obtained in 16 months long
sensitivity experiments.

The second publication is:

M. Suklitsch, A. Gobiet, H. Truhetz, N.K. Awan, H. Gottel, D. Ja-
cob (2010): Error Characteristics of High Resolution Regional Cli-
mate Models over the Alpine Area. Clim. Dyn., in press

This publication may be seen as a kind of sequel to the first one. Sensitivity exper-
iments already discussed in the first paper are also included in this publication. But
this time they are extended and joined by a variety of other sensitivity experiments
carried out with three additional regional climate models: MM5, WRF and REMO.
This results in a set of 62 one year long hindcast simulations. In the publication we
stress the question whether or not the error ranges (defined as the interval between
the 2.5th and the 97.5th percentile) vary if the evaluation is carried out over the
whole model domain compared to evaluation in several smaller subregions.
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Abstract

Abstract

The presented study investigates the performance of the regional climate model
COSMO-CLM (CCLM) operated at high resolution (10 km grid) over the European
Alpine region to find a suitable setup for long term regional climate simulations
over mountainous terrain and to quantify various error sources. CCLM is run in
8 different setups, spanning a substantial range of possible settings of the model
and is driven by the ECMWF’s ERA-40 re-analysis. The results are systematically
evaluated focussing on 2m air temperature and precipitation amount. The annual
mean error in the entire Alpine region lies between -0.14 mm/d and -0.42 mm/d
for precipitation and -0.98 K and -1.44 K for temperature, depending on the model
setup. By objectively defining climate subregions covering the Alpine region we also
take advantage of the high model resolution to analyze subregional performance of
the CCLM. It is shown that modifications of the domain size and vertical resolution
have the greatest impact on the results, while altering the parameterization and
numerics does not yield a significantly different outcome.
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Zusammenfassung

Zusammenfassung

Die vorliegende Arbeit untersucht die Leistungsfihigkeit des regionalen Klimamo-
dells CCLM, mit dem tber den européischen Alpen in einer hohen Auflésung simuliert
wird, um ein passendes Setup fiir langerfristige Klimasimulationen in komplexem
Geldnde zu finden und verschiedene Fehlerquellen zu quantifizieren. 8 unterschied-
liche Setups, mit denen das CCLM betrieben wird, decken dabei einen grofien Teil
der moglichen Einstellungen des Modells ab. Angetrieben wird es mit den ERA-40
Re-Analysen des ECMWF. Die Resultate wurden systematisch ausgewertet, wobei
der Fokus auf den Parametern 2 m-Temperatur und Niederschlag liegt. Der jéhrli-
che mittlere Fehler in der gesamten Alpenregion liegt je nach Modellsetup zwischen
-0.14 mm/d und -0.42 mm/d beim Niederschlag und zwischen -0.98 K und -1.44 K
bei der Temperatur. Die hohe Auflésung wird weiters dazu verwendet, um die Leis-
tungsfahigkeit des CCLM in einzelnen Subregionen zu untersuchen. Dazu wurden im
Alpenraum auf objektive Weise klimatologische Subregionen definiert. Es wird ge-
zeigt, dass Modifikationen der Domaingréfle und vertikalen Auflésung den grofiten
Einfluss auf die Resultate haben, withrend Anderungen der Parametrisierungen und
Numerik kein signifikant unterschiedliches Resultat erzeugt.
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A.1 Introduction

Since the advent of regional climate modelling in the early 1990s (Giorgi and Mearns
1991; Giorgi et al. 1993; Jones et al. 1995) and mostly during the last few years sub-
stantial progress has been made in understanding regional climate predictability and
in improving the reliability of Regional Climate Models (RCMs) (e.g. Vidale et al.
2003; Wang et al. 2004; Déqué et al. 2007). Current RCMs are generally operated
at 25 km to 50 km horizontal grid spacing (lower meso-beta scale). Projects like
PRUDENCE (Christensen et al. 2007a), ENSEMBLES (Hewitt and Griggs 2004) and
the American NARCCAP (www.narccap.ucar.edu) focus on climate scenarios for
the 215 century at that resolution, on estimating their uncertainties and on linking
them to a range of applications in the field of climate impact research. In PRU-
DENCE, for example, a large set of 30-year-simulations of the end of the 21¢ century
was designed, executed, and finally evaluated with respect to their uncertainties
in projecting future climate in Europe. The results have been analyzed in several
subregions. It has been demonstrated that finer resolutions are indeed capable to re-
produce more regional climate features accurately (Christensen et al. 2007b). There
is hope that even finer resolutions like the 10 km used in this study are even bet-
ter suited for subregional analysis. For example, simulations with a resolution of
10 km identified the Alpine ridge as a very sharp transition zone between moister
future conditions in the North and drier ones in the South (Gobiet et al. 2006).
Finer resolution is notably important because those characteristics of climate which
have direct impact on human society and ecosystems are often related to small scale
phenomena. In particular hydrological features and extreme weather and climate
events are of highest relevance on the part of climate impact research, and decision
makers as well as the general public need detailed information on future climate and
its potential impacts on small scales to evaluate climate change risks and to design
mitigation and adaptation strategies.

Over the last years substantial advances in computing power have been made and
the horizontal and vertical grid spacing of RCMs could be reduced. These advances
allowed some first climate simulations with grid spacings of down to 10 km, e.g.,
in the project reclip:more (Loibl et al. 2007) and simulations conducted by MPI
Hamburg (D. Jacob, personal communication, 2007). No studies however have been
published so far on the matter of quality of 10 km RCM simulations covering the
entire Greater Alpine region. There are some studies which are carried out in other
or smaller regions like river catchments. Christensen et al. (1997), for example,
evaluated high resolution simulations of present day climate over Scandinavia. Using
the HIRHAM4 model they found that the bias in their results was to a big extent
due to errors in the driving GCM data. Kleinn et al. (2005) used RCM simulations
with different grid resolutions (56 km, 14 km grid spacing) as driving data for a
hydrological model where they found that the simulations on the coarser grid were
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Figure A.1: Overview of the geographical layout of the model domains used for this
study. The dashed lines indicate the nesting zone. The shaded areas show the model
topography (max = 3090 m).

sufficient enough for their purposes and that the finer resolution did not improve the
skills of the hydrologic model although giving more realistic small-scale patterns in
the precipitation fields.

In this study we identify nine climatological subregions of the Greater Alpine
region based on the daily precipitation dataset of the Swiss Federal Institute of
Technology (ETHZ) (Frei and Schar 1998; Frei et al. 2006) and analyze the small-
scale regional performance of a set of high resolution (10 km grid spacing) climate
simulations conducted with the non-hydrostatic regional climate model CCLM, the
COSMO model in CLimate Mode (Will et al. (2008), in this issue). Since the com-
putational costs for such simulations are still very high, this study evaluates both
the quality and computational costs of different settings of the CCLM, aiming at a
high-quality but computational feasible setup for future long-term climate scenarios.

The model and its different setups are laid out in Section A.2. The data and
evaluation methods are presented in Section A.3. Results are shown in Section A.4
followed by a final discussion in Section A.5.

A.2 Experimental setup

The model deployed in this study is the COSMO model in CLimate Mode (COSMO-
CLM) (Bohm et al. 2006), which is developed from the Consortium on Small Scale
Modelling (COSMO) model by the clm community, in its most recent official version
4.0. It is a limited-area non-hydrostatic model using a 2 time-level Runge-Kutta
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Table A.1: Key settings for the sensitivity runs used in this study. The settings
of the lower part show only differences to the control run KF. In the right column
the computational costs in percent compared to the control run are given (lower is
better, e.g., 200 means that the corresponding sensitivity run took twice as long as
the KF simulation).

exp. key settings perf.

KF Runge-Kutta time integration scheme (dt =60 s); Kain-Fritsch 100
convection scheme; cloud ice scheme with prognostic cloud wa-
ter and ice, prognostic rain and snow and transport of rain/s-
now; TKE-based turbulence scheme including subgrid scale ef-
fects of condensation/evaporation; 32 levels, small domain (A

in fig. A.1)
TK Tiedtke convection scheme 100
GS cloud ice scheme including graupel 105
RV raised vertical resolution (40 levels) 150
ED extended domain (B in fig. A.1) 190
LV lower vertical resolution (20 levels) 60
DT bigger time step (dt = 90 s) 70
SN spectral nudging switched on (the nudged parameters are U 125

and V' above 850 hPa)

time-split scheme and rotated coordinates. For more information on the model see
Will et al. (2008) (in this issue). Eight one-year climate hindcast simulations have
been performed (see Table A.1). The control simulation, denoted KF (Kain-Fritsch
convection scheme), uses a setup which follows closely the recommendations of the
CLM community. The key settings of the model can be taken from Table A.1. In each
of the seven sensitivity runs one parameter is changed with respect to the control
run.

The sensitivity experiments can be combined into three groups: The first one
dealing with the parameterization (TK (Tiedtke convection scheme) and GS (cloud ice
scheme incl. graupel)), the second one coping with the vertical resolution and domain
size (RV (40 levels), LV (20 levels) and ED (extended domain)) and a third group
which deals with numerical aspects and integration of driving data (DT (bigger time
step) and SN (spectral nudging)). With these experiments a wide range of possible
setup modifications of COSMO-CLM (CCLM) is covered (however, other Regional
Climate Models (RCMs) offer a greater variety of options, particularly regarding
the physical parameterization and atmosphere-surface interactions). Besides the
key settings also the relative computational costs for each of the sensitivity runs is
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shown in Table A.1.

Figure A.1 shows the layout of the two model domains used in this study: one
small domain with 110 x 81 grid points (A), and a bigger one ranging over 144 x 132
grid points (B). The control run and all others but the ED experiment were carried
out in the smaller domain A. All experiments have the same grid spacing of 0.09°
(~10 km) and the same rotated north pole at 170°W /42.5°N. Seven grid points
are used as sponge zone to attach CCLM to the ECMWF 40-year Re-Analysis (ERA-
40) (Uppala et al. 2005) which delivered the initial and boundary conditions with a
resolution of 1.125° (~100 km x 120 km), updated every six hours.

All simulations start on September 1, 1998, 00 UTC. The following 4 months are
used as the spin-up period. The evaluation period begins with January 1, 1999,
00 UTC and lasts until January 1, 2000, 00 UTC which is also the end date of the
sensitivity runs. Even if one year is a short period in this context, it can be as-
sumed that a substantial amount of the natural variability of weather conditions in
the Alpine region is covered. Also, as long as no parameters with long-term ‘mem-
ory effect’ (e.g., deep soil temperature) are investigated this period should be long
enough to capture the major part of the model’s structural uncertainty. However,
a certain sampling error regarding the frequency of weather conditions might af-
fect the results. Short simulation periods of several months or seasons have already
been used in a number of other studies which evaluate the error characteristics of
regional climate models (e.g., Jacob and Podzun (1997); Giorgi and Bi (2000); Caya
and Biner (2004); Alexandru et al. (2007)).

A.3 Data and evaluation methods

A.3.1 Observational data

The model evaluation focuses on daily precipitation and temperature. For tempera-
ture the recently published dataset by the European Climate Assessment & Dataset
(ECA&D) project was used (Haylock et al. 2007). This dataset which will be further
called ECA has a grid resolution of 0.22° (about 25 km) and was produced in the
course of the ENSEMBLE-based Predictions of Climate Changes and their Impacts
(ENSEMBLES) project. It provides mean, minimum and maximum temperatures for
Furope on a daily basis and daily precipitation sums. ECA was chosen since it is
currently the spatially finest resolved temperature dataset available in the Alpine
region. One further advantage of this dataset is that it does not contain grid point
values but area means and is well suited for the evaluation of regional climate models.

For the evaluation of daily precipitation sums the dataset derived at the Swiss
Federal Institute of Technology (ETHZ) (Frei and Schiar 1998) is used. It is a high
resolution daily precipitation dataset. As can be seen in Figure A.2 it covers the
whole Alpine region and has a grid spacing of 1/6° (about 20 km) and was derived
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with a similar analysis procedure like that for Frei et al. (2006). The dataset will be
referred to as ETH dataset in this paper. Compared to the ECA dataset it is based on
much more stations and is therefore preferred to ECA for precipitation evaluation.

A.3.2 Clustering

In order to evaluate the small-scale regional performance of the sensitivity runs
we applied an objective cluster analysis to find precipitation-based climatological
subregions in the Greater Alpine region. The challenge of cluster analysis is the
separation of data into groups without any previous knowledge of the group prop-
erties, i.e., defining the groups by means of the data properties itself (Wilks 2006).
For this study we used the daily ETH precipitation dataset in the period 1979 to
1999, because precipitation shows great spatial variability in the Alpine region (see
fig. A.2) and is largely determining the climate characteristics of a region. However,
one has to keep in mind that taking another parameter as the basis for clustering,
e.g., temperature, would render differing subregions. Based on daily precipitation
sums the procedure assigns grid points to subregions (clusters) which are composed
of grid points that feature daily precipitation time series as similar as possible to
each other on the one hand and as distinct as possible to the members of all other
subregions on the other hand.

Two clustering methods are used here subsequently to increase computational
efficiency. The algorithm starts with the agglomerative method for single-vector
clusters. This method produces a hierarchy of sets of clusters by merging the most
similar pair of clusters in each step.

Similarity is defined by the Euclidean distance (dg, ¢, in eqn. A.1) between the
mean precipitation vector (i.e., time series) of two groups (X¢g,,Xq,)-

dGth = H}EGI - iGQH’ (Al)

where || - || is the Euclidean norm of two vectors. The two groups with minimal
distance are combined into a new group. This procedure then continues until a given
number of clusters (50) is reached.

From that point on the nucleated agglomerative method is computational feasible
and is applied until the desired number of clusters is reached. This technique is a
combination of Ward’s method and the K-means method (Wilks 2006), so that it is
possible that grid points that were already assigned to a cluster can be reassigned
later on if another group minimizes the difference better.

For this study a set of 10 clusters (i.e., 10 climatological subregions) was chosen
since it is a good compromise between regional differentiation and a statistically
reasonable number of grid points contained per subregion (> 80 each). One subregion
is outside the CCLM model domain, so the effective number of subregions is reduced
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to 9 (see fig. A.2, lowest panel). These subregions can be roughly described as follows
(the number of grid points contained per subregion is given in brackets):

1 — ‘Alps South’ — Part of the Alps south of the Main chain, between 8°F and
13.5°F [133]. 2 — ‘Provence’ — South-East of France, roughly the region of Paca
and the southern part of Rhone-Alpes [163]. 3 — ‘Alps North’ — Part of the Alps
north of the Main chain, from 8.2°F to 14.5°E [143]. 4 — ‘Slovenia’ — Most parts
of Slovenia plus the Karawanken and the region of Friuli-Venezia Giulia [82]. 6
— ‘Padan Plain’ [172]. 7 — ‘Western Prealps’ — Northern part of region Rhone-
Alps and region Franche-Comté of France and western half of Switzerland [160].
8 — ‘Bourgogne’ — Mainly the northeastern part of France, containing the regions
Bourgogne, Champagne-Ardenne and Alsace [380]. 9 — ‘Southern Germany’ — Most
parts of southern Germany, including the Danube valley and the Rhine Valley and
small parts of northern Switzerland [208]. 10 — ‘Alps East’ — Eastern part of Austria,
being Lower Austria, Burgenland, Styria, the northeastern parts of Carinthia and
easterly half of Upper Austria [267]. As mentioned before, region number 5 (situated
west of regions 2 and 8) is not included in the CCLM model domain.

It has to be considered that these clusters do not take into account the seasonal
variability as it can be seen in fig. A.2. There are certain differences in extent and
location of the regions when looking at each season separately. The agreement of
seasonal clusters with the annual is 67.3 % in winter (worst case) and 84.1 % in
spring (best case). However, these seasonal differences are neglected in order to
keep the evaluation results of each season comparable.

A.3.3 Regridding

Each dataset or model output has its own grid definition, with different numbers of
grid points in longitudinal and meridional direction and different spacings between
them. As mentioned before, the CCLM experiments used in this study have a hor-
izontal grid resolution of 0.09° while the spacings between grid points in the ECA
dataset is 0.22°, and the ETHZ dataset has a grid resolution of 0.17°.

To be able to compare two datasets given on different grids it is necessary to
interpolate or resample the datasets to a common grid. The technique used here is
based on refinement and resampling. The finer model grid is further refined by a
factor of 3 to reduce sampling errors. Then the refined grid cells inside the area of
each coarser grid cell are pooled and the mean temperature (or precipitation sum,
respectively) over each pool is calculated. Cells that overlap the borders of cells
of the coarser grid are regarded as ‘inside’ the coarser cell if their center is located
inside that cell. The resulting values can then be compared with data on the coarser
grid. This ensures that features that are not resolved by the coarser dataset don’t
disturb the evaluation and no artificial interpolation structures are introduced. At
the same time area averages are left unchanged, and spatial correspondence between
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Figure A.3: Median of deviations of the mean seasonal temperature of all CCLM
sensitivity runs from ECA. (a) winter (DJF), (b) spring (MAM), (c) summer (JJA),
(d) autumn (SON). Blue colors indicate cold CCLM biases.

the two datasets is maximized, and altitude dependence is implicitly taken care of.

This implicit altitude correction by averaging is only valid if the topography of
the coarse grid dataset is a smoothed version of the fine grid topography and if the
regarded parameter features a constant gradient with altitude. Since the first point
is not true for the observational datasets used in this study we additionally applied
an explicit height correction for temperature where we assumed a constant lapse
rate of 6.5 K/km. For precipitation the height differences were neglected.

A.4 Evaluation

In this section the main evaluation results are presented. We will focus on the area
covered in both domains and ignore the boundary relaxation zone. It has to be kept
in mind that since only one year has been simulated some of the maximum differences
can be due to single synoptic events not fully reproduced by the simulations. As a
consequence the found biases might be over- or underestimated to a certain degree
due to eventually non-representative frequency of weather patterns in 1999 and the
fact that the model performance might vary depending on the synoptic situation.
Some remarks have to be made regarding the significance of model differences
to observations compared to the internal model variability. In a study of perturbed
forecasts with a former version of the CCLM on a 50 km grid Will (2007) showed that
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the internal model variability (in terms of spatial standard deviations) amounts to
~0.29 mm/d (about 15 % to 20 %) for precipitation and ~0.16 K for temperature
over Europe on a seasonal scale. Smaller variability was found in the Alpine region,
the mean errors cancelled out. Taking 20 as a measure for statistical robustness
(~95 % confidence level) errors below ~40 % for precipitation and ~0.3 K have to
be regarded as insignificant. These numbers are further encouraged by a study
of Christensen and Christensen (2004) who used the HIRHAM4 model for internal
variability studies and found standard deviations of 0.2 mm/d to 0.4 mm/d and
0.1 K to 0.3 K, respectively, in the Alpine region in single months. These values
might not be fully representative for our study due to regional differences and the
different spatial resolution, but serve as a rough measure to judge the significance
of the results presented in the subsequent sections.

The use of other datasets with possibly differing spatial resolutions for evaluation
can also yield substantial differences in the results. This, however, has no effect
on the main message about the sensitivity of the regional climate model to various
settings, which is the main focus of this study.

A.4.1 Temperature

Table A.2: Temperature verification indices for the various sensitivity experiments:
root mean square (RMS), mean error (ME) and standard deviation (SD), based on
regional monthly mean values (as seen in fig. A.4), unit: [K].

KF TK SN RV ED LV DT GR

RMS 1.51 1.47 1.51 1.32 1.63 1.17 1.47 1.47
ME -124 -122 -124 -110 -144 -0.98 -1.23 -1.20
SD 0.85 0.81 0.86 0.71 0.76 0.64 0.81 0.86

The median temperatures of all CCLM simulations compared to ECA are underes-
timated in nearly all parts of the model domain as can be seen in fig. A.3. While
the annual mean of the differences over the whole domain amounts to -1.0 K there
can be found some regions and seasons with clearly stronger deviations. Particu-
larly in winter there is a cold model bias south of the central Alps in the Province
of Bolzano-Bozen and the upper Padan Plain (~-3 K). In the course of the year
this cold bias becomes smaller and has its minimum in summer season (~-1 K). In
summer also slight positive deviations from ECA can be seen near the western and
southern boundaries (lower left panel in fig. A.3).

When looking into the seasonal mean temperature biases of the several experi-
ments (fig. A.4) it can be seen that the LV run (low vertical resolution) performs best
throughout the year. The average over all subregions equals to ~-1.0 K annually

63



A High Resolution Sensitivity Studies with CCLM in the Alpine region

[ I B BU”'?;?""‘ |-n13 024 012 011 041 018 -008 020 | 019

Western Prealps ! e o
i 130 136 | -133

Sﬂuthﬁg}mﬂv- 050 050 | 058

Provence
(2)
Padan Plain
(8)
Alps South
& i
Alps North
13)
Alps East
(1)
Slovenia
(4)

mean

TK
SN
RV
ED

A%
oT
R
ea

(TR
=

0.10 -0.02 0.1 009 085 024 0.21 -0.05 0

128 148 127 118 - 18 -8 -3 | 128 Wam(';"}’aa'i"| 20 a2 118
South Germany
oy | oz

Bm’%g}g“a |-o.os 005 005 041 031 000 002 018

071 075 -088 067 -084 080 -065 -072 | 072 044 034 033 033 035 032 43

-0.61

023 027 024 020 -DSB 022 035 016 | 0.2 Pm“&;’}‘“

108 120 405 -1.00 s a0 | 4m PadaiEEF;Iain
M 23 st 126 30 -128 -z | s NW{S“;”“T
099 D94 089 098 -117 4084 084 -095 | gse Nps(h;?ﬂh
Alps East
L]
Slovenia
4

mean

Figure A.4: Anomalies of seasonal mean temperatures as forecast by the CCLM sen-
sitivity runs with respect to ECA observational dataset. Rows: subregions, columns:
CCLM experiments. Upper left: winter (DFJ), upper right: spring (MAM), lower left:
summer (JJA), lower right: autumn (SON).

(-1.21 K, -1.0 K, -0.8 K, -0.91 K in winter, spring, summer, autumn), all other runs
show bigger deviations. The largest cold biases are found in ED (extended domain).
There are, as already mentioned above, some exceptions: Slight positive biases can
be found in the subregions Provence and Bourgogne in summer. This exception
is true for all experiments but ED where temperatures in the Provence region are
underestimated throughout the year. Also an exception is the subregion Slovenia
which has the lowest cold bias already in spring.

One feature that all simulations have in common, as can be seen in fig. A.5, is the
fact that they give too cold daily temperature maxima. The temperature minima are
represented almost correctly in all sensitivity runs. Thus the cold biased maximum
temperatures are found to be the major source for the cold model bias, especially
in winter. In that season the spatial average of maximum temperature over the
whole domain is cold biased by ~-2.2 K. As a consequence the diurnal temperature
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range (DTR) is weakened by -1.5 K and more in winter. The best performance with
respect to the DTR shows the LV sensitivity run where the maximum temperatures
are improved. The poorest performance in maximum temperature is once again
featured by the ED simulation.

Two experiments altering vertical resolution (LV and RV) have the biggest positive
effects on two meter temperature compared to the control simulation KF. Raising
the number of vertical levels to 40 gives an annual mean temperature deviation
(averaged over the subregions) of -1.1 K compared to -1.2 K in the KF experiment
(see Table A.2). Lowering the number of vertical levels to 20 gives even better
results, where the overall seasonal mean error compared to KF is reduced by 0.6 K in
winter, the annual mean error is reduced by 0.2 K. The only sensitivity simulation
increasing the cold bias, particularly in summer, is ED. The reduced cold bias in
the two simulations with lower/higher vertical resolution might point out that the
turbulence parameterization is not suited for the 32-level setup at the considered
horizontal scale.

A.4.2 Precipitation

In evaluating the CCLM’s performance regarding precipitation sums we again start
with the median of all differences, shown in fig. A.6a, in that case with respect to
the ETH dataset. In general the precipitation amount is overestimated by the CCLM
in winter along the Alpine mountain ridge. The overestimation is substantial and
reaches more than 50 % in the inner Alpine region. While some of the overestimation
may be due to systematic measurement biases in the observations (see discussion
in Frei et al. (2003)), the order of magnitude and pattern of the difference suggests
a substantial positive model bias. This positive bias is also visible in spring but
weakens in intensity. In Figure A.6b and Figure A.6¢c we see that this bias can be
attributed to frequency rather than intensity. If we define a day with precipitation
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as a day with more than 1 mm rain or water equivalent of snow this area is wet for
up to 20 days more per season than it should be, taking ETH as a reference.

In autumn there are too dry areas in the South. In fig. A.6¢c we see that, contrary
to the seasons winter and spring, most of these differences can be accounted to the
intensity of precipitation events which is not properly reproduced by the CCLM. The
frequency on the other hand is simulated with correct quantities. This extensive
dry bias is mostly due to one heavy precipitation event along the southern and
eastern Alps related to a short wave through within a strong southerly flow that is
not reproduced in the CCLM domain. The most likely reason for that is the update
interval at the lateral boundaries of only 6 hours.

B I
45 -35 251505 05 15 25 35 45 [mmid] E 12, E 125 225 [days]

Figure A.6: Median of the deviations of precipitation values of all 8 CCLM sensitivity
runs from ETH observational dataset. (a) mean seasonal precipitation, (b) frequency
of precipitation and (c¢) mean intensity of precipitation. Rows (top to bottom):
seasons winter (DJF), spring (MAM), summer (JJA) and autumn (SON). Red colors
indicate negative differences. The corresponding legend is plotted beneath each
column. Where no observational data is available the area is grey shaded.
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Figure A.7: Mean daily precipitation anomalies of all CCLM sensitivity runs and
subregions with respect to ETH dataset. Upper left: winter (DJF), upper right:
spring (MAM), lower left: summer (JJA), lower right: autumn (SON).

One further dominant feature is the underestimation of precipitation at the west-
ern boundary which is the main inflow area. It seems that the CCLM needs about
150 km (15 grid points, including the nesting zone) to reproduce fronts and precipi-
tation events in its proper frequency, at least at the chosen horizontal resolution and
the scale factor between driving data and RCM (~10). This assumption is further
encouraged by the ED experiment where the western boundary of the domain is
shifted by ~170 km to the west and the bias is reduced by ~30 % in the north-west-
ern subregion (fig. A.7). Extending the domain size also improves the performance
of the CCLM in the whole simulated area and throughout the year.

Figure A.8 (annual cycle of daily precipitation values for all sensitivity runs plus
the observational datasets) shows one further feature: The underestimation of pre-
cipitation in autumn. Where the observational dataset gives daily precipitation
amounts of ~3.8 mm/d in September, the CCLM drops to ~2 mm/d in the same
month and stays below the observed values for the rest of the year. Even the ED
simulation, although performing best, can only slightly mitigate the negative bias.
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Table A.3: Same as Table A.2 but for mean annual precipitation, unit: [mm/d].

KF TK SN RV ED LV DT GR

RMS 1.11 1.16 1.11 1.13 0.94 1.17 1.15 1.06
ME -037 -036 -042 -0.39 -0.14 -0.38 -—-0.26 —0.10
SD 1.05 1.10 1.03 1.06 0.93 1.11 1.11 1.06

Summarized in Table A.3 are the mean error, standard deviation and root-mean-
square error (RMSE) of all CCLM simulations averaged over all subregions and the
whole year. Looking at the mean error, apart from the GR simulation which gives
too heavy precipitation amounts in summer, the ED run performs best (the bias
relative to the reference simulation KF is reduced by 60 %). Taking the RMSE the
ED simulation is the best one, the RMSE is reduced by 15 %. The other simulations
are performing similarly good.

A.5 Discussion

The presented study deals with the performance of the CCLM with respect to the
prognostic quality on the one hand and the computational costs on the other hand.
Therefore the regional climate model is set up and run with eight different settings
which cover a substantial range of possible setups of the CCLM.

It has been shown that the variance of the ensemble compared to the bias is small.
The mean of the annual mean temperature bias compared to the reference dataset
over the entire Alpine region amounts to -1.21 K (bias of best performing simulation
LV: -0.98 K), and the mean of the annual precipitation bias compared to ETH is
-0.3 mm/d (here the best performing simulation ED gives -0.14 mm/d). The high
model resolution allows for an analysis in smaller subregions around the Alps, which
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revealed three main features where the CCLM does not perform well: (1) There is
a negative temperature bias during daytime in winter. (2) Winter precipitation
along the Alpine mountain ridge is widely overestimated. (3) There is a negative
precipitation bias in autumn, particularly south of the Alps.

The most notable result of the sensitivity simulations is that modification of the
spatial setup of the CCLM (domain size and vertical resolution) has bigger impact on
the performance, both the prognostic and the computational, than changes in the
physical parameterization. The evaluation of temperature shows that reducing the
vertical resolution (simulation LV) gives the best results (bias reduction by 0.23 K).
Among the three experiments which address the physical parameterization of the
CCLM the TK sensitivity run performs best (bias reduction by 0.02 K), although the
differences to the other simulations are not pronounced. Judging from temperature
evaluation ED would be rejected as a first choice since it increases the general cold
bias in summer (+0.36 K). However, the precipitation evaluation shows substantial
advantages of the ED simulation, particularly in the first 150 km of the inflow region,
and — to a smaller extent — also in the entire model domain. This indicates that
the model domain, in combination with the big scale jump between driving data and
RCM of ~10 might be still too small. Further simulations involving smaller scale
jumps (using the double nesting technique) and extension of the domain towards
the West and North are indicated to investigate this effect.

As for the significance of the results the reference values mentioned in Section A.4
have to be reconsidered. There it was stated that seasonal biases below ~40 %
for precipitation and ~0.3 K for temperature have to be regarded as insignificant.
When we apply these values to our results the cold bias is significant throughout
the year, particularly in winter. With regard to precipitation one has to distinguish
between considering the whole domain and only single subregions. Averaging over
the whole domain leaves the biases in autumn significant, but there is the possibility
of some heavy precipitation event not fully captured by the simulations. Focusing on
specific subregions the overestimated precipitation along the Alpine ridge (subregion
Alps South in winter, Alps North in spring and summer) is significant, and also
the negative bias in the inflow regions (particularly subregion Bourgogne, but also
subregion Provence) which could be amended by extending the domain further west.

For long-term climate simulations the computational costs are also an important
criterion. The main factor in this respect is the domain size (including vertical
resolution), followed by spectral nudging. Compared to the control run KF the LV
experiment took only 60 % of the time to complete whereas extending the domain
in the way we did took almost 200 % of the initial computation time. Contrary to
that altering the parameterization has rather negligible effects, e.g., the two different
convection schemes took virtually the same time to complete, including graupel in
the microphysics scheme increased the computational costs by only 5 %.

Summing up the following settings are recommended for a further sensitivity run
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and potentially for long-term climate simulations: (a) the extended domain as in
ED seems to be a well spent computing time, particularly regarding precipitation.
There are indications that a further domain extension would be advantageous. (b)
Reduction of the vertical resolution (LV) improves both temperature and precipi-
tation and mitigates the costs of point (a). (c¢) The increased time step (DT) did
not have a great impact on the results. However, the CFL-criterion was nearly met
several times, so we recommend increasing dt only to 80 s. Points (b) and (c) partly
compensate for the computational costs of point (a) and a significantly improved
simulation for reasonable costs can be expected.
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Abstract

Abstract

This study describes typical error ranges of high resolution regional climate models
operated over complex orography and investigates the scale-dependence of these
error ranges. The results are valid primarily for the European Alpine region, but to
some extent they can also be transferred to other orographically complex regions of
the world. We investigate the model errors by evaluating a set of 62 one-year hindcast
experiments for the year 1999 with 4 different regional climate models. The analysis
is conducted for the parameters mean sea level pressure, air temperature (mean,
minimum and maximum) and precipitation (mean, frequency and intensity), both
as an area average over the whole modelled domain (the ‘Greater Alpine Region
(GAR)’) and in six subregions. The subregional seasonal error ranges, defined as the
interval between the 2.5th percentile and the 97.5th percentile, lie between -3.2 K
and +2.0 K for temperature and between -2.0 mm/d and +3.1 mm/d (-45.7 % and
+94.7 %) for precipitation, respectively. While the temperature error ranges are
hardly broadened at smaller scales, the precipitation error ranges increase by 28 %.
These results demonstrate that high resolution RCMs are applicable in relatively
small scale climate impact studies with a comparable quality as on well investigated
larger scales as far as temperature is concerned. For precipitation, which is a much
more demanding parameter, the quality is moderately degraded on smaller scales.
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B.1 Introduction

During the last few years tremendous advances have been made towards under-
standing regional climate predictability and in improving the reliability of Regional
Climate Models (RCMs) (e.g., Jones et al. 1994; Schaeffer et al. 2002; Vidale et al.
2003; Wang et al. 2004; Christensen et al. 2007a). In projects conducting long term
simulations or climate projections RCMs are currently operated at horizontal grid
spacings between 50 km and 25 km (e.g., PRUDENCE (Christensen and Christensen
2007), ENSEMBLES (Hewitt 2005) and NARCCAP (http://www.narccap.ucar.edu).
One of the foci of these projects is on the quantification of error characteristics and
uncertainties of RCMs at their current spatial resolutions (e.g., Jacob et al. (2007)).
For IPCC AR5 regional climate projections for all land areas of the earth with partic-
ular focus on Africa are planned (http://wcrp.ipsl. jussieu.fr/RCD_Projects/
CORDEX/CORDEX . html).

Recently, even finer grid spacings became computationally feasible, which is par-
ticularly useful in orographically complex regions like the European Alps. It has been
shown that a higher resolution enables to investigate climate and climate change in
smaller subregions than has been possible before (e.g., subregions of the Alpine area)
(Suklitsch et al. 2008). It is expected that high resolution RCMs can more accurately
reproduce heavy precipitation events which are likely to become increasingly impor-
tant in a warmer future climate (Christensen and Christensen 2004), and that higher
spatial model resolution renders more accurate precipitation patterns (Hohenegger
et al. 2008). Additionally, high resolution climate scenarios are strongly requested
by the climate impact research community.

Therefore, a horizontal resolution of RCMs of 7 km to 10 km currently becomes
increasingly important and will eventually become standard in the near future. Sev-
eral regionally focused projects already produced such high resolution climate sce-
narios at 10 km grid spacing (e.g.reclip:more (Loibl et al. 2007) and its successor
reclip:century for the GAR (http://foresight.ait.ac.at/reclip/, a project in
which regional climate scenarios for Germany were produced (Jacob et al. 2008), or
CECILIA (http://www.cecilia-eu.org/) for Central and Eastern Europe), but the
corresponding quantification of error characteristics and uncertainty of climate sce-
narios is still missing. Particular concern exists, whether the decreasing spatial scale
of analysis goes along with larger model errors. This matter has been discussed for
global climate models, e.g., in Reichler and Kim 2008 and Kim and Reichler 2008.
Since the knowledge about model errors builds the basis for the interpretation of
model results, this study focuses on the quantification of error ranges of RCMs at
high resolution over a particularly demanding area, the European Alpine region.
The analysis is conducted using a large ensemble (62 members) constructed of four
different RCMs under various configurations and aims at the general quantification
of high resolution RCM error ranges, rather than on the analysis of the performance
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of one single model. In order to be able to base this analysis on a large variety
of models and configurations, relatively short simulation periods are analysed (one
year plus 3 to 4 months spin up).

This paper is structured as follows: In Section B.2 the experimental setup is
described, together with a short introduction to every model used in this study. Ad-
ditionally, a description of the atmospheric conditions during the simulation period
is given. Section B.3 is devoted to the reference data and the evaluation regions. In
Section B.4 we present the results obtained in this study, first for the entire Greater
Alpine region, followed by the results within subregions. The paper then closes with
conclusions in Section B.5.

B.2 Experimental setup

B.2.1 Models

The four models used in this study are: CCLM (Bdhm et al. 2006), MM5 (Dudhia
1993), WRF (Skamarock et al. 2005) and REMO (Jacob and Podzun 1997; Jacob
2001; Jacob et al. 2007). The different setup options used in each experiment are
summarized in Table B.1.

CCLM: The COSMO model in CLimate Mode is the German community climate
model. It is based on the primitive hydro-thermodynamical equations describing a
compressible non-hydrostatic flow in a moist atmosphere without any scale approxi-
mations. Much information about CCLM and its applications in the CLM community
is compiled in a special issue of Meteorologische Zeitschrift (volume 17, no. 4; e.g.,
Rockel and Geyer 2008; Feldmann et al. 2008). The model version used in the
present study is 4.0. All simulations feature Runge-Kutta numerics and most of
them Kain-Fritsch convection scheme.

MMS5: The Mesoscale Model of the 5th Generation has the longest running history:
it evolved from a hydrostatic model in the early 1970’s that was later documented by
Anthes and Warner 1978. Over the years multiple-nest capability, non-hydrostatic
dynamics Dudhia 1993, and more parameterization options (including soil-vegeta-
tion-atmosphere-transfer models) were implemented along with several numerical
modifications and optimisations. In 2004 further development was suspended in
favour of the next generation model WRF (see next paragraph). In its latest version
(3.7.4) MM5 solves the governing coupled partial differential equations (capturing
the atmosphere) by means of finite differencing schemes: second-order centred fi-
nite differences and first-oder upstream schemes are used for spatial discretization
on a staggered grid (Arakawa-B grid). Temporal discretization is achieved by a

76
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Figure B.1: Model domains used
in this study. Colors correspond to
each of the models. Blue: CCLM,
yellow: MM5, green: WRF, red:
REMO. MM5 and WRF domains are
identical. The two outermost do-
mains (dash-dotted) were carried
out using a coarser spatial resolu-
tion (see text).

second-order leapfrog scheme with time-splitting to handle sound waves on shorter
time steps. In vertical direction the governing equations are discretized in unequally
distributed steps defined by a terrain-following sigma-pressure coordinate, which al-
lows for implicit treatment of vertical sound waves and vertical diffusion. This latest
model version was used in all but one experiments.

WRF: The Weather Research & Forecasting model is a community model. In
this study version 2.2.1 and Advanced Research WRF dynamical core is used for all
experiments. WRF is developed specifically for high resolution modelling applications
and offers a broad range of choice in terms of physical options to the user community.
WRF model solves the fully compressible non-hydrostatic Euler equations in flux form
on a hybrid terrain following vertical coordinate system using the Runge-Kutta split-
explicit time integration on an Arakawa-C type grid. It conserves mass, momentum,
entropy and scalars using flux form prognostic equations. For details please refer to
Skamarock et al. (2005).

REMO: The REgional climate MOdel is a regional hydrostatic climate model and
is used in different regions all over the world. REMO is based on the ‘Europamodell’,
the former numerical weather prediction model of the German Weather Service (Ma-
jewski 1991). Further development of the model took place at the Max Planck Insti-
tute for Meteorology, where the physical parameterisations from ECHAM4 (Roeckner
et al. 1996) were implemented into the Europamodell code (Jacob and Podzun 1997;
Jacob 2001). REMO solves the hydrostatic Euler equations with a finite difference
method on a hybrid terrain following vertical coordinate system using the leapfrog
time integration on an Arakawa-C grid.
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Table B.1: Setups of each experiment in this study, seperated by regional climate
model. The first setup of each model refers to the reference setup. All other rows
show only differences to their respective reference setup.

acronym setup options

CLM2012 CCLM v4.0; one-step nesting, small domain, ~ 10 km grid spac-
ing, 110 x 81 grid points; Runge-Kutta time integration scheme
(time step 60 s); Kain-Fritsch convection scheme; 1-moment cloud
ice scheme with prognostic cloud water and ice, prognostic rain and
snow and transport of rain/snow; TKE-based turbulence scheme in-
cluding subgrid scale effects of condensation/evaporation; 32 model
levels

CLM2013 Tiedtke convection scheme

CLM2015 spectral nudging (a.k.a. large scale nudging) switched on (the
nudged parameters are horizontal wind components U and V" above
850 hPa)

CLM2016 increased vertical resolution (40 model levels)

CLM2017 mid sized domain: 144 x 132 grid points (compare Fig. B.1)

CLM2020 lower vertical resolution (20 model levels)

CLM2021 increased time step (90 s)

CLM2022 cloud ice scheme including graupel

CLM2023 convection scheme is run every 20 minutes (instead of every 10)

CLM2025 combined: increased time step (80 s), lower vertical resolution (20
model levels) and mid sized domain (compare Fig. B.1)

CLM2026 dynamical bottom boundary condition turned on (buouyancy con-

tributes to vertical wind velocity also in lowest model layer)

CLM2027 spectral nudging switched on (the nudged parameters are horizontal
wind components U and V', temperature 7', specific humidity QV
and cloud water content QC')

CLM2030 two-step nesting (a domain with 124 x 108 grid points at 30 km
grid spacing is prepended), update interval of LBCs in inner domain
1 hour

CLM2031 two-step nesting as described above, but with 3-hourly LBC update
in inner domain

CLM2032 large domain: 188 x 153 grid points (compare Fig. B.1)

CLM2033 cloud ice content as additional LBC parameter

CLM2034 increased time step (80 s)
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Table B.1 — continued from previous page

acronym setup options

WRFSDO01 WRF v2.2.1, RRTM longwave scheme, Goddard shortwave scheme,
Monin-Obukhov-Janjic surface layer scheme, NOAH land surface
model, Mellor-Yamada-Jajnic TKE scheme, Grell-Devenyi ensem-
ble scheme, Ferrier microphysics

WRFSS01 YSU planetary boundary layer (PBL) scheme, Monin-Obukhov sur-
face layer scheme

WRFCUO1  Kain-Fritsch convection

WRFCU02 Betts-Miller-Jajnic convection scheme

WRFDAO1  damping option turned on

WRFPT01  model top at 50 hPa

WRFSWO01  Dudhia shortwave scheme

WRFSWO02  GFDL shortwave scheme

WRFMPO0O1  combined: Betts-Miller-Jajnic convection scheme, WSM 6-class
graupel scheme

WRFMP03  WSM 6-class graupel scheme

WRFOPO01 combined: Kain-Fritsch convection scheme, Dudhia shortwave
scheme

WRFOP02 combined: Dudhia shortwave scheme, YSU PBL

WRFOPO03 combined: Kain-Fritsch convection scheme, Dudhia shortwave
scheme, YSU PBL, Monin-Obukhov surface layer scheme

WRFOP04  combined: Kain-Fritsch convection scheme, Dudhia shortwave
scheme, YSU PBL, Monin-Obukhov surface layer scheme 4+ WSM
6-class graupel scheme

WRFOPO05 combined: Kain-Fritsch convection scheme, Dudhia shortwave
scheme, YSU PBL, Monin-Obukhov surface layer scheme + Thom-
son microphysics

MM5V40a MMS5 v3.7.4, two domains (domain 1: 30 km grid spacing, 124 x 100
grid cells, time step 90 s; domain 2: 10 km grid spacing, 109 x 79
grid cells, time step 30 s, cf. Fig. B.1) with one-way nesting (no
feedback), 29 model levels, RRTM longwave scheme, Kain-Fritsch 2
cumulus convection scheme, shallow convection (treatment of non-
precipitating clouds), Reisner 1 explicit moisture scheme (treats
cloud water, rain water, snow, and cloud ice), ETA planetary bound-
ary layer (PBL) scheme (prognostic treatment of turbulent kinetic
energy), NOAH LSM (soil-vegetation-atmosphere-transfer model)

MM5V40 MM5 v3.7.3 (last version before model-upgrade)
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Table B.1 — continued from previous page

acronym setup options

MM5V41 Zangl z-diffusion (uses Cartesian vertical coordinate for vertical dif-
fusion)

MM5V42 Betts-Miller convection scheme (designed for grid spacings > 30 km,
no shallow convection)

MM5V43 Grell convection scheme (designed for grid spacings between 10 km
and 30 km, no shallow convection)

MM5V44 MRF PBL (no turbulent kinetic energy, implicit scheme for vertical
diffusion)

MM5V45 Reisner 2 explicit moisture (includes graupel)

MM5V46 combined: Reisner 2 explicit moisture, MRF PBL

MM5V47 raised vertical resolution (40 model levels)

MM5V48 lower vertical resolution (20 model levels)

MM5V49 two-way nesting (finer domain has impact on coarser one)

MM5V52 extended domain 2 (148 x 136 grid cells, compare Fig. B.1)

MM5V53 3D grid nudging (grid cells of domain 1 are drawn towards the
driving data)

MM5V54 time step reduced to 45 s (domain 1) and 15 s (domain 2)

MM5V55 combined: Reisner 2 explicit moisture, MRF PBL, feedback

MM5V56 combined: extended domain (compare Fig. B.1), 20 model levels

MMb5V5H7 combined: Reisner 2 explicit moisture, MRF PBL, two-way nesting,
40 model levels

MM5V58 combined: Reisner 2 explicit moisture, MRF PBL, two-way nesting,
20 model levels

REMO170 REMOG6.2, Leapfrog time integration scheme, dt = 50 s, ECHAM5
microphysics, advection of precipitation, Louis PBL using Monin-
Obukhov similarity theory, radiation scheme following Rockel et al.
(1991), Fouquart and Bonnell (1980) and Morcrette (1990), mid
sized domain, 27 model levels, initialized with a balanced soil

REMO171 reduced domain size (compare Fig. B.1)

REMO172 reduced domain size (compare Fig. B.1), double nesting

REMO173 increased domain size

REMO174 no advection of precipitation

REMO175 initialization without balanced soil

REMO176 add. advection of cloud water, conversion rate for droplet autocon-
version 2000 s

REMO177 add. advection of cloud water, conversion rate for droplet autocon-

version 1000 s
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B.2.2 Model configuration and ensemble construction

The ensemble of simulations evaluated in this study consists of 62 members. It
covers four RCMs, various physical parameterizations, two-step and one-step nesting
approaches, various methods of feeding lateral boundary conditions into the models,
various domain sizes, varying vertical resolution, a configuration with large scale
nudging, different ways of initialising soil moisture and a few other configurations.

All simulations are driven by the same lateral boundary conditions from the
ECMWF 40-year Re-Analysis (ERA-40) (Uppala et al. 2005). These boundary con-
ditions are regarded as ‘perfect’ in this study and errors in the downscaling results
are interpreted as RCM errors. In future climate projections, errors from the driving
global climate models and the reaction of RCMs to these errors have to be regarded
as well.

The model grid spacing in the evaluation domain of all simulations is about 10 km
(for details see Table B.1). However, the nesting strategies — i.e., the way the
information is brought from the coarse resolution of ERA-40 (~ 100 km x120 km)
to the final resolution of ~ 10 km x10 km — differ. In this respect, the ensemble
can be split into two groups: In case of CCLM and REMO the larger part of the
experiments were done with a single downscaling step, the data was downscaled
directly from ERA-40 to the final 10 km horizontal resolution. In MM5 and WRF
a two-step nesting strategy is applied where an additional intermediate resolution
domain is simulated on a 30 km x30 km grid and some of the MM5 simulation feature
two-way nesting (see Table B.1). This also has an impact on the update interval for
the lateral boundary conditions of the 10 km domain. While for the two-step nesting
experiments of WRF and MM5 the lateral boundary conditions are updated with the
coarse grid time step (180 s), it is by design limited to 1 h for the two-step nesting
experiments of CCLM and REMO. In case of the one-step nesting experiments the
update frequency is limited to the temporal resolution of the ERA-40 driving data,
i.e., 6 hours.

A further important distinction can be made regarding the domain sizes. Leduc
and Laprise (2009), for example, have shown in a ‘perfect boundary condition’ ex-
periment that the results vary strongly with varying domain size, particularly with
respect to the small scales. In this study this subject has also been treated by vary-
ing the domain size in some of the experiments. As will be discussed later the choice
of the domain size has a stronger effect on the one-step than on the two-step nesting
experiments. The model domains are shown in Figure B.1.

B.2.3 Simulation period

All simulations were carried out for the time period September (REMO, CCLM) or
October (MM5, WRF) 1998 to December 1999. The evaluation period is the full
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Figure B.2: Differences of
daily mean temperature
(a-d) and relative differ-
ences of daily precipita-
tion sums (e-h) in the
year 1999 compared to the
period 1971-1998. Top
to bottom: seasons win-
ter (DJF), spring (MAM),
summer (JJA) and au-
tumn (SON).

year 1999. One year is a rather short period for climate simulations and regional
climate models do not perform equally well in each year (e.g., Evans et al. (2005)).
However, since most of the typical synoptic patterns in the Alpine region are covered
by the year 1999, including dry spells and heavy precipitation events (an overview
on the atmospheric conditions during 1999 is given below), we expect the results
to be roughly representative. Several other studies in the past employed rather
short simulations (months or seasons) to evaluate error characteristics of RCMs (e.g.,
Giorgi and Bi 2000; Alexandru et al. 2007; Leduc and Laprise 2009)). However, the
restrictions that originate from short evaluation periods have to be kept in mind.
These restrictions are a certain bias in the error characteristics stemming from the
deviation of 1999’s weather from the climatological mean and the fact that long term
processes like slow drifts in soil moisture are not captured. The former restriction
is qualitatively discussed in the following paragraphs.

Climate underlies a year-to-year variability. In the Alpine region, the variability
of annual means amount to about + 3 hPa for mean sea level pressure, + 1 K for
temperature, and + 20 % for precipitation (Auer et al. 2007). In order to judge the
representativeness of the model performances in the year 1999, we give an overview
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of the atmospheric conditions in 1999 and compare them to the climatological mean.
The following analysis is based on the reference datasets used for model evaluation.
We compare temperature and precipitation of the year 1999 with the period 1971 to
1998. This rather unusual period is prescribed by the precipitation dataset which is
available until 1999. Since the last year is the one under evaluation it is excluded
from the climatological mean.

In many parts of the Alpine region the year 1999 began warm and there was
only one short period with strong frost in mid February, which leaves a few cold
anomalies in the winter season (DJF) in Figure B.2a. There was another cold air
intrusion in the Alpine region in mid April, but with very hot temperatures by end
of May this was turned into a strong warm anomaly for the spring season (MAM;
Figure B.2b). This anomaly reaches +1.8 K in the various subregions. In total,
there were three heat waves during 1999. One in the end of May, one in July and
the last one in August. September brought unprecedented high temperatures to the
Alpine region, followed by the first strong cold period in mid October. Towards the
end of the year temperatures were rather normal, leaving a slight warm anomaly
in autumn (SON; Figure B.2d) of 0.3K to 0.6 K (see Table B.5). Generally, 1999
was a year with extreme conditions in both ‘directions’ (cold and warm) which gives
confidence that a wide range of weather situations is covered. In the annual mean,
1999 was warmer than the climate normal by 1.0 K. This fits nicely into the aim of
this study which focuses on the performance the RCMs with regard to future climate
simulations where generally warmer conditions are expected.

In terms of precipitation the year 1999 was rather moist in the western and north-
ern parts and drier than normal in the southern and eastern parts of the Alps,
particularly during winter (see Figure B.2e and Table B.5). The anomalies range
from -25 % in the South to 464 % in the North-West. Outstanding events in spring
1999 are flash floods in the western parts (Switzerland, western Austria) due to
convective storms in May (more than +30 % in mean precipitation and +15 % in
intensity). During summer (JJA; Figure B.2g) precipitation sums are higher than av-
erage within the Alps and lower than average further South and North, leaving, e.g.,
a dry anomaly of -6 % in the South-West. Autumn (Figure B.2h) was also rather
dry, particularly in the South-East, but there was a heavy precipitation event at the
end of October which brought flash floods mainly to Southern France and Northern
Italy. The relative anomaly in the according subregions amounts to ~ +30 % in
terms of both mean precipitation and frequency. As with temperature the rest of
the year was normal. Again, the general tendency of 1999 (wet in the North-West
and dry in the South) fits nicely to conditions that are expected in future climate
(e.g., Christensen and Christensen 2007; Gobiet et al. 2006)) and the occurrence
of wet and dry extremes ensures a reasonable sampling of a wide range of weather
conditions.
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B.3 Reference data

Finding suitable datasets to evaluate model results at a horizontal resolution of
10 km is a difficult matter. However, since the effective resolution of the models is
at least 4 times the grid spacing (Ax), e.g., 7 Ax for WRF according to Skamarock
(2004) and 4 Ax for MM5 according to Kapper 2009, observational datasets with
20 km to 30 km horizontal resolution should be well suited. Therefore we use the
following datasets for evaluation:

Temperature: In case of 2m air temperature we use the E-OBS dataset (version
1) created in the framework of the ENSEMBLES project (Haylock et al. 2008). This
dataset has a horizontal resolution of about 25 km. To achieve this resolution the
data is first interpolated to a 0.1° master grid and after that averaged to the final
resolution. It gives us daily values of mean, minimum and maximum temperature.
In our analysis all three parameters are investigated. Inconsistencies in the height
assignment due to different resolution of model and observation data is taken care
of by resampling the model data to the grid of the evaluation dataset on which we
carry out the comparison. For a more detailed explanation of the resampling process
refer to Suklitsch et al. (2008). This procedure is also applied to the orography of
both the model and the evaluation dataset. The resulting difference in orography
between the both datasets is then multiplied with the climatological lapse rate of
-6.5 K/km in order to resolve the remaining inconsistencies.

Precipitation: For this parameter we use the daily precipitation dataset of the
Swiss Federal Institute of Technology (ETHZ) described in Frei and Schér (1998),
further called ETHZ dataset. The underlying method is similar to the one laid out in
Frei et al. (2006). The authors warn against high uncertainties, especially in winter
due to measurement problems of solid precipitation (e.g., wind drift) which cause
an underestimation of precipitation. This underestimation of winter precipitation
can reach up to 40 % at stations higher than 1500 m, the lowest measurement errors
occur in summer at low level stations (see Frei et al. (2003) for more details). Despite
these uncertainties this is the best precipitation dataset available in the Alpine
region. However, this dataset does not cover the whole model domain. The E-
OBS dataset would also provide daily precipitation sums and extend over the whole
modelled region. Nonetheless we prefer the ETHZ dataset, because it is based on
far more stations than E-OBS. The spatial resolution of this dataset is about 20 km.
Based on that we also analyse frequencies and intensities of precipitation, where we
disregard days with precipitation less than 1 mm.

Mean sea level pressure: To evaluate the RCMs performance on the synoptic scale,
sea level pressure is included in our analysis. We use the ERA-40 dataset (Uppala
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Figure B.3: Subregions
used for detailed anal-
ysis of the regional
performance of the
different RCMs. The
names used in the text
and tables are displayed
as overlays.

et al. 2005). While this dataset has by far not the resolution of the models it is
sufficient enough to get an idea of whether the models deviate from the driving
model in terms of synoptic patterns.

B.3.1 Subregional analysis

The climate of the Alpine region features very strong regional gradients, particu-
larly in precipitation fields (e.g., Bohm et al. 2005)). Generally the Alps act as a
precipitation barrier between a rather moist northern and a rather dry southern
side. In the future, this contrast might get even stronger (e.g., Gobiet et al. 2006;
Christensen and Christensen 2007). Thus a subregional analysis is mandatory. The
high resolution of 10 km grid spacing enables to split the model domain into subre-
gions despite its rather small size. In this study we use six subregions as shown in
Figure B.3. These subregions give a reasonably good differentiation of the domain.
To obtain these subregions we used the clustering method as described in Suklitsch
et al. (2008). Since the dataset used for clustering (ETHZ) does not cover the full
model domain at the eastern edge we extended the subregions further in that di-
rection. This is in our opinion a valid step, since these areas are mostly plains and
therefore should not feature strong variability. Additionally another, seventh, subre-
gion at the western edge of the model domain which consisted only of 15 grid points
was merged with the neighbouring subregion in the north in order to avoid too small
subregions. In Subsection B.4.2 the subregionally resolved analysis of model results
is presented.
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Figure B.4: Annual cycle of the bias of mean sea level pressure of the 4 participating
models. Blue: CCLM, yellow: MM5, green: WRF, red: REMO. Dashed lines: median
of each model’s ensemble bias, solid lines: error range (as defined in text) of each
model. Black solid lines: error range (as defined in text) of the full model ensemble.
The more intensive the grey shade the more ensemble members share the same bias.

B.4 Results

B.4.1 Full domain results

To get an idea of the overall performance of the models and their errors we look at
the annual cycle of biases of mean sea level pressure, temperature and precipitation
averaged over the entire Alpine region. The latter parameter gives us an estimate
whether or not the models deviate from the driving data. The analysis is focused on
the error ranges of the RCMs rather than on the performance of single simulations
or models. A more detailed analysis of the CCLM, MM5 and WRF results used in this
study is given in Suklitsch et al. (2008) and Awan et al. (2010), respectively. In order
to roughly distinguish significant error ranges from internal RCM variability, sensi-
tivity experiments with perturbed initial conditions have been performed with one
of the models (CCLM), following the methodology described in Giorgi and Bi (2000).
Three simulations for one winter (December) and one summer month (June) have
been conducted. The average range between these sensitivity simulations amounts
to 0.4 K in monthly mean 2 meter temperature and to 0.1 mm/d in the monthly
mean of daily precipitation sums. Though this estimation of internal variability is
by no means comprehensive, it gives a first idea on the significance of the results
presented below.
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Figure B.5: Annual cycle of the bias of mean air temperature of the 4 participating
models. Blue: CCLM, yellow: MM5, green: WRF, red: REMO. Dashed lines: median
of each model’s ensemble bias, solid lines: error range (as defined in text) of each
model. Black solid lines: error range (as defined in text) of the full model ensemble.
The more intensive the grey shade the more ensemble members share the same bias.

Mean sea level pressure

Depending on the model the bias of mean sea level pressure shows different char-
acteristics. In Figure B.4 this bias is displayed for the four models in terms of the
2.5th and 97.5th percentiles and the median of the ensemble. The grey shaded area
shows the 2.5 to 97.5 percentile interval (also known as the ‘inner 95th percentile
range’, further simply called the ‘error range’) of each sub-ensemble corresponding
to the four models. The darker this grey shade, the more models share the same
bias. Additionally the error range of the full multimodel ensemble is shown as black
solid lines. This indicates whether or not a model produced outliers. Concentrating
on the coloured dashed lines in Figure B.4, which give us the median bias of each
model’s ensemble, one sees that the CCLM ensemble features a weak overall bias
and the REMO ensemble develops a fairly uniform bias of ~ -0.8 hPa. WRF and
MM5 on the other hand show a bias with a distinct annual cycle. During winter
(DJF) mean sea level pressure is underestimated in both models (MM5 only slightly
with ~ -0.3 hPa, WRF more pronounced with ~ -1.9 hPa), whereas during summer
(JJA) it is overestimated in MM5 (~ +1.0 hPa) and still underestimated in WRF
(~ -0.7 hPa). Taking the full model ensemble into consideration, one ends up with
a weak median bias of -0.1 hPa in summer and a stronger negative bias in the other
three seasons (-0.2 hPa, -0.3 hPa and -0.5 hPa in autumn (SON), spring (MAM) and
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Figure B.6: Annual cycle of the bias of daily precipitation amount of the 4 partic-
ipating models. Blue: CCLM, yellow: MM5, green: WRF, red: REMO. Dashed lines:
median of each model’s ensemble bias, solid lines: error range (as defined in text)
of each model. Black solid lines: error range (as defined in text) of the full model
ensemble. The more intensive the grey shade the more ensemble members share the
same bias.

winter, respectively; see Table B.2). The seasonal error range of the entire ensemble
amounts to -2.1 hPa to +1.6 hPa (Table B.2).

Temperature

The annual cycles of the temperature bias (Figure B.5) show again a twofold pattern:
CCLM and REMO feature cold biases in winter which disappear in the REMO results
and remain to a lesser extent (-0.5 K) in the CCLM results in summer. WRF and
MM5 show an opposite annual cycle with a pronounced cold temperature bias in
summer which is smaller in MM5 and reversed to a warm bias in WRF in winter.
The biggest error range within a single model’s ensemble features the WRF model.
The median of the full ensemble lies at -1.1 K on the annual time scale which is an
indicator that all models have problems with the reproduction of temperature in
this mountainous area correctly. According to Table B.2 even at the 75th percentile
we get a bias of -0.1 K meaning that more than 75 percent of all simulations share
a cold bias averaged over the year. The temperature bias on the seasonal time scale
with respect to the median does also not reach positive values. The seasonal error
range lies between -3.0 K and 1.7 K.
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Table B.2: Five percentile val-

percentile
: ues of the model bias for the
2.5 25 median 75 975 g1) odel ensemble gained by
_ mslp —18 —1.0 —-0.5 —0.1 0.7 averaging over the whole (com-
E_é temp —24 —1.6 —1.0 0.1 1.7 mon) model domain. Abbre-
g prel —-04 0.0 0.4 0.6 1.1 viations in the second column
pre2 —11.9 —14 13.4 19.0 34.1 (units are given in brackets):
, mslp —l4 —06 —03 02 16 E;gg]tr:;?)nse;ie‘;i 22?2;‘26
£ tewp -26 —17 -0 —03 Ll ature’ [K], prel — precipitation
2 prel —0.2 0.0 0.5 0.8 21 ’ .
pre2  —71 13 144 245 g0 ~mount [mm/d], pre2 - preci-
pitation amount [%].
5 mslp —1.6 —0.5 —0.1 0.4 1.6
g temp -30 -18 —09 —05 1.0
S prel —02 0.1 04 08 24
7 pre2  —64 2.0 10.8 223 67.6
- mslp -2.1 —0.5 —-0.2 0.2 1.0
g temp -22 -15 -10 —00 1.1
‘g prel —-1.0 —0.7 -0.1 0.3 0.6
pre2 —28.4 214 —-3.9 8.4 18.5
mslp —-1.2 —-0.7 —0.2 0.1 0.9
§ temp —2.3 —14 —1.1 —-0.1 1.1
»  prel —-0.4 —0.2 0.4 0.6 1.4

pre2 —-129 5.5 114 176 41.6

Precipitation

For precipitation, the CCLM and REMO ensembles again show rather small error
ranges and only small biases most of the year. This time they are joined by MM5
which shows a very similar annual cycle (Figure B.6). These three models share
the same dry anomaly in the annual cycle of the bias in September which might be
caused by one single heavy precipitation event linked to the passage of a short wave
trough that is not resolved by these models. The WRF ensemble features a large
error range, particularly in the summer half year. Looking at the full ensemble one
can see that the single model ensemble’s biases cancel out each other nicely, so that
over the year no precipitation bias remains (see Table B.2). On the seasonal time
scale one gets a bias of +0.4 mm/d (+13.4 %), +0.5 mm/d (+14.4 %), +0.4 mm/d
(+10.8 %) and -0.1 mm/d (-3.9 %) in winter, spring, summer and autumn, respec-
tively. The error range in summer is larger than in the other seasons which indicates
higher uncertainty of precipitation during summer, most likely due to more impact of
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Figure B.7: Bias of mean air
temperature of each ensem-
ble member and the ensem-
ble mean within each subre-
gion plus subregional mean.
Columns: Subregions accord-
ing to Figure B.3, rightmost
column represents the mean
over all subregions. Rows:
experiments, lowest row rep-
resents the ensemble mean.
Within each box the seasonal
and annual bias is given ac-
cording to the legend in the
upper right corner. Numeri-
cal values for the subregional
means are given in Table B.3.

the parameterized convection and more regionally caused precipitation (i.e., smaller
forcing by the lateral boundary conditions) in summer than in winter. The seasonal
error range lies between -1.0 mm/d (-28.4 %) and +2.4 mm/d (+67.6 %).

B.4.2 Subregional results

In this section we break down the model domain into different subregions as laid out
in Subsection B.3.1. This enables to investigate whether the error characteristics at
smaller scales resemble those on the larger scale or not.
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subregion DJF  MAM  JJA  SON annual  table B.3: Mean bias of
daily mean, minimum

and maximum temper-

daily mean temperature

NW —-0.41 -0.79 —-1.24 —-0.68 —0.77 ature for the full model
Sw -1.61 -1.13 -1.06 -—-1.21 —-1.25 ensemble consisting  of
W-Alps —0.57 -—-1.02 -134 -0.67 —0.89 62 experiments in the
E-Alps -0.72 —1.18 —-0.63 -0.81 —0.83  different subregions on
NE 024 —0.79 —0.83 —0.47 —0.46 the seasonal and annual
SE —-0.59 —0.95 —1.09 —0.97 —0.90  time scale. Short forms

of the subregions are
displayed in Figure B.3.
NW 0.02 -0.65 -0.97 -0.30 —-047 Units: [K].

Sw —-0.15 —-0.48 -0.78 —-0.61 —0.50

W-Alps 0.03 -0.62 -0.92 -0.28 —-0.45

E-Alps 0.68 —0.20 —-0.25 0.08 0.08

daily minimum temperature

NE 097 -050 -0.57 -0.12 —-0.06
SE 0.65 —0.39 —-0.7% —-0.38 —0.22
daily maximum temperature
NW -0.71 -0.74 -1.60 —-0.45 -0.87
SW -1.96 —-097 -0.68 —-0.69 —1.06
W-Alps -1.18 -—-1.31 -1.68 —-047 -1.16
E-Alps -1.44 -1.73 -0.58 —-0.74 -1.11
NE -0.27 —-0.89 -—-1.25 —-0.54 -0.74
SE -1.18 —-1.00 -1.09 —-0.76 —1.00
Temperature

In Figure B.7 a very condensed overview of the results for the bias of 2 m mean tem-
perature within each subregion for each season and the full year for each experiment
is shown. At a first glance one can identify four blocks which correspond to the four
regional climate models used in this study. While CCLM and MM5 predominantly
feature cold biases, REMO and WRF show small warm or cold biases. Concentrating
on the different subregions one comes to the conclusion that no subregion is cap-
tured best by all models in the same period. For instance, CCLM has mostly small
biases of less than -0.75 K in subregion NE on the annual basis while WRF in the
same region partly even has a pronounced warm bias of more than +2.25 K. When
averaged over the full model ensemble (lowest row in Figure B.7) biases between
-1.75 K and +0.3 K remain on both seasonal and annual time scales (see Table B.3).
The subregional seasonal error range varies from -3.2 K to 2.0 K.

Besides the mean bias of daily mean temperature, in Table B.3 also the mean bi-
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Figure B.8: Relative bias of
daily precipitation sums of
each ensemble member and
the ensemble mean within
each subregion plus subre-
gional mean. Columns: Subre-
gions according to Figure B.3,
rightmost column represents
the mean over all subregions.
Rows: experiments, lowest row
represents the ensemble mean.
Within each box the seasonal
and annual bias is given ac-
cording to the legend in the
upper right corner. Numeri-
cal values for the subregional
means are given in Table B.4.

ases of daily minimum and maximum temperature are compiled together. Generally,
minimum temperatures tend to be less cold biased than maximum temperatures. In
winter minimum temperatures are even warm biased in the ensemble mean. As a
result the ensemble mean diurnal cycle of temperature is dampened. However, sev-
eral simulations and subregions show different characteristics (see Figure B.10 and
Figure B.11). The subregional seasonal error range for daily minimum temperature
lies between -3.0 K and +1.1 K, the one for daily maximum temperature ranges from
-4.2 K to +1.7T K.
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subregion ~DJF  MAM  JJA  SON  annual  Table B.4: Mean bias
of daily mean, fre-

quency and intensity of
precipitation for the full
model ensemble con-
sisting of 62 experi-
ments in the different

daily mean precipitation
NW —-16.52 733 11.38 —18.02 —6.6
Sw 46.0 244 31.04 —5.02 1257
W-Alps 12.11 22,11 1097 —1.46 9.97
E-Alps 25.42  23.47 19.13  10.75 18.07

NE 3.86 1179 2028 6.92 1078 qpiesions on the sea
SE 436 176 1197 354 7.9 oo annual time
frequency of precipitation scale. Short forms of
NW —6.89 480 —578 —1547 —6.15 I)}f:yngriigl;‘?;uize ];11;'
SW 16.72 15.561 12.38 —5.88 6.42 Units: [%] e
W-Alps 7.58 13.07  12.90 0.47 8.34 ' '
E-Alps 15.78  22.66  5.65 10.52 12.97
NE 6.51 14.57  3.50 7.66 7.33
SE 19.87  24.09 13.39 6.63 15.86
intensity of precipitation
Nw —1242 —-1.02 18.79 —5.28 —2.41
Sw 39.38 797  15.23 0.78 5.25
W-Alps 1.22 5.43 —4.37 —3.86 —1.11
E-Alps 5,08 —1.47 10.20 —-0.51 2.71
NE —2.52 2.70 16.08 —1.29 3.09
SE —-11.05 -7.21 —-4.78 -10.83 —8.80

Precipitation

In Figure B.8 we show an overview of the relative bias for subregional daily mean
precipitation. Similar to temperature, one can make out the four models quite
easily: MM5 and WRF produce too wet conditions in all subregions during most
seasons, CCLM and REMO show mixed results.

One prominent feature is the negative precipitation bias in subregion NW which
appears only in the latter two models. The reason for this dry bias is the vicinity
of the subregion to the inflow boundary. As already stated in Subsection B.2.1 the
models CCLM and REMO are updated only every 6th hour at the lateral boundaries
(in case of the one step nesting experiments). Additionally these two models have to
build up a repository for cloud water from scratch, because they are nested directly
into ERA-40 which does not deliver cloud water variables at the lateral boundaries.
The other two models get these variables from their coarse domain at every time step.
The processes which build up cloud and rain droplets take time during which the
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weather systems progress further east. This hypothesis is encouraged by CCLM and
REMO experiments with increased domain size and even more notably by the two-
step nesting experiments of CCLM (experiment numbers 2030 and 2031 in Figure B.8)
which show no dry bias.

Another prominent feature is the massive overestimation of precipitation during
winter in MM5 and WRF in subregions W-Alps, E-Alps and SW which, to a lower
extent, is also visible in the CCLM and REMO simulations. WRF has a strong wet
bias also in spring and summer in these subregions. This indicates problems in the
correct representation of orographically induced precipitation in most RCMs. The
subregional seasonal error range of daily precipitation sums ranges from -45.7 % to
+94.7 %, corresponding to -2.0 mm/d to +3.1 mm/d.

We also compare two other precipitation parameters, intensity and frequency. It
has to be noted that these parameters are calculated for wet days, defined as days
with at least 1 mm of precipitation. These parameters demonstrate that mainly a
positive frequency bias contributes to the wet bias (see Figure B.12 and Figure B.13).
Intensity is reproduced well in most simulations of all models. In case of frequency
the pattern of biases is very similar to the one of mean precipitation bias. In sub-
region SE precipitation occurs too often throughout all seasons on the one hand, on
the other hand precipitation events are less intense than observed. This subregion
is dominated by plain areas. On the contrary, subregion SW features complex topog-
raphy. In that subregion the mean intensity of events is strongly overestimated in
summer and winter, and it also rains and snows too often. The transitional seasons,
autumn and especially spring, are captured well in all subregions with respect to
intensity. For these two seasons the relative bias hardly exaggerates 10 % which lies
within the range of measurement errors. The subregional seasonal error range for
frequency lies between -34.2 % and +47.3 %, the one for intensity between -49.4 %
and +48.2 %.

B.5 Discussion & Conclusions

In the presented study we aim at quantifying error ranges (defined as the interval
between the 2.5th percentile and the 97.5th percentile) of regional climate models
when operated at high resolution (10 km grid spacing) in the Alpine region. There-
fore, a total of 62 one-year simulations with 4 different regional climate models were
conducted and evaluated for the year 1999. This rather short evaluation period was
chosen in favour of a large model ensemble and has been justified by comparison
with long term climate averages. Of course, one has to keep in mind that by choos-
ing a single year for simulation increases the sampling uncertainty due to specific
error characteristics within this year. As a consequence one has to be careful when
translating these results to simulation periods of several decades and has to consider
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Figure B.9: Comparison of biases for temperature (left) and precipitation (right)
obtained by averaging over the whole ‘Greater Alpine Region (GAR)’ as depicted in
Figure B.2 and the separate subregions displayed in Figure B.3, respectively. The
biases are shown in terms of percentiles of the ensemble of all experiments (see
legend in the lower left corner). Column A is winter, B is spring, C is summer, D is
autumn and E the full year.

that the sampling error most likely results in an overestimation of error ranges (as-
suming that errors in specific years would cancel out to some degree when averaged
over several years). But it could result in an underestimation as well, assuming that
the investigated year accidentally overpronounces weather situations that are well
simulated by all 4 models. However, we consider this latter case as rather unlikely
since we did not find worse model performance in longer term simulations performed
with CCLM and MM5 (not shown).

One particular focus of this study is on the question whether error ranges heavily
depend on the scale of the evaluation region. To answer that we split the model do-
main into several subregions with a median size of ~ 100 000 km? and compare these
results with the ones obtained for the Greater Alpine Region (‘GAR’, ~ 680 000 km?),
which roughly corresponds to the scale of analysis in recent projects like PRUDENCE
and ENSEMBLES.

Simulated temperatures are predominantly cold biased. The reasons for that are
highly model dependent. Some models are better at reproducing minimum temper-
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atures, others at reproducing maximum temperatures. Some examples: CCLM and
MM5 have problems to reproduce daily maximum temperatures, which is probably
related to underestimation of snow cover in winter and spring, and to overestima-
tion of precipitation frequency and cloud cover in summer. In terms of minimum
temperature REMO is cold biased in the mountainous subregions and warm biased
in orographically less complex subregions. In MM5 and WRF minimum temperatures
are warm biased in winter which might be due to problems in developing a strong
inversion layer during nighttime. However, a detailed analysis of the deficiencies of
each model is out of scope of this study.

In terms of precipitation models develop a larger error range in seasons in which
convection is a dominant factor (i.e., summer) when averaged over the entire Alpine
region. However, this effect disappears in subregional analysis, where the error range
for summer and winter is nearly the same. In winter precipitation is particularly
overestimated in mountainous subregions. Large parts of this wet bias are related
to frequency rather than intensity overestimation. In subregions close to the inflow
boundary dry biases can occur, depending on the update interval of and the presence
of hydrometeor variables in the lateral boundary conditions.

Generally, large precipitation biases do not occur in the same subregions as large
temperature biases, and one can not identify any subregion that is captured best
by all models in terms of both precipitation and temperature. Likewise, it is hard
to pick out one best model for all subregions, though REMO has the smallest area
averaged temperature bias and CCLM and REMO feature the smallest area averaged
precipitation biases.

The question whether error characteristics worsen when analysed at smaller scales
is treated in Figure B.9. This figure shows the inner 95th percentile and interquartile
ranges evaluated over the GAR and separately evaluated in smaller subregions. For
temperature the error ranges do not increase at smaller scales in all seasons except
winter. With respect to precipitation biases, the error ranges increase by 28 % when
the evaluation is done within subregions.

The subregional seasonal error range over the entire Alpine region for the bias of
temperature lies between -3.2 K to +2.0 K. The subregional seasonal error range for
daily precipitation sums varies from -2.0 mm/d (-45.7 %) to +3.1 mm/d (+94.7 %).

The results of this study demonstrate that high resolution RCMs are applicable in
relatively small scale climate hindcast simulations with a comparable quality as on
well investigated larger scales as far as temperature is concerned. For precipitation,
which is a much more demanding parameter, the quality is moderately degraded
on smaller scales. The results give some confidence also for the application of high
resolution RCMs in future climate simulations. However, they cannot be mapped
directly to future simulations, since they disregard errors of a global climate model
and the RCM’s reaction to them. Furthermore, the presented error ranges should
not be confused with uncertainty in projected climate change: The former relates
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to the range of differences between simulations and observations, the latter to the
range of differences between pairs of simulations performed with the same model
(i.e., future scenario simulation and past control simulation). In the latter case sys-
tematic model biases cancel out, which narrows the uncertainty range considerably.
However, in applications where RCM output is directly fed into climate change im-
pact investigations (e.g., crop models, river discharge models, etc.), the presented
RCM error ranges should be considered and, where they exceed the acceptable range,
empirical-statistical post processing methods (e.g., Themefl et al. 2010) should be
applied.
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Parameter DJF MAM JJA SON Ann i Parameter DJF MAM JJA SON Ann
T hean 1.17 1.83 1.01 0.60 1.16 Pmean 63.44 24.41 4.79 5.16 24.59
W T nin 1.36 1.99 1.00 0.72 1.27 wwma 37.61 17.02 7.60 3.91 17.19 W
T hax 1.00 1.70 1.07 048 1.07 Pint 22.01 9.11 -2.31 1.13 6.70
T nean 0.17 1.54 0.89 0.29 0.73 Pmean -24.93 -0.52 -5.99 29.23 3.65
Z  Tpwm 010 164 116 096 097 | Preq  -1698 227 956 2090 693 £
T nax 0.38 1.53 0.88 -0.12 0.68 Pint -3.63 -0.53 -15.08 2.35 -2.97
My T nean 0.32 1.70 0.82 0.30 0.79 Pmean 64.37 31.02 11.80 0.40 26.66 My
< Ton 043 1.85 096 0.66 098 | Ppeg 3243 1595 557 243 1431 <
= Thax 024 152 0.72 -0.04 0.62 Pint 26.65 1533 6.46 -1.80 11.31 E
MH T hean 0.16 1.69 0.67 0.33 0.72 Pmean 69.77 33.52 -4.33 -3.07 18.53 lW
A_“ T i 0.58 1.79 1.06 0.91 1.09 w?ﬁ 42.55 11.62 7.29 0.05 14.41 A_u
s T nax 0.10 1.53 041 0.04 0.53 Pint 21.92 20.83 -10.53 -2.83 3.80 H
T nean 0.60 1.58 0.58 0.49 0.82 Pmean 53.39 18.70 -1.17 -16.02 10.75 “
m T nin 0.67 1.70 0.84 0.74 0.99 Pire 35.12 12.20 1.49 -3.97 1088 =
q
T nax 0.50 1.51 0.41 0.27 0.68 Pint 16.15 7.14 -1.70 -12.84 0.32
T nean 0.25 1.51 1.13 0.61 0.88 Pmean -10.22 15.37 13.05 2.15 7.36
B Twm 005 155 138 1.00 098 | Ppeg 461 911 682 523 494 £
T inax 0.74 1.60 099 042 0.95 Pint -6.80 7.04 6.95 -4.26 1.52

Table B.5: Deviations of various climatological parameters for the year 1999 from the longer term means in the 6
subregions depicted in Figure B.3 in the main publication. Parameters are daily mean temperature (Tpean), daily
minimum temperature (Tp,,), daily maximum temperature (Tpax), mean daily precipitation (Ppean), frequency of
precipitation (Pgeq) and intensity of precipitation (Pin). Reference period: 1971-1998. Units: [K] for temperature

parameters, [%)] for precipitation parameters.
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Figure B.10: Bias of minimum air temperature of each ensemble member and the
ensemble mean within each subregion plus subregional mean. Columns: Subregions
according to Figure B.3 rightmost column represents the mean over all subregions.
Rows: Sensitivity experiments, lowest row represents the ensemble mean. Within
each box the seasonal and annual bias is given according to the legend in the upper
right corner. Numerical values for the subregional means are given in Table B.3.
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Figure B.11: Bias of maximum air temperature of each ensemble member and the
ensemble mean within each subregion plus subregional mean. Columns: Subregions
according to Figure B.3 rightmost column represents the mean over all subregions.
Rows: Sensitivity experiments, lowest row represents the ensemble mean. Within
each box the seasonal and annual bias is given according to the legend in the upper
right corner. Numerical values for the subregional means are given in Table B.3.
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Figure B.12: Relative bias of frequency of daily precipitation of each ensemble mem-
ber and the ensemble mean within each subregion plus subregional mean. Columns:
Subregions according to Figure B.3, rightmost column represents the mean over
all subregions. Rows: Sensitivity experiments, lowest row represents the ensemble
mean. Within each box the seasonal and annual bias is given according to the legend

in the upper right corner. Numerical values for the subregional means are given in
Table B.4.
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Figure B.13: Relative bias of intensity of daily precipitation of each ensemble mem-
ber and the ensemble mean within each subregion plus subregional mean. Columns:
Subregions according to Figure B.3, rightmost column represents the mean over
all subregions. Rows: Sensitivity experiments, lowest row represents the ensemble
mean. Within each box the seasonal and annual bias is given according to the legend
in the upper right corner.
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Abstract:

Climate modelling has become increasingly important, especially in the last few years. Non-
hydrostatic climate modelling is necessary at scales where the hydrostatic assumption is not
valid, i.e., at grid spacings of 10 km and less.

In the present thesis, merits and shortcomings of some of today's state-of-the-art non-
hydrostatic regional climate models are evaluated and discussed. Therefore, several
sensitivity experiments were conducted with each of the participating models over the
European Alpine region with a horizontal resolution of 10 km, and evaluations against high-
resolution observation datasets were made.

Key findings in this thesis include the fact that all models have in common the tendency to
overestimate precipitation along the Alpine ridge, and to underestimate precipitation leeward
of the Alps. The magnitudes and exact locations of the maxima and minima of the
precipitation biases however vary from model to model. In terms of temperature no common
feature could be made out, here merely every model has its own characteristic bias patterns.
The results achieved in the sensitivity experiments give rise to optimism for currently ongoing
and upcoming local-scale experiments at a horizontal resolution of less than or equal to
3 km, where the ‘added value’ of the very high resolution shall be evaluated.

Zum Inhalt:

Die Klimamodellierung erfreut sich besonders in den letzten Jahren zunehmender
Bedeutung, auch durch Politik und Offentlichkeit. Nicht-hydrostatische Klimamodellierung
wiederum ist Uberall dort notwendig, wo die hydrostatische Approximation nicht gultig ist, d.h.
bei Auflésungen von 10 km und weniger.

In der vorliegenden Arbeit werden die Vorzige und Defizite aktuell moderner nicht-
hydrostatischer regionaler Klimamodelle evaluiert und erdrtert. Zu diesem Zweck wurden mit
jedem der beteiligten Modelle einige Sensitivitats-Experimente mit 10 km horizontaler
Auflosung Uber dem Alpenraum erzeugt und eine Evaluierung auf Grundlage von
hochaufgelosten Beobachtungs-Datensatzen durchgefihrt.

Ein Hauptergebnis dieser Studie ist unter anderem, dass allen Modellen eine Tendenz zur
Uberschatzung des Niederschlags entlang des Alpenhauptkamms gemein ist. Umgekehrt
werden Niederschldge im Lee der Alpen unterschatzt. Die GréRenordnung und Lokalisierung
der Minima und Maxima der Abweichungen zu den Beobachtungen variieren jedoch von
Modell zu Modell. Im Zusammenhang mit der Temperatur konnte kein allen Modellen
gemeinsames Merkmal gefunden werden. Diesbeziiglich hat jedes Modell eher sein eigenes
charakteristisches Muster von Abweichungen.

Die erzielten Resultate in den Sensitivitats-Experimenten geben Grund zu Optimismus flr
anstehende, noch hoher aufgeltste Experimente mit einer horizontalen Auflésung von
weniger als 3 km, in denen der ,added value* der erhéhten Auflosung evaluiert werden soll.

Wegener Center for Climate and Global Change
University of Graz

Leechgasse 25

A-8010 Graz, Austria

www.wegcenter.at

ISBN 978-3-9502940-4-2



	WCV-SciRep-No37-MSuklitsch-Juli2010-CoverPage-and-InsideCover_v1.pdf
	diss_suklitsch_ebook.pdf
	WCV-SciRep-No37-MSuklitsch-Juli2010-Backpage.pdf
	WCV-SciRep-No37-MSuklitsch-Juli2010-CoverPage-and-InsideCover_v1.pdf
	Wegener Center for Climate and Global Change
	Scientific Report No. 37-2010



