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Abstract

An ensemble of regional climate models (RCM) can provide a roust view on the climate
and related uncertainties. In the last decade, large projets, e.g., PRUDENCE, ENSEM-
BLES and CORDEX, have been set up to organise and coordinate miti model ensemble
simulations with respect to the researchers and public neesl

In some of the RCM results, from the projects mentioned befoe, an overestimation of sum-
mer air temperature in south-eastern Europe had been idented, which coincides with a
strong underestimation of precipitation in this season, the "'summer drying" problem of
climate models.

One application of climate models is to assess future wind ithate, which is particularly
relevant for the assessment of energy potential, risk managnent and engineering. As
observations for wind speed and direction are rare, modelsan close this gap and pro-
vide homogenous wind elds for further investigations. Seeral studies investigated RCM
performance over open ocean and in near coastal regions anduihd a good agreement of
simulated wind speed distribution and wind speed percentiés. Within the PRUDENCE
project the de ciency has been identi ed, that the models usng no gust parameterisation
are not able to simulate wind speeds above 8Bft.

According to the rst issue { the "summer drying" { the hypoth esis that the biases are
related to a false representation of soil properties in thisregion, based on divergences be-
tween the soil maps of Haase et al. (2007) and Stremme (1937nd that of FAO, which is
commonly used in climate models, is investigated in more detil. Therefore, two simula-
tions with the RCM CLM have been carried out using default sandy loam and silt loam
over an area north of the Black Sea. As a consequence of the dirent soil characteristics,
the results indicate increased soil moisture by up to 60 % intie modi ed simulation com-
pared to the control simulation. In addition to local changes in near surface parameters
(e.g. temperature decrease by up to 1.5K), large-scale chages involving temperature,
precipitation and surface pressure are observed.

Regarding wind climate assessment, the second focus of thegsent study is to investigate
the ability of RCMs to simulate surface wind speed in coastalregions of the North Sea.
The analysis was based on the ENSEMBLES project results, du¢hey give the opportu-
nity to analyse the model performance for the wind characteistics among a large multi
model hindcast ensemble for the time period 1961 { 2000. Thelservational data for 10 m
wind speed was provided by the German and the Dutch meteorolgical services, DWD and
KNMI. From most of the contributing RCMs simulation results of two spatial resolutions,
50 km and 25 km, are available.



Several measures and skill scores were applied to analysestRCMs performance compared
to the driving eld and to evaluate accuracy gain by includin g higher spatial resolution
of the model grid. At inland stations RCMs overestimate the mean wind speed, whereas
maximum wind speed percentiles are captured very well. The lgher resolved 25km are
often closer to the observations than the 50km. The RCM ensetvle mean performs good
and adds value to the driving GCM ERA40. Additionally, a weat her regime classi cation
has been carried out and investigated, together with a secah classi cation provided by
ENSEMBLES, to be able to re ect the North Sea wind climate. Findings from the regime
dependent evaluation of the RCMs wind climate can only be addessed to local e ects of

the near environment of the measuring sites.
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1 Introduction

1.1 Motivation

Regional climate models (RCMs) play an essential role in cihate and climate change
assessment for all regions of the world. Forced by General @iulation Models (GCM)
they are used in a range of di erent applications related to past, present and future cli-
mate. Compared to the coarsely resolved global models, witthe higher spatial resolution
and with the more complex physics described in the models, th RCMs can better re-
solve small scale processes and increase the informationilgaespecially in complex terrain
(Prein et al. (2013), Heikkila et al. (2011), Premmel et al. (2010)). Forced by perfect
boundary conditions coming from reanalysis data, e.g. NCERKalnay et al. (1996)) and
ERA40 (Uppala et al. (2005)), the regional climate models ca give additional information
in areas, where observational data are rarely available. Tese RCM hindcast simulations
are very important, as on one hand they help to close observatnal gaps, on the other
hand it is possible to evaluate the RCMs ability to simulate the present climate. This in-
formation helps to identify de ciencies in the models, which need to be reduced and forces
further model development. Additionally, the knowledge of model uncertainties supports

the understanding and interpretation of future climate simulations.

However, single model output is not su cient to comply with t he demands from impact
researchers and end users. A more robust view on the climatend related uncertainties
can be provided only by an ensemble of RCMs. In the last decaddarge projects have
been set up to organise and coordinate multi model ensemblénsulations with respect to
the researchers and public needs. These simulations are arghg base to support the reg-
ularly published Intergovernmental Panel on Climate Change (IPCC) Assessment reports
with results from state-of-the-art global and regional climate models. From the numerical
weather forecast, the same as from large climate model progss, it is known, that the
mean from a large ensemble is closer to the real state of the mbsphere than any sin-
gle model run (Tebaldi and Knutti (2007)). The rst large Eur opean project combining
state-of-the-art regional climate models to a multi model ensemble, was the EU-funded
PRUDENCE project (Christensen and Christensen (2007), Chistensen et al. (2007)). The
present study is partly funded by the PRUDENCE-following EU -funded project ENSEM-
BLES (http://lensembles-eu.meto ce.com/) and it is based o n the ENSEMBLES project
results. Within this framework RCM runs have been carried ou to simulate the climate of
the second half of the last century forced by ERA40 reanalys data, a hindcast simulation,

as mentioned before. For simulations of the future climate wtil the end of this century



the SRES A1B scenario IPCC-SRES (2000) has been applied. Irhe project a large hum-
ber of RCMs combined with di erent GCMs spanned a matrix of simulations, in order
to cover the spread of uncertainties originating from the individual models. Results from
ENSEMBLES have been used in many climate change and impact atlies across Europe
within the last years. The results are still in use, but are adually supplemented by higher
spatially resolved regional climate simulations providedfrom the CORDEX initiative (e.g.
CORDEX Europe; http://www.euro-cordex.net/).

Within the PRUDENCE project, for some of the RCM simulations an overestimation
of summer air temperature in south-eastern Europe had beendienti ed, which coincides
with a strong underestimation of precipitation in this season (Christensen and Christensen
(2007)). This issue has been called the "summer drying™prblem and does not only occur
in RCMs, but can also be found in GCM results. In several studés, possible reasons for
this feature have been investigated (Hagemann et al. (2001)Seneviratne et al. (2006b),
Rowell and Jones (2006)). Most of the simulation results fron the di erent models in the
ENSEMBLES - project show the same overestimation of near sdace temperature in the
region North and West of the Black Sea Kjellstrom et al. (2010). Kotlarski et al. (2014)
published recently an evaluation of the CORDEX hindcast sirrulations for the time period
1989 { 2008 for Europe. Again, 6 out of 9 regional climate modesimulations showed the

drying-out already found in earlier simulation results.

One application of climate models is to assess future wind thate, which is particularly
relevant for the assessment of energy potential, risk manament and engineering. Obser-
vations for wind speed and direction are rare and often only Bort time series are available,
which are additionally inhomogenous over time, due to changs in the measurements and
changes in the near environment of the observational site. us, again, models can close
this gap and provide homogeneous wind eld data. Investigaing regional or local wind
climate di ers in many aspects. For the energy sector, it is mportant to identify larger re-
gions where the wind speed has a certain range and main dirgoh in a prede ned height
above the ground (Landberg et al. (2003), Kiss and Janosi (208)). Additionally, the
correct simulation of the daily cycle of the wind speed is thebase for European energy
trading. For risk management, high wind speeds and storms a most interesting. For
engineering, the knowledge of very local wind characterists is essential.

Another de ciency of the regional climate models has been idnti ed in the PRUDENCE
results. Rockel and Woth (2007) focused on near-surface wihspeed over Europe and

identi ed that most of the RCMs have not been able to simulate wind velocities above



1 INTRODUCTION 3

8 Bft over land. Related to the di erent applications mentio ned before, wind speed distri-
bution, and wind speed percentiles from regional climate mdels have been evaluated by
Winterfeldt and Weisse (2009), Kunne (2012), Barthelmie ard Palutikof (1996), Herrmann
et al. (2011), and Winterfeldt et al. (2011). Several studies investigated wind conditions
under a changing climate using RCM simulations (Najac et al.(2009), Leckebusch and
Ulbrich (2004), Pryor and Schoof (2010), Pryor et al. (2012). Furthermore Suselj et al.
(2010) and Donat et al. (2010) analysed storm activities in elation to weather pattern
and North Atlantic Oscillation (NAO). Cavicchia et al. (201 4) investigated storm trends
in the Mediterranean; Krueger et al. (2013) in the North-Atl antic.

1.2 Thesis Objective

The present study is based on simulation results from the ENEMBLES framework.

The existing overestimation of the south-eastern Europeansummer temperature in the
ENSEMBLES results raised up the question whether there cou be a simple way, to at
least reduce the positive temperature bias in summer. In ths thesis, the hypothesis is
that the biases could be related to a false representation ofoil properties in this region.
This theory is based on divergences between the soil maps ofadse et al. (2007) and
Stremme (1937) and that provided by Food and Agriculture Organization (FAO), which
is commonly used in (regional and global) climate models. Threfore, two simulations are
performed with the regional climate model CLM with the ENSEM BLES model setup, one
using default sandy loam and the other using silt loam over anarea north of the Black

Sea. According to this investigation the following researb questions are addressed:

" Is there an in uence of the underlying soil type distribution on the results from a

regional climate model?

A~

Can the summer drying in south-eastern Europe be reduced intte models?

A the second focus of this work is the wind climate. Several stdies investigated RCM
performance over open ocean and in near coastal regions anduhd a good agreement
of simulated wind speed distribution and wind speed percerites (Winterfeldt and Weisse
(2009), Kunne (2012)). Within the PRUDENCE project the de c iency has been identi ed
that the models using no gust parameterisation are not able ® simulate wind speeds above
8Bft.

The overall aim of the present study is to investigate the abiity of RCMs to simulate

surface wind speed. Hereby, coastal regions are in specialcus, since the simulation of



the narrow transition zone between water and land is a challaging task for models. The
di erence in surface properties at the coastline leads to atsong disturbance in the gene-
ral ow. The ENSEMBLES project results give the opportunity to analyse the model
performance for the wind characteristics among a large muitmodel hindcast ensemble
for the time period 1961 { 2000. The investigation is focusedon the North Sea coastal
areas of Germany and the Netherlands. The observational da is provided by the german
weather service - Deutscher Wetterdienst (DWD)- and by the meteorological service from
the Netherlands (KNMI). From most of the included RCMs two sp atial resolutions, 50 km

and 25 km, are available.

Dealing with these issues brings up the following researchugstions, which are investigated

in this thesis:

What is a suitable weather regime classi cation to describethe wind climate in the

Southern North Sea?

Are the regional climate models able to reproduce the obseed large scale atmo-

spheric pattern?

Is the RCM ensemble able to represent the temporal and statitcal characteristics of
the wind eld at di erent locations over the German and Dutch coast of the North

Sea?

How do atmospheric patterns relate to the representation othe wind climate in the

climate model simulations?

What are the bene ts and shortcomings of using regional clinate models for wind

speed analysis compared to the coarse resolution reanalgsields?

Is there an added value of the regional climate models resudtfor wind climate by

increasing the spatial resolution from 50 km to 25 km?

1.3 Thesis Outline

The thesis is structured as follows. An overview of the used dta is given in Chapter 2 ,
starting with the locations of observed wind speed data proided by the DWD and KNMI,
including an objective detection of breaks within the time series to identify suitable, mostly
undisturbed, time slices. Furthermore, two reanalysis daa sets are introduced, the same
as the multi regional climate model ensemble, which is laterused for wind climate eva-

luation. Related to the topic of the so called "summer drying-problem in most of the
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regional climate models, inChapter 3 the in uence of prescribed soil type distribution
on the representation of present climate in the regional clnate model CLM is investigated.
According to the investigation of the simulated wind climate in the southern and eastern
part of the North Sea, in Chapter 4 two objective regime classi cations have been investi-
gated on being representative for the area of interest. The greement between RCM-based
and observed regimes is calculated. At the beginning ofChapter 5 an overview of the
mean wind condition in the North Sea coastal area and the roleof the North Atlantic
Oscillation (NAO) is given. A variety of statistical tools i s described and applied to ana-
lyse the RCMs ability to reproduce the regional wind climate. Further, an added value
assessment is presented using RCMs for surface wind speednsiation compared to the
driving reanalysis data from ERA40. The derived daily weather regimes for the North Sea
are nally applied to analyse the model performance dependig on di erent wind direc-
tions. The thesis is concluded inChapter 6 by summarising the main results from the
di erent studies. A brief discussion and outlook on open issies is given suggesting further

investigations.



2 Description of underlying data sets

2.1 Wind Observation Data and Data Quality

Wind measurements at the German Coast The german meteorological service
DWD provided measurements for 31 stations across the Germagoastal area. The data
used here is the mean speed (FF) and the mean direction (DD) othe surface wind as a
mean over the preceding hour. Beside these values the daily amimum of the wind speed
(FX) is available. Until the end of the year 1974 the wind direction measured in degree
was transformed into the 32-scale wind classes. From 1975 wards, the classes have been
changed to 36. For the following analyses of the data for the wmd direction, the values

have been transformed back to the mean degree in each class.

Wind measurements across the Netherlands The wind measurements network of
the Royal Netherlands Meteorological Institute (KNMI) con tains about 50 stations across
the Netherlands. For these stations hourly values are availble for the mean speed (FF)
and the mean direction (DD) of the wind over the last 10 minute period in the preceding
hour, the hourly mean of the wind speed (FH) and the maximum wind speed (FX) in the
preceding hour. Each data set is labeled with a quality ag gving additional information
about the data. The precision of measurements was +/- 0.5 m/suntil June 1996. From

July 1996 onwards the wind speeds are measured in integer was of m/s.

The problem of homogeneity of the observation data and the de nition of
suitable data sets to compare with Wind measurements are very strongly in uenced
by changes in, for example, surface roughness and by shadowi e ects from trees and
buildings. Also changes in the instrument, the measuring hight or the location are reasons
for inhomogeneities of the data. A homogenisation of wind masurements is critical as the
measurements are in uenced by local wind e ects. Stations listory is often incomplete and
changes in the station surrounding (growing trees, new budings in the neighbourhood)
are rarely documented.

The wind speed dataU has been corrected for di erences in the measuring height bysing
the documented heights from the station histories and applyng the logarithmic wind pro le
(cf. equation 2.1). U, is the measured wind speed at height;, z is the reference height of
10 m. Without any knowledge about the measuring site and its sirrounding per de nition

Zg is 0.03 m for all land stations and 0.002 m for stations on wate

In(z=2)

U(z) = Urm

;Zz=10m (2.1)
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To nd an optimal set of observational data to compare to the simulated wind speeds from
the models all station histories have been analysed. The mbsmportant criterion was no
change in the location of the station, the second a small di @ence in the measuring height
(mainly corrected, see above), the third one no change in thénstrumentation.

Additional to this information an algorithm for detecting b reaks in the observed time se-
ries based was used on annual, but also monthly mean wind spég For detecting breaks
in a time series at least one homogenous reference series ecassary for comparison. In
reality no such time series exists. The rst idea is to compae this series with all other
series within the same climatic area by making a series of derences. By de nition, the
series were compared to all other observations. These di @nce series are then tested for
discontinuities by the technique of Caussinus and Lyazrhi {997). At this stage, it is not
known which individual series is the cause of a shift that is @tected in a di erence series.
But, if a detected change-point remains constant throughot the set of comparisons of a

candidate station with its neighbours, it can be attributed to this candidate station.
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Figure 2.1: Jumps (black vertical lines) detected in series of annual mean di erences (+) in relation to the
surrounding stations of De Kooy (ID235) (left) and Schleswi g (ID1438) (right). Red horizontal lines are
the mean over all values between breaks.

Figure 2.1 shows, exemplarily, the breaks in the di erence eries the from stations De Kooy
(ID 235) (cf. left panel) and Schleswig (ID 1438) (cf. right panel) compared to the closest



stations around. For comparison, only the neighbouring stéions within the same measur-
ing network have been taken into account. The original time ®ries have been corrected
for changes in the measuring height (see above). The locatioof the station De Kooy has
been changed three times, 25.09.1972, 26.08.1980 and 021@89. The changes in 1972
and 1989 can be identi ed very well as jumps quite in the time ®ries of the di erences.
The change in 1980 can not be identi ed clearly. The stationslocation of Schleswig has
not been changed over time, just the measuring height changkon 01.04.1991. No clear
jump can be seen. For the jump detection, several methods ha/been applied described in
Caussinus and Mestre (2004) and Picard et al. (2005). None dhe methods seems to be
appropriate to lead to good results for all stations. This slows that the knowledge about

the stations history is indispensable.

Table 2.1: Wind speed observations from the DWD network and t he KNMI network, their location, height
above sea levelz,s , measuring height above the ground zay and availability for t1: 1971 - 1983 andt2:
1971 - 2000

ID Name lon E lat N zag (M) Zag (M) intl int2
DWD

1529 Soltau 9.8 52.96 76 15.6 X X
1402 List 8.41 55.01 26 12 X X

1468 Bremerhaven 8.58 53.53 6 12 X -
1474 Bremen 8.8 53.05 4 10 X X
1040 Helgoland 7.91 54.19 16 10 X -
1438 Schleswig 9.55 54.53 43 16.6 X X
1444 Hohn 9.54 54.31 17 10 X X
1497 Oldenburg 8.18 53.18 11 9.6 X X
1132 Lingen 7.31 52.52 22 15 X -
9007 Wittmundhafen 7.67 53.55 8 10 X X
1730 Jagel 9.52 54.46 22 10 X X

KNMI

260 De Bilt 5.18 52.1 2 20 X X

270 Leeuwarden 5.75 53.22 15 10 X X
280 Eelde 6.59 53.12 3.5 10 X -
370 Eindhoven 541 51.45 20.3 10 X -
375 Volkel 5.71 51.66 21.1 10 X X
380 Beek 5.78 50.92 125.6 10 X -
344  Zestienhoven 4.44 51.95 -4.8 10 X -
290 Twenthe 6.9 52.27 345 10 X -

350 Gilze-Rijen 4.94 51.57 111 10 X X
225 IJmuiden 4.56 52.46 4.4 13.5 X X

Together with the provided station histories two time windows were de ned, where as
many as possible of the measurements are less disturbed. Fdre Netherlands observa-
tion data of 10 stations for the time period 1971-1983 and 5 sttions from 1971 to 2000
were chosen. For the German coast it is 11 and 8 stations respively. In Table 2.1 the

basic information about these stations is listed. Figure 22 indicates their locations in a
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geographical map. Within the stated time periods none of themeasurements is disturbed

by any changes in the stations location.
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Figure 2.2: Observation data available for the area of investigation (all symbols), covering the time period
1971 to 1983 (coloured solid and open symbols) and the time peiod 1971 to 2000 (solid symbols only)
from the DWD measuring network (triangles) and the KNMI netw ork (circles).

2.2 Reanalysis Data

ERA40 Reanalysis Data
Range Weather Forecasts (ECMWF) ERA40 is a global gridded d#aset (Uppala et al.
(2005)), which has a horizontal spectral resolution of T159(about 1.125°), 60 vertical

The re-analysis product from European Centre for Medium-

hybrid levels and a 6-hourly output covering the time period from 1958 to August 2002.
In this study it is not only used for the lateral and upper boundary driving, but also for

the validation of surface wind speed and of the mid-troposphkre circulation patterns.

UKMO Mean Sea Level Pressure
(north of 15 N) monthly and daily series of Mean Sea Level Pressure (MSLP)elds. The

This dataset holds gridded Northern Hemisphere

horizontal resolution is 5 latitude by 10 longitude. The monthly series data are available
for the period 1873 to 2005; the daily series data are availdb for the period 1881 to 2005
(MetO ce (2001)). Based on this data set a weather regime classi cation for the North

Sea has been carried out (cf. Section 4.3).
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2.3 Multi Regional Climate Model Ensemble

Within the ENSEMBLES project 14 participating European ins titutions and two Cana-
dian research institutes ran their regional climate modelsfor the same European domain
(cf. Figure 2.3; including the Mediterranean and Island) with the same grid size of 344
and in a second simulation 022 . The hindcast simulations use 6-hourly ERA40 reanaly-
sis as forcing data and cover at least the time period from 196 to 2000. All partners had
to provide output data according to a pre-de ned list. With t he help of such ensemble
simulations of the period covered by ERA40Q it is possible to @étect and attribute regional
climate change and to assess regional model performance oniér annual and shorter time

scales over several decades.

Figure 2.3: Orography of the ENSEMBLES model domain (roughl y) covered by most of the simulations,
with the horizontal grid resolution 50 km.

From the regional climate models daily mean wind speed, dajl maximum wind speed
without gusts and daily mean sea level pressure has been uséa this study. From few
models also daily maximum wind speed including gust paramedrisation is available. In 3
out of the 16 RCMs the time series for daily wind speed are inamplete or the simulation
area does not cover the area of interest. Therefore, not all wdels have been taken into

account for further wind climate analysis.
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For the sake of completeness all contributing institutionsin the ENSEMBLES project and

the RCMs are introduced shortly:

1. The Community Climate Change Consortium for Ireland (C4l) carried out regional
climate model simulations with the Rossby Centre Regional dimate Model Version 3
(RCAD3) developed from the High Resolution Limited Area Mode (HIRLAM). The
former model version RCA2 is described in detail by Jones etla(2004) and Kjell-
strem et al. (2005).

2. The Czech Hydrometeorological Institute (CHMI) used a cimate version of the
french model ALADIN-CLIMATE/CZ (Farda et al. (2007)). The m odel is origi-
nally used operational as forecast model by serveral of Eupean weather services

(e.g., Czech Rebublic and Austria).

3. The Centre National de Recherche Metorologiques (CNRM) in France used their

own climate version of the limited area model ALADIN (Radu et al. (2008)).

4. The Danish Meteorological Institute (DMI) used the HIRHA M regional climate
model. It has been developed by the DMI in cooperation with the Max-Planck
Institute for Meteorology in Hamburg and includes the ECHAM 4 physics (Chris-
tensen et al. (1996)).

5. The Eidgemessische Technische Hochschuleiich (ETHZ) applied the Climate Local
Model (CLM) (now called COSMO-CLM). This is the climate vers ion of the weather

forecast model of the german weather service DWD, (Bhm et al. (2006)).

6. Within the ENSEMBLES Project the GKSS Research Center (GKSS) (now Helmholtz-
Zentrum Geesthacht) also applied the regional climate modeCLM like the ETHZ.
The simulations used di erent xed elds, like soil and vegetation description, and
GKSS applied the spectral nudging approach described by voistorch et al. (2000).
Although the research center has been renamed by the end of e 2010, in this
study the abbreviation GKSS is used, as it was in the ENSEMLBES project.

7. The HadRM (Jones et al. (2004)) is the Hadley Centre (HC) RQM. It is a limited-
area and high-resolution model based on the HadAM3H the atmspheric component
of the atmosphere-ocean coupled general circulation modéHadCM3) (cf. Collins
et al. (2006)). HadRM3QO0, HadRM3Q3 and HadRM3Q16 are three ersions of the
HadRM3 model, di ering by the numeric values of some model paameters that sub-

stantially impact the simulated climate response to anthropogenic radiative forcing.
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10.

11.

12.

13.

14.

15.

16.

The International Center for Theoretical Physics (ICTP) applied the regional climate
model system RegCM, originally developed at the National Cater for Atmospheric
Research (NCAR). Later, it was mainly developed and supporéd by the ICTP. The
most recent version is RegCM4, published in 2010. The simuteons evaluated in
this work refer to the former model version RegCM3 (Giorgi ard Mearns (1999)).

Like the C4l also the Spanish Instituto Nacional de Meteoblogia (INM) applied the
Rossby Centre Regional Climate Model Version 3 (RCA3) (cf. rstitem in this list).
In their model version no sea ice is included (Jones et al. (Z2) and Kjellstrom et al.
(2005)).

The Royal Netherlands Meteorological Institute (KNMI) applied the 2nd version
of the Regional Atmospheric Climate MOdel (RACMO). In this m odel version the
ECMWEF CY 23r4 physics (the same as in the ERA40 reanalysis) isncluded. The

model version is described in detail by Lenderik et al. (2008

The Norwegian Meteorological Institute (METNO) applied the HIRHAM regional
climate model in this project. The model versions at METNO and the DMI are

similar with some modi cations (Haugen and Haakenstad (20®)).

The RCM REMO is applied at the Max-Planck-Institute (MPI ) for Meteorology in
Hamburg (Jacob (2001)). REMO has two di erent parameterization schemes - the
original implemented physics from the DWD and, additionally, the physics from the
global climate model ECHAMA4.

The Swedish Meteorological and Hydrological Institute(SMHI) also run the Rossby
Centre model RCA3 (Kjellstr em et al. (2005)). Di erences in the model simulations
are, for example, a di erent number of vertical layers and the model internal time

step.

The Universidad de Castilla La Mancha (UCLM) applied the Mesoscale Prognosis
model (PROMES) described by Sanchez et al. (2004).

The Consortium on Regional Climatology and Adaptation to Climate Change (OURA-
NOS) applied the Canadian Regional Climate Model (CRCM) (Plummer et al.
(2006)), which has been developed at the Universie du Qubeca Monteal (UQAM).
The equations in CRCM, con gured for climate simulations, are described by Caya
and Laprise (1999) and Caya et al. (1995).

The RCM used by Environment Canada (EC) is the Global Environment Multiscale -
Limited Area Model (GEM-LAM) This is a one-way nested version of GEM. The core
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of GEM-LAM is identical to the global version of GEM, which is used operationally.

In this project the GEM-LAM is used in climate mode.

For a detailed list of the participating RCM and their main fe atures (grid type, grid size
etc.), see the Appendix A.2.
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3 Analysis of the possible in uence of prescribed soil type
distribution on the representation of present climate in
the Regional Climate Model CLM

3.1 Introduction

Previous simulations over Europe carried out with di erent regional climate models (RCMs)
carried out within the PRUDENCE project show a dry and warm bi as during summer
north and east of the Black Sea (Jacob et al. (2007), Hagemanat al. (2004), Moberg and
Jones (2004), Risanen et al. (2004), Vidale et al. (2003), Noguer et al. (1998)Christensen
et al. (1997)). As the results from RCM climate simulations are not only used by regional
climate modellers, but also by scientists in other disciplhes, this so called "summer drying"
presents a major issue a ecting a larger scienti c communit.

Approaches to explain the phenomena of summer drying have [ undertaken by, for
example, Machenhauer et al. (1998) putting forward system#c dynamical errors of the
driving model and the RCM. But also de ciencies in physical parameterization and in land
surface parameter elds could be possible reasons (Hagemaret al. (2001)). Seneviratne
et al. (2006b) investigated the in uence of soil moisture-oupling for recent and future cli-
mate conditions in a regional climate model. They showed thaithe coupling can strongly
a ect the temperature variability e.g. in the Mediterranea n for the present climate and
Central and Eastern Europe for the future climate. In another study Rowell and Jones
(2006) de ned the causes and assessed the uncertainty of thieiture European summer
drying. Fischer et al. (2007a,b) presented an analysis of ta 2003 European summer heat
wave including the associated land-atmosphere interactinos involved. They pointed out
that the available soil moisture content during spring is very important for a realistic sim-
ulation of the observed climate during the subsequent summein this region. The models
sensitivity of initial soil moisture conditions on the Euro pean heatwave 2003 has been also
investigated by Ferranti and Viterbo (2006).

Soil moisture plays an important role within the climate system because it has a long
memory that in uences the atmospheric processes at the landurface (Seneviratne et al.
(2006a), Pan et al. (2001), Koster and Suarez (2001), Senewaitne et al. (2006a), Wu and
Dickinson (2004)). Varying soil moisture has a direct in uence on soil temperature, evap-
oration and surface albedo (Eltahir (1998)). Thereby radigion and humidity conditions
at surface level change. Findell and Eltahir (2003a,b) invstigated the interaction between
soil moisture and the boundary layer. They showed that the vaiability of soil moisture
conditions over large regions has a direct in uence on impdant processes associated with

rainfall in the boundary layer. The positive feedback between soil moisture and precipita-
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tion rate is supported by studies from Schar et al. (1999), Eltahir (1998) and Betts et al.
(1996). Koster and Suarez (2003) pointed out that a signi cant impact on precipitation
strongly depends on the initial soil moisture and the sensitvity of evaporation on the soil
moisture state. Betts (2004) found the strong evaporationprecipitation feedback over the
continents of the Northern Hemisphere during summer in the ERA40-model. This is sup-
ported by Koster et al. (2004) and Koster et al. (2006) identifying di erent regions on the
continent with a strong coupling between soil moisture and pecipitation. The in uence
of changing soil moisture conditions on the surface albedoan be masked by the strong
response of the vegetation to water stress (Teuling and Sergatne (2008)).

The natural soil moisture eld is characterized by small-sale spatial and temporal vari-
ability a ected by a complex orography and spatially variab le vegetation and soil type
distribution. These components can only be schematically mplemented in RCMs. Sev-
eral investigations have been carried out focusing on the ssitivity of RCMs to changes
in vegetation and/or land use (e.g. Sanchez et al. (2007), Mirshall et al. (2004), Pielke
(2001), Pielke et al. (1999)). The soil types in RCMs have dierent xed de nitions for
soil characteristics such as porosity, heat capacity and wr conductivity. Such parame-
ters strongly in uence the soil moisture conditions and al® surface uxes. Block (2007)
identi ed the uncertainty for simulated surface variables by varying the values of these soil
characteristics in the CLM within a reasonable range. A strag response was seen in the
Mediterranean and Southeast Europe in latent and sensible &éat uxes but also in the air
temperature. Fennessy and Shukla (1999) identi ed the impa&t of initial soil moisture as
mainly local and being largest on the near-surface elds.

The majority of RCMs use a soil type distribution derived from a global dataset provided
by the Food and Agriculture Organization (FAO) (see chapter 3.2). In Southeast Europe
- the region of the summer drying phenomena seen in RCMs - frofkRAO soil map sandy
loam is derived. However, the International Soil Map of Eurge published by Stremme
(1937) identi es silt loam. The occurrence of silt loam in this area is supported by a
dataset recently published by Haase et al. (2007).

In this study the in uence of the two dierent prescribed soil type distributions on a
RCMs representation of present climate have been investigad. Our main focus has been

on changes due to di erent soil characteristics in SoutheasEurope.

3.2 CLM Regional Climate Model and Experimental Model Setup
Model Details

The Climate Local Model (CLM) is the climate version of the weather forecast model
of the German Weather Service (DWD) (Behm et al. (2006)). It is a non-hydrostatic
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Table 3.1: Selection of hydraulic and thermal parameters of sandy loam (Doms et al. (2002)) and silt loam
(estimated from Driessen (1986), Doms et al. (2002)).

sandy loam silt loam

volume of voids [-] 0.445 0.485
eld capacity [-] 0.260 0.360
permanent wilting point [-] 0.100 0.130
heat capacity {?J=(m3K)] 1.350 1.450
heat conductivity W=(Km)] 1.74 1.25
fraction of sand $5o] 65 10
fraction of clay Po 10 15

RCM, using a regular latitude/longitude grid with a rotated pole and a terrain following
height coordinate. The CLM includes the multilayer soil model TERRA (Schrodin and
Heise (2001)). The evapotranspiration of plants is paramegrized based on the Biosphere-
Atmosphere Transfer Scheme (BATS) (Dickinson et al. (1986). The parameterization of
bare soil evaporation follows Dickinson (1984). In the TERRA soil model ten active layers
for energy transport (up to a depth 15m) are used. The bottom hyer (10th layer from
7.66m to 15.34 m depth) is the so callectlimate layer, where the annual mean tempera

ture is prescribed as a boundary value (Doms et al. (2002)). & the hydrological section
the same layers as in the thermal section are set, but only to alepth of around 4m (8
layers). At the bottom boundary of the 8th layer only the downward gravitational trans-
port is considered and capillary transport is neglected (Daons et al. (2002)). According
to the soil type distribution the soil moisture is initialis ed at the beginning of the sim-
ulation by the forcing data and evolves freely without any carection or nudging by the
driving data in the course of the simulation. The model has ben used previously for the
simulation of present and/or future climate conditions in the EU funded projects: PRU-
DENCE (http://prudence.dmi.dk/), ENSEMBLES (http://ens  embles-eu.org/) and also in
the klimazwei project funded by the German government (http://www.klima zwei.de/ and
http://sga.wdc-climate.de). For this investigation the m odel version 3.21 is used which is
a pre-version of the CCLM4 (a merged version of COSMO-LM and he climate version
CLM). It was validated in detail by Jaeger et al. (2008).

Gridded geographical distribution of soil type elds

RCMs usually include soil types derived from the FAO global @il map. The FAO developed
an international standardized classi cation to describe il characteristics (for details see
Soil Map of the World (FAO/UNESCO (1974))). For climate modelers a gridded version
known as Digital Soil Map of the World (DSMW) (FAO (1996)), with a spatial resolution

of 5' by 5' (approx. 9kmx9km) is available. It contains the DSMW map and derived soil
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properties such as soil depth, soil moisture storage capdygiand soil drainage class.

For the regional scale thelnternational soil map of Europe published by Stremme (1937)

with a scale of 1:2 500 000 have been selected. This map comaieleven soil texture classes
and two mixed classes and has been digitized and classi ed f@reas of silt loam. These

areas have been added to the FAO soil distribution map and use it as the second soil

type distribution within our experiment (see the following section).

a) b) 9

.::'-ﬁl'l_'i-._‘.. € 5
! T‘T*I 4

Figure 3.1: Soil type distribution derived from (a) FAO and ( b) the same as a) but with silt loam areas
added from the International Soil Map of Europe (1 -ice, 2-ro ck, 3-sand, 4 - sandy loam, 5-loam, 6 -loamy
clay, 7-clay, 8-silt loam, 9-sea water). Black contour indi cates the area of interest (cf. Figures 3.4, 3.5,
3.6, 3.8, and 3.7 and Chapter 3.3).

Experimental Design

The model domain covers Europe with a spatial resolution of Bkm and 32 vertical levels
for the atmosphere. The pole of the rotated model grid is locted at (50.75 N and 18 E)
(cf. Figure 3.1 excludes the sponge zone). The simulationsra driven by NCEP/NCAR
re-analysis data (Kalnay et al. (1996)). In addition to the forcing at the lateral boun-
daries (Davies (1976)) a spectral nudging technique as desbed by Feser and von Storch
(2005) has been applied. The soil type distribution used in EMs is derived from FAO
soil textures. The original three fractions (coarse, mediun and ne) have been mapped
to base porosities used in the model. After interpolation these mixed values have been
assigned to the model used ve standard soil types (sand, saly loam, loam, loamy clay
and clay) according to the individual porosity values in the models look-up table for the
soil characteristics. Further surface properties includethe de nition of ice, rock and sea
water.

Two 13-year CLM simulations have been performed covering th period 1993-2005. The

simulations were initialized on January 15, 1989, allowing a four year spin-up time to
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Figure 3.2: Part of the International Soil Map of Europe by St remme (1937) from Diercke and Dehmel
(1966).

reduce the in uence of the initial soil moisture. One simulaion has used the soil type
distribution derived from the FAO dataset (hereafter referred to as the control simula-
tion (CTL)). In the second simulation the same soil type distribution as for the control
simulation has been used but with areas of silt loam from thelnternational soil map of
Europe (hereafter referred to as the modi ed simulation (MOD)). Th e areas of silt loam
are not included in the FAO soil map, but other sources (e.g. Hase et al. (2007)) support
the occurrence of silt loam. The associated soil parameterare listed in Table 3.1. For
comparison of the modelling results the global high-resoltion gridded temperature and
precipitation data set CRU TS2.1 (Mitchell and Jones (2005) has been used. This data
set with a spatial resolution of 0.5 x0.5 covers the time period 1901-2002 and is based on

in-situ measurements from a large number of stations.

3.3 RCM response on changing soil conditions

Based on the results of using di erent soil characteristic & nitions (cf. Table 3.1), areas
of silt loam in the modi ed simulation are initialized with a 9% higher soil moisture in
all active soil layers compared to the control simulation that used sandy loam. After

initialisation soil moisture develops freely without any correction or nudging during the
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250 —30 —20 —10 10 20 30 50 " mm/month 10 -5 -1 1 5 10mm/month

Figure 3.3: Top row: Bias of mean 2m-temperature over time period June-August compared to CRU
data for the a) control simulation and b) modied simulation . c) dierence between both simulations
(MOD-CTL), Bottom row: Bias of the mean precipitation over t he time period June-August compared to
CRU data for the d) control simulation and e) modi ed simulat ion. f) di erence between both simulations
(MOD-CTL).

simulation. Figure 3.4-a) shows the mean annual cycles of ganoisture in all layers a ected
by the roots. Due to a mean root depth in this area of about 1.5 m the upper seven soll
layers are taken into account in these plots. The di erencesbetween both simulations
can be seen in Figure 3.4-b) as the change MOD-CTL in relatiorto the amount which
is available in the CTL simulation. The values are spatial averages over the connected
silt loam area north of the Black Sea (3.1-b)) over the time pe&iod 1993-2005. During the
whole simulation period using silt loam higher available sd moisture is observed in all
active soil layers in the modi ed simulation. The upper four layers show a similar pattern
with about 10-15% more soil moisture during spring, autumn ad winter and values up
to 30 % during summer. The lower layers show values even of umt75% during spring
time, which coincides with the annual maximum of moisture in all soil layers. In MOD
a strong annual cycle of soil moisture is discernible in thedwer soil layers (from the 5th

layer downward). In the CTL simulation there is no annual cycle in the soil moisture for
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the soil layers 7 to 10 (the most bottom). This can be traced ba&k to the fact that due
to small values for the saturation of the soil in this area thae is not enough moisture
available in the model to Il the lower soil layers. Figure 3.8 shows the temporal evolution
of the available soil moisture in the root zone as percentagef the saturation. As the soil
in both simulations is not at saturation it shows a constant increase of the values of about
10 % over the whole year in MOD (cf. Table 3.2 for exact values) The Figures 3.9-g) and
-h) show that this e ect is limited to the silt loam area.
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Figure 3.4: Mean annual cycle of soil moisture for all soil layers a ected by the roots a) for CTL simulation
(solid) and MOD simulation (dashed) and b) as the dierence b etween MOD and CTL as the relation
(MOD-CTL)/CTL and as the mean over the connected silt loam ar ea north of the Black Sea (cf. Figure
3.1). The numbers indicate the mean depth of each soil layer, measured from the earth's surface.

Physical considerations explaining the di erences in suréce properties are related to in-
creased soil moisture which leads to increased net solar radion. The latter is due to
a decrease in albedo (not shown) which increases the absorph of radiation at the sur-
face. This e ect is accompanied by a decrease of both surfademperature and therefore
terrestrial outgoing radiation because more energy is usetbr evaporation. This decrease
in the albedo is small with values about 1 to 3% in April and May and less than 1%
during summer. This can be explained by the generally small alues for soil moisture in
these months, so that the increasing soil moisture has not aery big e ect on the surface
albedo. Further the decrease of surface albedo due to incrsigg soil moisture is masked
by the large in uence of the vegetation state. Teuling and S&eviratne (2008) investigated
the dynamic of surface albedo and refered to the strong spexdl response of vegetation to
water stress. This agrees with results from Zaitchik et al. 007).
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surface heat flux, W/m2

&——=o CTL-latent
o——e MOD=latent
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Figure 3.5: Temporal evolution of latent heat ux (circles) and sensible heat ux (squares) at surface. as
mean annual cycle for connected silt loam area (cf. Figure 3.1). The values for CTL (solid) and MOD
(dashed) integrations are spatially averaged over the connected silt loam area north of the Black Sea (cf.
Figure 3.1).

Figure 3.5 shows the annual cycle of the surface latent heatux. From May until August
up to 60 % higher values for evaporation occur. Where e.g. in TL in July an evaporation
rate of -1.28 mm/day can be observed in MOD it is increased by 6.8 mm/day (see also
Table 3.2). The changes in the heat uxes are spatially limited on the grid points with

the silt loam de nition (cf. Figure 3.9-d) and -e) ).
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Figure 3.6: Mean annual cycle of soil temperature for all soil layers a ected by the roots a) for CTL

simulation (solid) and MOD simulation (dashed) and b) as the dierence between MOD and CTL as the
relation MOD-CTL and as the mean over the connected silt loam area north of the Black Sea (cf. Figure
3.1). The numbers indicate the mean depth of each soil layer, measured from the earth's surface.

The in uence of higher soil moisture is also clearly re ectal in the soil temperatures. Fig-

ure 3.6-a) shows the mean annual cycle of the soil layers tenapatures in the root zone for
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each simulation. Independent from model integrations the hicknesses of the upper layers
is very small and is increased to the soil depth. Hence the anlppude of the temperature
of the upper soil layers is very similar and the annual maximum occurs at about the same
time in late July/beginning of August. The typical behaviou r of the lagged heat transfer
from the surface to the deep soil layers can be clearly idengd. Due to the in general
higher soil moisture conditions in MOD the amplitude of the soil layers temperature is
reduced by up to 2.5 K compared to the CTL simulation. Hence, aweaker but more re-
alistic annual cycle of soil temperature in the modi ed simulation results can be found.
In MOD the described lag between the annual maximum temperatire at surface and the
lower soil layers is increased (cf. Figure 3.6-a)). This ineased lag and as Figure 3.4-b)
shows an increase of available soil moisture with depth an icrease of di erences in soll
temperature is observed (cf. 3.6-b)). The di erence in the 3h layer is smaller with values
up to +/- 1K and zero for the 10th layer (not shown) where the te mperature is prescribed
as a boundary value (cf. Section 3.2). In opposite to the uppesoil layers within the lower
levels di erences between both simulations also occur durig winter period. While the
soil temperature decreases by up to 2.5 in summer (cf. Figur8.9-f)) during the winter
months the lower amplitude of the annual cycle of temperatue leads to weaker cooling of
the lower soil layers by 1.5K in MOD compared to CTL.

As a result of increasing latent heat ux, the Bowen Ratio (the ratio between energy
available for sensible heating and energy available for la&nt heating) decreases (e.g. from
1 to 0.5 in July) (see Figure 3.5). This leads to an increase ofvater vapour concentration
in the boundary layer (Eltahir (1998)) and also to an increase of backscattered terrestrial
radiation in the atmosphere. This, in combination with a decrease of ground and surface
temperature results in an increase of net terrestrial radigion at the surface by up to 6
W=m? in July and August (see Table 3.2 for exact values).

Between May and August increases of relative air humidity (d about 6 %) and of specic
humidity in July from 8.8*10 3 in the control simulation to 9.6*10 3 kg/kg in the mod-

i ed simulation are evident. As the mean total cloud cover between May and August is
0.5, the increase of the cloud cover in the MOD simulation by D% is small (cf. Figure
3.9-¢c) ). Hence in this time the changes in net solar radiatio are also of low magnitude
of about -2.5 W/m? (cf. Table 3.2 and Figures 3.9-a) and -b)).

Compared to the CRU data, summer precipitation in the modi e d simulation is still un-

derestimated. However, an increase of simulated precipitéon for both, large scale and

convective precipitation can be seen. Figure 3.3 shows the @an di erences in precipita-



3 ANALYSIS OF THE POSSIBLE INFLUENCE OF PRESCRIBED SOIL TYPE DISTRIBUTION
ON THE REPRESENTATION OF PRESENT CLIMATE IN THE REGIONAL CLI MATE MODEL
CLM 23

w

\
#
/i

o
W

|
I
wn

\ o / o—9 CTL—Prec
e— —»MOD-Prec
> =—aCTL—Evap
=— —aMOD-Evap:
& CTL—Runoff

*— —x MOD~+Runoff

| |
N =
wotoN b
o
\
=

Precipitaion, Evaporation and Runoff [mm/day]
o

|
o
3

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
time

Figure 3.7: Temporal evolution of precipitation (dots), ev aporation (squares), and runo (triangle,cross)
over the connected silt loam area north of the Black Sea (cf. Figure 3.1) in the CTL (solid) and MOD
(dashed) integrations in mm/day.

tion summer (JJA) between the control and the modi ed simulations compared with CRU
data for the period 1993-2002. In general, signi cant changs during May-September over
Southeast Europe can be found. In the area of interest the tadl precipitation in summer
is increased by up to 10 %, in July for example from 1 mm/day in CTL to 1.08 mm/day
in MOD (see Table 3.2 for May and September).

1.5
1.2 O)

0.3 >
0.6 < : )
0.3 N #

|

o

3N
e
~

-0.6 7
-0.9 : \ : / : Lo——CIL
12 = —— MOD

TSN TR WAR ARR WY UV JUL AUG TP 0T MOV LG JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
time time

—— CTL
— — MOD

P-E-R [mm/day]
|
/
sail moisture [% of saturation]
N N QI
SR RISLGETES
/
[
|
\
\

Figure 3.8: Temporal evolution of the a) net input of water in  the soil (precipitation-evaporation-runo )
in mm/day and b) the relative soil moisture content in the roo t zone in % of saturation. The values for
CTL (solid) and MOD (dashed) integrations are spatially ave raged over the connected silt loam area north
of the Black Sea (cf. Figure 3.1).

The mean temporal evolution of precipitation, evaporation and runo as the spatial mean
over the connected silt loam area north of the Black Sea (cf. Fgure 3.1) is presented in
Figure 3.7. From January to March and from September to Decerber the precipitation
rate is higher than the evaporation rate. As the soil layers @&e not at saturation the

additional water can be stored in the soil. A part of this extra water is stored in snow.
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Table 3.2: Summary of CTL and MOD experiments: mean of the 13 y ears simulated for the month May,
July and September. The values are spatial averages over theconnected silt loam area north of the Black
Sea (cf. Figure 3.1). SW net denotes net shortwave radiation, LW net is the net longwave radiation, NR
net radiation, LH latent heat ux, SH sensible heat ux.

Fields Units May July September

CTL MOD CTL MOD CTL MOD

Hydrological cycle
- Precipitation mm/day 1.02 1.10 +0.08  1.00 1.08 +0.08 1.02 1.02 +0.00

- Evaporation mm/day -1.70 -2.19 -0.49 -1.28 -2.08 -0.8 -0.56 -0.65 -0.09

- Runo mm/day -0.14 -0.05 +0.06  -0.22 -0.12 +0.10 -0.18 -0.0 6 +0.12

- Soil moisture

! (upper 10cm) mm 2.05 2.58 +0.53 1.90 2.33 +0.43 1.95 2.23 +0.2 8
% ofsat  46.0 53.3 +7.3 42.8 48.0 +7.2 43.7 46.0 +2.3

! (root zone) mm 26.59 39.68 +13.09 22.32 32.44 +10.12 21.63 29.60 +7.97
% ofsat 315 43.1 +11.6 264 35.2 +8.8 25.6 32.1 +6.5

| (total) mm 45.87 72.86 +26.99 41.52 59.84 +18.32 40.83 55.21 +14.37

% ofsat  46.0 53.3 +7.3 42.8 48.0 +7.2 43.7 46.0 +2.3

Surface energy budget

- SW net W/m 2 179.58 177.32 -2.26 187.24 184.93 -2.31 115.98 117.14 +1.16
- LW net W/m 2 -75.30 -71.05 +4.25 -78.19 -71.21 +6.98 -73.67 -72.21  +1.46
- Net Radiation W/m 2 104.28 106.27 +1.99 109.05 113.72 +4.67 42.31 44.93 +2.26
- SH W/m 2 -43.02 -32.70 +10.37 -61.11 -43.58 17.53 -29.60 -27.49 +2.11
-LH Wim 2 -49.28  -63.41  -14.14 -37.09 -60.70 -23.61 -16.18 -18.75  -57

An increase of the soil moisture from September until April is observed (cf. Figure 3.8-a).
From April onwards the increase of evaporation is substantal, while the rate is higher in
the MOD simulation compared to CTL, due to the higher water storage especially in the
spring time (cf. Figure 3.8-b). The evaporation increasesn both simulations until June
and decreases afterwards, due to the progress of the soil dng.

Figure 3.9-f) presents the changes between MOD simulationrad the CTL in summer mean
sea level pressure. In the greater area of interest an increa of surface pressure occurs of
the order of 0-0.5 hPa.

3.4 Summary

In a number of di erent RCM simulations dry and warm biases over Southeast Europe
have been observed. The hypothesis is tested that the biasemre related to a false re-
presentation of soil properties in this region, based on digrgences between the soil maps
of Haase et al. (2007) and Stremme (1937) and that of FAO whiclis commonly used in
(regional and global) climate models. Therefore two simuléions with the RCM CLM have
been carried out using default sandy loam and silt loam over a area north of the Black
Sea. Key results of this study are:

Due to its higher porosity, silt loam assimilates more waterduring rainfalls than sandy
loam. This leads to a 30% to 75 % increase in soil moisture in t modi ed simulation
compared to the control simulation. The wet ground leads to adecrease of surface albedo

and thus an increase of net solar radiation. The air temperatire decreases by up to 1.5K



3 ANALYSIS OF THE POSSIBLE INFLUENCE OF PRESCRIBED SOIL TYPE DISTRIBUTION
ON THE REPRESENTATION OF PRESENT CLIMATE IN THE REGIONAL CLI MATE MODEL
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Figure 3.9: Dierence between both simulations (MOD-CTL) o ver the time period June-August (1993-
2005) for a) net longwave radiation, b) net shortwave radiat ion, c) total cloud cover, d) sensible heat ux,
e) latent heat ux, f) mean sea level pressure, g) soil moisture in the root zone, h) soil moisture in the
upper 10cm, and i) temperature in the upper soil layer.

because more energy is needed for evaporation. During summa 60 % higher evaporation
rate with increased humidity in air in the modi ed simulatio n compared to the control
simulation have been found. In Southeast Europe the higher@ncentration of water within
the boundary layer of the modi ed simulation causes more preipitation in the summer
months. The study shows that heat uxes and di erences in sol moisture are limited
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to the silt loam area, whereas radiation, total cloud cover ad changes in mean sea level
pressure also occur in a larger region.

It can be concludes that using a silt loam distribution from the International soil map of
Europe combined with the FAO soil map improves models representatin of the observed
climate in the region with modi ed soil type. Nevertheless this modi cation fails to remove
most of the model bias in Southeast Europe, because the areahare the modi cation is
performed is only a small part of the region a ected by the "summer drying" bias. It can
be nonetheless postulate based on our results that the specation of soil type is clearly
important for such biases and may be relevant for other regios as well. It is a major
contribution in reducing the phenomena of summer drying in the RCMs. The European
Commission Joint Research Center (JRC) released the "Europan Soil Database" (Euro-
peanCommission (2004)). Based on this data Guillod et al. (213) investigated the impact
on European climate simulations and found similar results @ have been presented in the
present work.

The results con rm that improving the simulation of processes within the boundary layer

strongly depends on the improvement of the simulation of sdimoisture.

(Note: All results of this chapter have been published in Ancers and Rockel (2009))
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4 Main circulation pattern for Europe and the North Sea

4.1 Introduction

As stated in the overall introduction to this work results fr om regional climate models
(RCMs) are getting more and more important in future wind cli mate assessment. An aim
of this study is to carry out an evaluation of simulated coastal wind speeds from the re-
gional climate model ensemble introduced in Section 2.3. m the regional climate models
only the daily wind speed is available, but no information on prevailing wind direction of
each day. However a dependence of the evaluation results frothe direction of the wind is
expected. To cover this important part of the analysis, weater regime classi cation is a
helpful tool to investigate models ability of simulating surface wind speed in more detail.
In the last decades weather regimes have been used to desaithe synoptic situation per
day and di erent weather regime classi cations have been dgeloped. The most famous
ones from Baur et al. (1943) and Baur (1948) have been extendeand revised by Hess
and Brezowsky (1952) and Gerstengarbe et al. (1999). A sinmdr classi cation by Lamb
(1972) was made for the British Isles and another by Dittmannet al. (1995) for Germany.
An overview on further weather regime classi cations is given by Bissolli and Dittmann
(2001).

In previous studies a correlation of large scale circulatino and near surface variables, mostly
temperature and/or precipitation has been shown (Buchananet al. (2002), Fowler and
Kilsby (2002), Post et al. (2002)). Buishand and Brandsma (B97) compared di erent cir-
culation classi cation schemes for predicting temperatuie and precipitation in the Nether-
lands and identi ed advantages and disadvantages of the sdmes. Trigo and DaCamara
(2000) applied the classi cation by Jenkinson and Collison(1977) to investigate the in-
uence on the precipitation in Portugal. They found a relati on between the decrease in
precipitation in March and a decrease on a wet weather regimén the same month.
Demuzere et al. (2009) used the automatic version the Lamb (amb (1972)) weather type
classi cation method by Jenkinson and Collison (1977) to ealuate ECHAMS pressure
elds and to study trends in the frequency of occurrence of diculation patterns for the
period 1860-2100.

In this section two objective regime classi cations have ben investigated to be a su cient
diagnostic tool to evaluate the present wind climate at the German and Dutch coastal
area of the North Sea (cf. Figure 2.2). One classi cation wascarried out for whole of
Europe within the ENSEMBLES framework and was provided by Saxchez-Gomez et al.
(2009), the other classi cation was carried out for all modds and the forcing and is based

on mean sea level pressure eld in the area of the North Sea. Fdoth classi cations
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mean occurrence and composites of mean MSLP pattern have beealculated for each
regime and for the time period 1961 to 2000. Afterwards the cmposites of local wind
observations have been derived depending on the weather neges. Due to the applied
methods in both classi cations ERA40 and the RCMs do not necasarily show the same
regime at each day. The agreement among the model simulatianand ERA40 has been

analysed in a last step.

4.2 Large Scale circulation pattern for Europe (provided by Sanchez-
Gomez et al. (2009))

Sanchez-Gomez et al. (2009) used the simulation results fro the regional climate model
ensemble (cf. Section 2.3) to investigate the ability of themodels to reproduce the large-

scale atmospheric circulation of the driving ERA40 reanalysis data (cf. Section 2.2).

Description of the method

Sanchez-Gomez et al. (2009) carried out a cluster analysigpalying the k mean algorithm
on the rst 15 principle components of daily values of the ERA40 geopotential height at
500 hPa pressure level (Z500) for the time period 1961 to 2000Via a Monte-Carlo-test

the optimal number k of clusters was set tok = 4.

BL ZO (NAO+) AR GA (NAO-)

Figure 4.1: Composites of the weather regimes in winter (DJF M) for ERA40. From left to right: BL

- Blocking, ZO - Zonal (NAO+), AR - Atlantic Ridge and GA - Gree nland Anticyclone (NAO-). The
isolines are the Z500 anomaly composites (solid lines: pogive values, dashed lines: negative values).
Contour interval is 30 gpm. (Source: Sanchez-Gomez et al. (2009))

The four weather regimes BL -Blocking, ZO - Zonal (NAO+), AR - Atlantic Ridge and
GA - Greenland Anticyclone (NAO-) have been analysed for evey day in the summer
months (JJAS - from June to September) and the winter months OJFM - from December

to March) separately for the period 1961 to 2000. For every dg within the given time
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period one of the four weather regimes is set to describe thetge-scale circulation. No
\unde ned day" exists.

During the Blocking regime a strong blocking cell can be foud over Scandinavia. The

higher pressure than normal over North Europe and lower vales than normal over the

Mediterranean lead to a strong pressure gradient in centraEurope. In the Zonal regime,

the NAO+ phase, the lower pressure than normal in Northern Europe and the higher

pressure than normal over South and Southeast Europe lead tstronger mostly westerly

wind over the northwest Atlantic. In the Atlantic Ridge regi me, we can observe a positive
anomaly over the Atlantic. The pressure gradient is in westeast direction. The Greenland

Anticyclone (NAO-) regime presents a strong positive anoméy over west of Greenland and
a negative anomaly over Europe. The pressure gradient is w&aand this leads to low wind

speeds over the whole area. (cf. Figure 4.1)

In order to analyse the large-scale circulation in the RCMs he k mean algorithm has

not been applied to the RCM output. Sanchez-Gomez et al. (209) assumed instead that
the structure of weather regimes will not vary between the malels and reanalysis data.
They projected the daily Z500 anomalies to the clusters cenbids derived from ERA40

and checked the similarity by the use of the euclidean distane. This method has been
applied to the 50km and the 25km spatial resolution RCM expeiments. Depending on

data availability simulation results of 13 RCMs have been ugd.

The complete description of the method can be found in SancteGomez et al. (2009).

mmmmmm periods in 1961-2000 (JJAS) winter periods in 1961-2000 (DJFM difference in winter vs summer periods in 1961-2000
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Figure 4.2: Relative occurrence frequency (%) of the four weather regimes Blocking (BL), Zonal (NAO+),
Atlantic Ridge (AR) and Greenland Anticyclone (NAO-) deriv ed from ERA40 reanalysis data within the
time period 1961 to 2000 for summer (left) and winter (middle ) and the di erence of both (right).

Figure 4.2 shows the mean occurrence of the weather regimas summer (left panel) and
winter (middle panel) based on the regime data provided by Sachez-Gomez et al. (2009)
for the ERA40 reanalysis in 1961-2000. We can observe that #nZonal NAO+ occurs most
in both seasons. The relation in the occurrence of the four gimes are about the same

in the summer and winter months (cf. Figure 4.2, right panel). The Blocking frequency
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matches the results of D'Andrea et al. (1998), who estimatedan occurrence of about 23%

for the northern hemisphere and longitudes between 0-3(.
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Figure 4.3: Composites of the mean sea level pressure in ERA® during the four weather regimes in summer
(JJAS) (upper row) and winter (DJFM) (lower row) within thet  ime period 1961-2000.

While Figure 4.1 gives an overview on the mean pattern per reigne of the geopotential
height at 500 hPa Figure 4.3 shows the same but of the mean seavel pressure and addi-
tionally, the summer and the winter periods in 1961 to 2000 ae separated. The gradients
in winter are much stronger than in summer. Compared to the whter pattern the block-
ing in summer is weak. With focus on the North Sea the pattern br NAO- di ers for the

summer and winter months.

Agreement with station data

According to the analysis described in Section 5 it is imporant that the de ned weather
regimes represent the wind conditions in the area of interds the German and Dutch
coast. To decide whether the regime classi cation ts the requirements they have been
compared to the local wind observational sites. Figure 4.4 iges examples for the wind
characteristics at four di erent observations at the German and Dutch coast during the
four weather regimes BL - Blocking, ZO - Zonal (NAO+), AR - Atl antic Ridge (AR) and

GA - Greenland Anticyclone (NAO-) for the summer months (JJA S) and winter months
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(DJFM) for 1971-2000. The wind roses show composites of thedurly observed wind
speed and direction obtained by averaging over all the daysdr the same weather regime
in the ERA40 data.

225 ljmuiden 1402 List

i
S

B 01 W23 W45 W67 W89 O 1011 O 12  Bft

Figure 4.4: Wind characteristics at four stations (IJmuide n, List, DeBilt and Soltau) during the four
weather regimes BL - Blocking, ZO - Zonal (NAO+), AR - Atlanti ¢ Ridge and GA - Greenland Anticyclone
(NAO-) for the summer months (JJAS) and winter months (DJFM)  within the time period 1971-2000.

In Figure 2.2 it can be seen, that the stations 225 - [Jmuiden ad 1402 - List are located
near the coastline, whereas the stations 260 - DeBilt and 1% - Soltau are inner land
stations and located up to 100km far from the coast. This factresults in higher observed
wind speeds at the coastal stations.

Only the wind roses for NAO+ agree at all stations and within t he two seasons. They show
clearly a western to southwestern wind direction of higher peeds for the German Bight.
For AR and NAO- the wind conditions at the di erent stations a re similar only within
each season. In summer wind comes from the North and Northwésluring AR regime,
while in winter western directions are more dominant. The olservations in summer show
wind from the West during NAO- conditions, but there is no clear dominant wind direction
during winter. During the Blocking conditions easterly winds seem to be slightly more

common than from other directions, however this is more vidble during the winter months.
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Occurrence of the weather pattern over time and trends

In Figure 4.5 the occurrence of the four weather regimes fronDecember to March in

each year in the time period of 1961-2000 is shown. Additionty the trend has been

calculated (blue line) and analysed for signi cance applyng the parameter free Mann-

Kendall-trend-test (Mann (1945), Kendall (1975)). This tr end test does not presume a
normal distribution of the data, but is very sensitive on autocorrelated data. With respect

to a possible autocorrelation, the so called '"Trend-Free-FPewhitening Procedure" after Yue

et al. (2002) has been applied to the data in case of a higHdg 1"-autocorrelation before

testing for the Mann-Kendall-signi cance in the trend. The trend is signi cant if the level

of signi cance, the p  value, is smaller than 0.05.
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Figure 4.5: Annual occurrence of each regime in the winter months (December to March) in the time
period of 1961- 2000 (black) and the linear trend (blue dashed line and in case of signi cance blue solid
line).

While the regimes BL and AR do not show any change of the occuence during the 40
years, a signi cant change can be observed in the trend of th&lAO+ and NAO- regimes.
These results are consistent with the Index of the North Atlantic Oscillation provided
by the NOAA Climate Prediction Center (CPC (2000)) for the same time visualized in
Appendix C.1. The NAO-index is widely used as a general indiator for the strength of
the westerlies over the eastern North Atlantic and western Rirope. In the positive phase
of the NAO-index westerlies are dominant in this area, whilein the negative phase the
number of westerlies is reduced.

The correlations of the occurrence of the regimes NAO+ and NA- and the NAO-index is
0.81 and 0.78. The signi cant positive and negative trend inthe two regimes is caused by
the strong positive phase of the NAO-index starting in the beginning of the 1980s. During



WINTER SUMMER

4 MAIN CIRCULATION PATTERN FOR EUROPE AND THE NORTH SEA 33

the summer months (June to September) the NAO-index is weak \ith high variation and
with no long phases of positive or negative values (cf Append C.1). As expected, there
is no signi cant change in the occurrence of one of the regingeduring the summer season
of the year (cf. Appendix E).

Agreement of the weather regimes between ERA40 forcing and R CM data

The agreement between the weather regimes detected in ERA4é&nd in each of the RCMs
based on the 50km and the 25km spatial resolution simulatios in percentages is shown in
Figure 4.6. The agreementA; in percentage is calculated by

NRCM  100%

Ar = N ERA ;

4.1)

where N is the number of days with the regimer in the ERA40 data, ERA, and the

individual regional climate model, RCM . The upper graphs are for the summer period,
the lower for the winter months. It can be clearly observed a ligher agreement in winter
for almost all RCMs than in summer. Highest agreement is withthe CLM applied at the

ETHZ and the GKSS Research Center, and the RCA3 applied at SMHL Lowest agreement
occur in the results from the models from CNRM and UCLM.
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Figure 4.6: Agreement in detected weather regimes in the driving model ERA40 and the individual RCMs
in percentages at a spatial resolution of 50km (left panels) and 25km (right panels) for summer (JJAS)
(upper panels) and winter (DJFM) (lower panels) in 1961-200 0

Compared to the agreement for the individual RCMs shown in Fgure 4.6 in summer at
only 47 % of the possible days all models agree in the regimey winter the agreement is
higher with 63 % (cf. Table 4.1).
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Table 4.1: Total number of days per regime indicated in ERA40 (black) and number of days, where all
RCMs and ERA40 show the same regime (green) for the time period 1961-2000

SUMMER WINTER
regime ERA40 identical identical ERA40 identical identical
50 km 25km 50 km 25km
BL 444 499
NAO+ 424 478
AR 367 282
NAO- 351 317
4.3 Weather regime classi cation for the North Sea (after Je nkinson

and Collison (1977) and Loewe (2005))

The objective procedure to classify the atmospheric circudtion near the surface for the
North Sea applied at the Federal Maritime and Hydrographic Agency (Bundesamt #ir
Seeschi fahrt und Hydrographie - BSH) goes back to investigitions of Jenkinson and Col-
lison (1977). This simple and e cient method is based on the aeal pressure distribution
at the mean sea level (MSLP) and the derivation of two represatative indices for wind
and vorticity. The de nition of the circulation type, but al so the identi cation of storm
events are nally based on empirical relations between the wo indices.

Until 2004 the BSH used daily distribution of mean sea level pessure of UK Met O ce
(UKMO) provided by the British Atmospheric Data Centre (bad c.nerc.ac.uk/data/mslp)
with a spatial resolution of 10 by 5 (longitude by latitude) at 16 grid points covering the
North Sea and the surrounding (cf. Loewe (2005) and Loewe (2®)). As the MSLP data
set ends in 2005 the BSH changed to NCAR/NCEP reanalysis datdo derive the weather
classi cation for the North Sea (Loewe (2013)).

Due to the fact that in this study the investigated regional climate models are forced
by ERA40 reanalysis data the described method has been teddeat the original UKMO
MSLP data set and applied to the reanalysis data of ERA40, andalso to the output of
the RCMs. This allows the investigation of the models ability to reproduce the weather
regimes and storm events within the time period 1961-2000. 4 the detailed description
of the method can be found in Loewe (2005) and the Appendix D;n this chapter, just

the criteria of the weather regime classi cation and the stam events are summarised.

Description of the method

As already mentioned above the classi cation basically use empirical relations between
the wind-index V and the vorticity-index as listed in Table 4.2 (cf. Appendix D for
calculation of these indices).
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Table 4.2: Relations between wind-index V and the vorticity-index to derive the weather classes.

condition ow type
i i<V directional e.g. NW, wind direction
i > 2v rotational C (if > 0), cyclonic

A (if < 0), anticyclonic
Vo |AY hybrid e.g. CW

Y 6hPa j j diuse UNC, unclassi ed

In this way 27 di erent weather types can be distinguished: beside the prede ned 8 pre-
vailed wind directions and the two possibilities on cyclont or anticyclonic turbulences, 2x8
hybrid weather types can be de ned. Additionally there is an unclassi able type (UNC),
which mainly occurs in combination with weak pressure gradénts.

This method of weather type classi cation has been applied ér di erent regions (Demuzere
et al. (2009), Akkermans et al. (2012)), where the number andlistance of the grid points
used di ers from 9 to 32 grid points and 25 by 5 (Akkermans et al. (2012)), 5 by 5
(Trigo and DaCamara (2000)) up to 10 by 5 (Linderson (2001), Buishand and Brandsma
(1997)) respectively. Demuzere et al. (2009) tested di erat versions in grid point numbers
and distance. By the number of unclassi ed stages they endedp with 16 grid points in
an at least 5 by 5 grid. This assumption is dependent on the size and location fothe

region of interest.

As already mentioned, in Jenkinson and Collison (1977) and lao at BSH, the grid was set
up consisting of 16 grid points with a 10 resolution in zonal and a 5 resolution in merid-
ional direction. As stated before in this study ERA40 mean sa level pressure data is used
for the North Sea instead of the originally daily distributi on of mean sea level pressure of
UK Met O ce applied at BSH. Sensitivity tests have been carri ed out to nd the best
con guration using ERA40 data compared to the results for weather type classi cation
derived from UK MetO ce data. As some months in the reference data set are lost in the
BADC database, the results of the sensitivity study for the time period 1961-1998, where
no data is missing, are compared based on the MSLP from UKMO ath from ERAA40.
Three con gurations have been tested, where the number of dd points was xed to 16,
but the distance of these points was changed. Beside the otfiigally used 10 by 5 grid,
two other grids with a distance of 5 by 5 and 10 by 10 (cf. Figure 4.7 ) have been tested.
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5°X10° g / 16 points in ERA4Y 5°X5" grid / 16 poInts In ERA4D 10°X10° gria / 16 points In ERA4D

Figure 4.7: Visualization of the grid point locations used i n the di erent sensitivity tests. From the left
to the right: Location of the 16 points in the original data set of Norther H emisphere PMSL from UKMO
used at BSH in a grid space of 10 by 5 , in ERA40 at about the same locations, and with a distance of
5 by5 andof 10 by 10 .

The resulting weather regimes for each day have been compatdo the classi cation from
BSH, which is used as the reference, using the available datimom 1961-1998. Figure 4.8
shows the frequency of occurrence of each of the 27 classeshivi the given time period.
While Demuzere et al. (2009) tried to nd the best combination of grid point alignment to
minimize the occurrence of the unclassi ed days, the overdlaim of the sensitivity test in
this study was to identify the grid point alignment where the results of the classi cation
are closest to the classi cation derived at BSH. As expectedhe classi cation using ERA40
in the 10 by 5 grid has the highest similarity (cf. Figure 4.8).
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Figure 4.8: Relative occurrence frequency (%) of the 27 weather regimes based on UK Meto ce and ERA40
daily mean sea level pressure elds at the di erent 16 grid po ints (cf. Figure 4.7) within the time period
1961 to 1998.

With respect to a robust investigation of wind speed dependag on their directional com-
ponent all hybrid types have been grouped to one of the pure déectional or the centred
types. The hybrid types are separated from the pure centred odirectional type by two
straight lines with a slope of 1 and 2 respectively (cf. Loewe (2009)). Therefore the
allocation of the hybrid types to the main classes has been deed via a straight line
with a slope of P 2. In this way the 27 weather types have been reduced to 11 class (8
directional, 2 dominated by the vorticity and one class for unclassi able cases) (cf. Figure
4.9.). Their distribution in the summer and the winter half y ear for the time period 1961

to 1998 is shown in Figure 4.10.
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weather type = A weather type = C weather type = UNC

Figure 4.9: Composites for the 11 weather types (8 directional, 2 dominated by the vorticity and 1 unclas-
si able cases) derived from ERA40 daily MSLP elds, average d over the time period 1961-1998.

Figure 4.11 (left and middle plot) shows the same distribution as Figure 4.10 but only
based on the 10 by 5 grid ERA40 data and for the whole period of the analysis 1961-
2000. The very right plot in Figure 4.11 indicates the di erences between the summer and

winter distribution of the regimes. In winter western and southwestern wind directions
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are more dominant compared to the occurrence in the summer nmahs while wind from
northern directions is reduced. The number of unclassi ed ases is smaller for the winter

months than for the summer months.
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Figure 4.10: Relative occurrence frequency (%) of the 11 wedher regimes based on UK Meto ce and
ERAJ40 daily mean sea level pressure elds using the dierent con gurations of the 16 grid points (cf.
Figure 4.7) for the time period 1961 to 1998.
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Figure 4.11: Relative occurrence frequency (%) of the 11 wedher regimes based on ERA40 daily mean sea
level pressure elds with the 16 grid points on the 10 by 5 grid (cf. Figure 4.7) for the time period 1961
to 2000 for summer (left) and winter (middle) and the di eren ce of both (right).

Beside the weather types also storm events can be identi ed md quanti ed. The storm

index G is calculated from the wind- and vorticity-indices

2_P

G VZ2+ 24 (4.2)

The original thresholds to distinguish between the di erent storm intensities were de ned
by Jenkinson and Collison (1977) and applied to UKMO MSLP. Days with a storm index
> 30 are categorized as galey 40 as severe gale, ang 50 as very severe gale. Due to a
comparison to the NCEP/NCAR reanalysis Loewe (2013) identied an inhomoginety in
the UKMO MSLP elds. Before 2002 the daily MSLP data is based an one instantaneous

value of time each day. Thereafter the data was calculated aa mean of 4 time steps a day.
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Table 4.3: Reanalysis data set dependent thresholds for stam-index G to de ne storm categories

G (hPa) < severity type

UKMO NCEP I ERA40

30 28.3 29.0 gale G
40 36.6 37.9 severe gale SG
50 44.6 45.2 very severe gale VSG

With respect to the storm index the smoothing of the elds due to this averaging leads to
an underestimation of the detected storms using the commonhresholds described above.
As the NCEP/NCAR reanalysis daily MSLP elds are calculated in the same way via
tting a Pareto-lI-distribution on the storm index, Loewe ( 2013) derived new thresholds
valid for NCEP/NCAR daily MSLP data. The common thresholds f rom Jenkinson and
Collison (1977) used for UKMO MSLP and the new calculated thresholds adapted for
NCEP/NCAR MSLP are listed in Table D.2 in the rst and second ¢ olumn. In this study
daily mean MSLP elds from ERA40 reanalysis data but also from regional climate models
are used and require a recalculation of valid thresholds as @i. Therefore, the same kind
of distribution has been tted to the gale index derived from ERA40 reanalysis data. The
recalculated thresholds valid for the reanalysis data setfom ECMWEF are listed in Table

D.2 in the third column and are very close to the values for NCEP/NCAR, as expected.

Agreement with station data

The mean observed wind conditions at the locations descrilgtin Section 2.1 have been
analysed depending on the prevailing weather regime. Wind ases for the winter period
in 1971-2000 at 4 locations for the 11 regimes are shown in Rige 4.12. Similar to Figure
4.4 the locations are 225 - IJmuiden and 1402 - List located rag the coastline, and the
stations 260 - DeBilt and 1529 - Soltau located inland.

It can be clearly seen that the de ned regimes re ect the loca wind characteristics (cf.
Figure 4.9). During the regimes A - Anticyclonic and C - Cyclonic wind comes from all
directions and the wind roses from the directional types (N,NE, E, SE, S, SW, W, NW)
show the prevailed wind direction clearly. During the regimes with southern wind direc-
tions the wind is slightly shifted to the right. It can be observed that wind from northern
directions and from the West is de ecting to the right over land after hitting the coast
which is caused by the sudden increased roughness at the sack and the Coriolis force
(cf. Figure 4.12, wind roses for N, NW, W). The results for the summer period look very

similar and can be found in the Appendix E.5.
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Figure 4.12: Mean wind characteristics at four stations (as Figure 4.4) for the 11 weather regimes for the
winter half year (Oct-Mar) in 1971 to 2000.
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Occurrence of the weather pattern over time and trends

Figure 4.13 shows the annual occurrence of the eleven weatheegimes from October
to March in the period of 1961 to 2000. The trend (blue line) istested for signi cance

applying the Mann-Kendall-trend-test described in the setion before (see also Figure 4.5).
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Figure 4.13: Annual occurrence of each regime from October to March in the time period of 1961- 2000
(black) and linear trend (blue dashed line and in case of signi cance blue solid line).
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While in summer no signi cant change in the occurrence of oneof the regimes can be
detected (cf. Appendix E) in the six months from late autumn to early spring, the number
of days with a main circulation pattern with western wind dir ections over the North
Sea area increased while the number of days with eastern andstheastern directions
decreased. These trends are dominated by the strong positivphase of the NAO index
especially in the months January to March starting in the begnning of the 1980s (cf.

Appendix C.1), as already stated before in the same section.
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Figure 4.14: Agreement in detected weather regimes in the driving model ERA40 and the individual RCMs
in percentages at a spatial resolution of 50km (left panels) and 25km (right panels) for summer half year
(Apr-Sep) (upper panels) and winter half year (Oct-Mar) (lo wer panels) for the period of 1961 - 2000.

Agreement of the weather regimes between ERA40 forcing and R CM data

In the next step the classi cation method described before ad in Appendix D has been

applied to the mean sea level pressure elds from all regiorieclimate model simulations
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described in Chapter 2.3. Figure 4.14 summarizes the agreemt of the weather pattern
derived from original ERA40 mean sea level pressure eld andhe weather types calculated
from ERA40 driven regional climate model simulations. The ayreement has been derived
by applying the Equation 4.1 where in this case the number of he regimes is 27.

In the 50km simulations the regional climate model CLM used & GKSS and ETHZ
performs best with agreement of often higher than 95 %, whilén the simulations with the
higher spatial resolution of 25 km several models show a higagreement e.g. the HIRLAM
regional climate model applied at C4l, METNO and DMI, the RCA 3 developed at SMHI,
the CLM applied at ETHZ or the RCM REMO from the MPI. Very low ag reement in
the derived weather regimes compared to those ones derivetbin the forcing ERA40 with
values down to< 70 % can be observed in both resolutions with the ALADIN modelapplied
at CNRM and especially in the coarser resolution with PROMESfrom UCLM. In general

the models perform better in winter than in summer.

Table 4.4: Total number of days per regime (27 classes) indicated in ERA40 (black) and number of days,
where all RCMs and ERA40 show the same regime (coloured) in the period of 1971-2000. Red indicates
values, where the number of cases is too small for statistics Green, where the number of cases is su cient.

SUMMER WINTER

regime ERA40 identical identical ERA40 identical identical

50 km 25km 50 km 25km
N 369 131
NE 169 57 5 8
E 141 124
SE 151 25 221
S 232 386
SW 375 635
w 495 744
NW 475 344
C 542 453
A 1919 885
CN 43 15 8 38 19 13
CNE 26 3 4 10 4 3
CE 39 19 12 21 8 7
CSE 37 15 13 43 23 17
Cs 76 25 86
Ccsw 122 145
CW 129 142
CNW 103 82
AN 175 61
ANE 102 31 17 16
AE 50 17 14 51 24 28
ASE 48 16 17 83
AS 55 26 121
ASW 105 185
AW 144 209
ANW 136 122

UNC 232 0 0 58 0 0
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Beside the total number of days per regime and season indicatl in ERA40 (in black)
for the time period of 1971-2000 Table 4.4 shows the number afays per regime, where
all RCMs and ERA40 show the same regime (coloured). Red indates values, where the
number of cases is too small for statistics. An agreement isigen if the RCMs show the
same or, in case of the directional types, a neighbouring rege. In summer we observe
slightly better results with the models at 50km spatial resdution than at 25km, where in
winter the di erences in the two resolutions are very small. High agreement up to 88 %
can be seen for the regimes with wind from western directionswhile the agreement is low
with values of 8% for northeastern wind directions and the cglonic type. As the hybrid
eastern types occur in low frequency, the number of days wherall models show the same
regime is, from the statistical point of view, too small for further investigations (cf. Table
4.4, red coloured values).

Table 4.5: Total number of days per regime (11 classes) indicated in ERA40 (black) and number of days,
where all RCMs and ERA40 show the same regime (coloured) in the period of 1971-2000. Red indicates
values, where the number of cases is too small for statistics Green, where the number of cases is su cient.

SUMMER WINTER

regime ERA40 identical identical ERA40 identical identical

50 km 25km 50 km 25km
N 479 179 24 26
NE 226 16 12 76 3 6
E 180 27 13 158 29 20
SE 180 18 12 277
S 306 486
SW 501 815
w 626 929
NW 587 447
C 842 739
A 1331 1304
UNC 232 0 0 58 0 0

Table 4.5 shows the same as Table 4.4 but here the 27 regimeseareduced to the number
of 11 as described in this Section before. Compared to the ahgis of the 27 regimes
using the 11 regimes the number of days where forcing and RCMshow the same regime
is lower with values up to 53%. The advantage of using only 11eagimes is that the to-
tal number of cases is increased and further statistical edaation of wind speed is more
robust. To increase the number of days with the same regime th two models with the
lowest performance in reproducing the daily regimes, the PRMES from UCLM and the
model ALADIN developed at the CNRM, have been left out. This results in values of
up to 70% of the possible days where the ERA40 and all of the RCIgl show the same

regime. Again, the same as in the large spread of the 27 regiragin the 11 regimes also
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the NE regime shows the lowest agreement among the models, wleas the agreement in
the western directions is highest.

Table 4.6: Same as Table 4.5, but without RCMs from UCLM and CN RM: total number of days per regime
(11 classes) indicated in ERA40 (black) and number of days, where all RCMs and ERA40 show the same
regime (coloured). Red indicates values, where the number d cases is too small for statistics, in Green
where the number of cases is su cient.

SUMMER WINTER
regime ERA40 identical identical ERA40 identical identical
50 km 25km 50 km 25km
N 479 179
NE 226 76 9 13
E 180 26 158
SE 180 26 277
S 306 486
SW 501 815
w 626 929
NW 587 447
C 842 739
A 1331 1304
UNC 232 2 1 58 0 0

4.4 Summary

One main aim of this thesis is to evaluate surface wind speedtdhe German and Dutch
coast simulated by the regional climate model ensemble intsduced in Section 2. Due
to the fact that from the models only daily wind speed but no prevailing daily direction
of the wind was available, weather regimes could be a helpfubol to close this gap. In
previous studies it has been shown that there is a correlatio between large scale pattern
and near surface variables (e.g. Buishand and Brandsma (199, Demuzere et al. (2009),
Akkermans et al. (2012)).

Two objective weather regime classi cations have been angked to describe the synoptic
situation per day. The rst classi cation for Europe was pro vided via the ENSEMBLES
framework by Sanchez-Gomez et al. (2009). The other methodsia classi cation by Lamb
(Jenkinson and Collison (1977)), which is approved at the Feeral Maritime and Hydro-
graphic Agency (Bundesamt #ir Seeschi fahrt und Hydrographie - BSH) and centered over
the North Sea. This method has been adapted to the ERA40 foreig and RCM output.
The classi cation by Sanchez-Gomez et al. (2009) distinguishes between 4 regimes, the
Blocking regime, the Zonal regime, the Greenland Anticyclme regime and the Atlantic
Ridge regime. The relative occurrence of the regimes in wirr and summer is about the

same. Composites of the mean sea level pressure in ERA40 dogi the regime show in the
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Blocking and the Greenland Anticyclone regime a diverse piture for summer and winter.
With focus on the area of interest, the German and Dutch coast compaositing wind roses
for observations show no clear prevailing wind direction fo the regimes. While e.g. during
the AR regime in winter wind comes from the West, in summer themain wind direction
is North to Northeast for the same regime.

The objective classi cation by Jenkinson and Collison (197) uses values for mean sea
level pressure at 16 locations centred over the North Sea. Bale the prede ned 8 pre-
vailed wind directions and the two possibilities on cyclont or anticyclonic turbulences,
2x8 hybrid weather types can be de ned. In this way 27 di erent regimes can be distin-
guished including a class of unclassi able cases. The 27 reges could be reduced to a
number of 11 by allotting the hybrid types to the directional or the centred types. As the
classi cation is carried out for the North Sea the di erent r egimes clearly re ect the mean
wind characteristics at the stations.

Comparing the wind roses for the individual observations lads to the assumption that
the regime classi cation for Europe carried out by Sanchezsomez et al. (2009) does not
t the requirements to carry out the regime dependent evaluaion of the models with a
focus to the German and Dutch coast. Instead, the evaluationof the surface wind speed
will be based on the second classi cation carried out for theNorth Sea using the method

from Jenkinson and Collison (1977).
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5 Representation of Surface Wind Speed in the Multi Model

Ensemble

5.1 Introduction

The knowledge of the wind climate at specic locations is of wtal importance for risk
assessment, engineering, and wind power assessment. In tlast decade the energy mar-
ket is in transition from conventional energy (e.g., coal ard oil) towards renewable energy
resources (e.g., solar power and wind energy). One goal of éhEuropean Comission is to
cover 15.7% of EU's electricity needs by wind energy resoues by 2020 (Moccia et al.
(2011)). As an installation of an e ective network of wind power plant, the estimation of
future changes in wind climate is important. Several studies investigate the wind condi-
tions under a changing climate (Pryor et al. (2005a), Pryor & al. (2005b), Najac et al.
(2009), Leckebusch and Ulbrich (2004), Pryor and Schoof (20), Pryor et al. (2012)). The
focus shifts to o shore regions, as the potential for wind errgy over sea is larger than over
land. Only few observations over sea are available, for exapte, light ships, oil platforms
or existing wind farms and, obviously, there is a lack of a dese and consistent measuring
network. With the help of meso-scale and micro-scale modelthis lack can be overcome.
They provide homogenous wind eld data, available for further studies and analysis.
Another important application of an appropriate wind clima te assessment is storms and
storm related losses. Storm climatology can be derived fromobserved mean sea level
pressure, from reanalysis data and climate models. Donat e&l. (2011) investigated long
term regional trends of wind storm occurrence in Europe usig the 20th Century Re-
analysis (20CR). They found decadal-scale variability in the occurrence of wind storms
since 1871, including a period of enhanced storm activity dring the early 20th century.
Matulla et al. (2008) used annual and seasonal statistics ofocal air pressure character-
istics as proxies for storminess across Northern Europe. Téy state signi cant changes
throughout the past 130 years in European storm climate with signi cant variations on a
quasi-decadal timescale. Krueger and Storch (2011) derigedaily geostrophic wind speeds
from geographical triangle of surface air pressure from rdgnal climate model data and
investigated the correlation to area-maximum surface windspeeds. Storm activities in
relation to weather pattern and North Atlantic Oscillation (NAO) have been analysed by
Suselj et al. (2010), Donat et al. (2010) and Matulla et al. (208) and identi ed a strong
decadal correlation. Cavicchia et al. (2014) investigatedstorm trends in the Mediter-
ranean; Krueger et al. (2013) in the North-Atlantic.

In the studies mentioned before results from global and reginal climate models have been

analysed, hence they are getting more and more important to elarge the investigation
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for wind climate from local to regional scale. In several stdies regarding wind climate
assessment based on model results, the question has beensea: Can regional models
add value to the global models? Main ndings in a study by Fese et al. (2011) are, that

regional models can add value, but only for certain variabls and locations with charac-
teristics valid for a larger region. With help of GCM- and RCM -simulations, Leckebusch
and Ulbrich (2004) investigated the relationship between gclones and extreme windstorm
events over Europe. It is clearly visible that with the higher temporal and spatial res-

olution, especially in near coastal areas the RCM lead to anmprovement in simulating

the extreme wind speeds compared to the GCM. For open ocean @as Winterfeldt and

Weisse (2009) show no adding value for RCM modelling compadketo reanalysis forcing

in the wind speed frequency distributions, whereas in near @astal regions RCM results
- especially for higher wind speed percentiles - are closeotthe observations than the
forcing data. Focussing on near-surface wind speed over Eope Rockel and Woth (2007)
identi ed that most of the RCMs have not been able to simulate wind velocities higher

than 8 Bft.

The overall aim of the present study is to investigate the ablity of regional climate
models to simulate surface wind speed. Hereby, coastal remis are in special focus, as
this is for models a challenging small transition zone betwen water and land. From one
grid point de ned as land to the neighbouring water grid point elevation is changing as
the surface roughness length. This coastline causes to a stig disturbance in the general
ow. The RCM ensemble investigated in this section was provded by the partners from
the EU-funded ENSEMBLES-project. The model ensemble was ittoduced in Section 2.3.
In the following section the mean wind conditions at the German and Dutch coast are
investigated based on observation data at 10 m above groundrpvided by the DWD and
the KNMI (cf. Section 2.1). Mean annual values and the variahlity for daily wind speed,
the seasonal cycle, but also main wind directions in each mdh of the year are analysed.
Statistics on maximum wind speed, percentiles and the numbeof storm days will give an
overview on the storm activity in this area. The in uence of the NAO is demonstrated
by examples. Afterwards, the calculation of the di erent skill for quality and added value
assessment are listed, followed by the results from the congpison of RCMs and ERA40
to the observations. As the model output for wind speed is onf available without any
information on the daily prevailing wind direction, the results of the comparison are in-
vestigated according to the daily leading weather regime déved from the MSLP eld
described in Section 4.3.
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5.2 The mean wind conditions in the Southern North Sea and the Ger-
man Bight

The coastal areas are strongly in uenced by the maritime e ect, the slow reacting ocean.
In opposite to a moderate climate or continental climate themarine climate is mainly indi-
cated by a smaller annual but also daily cycle for temperatue and much higher values for
mean wind speeds. During high pressure weather regimes, espally in the warm season,
the areas are controlled by local land-sea-circulation ordnd-sea-breezes. Anyway there
are big di erences between the eastern and the western coastof the continents.

The Belgish coast, the Netherlands coast and the German westoast are windward coasts,
the main wind direction is West to Southwest. These winds blav onshore or parallel to
the coast. To analyse the mean wind condition in more detail he station data described
in Section 2.1 is used. The data with no breaks are availableof the two time periods:
1971 - 1983 and 1971 - 2000.

Mean annual wind speed and variability

The mean annual wind speedsxp at almost all stations vary between 3.8 and 4.8 m/s
with a standard deviation o between 1.7 and 2.3m/s (cf. Table 5.1). The values at
List and IIJmuiden are higher having a mean annual wind speed f07.0 and 7.3 m/s and
a standard deviation of 2.8 and 3.1 m/s, respectively. Thesestations are located directly
at the coastline in a very at terrain. Other exceptions are Soltau and DeBilt. Soltau is
located inland, far from the coast. The value for mean annualwind speed is 2.9 m/s with
a standard deviation of 1.3m/s. The distance to the coast, wken considering the main
wind direction, from the station DeBilt is smaller than for t he station Volkel. However
the values for mean annual wind speed and standard deviatiomre higher in Volkel. The
time series for the surface wind speed at DeBilt is quite homgeneous, but the instrument
is located on the top of a building of the KNMI. So the environment of the measurement
is quite rough. Due to this fact the mean annual wind speed is 2 m/s with a standard
deviation of 1.5m/s (cf. for Volkel it is 3.9 and 1.9 m/s, respectivly).

Beside the described values Table 5.1 summarizes also thelwas for mean annual wind
speed and standard deviation over the months from October toMarch (Oct-Mar) and

from April to September (Apr-Sep). The division of the year into two seasons, which is
relevant for the wind analysis, is based on the analysis of tb mean annual cycle and the
storm activity in each month (see below). For the period between October and March the

values are slightly higher for both wind speed and standard @viation.
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Table 5.1: Statistical values for the German and Dutch obser vations for daily mean wind speed [m/s]
covering the time period 1971 to 2000

ID Name Xo o XOOct Mar g)ct Mar Xé\pr Sep épr Sep
1529 Soltau 2.9 1.3 3.1 1.4 2.7 1.2
1402 List 7.0 2.8 7.2 2.8 6.9 2.7
1474 Bremen 4.3 1.9 4.7 2.1 4.0 1.7
1438 Schleswig 3.8 1.6 4.1 1.8 3.5 1.4
1444 Hohn 4.1 2.1 4.5 2.2 3.7 1.7
1497 Oldenburg 3.7 1.7 4.1 1.8 34 1.5
9007 Wittmundhafen 4.7 2.3 5.2 2.5 4.3 1.9
1730 Jagel 4.8 2.3 5.2 2.6 4.4 2.0
260 De Bilt 3.2 1.5 3.6 1.6 2.9 1.2
270 Leeuwarden 4.9 2.2 5.4 2.4 4.5 1.9
375 Volkel 3.9 1.9 4.2 2.0 35 1.7
350 Gilze-Rijen 4.0 1.8 4.3 1.9 3.7 15
225 IJmuiden 7.3 3.1 7.5 3.2 7.0 3.0

Mean annual cycle

Looking at the mean annual cycle calculated from the mean wid speed in each month
over the measurement period, it is possible to identify a smk variability for most of the
observations (cf. Figure 5.1). For the shorter time period fom 1971 to 1983, the mean
annual cycles vary in the range of 1.1 m/s up to 2.0 m/s. For thelonger period from 1971
to 2000 the range is slightly smaller with values between 1.@nd 1.8 m/s.
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Figure 5.1: Mean annual cycle of wind speed observations fran the DWD (upper panel) and from the
KNMI measuring network (lower panel) for the time periods 19 71 to 1983 (dashed line) and 1971 to 2000
(solid line).
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One exception for the short time slice is the station at the isand Helgoland (ID 1040),
which is located far from the coast and where high wind speedare observed. Another
exception is the station IJmuiden (ID 225) located directly at the coast line. The range
of the mean annual cycle of the mean wind speed for Helgolandf the shorter period is
3.2m/s, for IImuidenitis 2.5 m/s. For the 30-year time period, the value for the variability

of the annual cycle for the station IJmuiden is 1.8 m/s, whichis in the range of the others.

Wind direction

For the German and Dutch coast the winds blow most of the year nainly from western
directions. Figure 5.2 shows an example for the distributim of the mean wind directions
in each month of the year for the time period 1971-2000 for theneasurements in IJmuiden
(ID225), List (ID1402), DeBilt (ID260) and Soltau (ID1529) . Winds from the South play
an important role during winter, where an occurrence of up to40 % of wind events can be
recognized. In summer their part is only 20 %. The in uence ofnorthern winds in winter
is very low, but higher during the spring and summer months. Exceptions are the inner
land stations Hohn (ID1444), Jagel (ID1730) and Schleswig01438), which are located
close together. Here northern and southern winds occur vergeldom.

In summer the main wind direction for all stations is from the West. Winds from eastern
directions can be detected over the whole year between 15% dr30% in each month.
In springtime northern wind directions are dominant at some stations. In autumn and
winter wind blows mainly from southern and western directions. The analysis of the wind
directions per months supports the separation of the year ito the two parts, summer and

winter half year, as the wind climate within each of the seasas is very similar.

Figure 5.2: Frequency of the wind directions in each month of the year as mean over the time period 1971
to 2000 for 1IImuiden, List, DeBilt and Soltau (from the left t o the right).
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Spatial correlations

Figure 5.3 shows the correlations between the observationgithin the same measuring
network covering the time from 1971 to 2000 in dependence othe distances. The two
di erent colors indicate the seasons. As expected the coriations to measurements in
small distances are higher and smaller with increasing distnce. Up to a distance of about
100km the correlation is larger than 0.8. This investigatian re ects the size of synoptic
phenomena at the mesoscales. The correlations are higherrfthe months October to

March where wind speed is more often dominated by large scalprocesses than for the
months April to September where the mean wind speed is smalteand local e ects are

more important.
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Figure 5.3: Correlation between all observations in dependence of the distances to each other in the two
measuring networks from the DWD (left) and the KNMI (right) i  n 1971-2000.

Maximum wind speed and percentiles

The values for daily maximum wind speed and 50th, 90th, 95th ad 99th percentiles of
daily mean and daily maximum wind speed for all observationsare summarized in Table
5.2 and 5.3. For the period of 1971 to 2000 the values for the @5 percentile of the daily
mean wind speed of most of the observations are between 5.5@&®.3 m/s. As expected,
due to the exposition directly at the coast line for List and |IJmuiden 5 % of the daily mean
wind speeds are higher than 12.1 m/s and 13.1 m/s, respecti¥g In general the values for
the 95th and the 99th percentile of the hourly observations ae 0.5m/s to 1 m/s and 1 m/s

to 2m/s higher as for the derived daily mean wind speeds (not sown).



5 REPRESENTATION OF SURFACE WIND SPEED IN THE MULTI MODEL ENS

EMBLE

53

Table 5.2: Statistical values for the German and Dutch obser vations for daily maximum wind speed covering
the period of 1971 to 2000.

ID Name Xomax omax  Xomax' o Omex o Xomax o omax
1529 Soltau 9.4 3.9 9.9 4.1 9.0 35
1402 List 15.0 5.3 154 5.6 14.6 5.2
1474 Bremen 11.1 45 11.6 4.7 10.6 4.0
1438 Schleswig 111 4.4 11.6 4.7 10.6 3.9
1444 Hohn 10.9 4.4 11.4 4.6 10.4 3.8
1497 Oldenburg 10.7 4.5 11.2 4.7 10.2 4.0
9007 Wittmundhafen 12.0 4.9 12.6 5.1 11.4 4.3
1730 Jagel 11.9 5.0 12.4 5.4 11.4 4.4
260 De Bilt 10.1 4.0 10.7 4.2 9.5 3.4
270 Leeuwarden 11.9 4.5 12.4 4.8 11.3 4.0
375 Volkel 10.2 4.0 10.6 4.2 9.6 3.6
350 Gilze-Rijen 10.8 4.2 11.2 4.4 10.3 3.6
225 IIJmuiden 13.7 5.1 14.1 5.3 13.0 4.8

Table 5.3: The 50th, 90th, 95th and 99th percentile values for the German and Dutch observations for
daily mean and daily maximum wind speed covering the period of 1971 to 2000.

ID Name X6 xgT X6 x6® XOmax Xbmax  Xomax  Xbmax
1529  Soltau 2.7 4.7 5.5 6.9 8.8 14.7 16.7 21.5
1402  List 6.7 10.8 12.1 14.6 14.3 225 255 314
1474 Bremen 4.0 6.9 8.0 10.1 104 17.0 19.5 25.0
1438  Schleswig 35 6.0 6.9 8.7 10.4 17.0 19.4 24.9
1444 Hohn 3.7 6.9 8.1 104 10.3 16.7 19.0 23.8
1497  Oldenburg 35 6.1 7.0 8.9 9.9 16.6 19.1 24.4
9007  Wittmundhafen 4.3 8.0 9.2 11.8 11.3 18.5 21.1 26.7
1730  Jagel 4.4 8.0 9.3 12.1 11.3 18.5 21.6 26.8
260 De Bilt 3.0 5.3 6.1 7.7 9.3 15.4 17.5 21.6
270 Leeuwarden 4.6 7.9 9.2 11.5 11.3 18.0 20.6 25.0
375 Volkel 3.5 6.6 7.6 9.6 9.3 154 17.5 22.1
350 Gilze-Rijen 3.7 6.5 7.4 9.3 10.3 16.0 185 23.1
225 [Jmuiden 6.8 11.7 13.1 15.6 12.7 20.9 23.0 28.3

Number of storm days and storm activity

The German Weather Service, DWD, de nes a storm day as a day whre the daily maxi-

mum 10-minutes-mean wind speed is equal or bigger than 8 Be&urt. The daily maximum
wind speed at the DWD stations has been provided by the DWD. Fo the KNMI stations

the daily maximum has been derived from the observed maximunhourly wind speed val-

ues.

According to this de nition, the mean number of storm days per month at the KNMI sta-

tions and DWD stations in the time period 1971 to 2000 is calclated and shown in Figure

5.4. Due to its location, the highest number of storm days is ounted in List (ID1402). At

this station in the summer months June to August between 5.5 ad 6 storm days occur

per month in average within the 30 years; in the winter monthsthe values are higher and
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12 to 13 storm days can be observed in months November to Janma(cf. Figure 5.4 upper
panel). The other German stations count a lower number of stom days during the year.
Schleswig (ID1438) and Hohn (ID1444) as two neighboring st#ons show similar results.
In the summer months (June, July and August) 0.7 to 1.2 storm days are counted; in
the late autumn and winter months November, December and Janary 3.5 to 5.8 storm
days occur in average. Although Jagel (ID1730) is located irbetween these two stations
the number of counted storm days is higher than these from Sdkeswig and Hohn. Here
1.6 to 1.8 storm days are counted in each of the summer monthsn autumn and winter

months 5.7 to 7 storm days occur. A reason for the di erent nunbers of storm days per
month in Jagel compared to Schleswig and Hohn can be di ereres in the stations near-by
surrounding.

15 - DWD obs
o 1529
3 1402
E 10 1474
% 1438
5 o o o 1444
T 5494 ° o ° —e— 1497
£ . o e ° o ° 9007
=} [ ] ° [ ]
2 o s e H —e— 1730
0 —

T T T T T T T T T T T T

J F M A M J J A s o N D
%’, 10 — KNMI obs
E 260
8 270
2 5 375
N 350
3 225
€ 0 -
2 T T T T T T T T T T T T

J F M A M J J A s o N D

month

Figure 5.4: Number of stormdays in observations from DWD (up per panel) and observations from KNMI
measuring network (lower panel) for the time period 1971 to 2 000.

The results are similar for the observations at the Dutch coat. As expected highest
values occur at the coastal station IJmuiden (ID225). During the summer months 1.7 to
2.5 storm days per month are counted, during November to Janary 5.7 to 7.6 storm days
occur. Anyway, the number of counted storm days in each monthis smaller in IJmuiden
compared to List. In late autumn and winter months the values at IJmuiden (5.7 to 7.6)

are quite similar to those from Volkel (5.5 to 6.7). The obsewvations at DeBilt (ID260),

with the values 0.2 to 0.4, show the smallest number of storm dys during the summer
months. Based on this analysis, the highest storm activity @n be de ned as the period

October to March. Figure 5.5 shows the number of stormdays ineach of the core storm
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months in individual years from 1971 to 2000 for the KNMI obsevation at Leeuwarden
(ID 270). The right panel is a lowpass Itered result from the original values from the left
panel using a lter of 3-years length. Loewe (2009) de nes tlat the real core storm season
in each year lasts over three months. While until the beginnhg of 1980s the core period
was present mainly in November/December, its occurence mad towards January and
February by 1983 until at least the year 2000, the end of this aalysis. The years between
1983 and 1995 are the time period with an especially high ston activity compared to the
periods before and afterwards. Similar like the NAO index the storm activity underlies
large quasi-cycled variances at an intra decadel base. The onth wise 3-years Itered
storm activity (cf. Figure 5.5, right panel) Iters out cycl es smaller than 3 years and

enhances variability in the range of 6 to 9 year periods.
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Figure 5.5: Total storm frequency at Leeuwarden (ID 270) for the period of 1971 to 2000 from October to
March calculated in number of days. Months Oct, Nov and Dec re fer to the previous year. Total number
of storm days per month (left panel) and number of storm days a fter applying a 3-year time-progressive
low-pass lter (right panel).
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The in uence of the North Atlantic Oscillation (NAO) on the w ind climate in
the North Sea

As already stated in Section 4 the prevailing western circuhtion at midlatitudes is impor-
tant for the European climate. It directs oceanic air massesnland over the continent. A
strong western circulation leads to mild and wet weather andstrong winds over most of
Europe, especially in winter. In contrast, a weak or blockedwestern circulation causes
generally cold and dry winters and hot and dry summers. In this context the NAO index
determines the intensity of the western circulation in Europe. NAO is the large-scale uc-
tuation in atmospheric pressure in the Atlantic ocean between the high-pressure system
near the Azores and the low pressure system near Iceland. Theactuation in this pattern

leads to variations in the European climate, as already sta¢d in Section 4.
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Figure 5.6: Total number of storm days per seasons at Bremen (ID1474) (dark blue bars) and the mean
NAO index (red and light blue bars for positive and negative v alues) from 1971 to 2000 for October to
March (ONDJFM) (left panel) and for December to March (DJFM)  (right panel). Correlation coe cient
is calculated based on Pearson (1895).

The storm activity over the North Sea can be quanti ed by the state of the NAO. Figure
5.6 shows the total number of storm days per season at Bremerid 1474) and the mean
NAO index from 1971 to 2000 for October to March (ONDJFM) and for December to
March (DJFM). The calculated temporal correlation after Pe arson (1895) is 0.54 for the
6-months-season and 0.74 for the shorter season. The higheorrelation coe cient results
from the much stronger NAO-signal in this period of the year (cf. Appendix C). Based
on a weather classi cation derived from vorticity and a wind index for the North Sea,
Loewe (2009) distinguished between storm, heavy storm andery heavy storm. He got
similar results as in this study, but found a slightly higher correlation of about 0.7 for all
storms. In the present study the highest values for temporalcorrelation can be found for
Oldenburg (ID1497) and Leuwarden (ID270) with a value of 0.7
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As expected, the storm activity and the NAO-index show a clea tendency to a high storm
frequency in combination with a positive phase of the NAO-index. This agreement can
especially be seen in long positive phases of the NAO 1989 -9® On the other hand
winter periods with low storm activity (and very low tempera tures) go together with a
negative NAO - phase (1979, 1985-1987, 1996). The linear getation is not stationary.

The calculation of a rolling correlation shows low correlaion coe cients before 1973, a
very high correlation 1974 - 1989 (up to 0.89), and a weaker ccelation after 1989 with

values of about 0.7 (Loewe (2009)).
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Figure 5.7: Hexagonial density of daily maximum wind speed d epending on the daily NAO index in winter
season (Oct-Mar) at IJmuiden (ID225) in the time period of 19 71 to 2000.

The Figures 5.7 and 5.8 combine the daily maximum wind speedrad the daily NAO-index
in a so calledhexbin-plot for the observation in IJmuiden (ID225). The plotting area is
devided into hexagonal bins. In each covering hexagon the maber of events is counted.
While Figure 5.7 shows the results for the whole storm periodOctober to March, Figure
5.8 shows the same but separated for the late autumn season (Dto Dec) and late win-
ter/early spring season (Jan to Mar). The Figures support the hypothesis stated before

that high wind speeds occur more often on days with a positivdNAO-phase.

Additionally the Figures 5.8 identify a stronger tendency to the positive NAO-phase in
the second half of the winter season (Jan-Mar), while in the rst half of this season (Oct-
Dec) high wind speeds occur about the same in positive and nagjve NAO-phases. From
January to March the NAO-index has a clear positive phase sine about 1982, while the
NAO-index for October to December does not show any longer oshorter positive (or

negative) phase (cf. Appendix C).



58

[ counts
40

wind speed [m/s]
wind speed [m/s]

NAO index NAO index

Figure 5.8: Hexagonial density of daily maximum wind speed depending on the daily NAO index at
IIJmuiden (ID225) in the time period of 1971 to 2000 for Octobe r to December (left panel) and January to
March (right panel).

5.3 Methods and Measures

For comparison between the RCM output and observation data, Winterfeldt and Weisse

(2009) interpolated simulated wind speeds from the RCM fromthe four grid points sur-

rounding the measurements location in a bilinear way. This pocedure is common for grid
points over the ocean. In the present study wind speed at the @astline and over land is
analysed. In this case it is not useful to interpolate di erent grid point values since the

grid points contain a di erent fraction of land and sea and, according to this, may have

very di erent values for roughness length which strongly inuence the calculated surface
wind speed.

In a rst step, the grid cell from the regional climate model, as well as the ERA40 reana-
lysis, covering individual station was used for bias, standrd deviation, root mean squared
error (RMSE), and quantiles assessment. To estimate a podsie added value of using a
RCM for wind speed simulation than the reanalysis directly two skill scores are introduced.
Additionally these skill scores have been modi ed in a way toanalyse the added value of
the RCM in relation to the ERA40 compared to observation data and the other way round

(see Equations 5.5 and 5.7).

In the second step, not only the covering grid cells, but als@ surrounding grid cells in the

RCMs are taken into account for analysis and comparison. Dudo the coarse resolution
of the ERA40 reanalysis data only the covering grid cells araised. The comparison of the
surrounding grid cells from the RCMs always refer to the datafrom the covering grid cell

in the reanalysis data.
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The ensemble mean has been calculated on the daily basis referring to the avadlble
RCMs for both spatial resolutions. This results in 10 integrated RCMs for the two spatial
resolutions, 25km and 50km. The results from the ensemble nam are indicated by the
abbreviation ENSmean. Thebias and the standard deviation are standard statistical
methods and are not described in further detail.

The other measures used are:

Pearson Correlation Coe cient
The correlation coe cient after Pearson Pearson (1895) is gven by

Corr = T i vi)? (5.1)
“n 1. Lo '
i=1
where x is the simulated wind speed by a RCM andy the observation timeseries, both of

the same lengthn.

Root Mean Squared Error

The Root Mean Squared Error is a quite common measure for modakill and expresses re-
lation between the bias and the standard deviation of the di erences between two datasets.
The RMSE is given by

xi y)? (5.2)

where x is the simulated wind speed time series from a RCM and/ the observation data,

both of the same lengthn.

Brier - Skill Score

The Brier Skill Score (BSS) is de ned, e.g. von Storch and Zweérs (1999), by

BSS=1

;UI\)|'I'II\)

: (5.3)

where 2 and 2 represent the error variances of the 'forecast F (the time =ries of
regionally modelled wind speeds) and the reference 'fores R (the time series of ERA40
wind speeds). Since the error variances are computed relat to the same predictand, in
this case the respective time series of observed wind speeddthin a certain time period,

the BSS is equivalent to
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RMSE 2

BSS=1 _———+ ;
RMSE 3

(5.4)

where the RMSE 2 and RMSE 3 are the mean squared errors of the "forecast F and the
reference 'forecast R, respectively. By de nition the Bri er Skill Score can vary between
-1 and +1. For the value 1 the forecast exactly matches the obsesmtions. Negative values
indicate a better performance of the reference, positive Vaes indicate an added value of

the reference forecast in comparison to the reference.

Additionally in the present study, a modi ed BSS is introduc ed with a range of -1 to 1.
Values from -1 to O indicate an added value for wind speed take directly from ERA40

compared to wind speed from RCM, values between 0 and 1 indi¢a an added value for
wind speed from RCM compared to the one from the reanalysis. ® means both models,
the RCM and ERA40 are of about the same quality. None of the moels is closer to the

observation than the other.

8
2 RFT\;ASSE% forRMSE Rrcwm RMSE gRra 40
BSShod = ERA 40 (5.5)
mod = RMSE 2

: WSEEM 1 forRMSE ERA 40 < RMSE RCM
RCM

Perkins - Skill Score

This score adapted by Perkins et al. (2007) is a very simple n&sure to estimate the
relative similarity between simulated and observed Probalility Density Functions (PDF).

In detail it allows a comparison of the coverage of two histogams (cf. Equation 5.6).
In each prede ned bin of the probability distribution of the simulation Z,,q and the
observation Z o5 the smaller value is taken and accumulated over all binh. As a result,
a value between 0 and 1 is calculated, where 1 indicates a pedt simulation compared
to the observations, a value close to 0 means that the PDFs frm the simulation and the

observation almost do not overlap at all.

X
S= min (Zmod;zobs) (5-6)

1
The Perkins Score has been modi ed similar to theBSSy,oq by calculating the di erence
between the Skill Scores from the RCMSgrcy and the ERA40 Sgra 40 to indicate a

possible added value of the RCMs according to Equation 5.7.
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PSSnod = Srem  Sera 40 (5.7)

The value -1 means a full agreement between the PDFs from ERA3 and the observations
and no similarity between the PDFs from the RCM and that ones from the observations.

The value 1 is the opposite and indicates the gained value whreconsidering the RCM.

5.4 Near surface wind performance of the multi model ensembl e

The daily mean wind speed and daily maximum wind speed proviéd by the regional
climate models and ERA40 (cf. Section 2.3) was compared to aervations applying the
di erent skill scores described in the section before. As akady stated the wind speed
from the observation covering grid cell in each RCM in the twospatial resolutions is used
for evaluation, but also the 8 surrounding grid cells in the nodels have been taken into
account. From ERA40 the provided wind speed only from the coering grid cell is used and
is the same in the plots independently from the two di erent spatial resolutions available
from the RCMs.

Bias

The mean annual bias in the daily wind speed derived from the mdel grid boxes and
the observations shows a range of -2.8 m/s to +3m/s with the tendency to more cases
of overestimation can be observed(cf. Figure 5.9). For the loservation data at Soltau
(ID1529), Hohn (1D1444), Schleswig (ID1438) and Oldenburd1D1497) almost every model
overestimates the surface wind speed (-0.5 to 2.5m/s). At Hbn (cf. Table 5.1, mean:
4.1m/s, std: 2.1m/s) the mean annual bias with values of -0.5to 2m/s, is within the
observed standard deviation. In comparison for the statiors Jagel (ID1730) and Bremen
(ID1474) (mean: 4.8m/s and 4.3 m/s, std: 2.3m/s and 1.9 m/s, respectively) the bias of
the RCMs is smaller (between -1.2 and 1 m/s) and within the standard deviation of the
station data. The wind speeds are in general overestimatedybthe regional climate models
PROMES (UCLM) and HadCM (HC). The bias of the ERA40 data is in t he range of -1.5
to 1.5m/s. The mean annual bias of the RCM ensemble mean is qté small and for the
most of the cases smaller than the bias in the ERA40 data.

The results for the two spatial resolutions are mostly very smilar. The RCMs in the higher

resolution often show reduced values for the mean annual b&acompared to the coarser
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Figure 5.9: Mean annual bias of simulated wind speed by regional climate models at certain locations in
the DWD network (upper row) and KNMI network (lower row) for t  he two di erent spatial resolutions
50km (left column) and 25km (right column) within the time pe riod 1971{2000.

resolution. For example, for List (ID1402) the negative mean annual bias can be reduced
with increased model resolution. While in the coarser resaition the models underestimate
the observed wind speed over the whole year, in the results dm the 25km simulations
the underestimation can be seen only in summer. In contrastri winter the models mainly
overestimate the wind speed at this location.

In both resolutions, 50 km and 25 km, for most of the cases the wan annual bias (0.5 {
2.5m/s) is within the standard deviation of the observations. Exceptions are from the
RCM perspective the simulations with the Headley Center moal (HC-QO, HC-Q3 and
HC-Q16), and from the observational perspective Soltau (IDL529), where for some RCMs,
the mean annual bias is out of the range of the observed standd deviation.

All results have been tested for statistical signi cance, which mainly the smaller biases
failed. Plotted are all results with respect to identify certain behavior of individual mod-
els at all locations or an individual observation where mostof the RCMs show the same

tendency.

Generally, there is a seasonal cycle in both, in the mean anral cycle the same as in the
counted cases where the bias is within the range of the obsesd standard deviation. The

bias is lowest in March with an relative error of -30 % to +50 % cmpared to the observed
monthly wind speed. While in March and April the models slightly underestimate the

observed wind speed, from Mai onwards a slight overestimatin can be detected. This
overestimation increases within the following months and § highest from the end of August
until the beginning of November with values of up to +100 %. From November onwards

the bias is getting smaller again.
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Figure 5.10: Mean annual bias of simulated wind speed by regonal climate models at certain locations
in the DWD network (upper row) and KNMI network (lower row) fo r the covering grid box and the
8 surrounding grid boxes for the two dierent spatial resolu tions 50km (left column) and 25km (right
column) within the time period 1971-2000.

The results for the bias calculation of the 8 surrounding grd boxes are shown in Figure
5.10 and support the choice of using the station covering gd cell from the models for
wind speed evaluation. The simulated wind speed in the neighoring grid cells show a
higher bias than this one from the covering grid cell. Additionally, for the coastal stations

and near coastal stations like, for example, List (ID1402) ad IIJmuiden (ID225) but also

Wittmundhafen (ID9007) and Leeuwarden (ID270) the bias in the neighboring grid cells
clearly re ects the land-see-distribution in each RCM (cf. Figures 5.10 and 5.27). Due
to the higher spatial resolution and the smaller representd area the results for the bias
among the nine grid boxes is more homogeneous in the 25km than the 50 km simula-

tions. Although the model CLM applied at the HZG (former GKSS) is using the spectral
nudging approach, the results for the bias are in the same rage as for the other regional

climate models.

Annual cycle

The calculated annual cycle of observed and simulated montly mean wind speeds (cf.
Figure 5.11) re ect the results for the bias analysed in the gction before. The models are
able to reproduce the observed annual cycle. Some models @vehow the slight increase
of mean wind speed in March compare to February. Only at List (D1402) especially the

RCMs in the higher resolution overestimate the magnitude ofthe annual cycle.



wind speed m/s

wind speed m/s

64

225 - IJmuiden 1402 - List

wind speed m/s
6
1

260 - De Bilt 1529 - Soltau

6
1

wind speed m/s
6
1

Figure 5.11: Mean annual cycle of the observed (red line) and simulated wind speeds by ERA40 (blue
line), the individual regional climate models in 50km (soli d grey lines) and 25km (dashed grey lines) spatial
resolution and the corresponding ensemble means (black satl and dashed lines) at IJmuiden (ID225), List

(ID1402), De Bilt (ID260) and Soltau (ID1529) within the tim e period 1971-2000.

Standard deviation

Figure 5.12 shows the values for the normalized standard deation of the simulated wind
speed at certain locations.The model data is normalized to e observed standard devia-
tion (STD).The di erences in the STD are small and in most of the cases the STD of the
observations is represented by the models. At some locatianlike e.g. Soltau (ID1529)
and DeBilt (ID260) the STDs is overestimated by about 50%, at IJmuiden (ID225) an
underestimation of the variability by the models of about 50% can be observed. There is
a small annual cycle in the normalised STD (not shown). In thewinter months there is
almost no di erence between the observed and the simulated BD, in the summer months
the di erences are slightly bigger. This fact can be addressd to the generally small vari-
ability in surface wind speed and, compared to the winter moths, the more important
local e ects during the summer months. In summer months the D is underestimated

by the ensemble mean by 50%.
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Figure 5.12: Normalized standard deviation of the simulate d wind speed by the regional climate models at
certain locations in the DWD network (upper row) and KNMI net work (lower row) for the two di erent
spatial resolutions 50km (left column) and 25km (right colu mn) within the time period 1971-2000.

Temporal correlation

The calculated correlation for the time period 1971-2000 bsveen the simulated and ob-
served wind speeds is in general low with values between 0 ard 0.9 (cf. Figure 5.13).
The model results for the months December and January are wh values of 0.7 - 0.95
higher correlated with the observations than for June until August, where in most cases

the correlation is smaller than 0.5.
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Figure 5.13: Correlation between simulated wind speed by the di erent regional climate models and ob-
served wind speed at a certain location in the DWD network (up per row) and KNMI network (lower row)
for the two di erent spatial resolutions 50km (left column) and 25km (right column) within the time period
1971-2000.

One exception is the regional climate model CLM applied by tre HZG (former GKSS).

As already stated, the model uses the spectral nudging appexh described by von Storch
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et al. (2000). Although the nudging is relatively weak and orly applied to the large waves

in the middle and higher atmosphere it positively e ects the simulation of surface wind

speed. The values for correlation are most of the time highethan 0.8 and reach 0.95.

Compared to the other RCMs, for this model simulation the annual cycle in the correlation

is very small (not shown).

In contrast, the values for the correlation for the regional climate models UCLM, CNRM

and the HC runs are very low for the whole year. The RCM ensemt# mean is higher

correlated with the observations than each individual modé (except the HZG (GKSS)

model). Especially during the winter months the values are gite high and in the range of

0.8 to 0.9. The wind speed provided by ERA40 is highly correlged with the observations

over the whole year with values between 0.75 and 0.95. It shad be taken into account

that data of several observations have been assimilated it the reanalysis simulation,

but not very regularly, with large deviations in the assimilation frequency. However, the
correlation in ERA40 is also high, e.g., for Schleswig (ID1388) and |Jmuiden (ID225),

although these observations have not been used for assimiian.

Root Mean Squared Error

The root mean squared error combines the results from bias ahcorrelation (cf. Equation

5.2) and should therefore re ect the results shown before.
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Figure 5.14: RMSE of simulated wind speed by the regional climate models at a certain location in the
DWD network (upper row) and KNMI network (lower row) for the t  wo di erent spatial resolutions 50km

(left column) and 25km (right column) within the time period

1971-2000.

As shown in Figure 5.14 the range of values for the RMSE is betaen 0 m/s and> 3.5m/s,
thereby for most of the RCMs it is between 1.5m/s and 2.5m/s. The largest RMSE

is reached by CNRM model ALADIN, where low values for the corelation have been



stations number

5 REPRESENTATION OF SURFACE WIND SPEED IN THE MULTI MODEL ENS EMBLE 67

observed. According to the higher values for biases at ListID1402) and IIJmuiden (ID225)
also the RMSE is high for all RCMs (cf. Figure 5.14). As it has keen seen in the results
for the correlation again the GKSS model CLM, the ensemble man and the ERA40 have
lower values for the RMSE (<2m/s and in some cases ever 1 m/s, excepting [Jmuiden).
In the annual cycle of the RMSE, smaller values for the summercompared to the winter
months can be identi ed (not shown).

Brier Skill Score (modi ed)

Figure 5.15 shows the modi ed Brier Skill Score with speci cations of the BSS (cf. Equa-
tions 5.4 and 5.5) within the time period 1971-2000. Analys$ of BSSyq as the combi-
nation of each RCM's RMSE and this one from ERA40 show no clearadded value for
the regional climate models. For the locations Hohn (ID144%, Schleswig (ID1438) and
[Jmuiden (ID225) an added value for the regional climate mocels applied by the C4l,
CHMI, KNMI, METNO, DMI, MPI, ETHZ, SMHI but also the ensemble mean can be
observed.
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Figure 5.15: Modi ed Brier Skill Score at certain locations in the DWD network (upper row) and KNMI
network (lower row) for the two di erent spatial resolution s 50km (left column) and 25km (right column)
within the time period 1971-2000. (cf. Equation 5.5)

Although Hohn and Schleswig are located very close to Jagelp1730) (cf. Figure 2.2) the
results are very di erent. The observed wind speed at Jagels well represented in ERA40
as well as in the RCMs. No added value for any of the RCMs can beliserved. Unlike in
the case of Jagel, the observed wind data from Schleswig is hassimilated and the bias in
ERAA4O0 is higher than for the RCMs. At this station most of the R CMs show a very robust
sign for an added value. Additionally, for the coastal station 1Jmuiden (ID225) an added

value can be seen for some models, but not for List (ID1402). \Wether an observation
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is close to the coastline or not gives not a clear answer abouhe behavior according to
the BSS. The fact of using spectral nudging approach or not igemarkable and is again
dominant in the results. The CLM applied by GKSS including a spectral nudging is able
to give an added value compared to ERA40 for most of the locatins. This added value
is dominated by the good model performance from late summer wnths until the end of
spring (not shown).

Percentiles

Figure 5.16 shows the dierences in percentiles calculateds the bias between the per-
centiles derived from the simulated and the observed wind sped at four selected locations.
Positive values indicate an overestimation of wind speed preentiles by the models, nega-
tive values indicate an underestimation. Note that the very low and very high percentiles
(1%, 2%, 5% and 95%, 98%, 99%) are of special interest, due tbeir relation to extremes,

and have been therefore added to the plots. The larger the diance between the inland
stations and the coastline, the larger is the overestimatioa of the modeled wind speed
percentiles compared to the observations (cf. Soltau in Figre 5.16).
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Figure 5.16: Bias in percentiles as the di erence of percentiles derived from simulated wind speeds by
ERA40 (blue), the individual RCMs (grey) and the RCM ensembl e mean (black) for the two spatial
resolutions 50km ( lled circle) and 25km (open circle) at IJ muiden (ID225), List (ID1402), De Bilt (ID260)

and Soltau (ID1529) within the time period 1971-2000.
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At IIJmuiden all models for both spatial resolutions underedimate all percentile values by
0 to 7m/s. The observed percentiles at List (ID1402), the seond station located very
close to the coastline are partly underestimated by the modks. While the lower per-
centiles are underestimated by the models in both spatial reolutions, the medium and
higher percentiles are mainly overestimated by the modelsn the 25km resolution and
underestimated in the coarser resolution of 50km. Only the EMs from C4l and SMHI
are underestimating all percentile values at List in the 25kn resolution. While ERA40 is
underestimating all percentile values at this station, the RCM ensemble mean at 25km
spatial resolution almost perfectly ts the observed wind speed percentiles for List.

It can be stated that at 6 out of the 13 locations the RCM ensemlbe mean at 25 km resolu-
tion is often closer to the observed percentiles than ERA40.Two of these stations are List
and IIJmuiden. Hence in the case of percentiles there is a cleadded value for the higher
resolved ensemble mean compared to ERA40. But also among threodel resolutions, the
higher resolution leads at most of the locations to better rasults in percentiles performance.
At 10 locations out of the 13 the RCM ensemble mean at 25 km is p#orming better than
the coarser resolved ensemble mean. At the other three lodats the results for both

resolutions are very similar.
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Figure 5.17: Modi ed Perkins Skill Score at certain locatio ns in the DWD network (upper row) and KNMI
network (lower row) for the two di erent spatial resolution s 50 km (left column) and 25 km (right column)
within the time period 1971-2000. (cf. Equation 5.7)

Perkins Skill Score and Probability Distribution

By comparison of the similarity of the observed and the simuéted wind speed distributions

the Perkins Skill Score is another measure to investigate a gssible added value of the
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use of regional climate models compared to the forcing reamgsis data from ERA40 (cf.
Equations 5.6 and 5.7). The results of the 50km simulation danot show a clear pattern for
a certain station or a certain RCM (cf. Figure 5.17). Compared to the analysis of the Brier
Skill Score the results for the Perkins Skill Score show moreases for an added value of the
regional climate models. In general the Perkins Skill Scoref the RCMs is compared to
the one from ERA40 smaller for the inland observations far fom the coast like e.g. Soltau
(ID1529). For the distribution, the use of spectral nudging does not seem to be important.
The results for the CLM simulation performed by the GKSS are rot di erent from other
RCM simulations. In the 25 km simulations the distributions in almost all RCMs are much
closer to the observation at Hohn (ID1444), Schleswig (ID138) and Jagel (ID1730) than
the ERA40 data, especially in winter (not shown). In summer the simulated wind speeds
from the RCMs are closer to the observations at List (ID1402)and 1Jumiden (ID225).
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Figure 5.18: Histograms indicating the distribution of dai ly observed and simulated wind speed at IJmuiden
(ID225), List (ID1402), De Bilt (ID260) and Soltau (ID1529)  within the time period 1971-2000.

Figure 5.18 gives four examples for the observed and simulatl distributions of surface
wind speed at IJmuiden (ID225), List (ID1402), DeBilt (ID26 0) and Soltau (ID1529) for
the time period 1971-2000. Among the RCMs, the variability d the daily wind speed
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distribution is high. DeBilt and Soltau, both inland statio ns, show very similar results.
At these stations, all models, ERA40 the same as the RCMs, unerestimate the occurrence
of wind events of low wind speeds and overestimate the numbaeaf high wind speed events.
ERA40 underestimates the wind speed in the medium range of 3a 4 m/s, while some
of the RCMs and especially the ensemble means can reach thieak in the wind speed
distribution, although, with a small shift to higher wind sp eed values.

The distributions of measured wind speeds at IJmuiden and Lst are very similar and
cover a wide range of wind speed values. While the results fothe inland stations for
the simulated wind speed are quite similar, at this two coasal stations the results from
the RCMs and ERA40 di er. At IJmuiden, none of the models, ERA 40 the same as the
regional climate models, is able to reproduce the observedigtribution. In contrast to the
results for the inland stations the models overestimate theoccurrence of low wind speed
events and underestimate the high wind speed events. Anywathe RCMs are closer to the
measured distribution than ERA40. At List the results are slightly di erent. Most of the
RCMs at 50km underestimate the high wind speed events, but mst of the results at the
25km resolution overestimate the measured number of eventsA clear di erence is visible
among the results from the 50 km and 25 km simulations. This nding covers the results

in the subsection before, where percentile values at di erst locations are analysed.

Taylor diagramms

While the Figures 5.12, 5.13 and 5.14 show the results for nanalized standard deviation,

correlation and root mean squared error as an overview of albbservations compared
to model results, the Taylor diagrams (Taylor (2001)) in Figure 5.19 combine the three
parameters for selected locations. In this way it is possitd to identify an added value
either using regional climate models instead of direct usefanodel results from reanalysis
data or simulating wind speed in coarse or higher spatial reslution (50km vs. 25km)

depending on certain location.

Figure 5.19 gives four examples for analysed wind speed tinseries inTaylor diagrams. Due
to the highest values for correlation the regional climate nodel CLM applied at GKSS and

ERA40 data perform best at all stations. The ensemble mean aa also reach correlations
around 0.8 at all sites, where the results for the individual RCMs show lower values for
correlation. An added value of the higher spatially resolvel data of 25km compared
to 50km can be identi ed for the MPI regional climate model REMO at all measuring

sites. An increased correlation in the 25 km simulations caralso be seen, but with smaller
extend in the results from regional climate models from the DMI, CHMI and UCLM. For

the models from KNMI and CNRM the values for correlation are constantly smaller for
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the 25km simulation compared to 50km. In these cases no addedhlue can be identi ed.

The results from the HC are very similar, independent from the spatial resolution but also

in the sensitivity factor (Q0, Q3 and Q16).
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Figure 5.19: Taylor diagram for daily mean wind speeds at 1IJm uiden (ID225), List (ID1402), De Bilt
(ID260) and Soltau (ID1529) within the time period 1971-200 O for the two di erent spatial resolutions
50km (lled circle) and 25km (open circle).

Daily maximum wind speed

Regional climate models are able to calculate the maximum wid speed for a prede ned
time period. Dierences in the results can be seen if the mode apply a wind gust pa-
rameterisation. For all models daily maximum wind speed is &ailable, but for 5 out of
the 15 models also daily maximum wind speed including gust i® ered. A comparison to
ERAA40 is not possible, as this parameter is not available frm the reanalysis.
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Figure 5.20: Histograms indicating the distribution of dai ly observed and simulated maximum wind speed
(incl. gusts) at IJmuiden (ID225), List (ID1402), De Bilt (I D260) and Soltau (ID1529) within the time
period 1971-2000.

The observed mean annual maximum wind speed distributions tall stations cover a wide
range of values. The models are able to reproduce the obserranaximum wind speed
distribution, in dependence of the stations location and wtether the gust parameterisa-
tion was included or not. The results from simulated maximum wind speed without gusts
have been compared to the observations according to mean vas, probability distribu-
tion and percentiles. The models are not able to capture the ange nor distribution of the
observations and are not further investigated, only the moakl results including wind gust
parameterisation t the observations well and are investigated in the following.

Figure 5.20 shows the results of the daily maximum wind speesiobserved and simulated
by the models including gusts. At IJmuiden and List all models overestimate the mean
annual maximum wind speed probability in lower wind speed caditions (< 12m/s) and
underestimate the higher values. The simulation results bing closest to the distribution
of the observations are the ones from REMO (MPI) and RCA3 (C4l). In general, both
models simulate slightly higher values for maximum wind speds as the other models. In

consequence both models overestimate the mean annual maxirm wind speed at the land
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stations like DeBilt and Soltau (cf. Figure 5.20, lower pands). This fact can also be seen
in the results for the bias in percentile values shown in Figue 5.21. The models underes-
timate the percentile values up to -5 and -8 m/s compared to tte observed values for the
coastal stations. The bias is smaller at inland locations de to the generally lower values
for maximum wind speed. At these locations the models captue the observed values very
well. REMO and RCAS3 perform best for the coastal stations, while CLM (ETHZ) per-

forms best for inland stations showing constant small biasg over all percentiles.
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Figure 5.21: Bias in percentiles as the di erence of percentiles derived from simulated daily maximum wind
speed (incl. gusts) by the RCMs for the two di erent spatial r esolutions 50km ( lled circle) and 25km
(open circle) at IIJmuiden (ID225), List (ID1402), De Bilt (I D260) and Soltau (ID1529) within the time
period 1971-2000.

The correlation between observations and the simulated dd&y maximum wind speeds is
represented in the range of 0.6 and 0.8. The standard deviatin indicating the temporal
variability of daily maximum wind speeds is well captured by the regional climate models.
REMO and RCA3 (from C4l) have a smaller variability than observed, whereas KNMI'S
model RACMO overestimates the variability constantly. For the REMO simulations at
25km spatial resolution for all stations the values for corelation are constantly higher
compared to the results from the 50km simulation (not shown)
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5.5 Regime-dependent validation of simulated surface wind speeds

From the regional climate models introduced in Section 2.3 ply wind speed data is avail-

able but no information on the prevailing direction of the wind per day. With respect to

this de cit, weather regime classi cations carried out for Europe and the North Sea have
been tested in Chapter 4 to close this gap and provide a direanal component to the

given daily wind speed information. The classi cation after Jenkinson and Collison (1977)
carried out in the present work with special focus on the Norh Sea ts the requirements

in describing best the synoptic situation per day (cf. Secton 4.3).

The investigations from the previous Section 5.4 are repead, but dependending on the
direction of the wind. It should be tested, whether the modek are able to reproduce the
wind climate dependent on the daily leading weather regime.The analysis in this section

is based on those days, where for all RCMs and ERA40 the samegine is set (cf. Table

4.5). The whole analysis has been made for all simulations oboth spatial resolutions,

50 km and 25km. Shown are only the results for the 25 km simulabns.

In a last step, the simulations from the model CLM are selectd, as these runs performed
best in both spatial resolutions and to increase the robustess of the results by using a

higher number of agreed days per regime.

Bias

While Figure 5.9 shows the mean bias per RCM and for ERA40 comared to di erent
observation data for the 30-year time period 1971 { 2000, Figre 5.22 shows the same
but for the 25km simulations only and dependending on the leding weather regime for
summer and winter at four locations. With respect to the robustness and to avoid miss-
interpretation, the results for the regimes SE, E, NE and UNC in summer and N, NE, E
and UNC in winter are blanked out, as the number of days within the individual season,
where all models show the same regime, is below the statistdly critical number of 30 (cf.
Table 4.5).

Basically, the results for bias re ect the ndings in the previous section. The aim of
the regime dependent validation is to identify regimes, whee most of the RCMs show a
di erent result compared to other regimes. Looking at all panels in Figure 5.22, none of
the regimes stands out from the crowd at all locations the sam. Only for the German
locations the RCMs and partly ERA40 show a slightly more postive bias for wind speeds
from south-western (SW) wind direction. For the observations in the Netherlands none
regime occurs to be special in the bias results. Additionall, at the individual locations,
there are regimes at which most of the RCMs behave the same budi erently from other

regime conditions. At e.g. List (ID1402) in the 25 km simulations, the regime W and SW
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in both seasons, summer and winter, show higher overestimatn as other regimes. The
wind speed is more overestimated for the regimes C and SW at th stations Schleswig
(ID1438), Hohn (ID1444) and Oldenburg (ID1497). At Volkel (ID375) and at De Bilt
(ID260) the RCMs and ERA40 show an overestimation of up to 60%for the regime NW
in both seasons.
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Figure 5.22: Mean seasonal bias per weather regime betweenisulated wind speed by the regional climate
models at 25 km spatial resolution and the observations at th e locations IIJmuiden (ID225), List (1D1402),
De Bilt (ID260) and Soltau (ID1529) within the time period 19 71{2000.

Standard deviation

Figure 5.23 shows the di erences in the standard deviationgnormalized to the observa-
tions) between the regional climate model results and the obervations at the four locations
IJmuiden (1D225), List (ID1402), De Bilt (ID260) and Soltau (ID1529). The RCMs, the
same as ERA40, over- and underestimate the observed valuey pproximately +/- 80 %.

Similar to the results for the bias, one regime shows the highst overestimation for all
locations the same. While in the bias the wind speed from sout-western direction (SW)

and during cyclonale (C) conditions was highest, in the stamlard deviation only the regime
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C points out. For the Dutch locations, the regime C does not phy a special role. Instead,
at De Bilt and Volkel all models overestimate the standard deviation by 25 % to 80 % for

the regime NW, while the standard deviation during all other leading regimes is smaller
and between +/-30%. At IJmuiden during summer and SW the standard deviation is

slighlty higher underestimated compared to other regimes.
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Figure 5.23: Di erences in the normalized standard deviati on per weather regime between simulated wind
speed by the regional climate models at 25km spatial resolution and the observations at the locations
IImuiden (ID225), List (ID1402), De Bilt (ID260) and Soltau  (ID1529) within the time period 1971{2000.

Perkins skill score

The added value concerning the RCMs ability to reproduce theobserved wind speed
distribution in comparison to ERA40 is shown for di erent lo cations in Figure 5.24. The
Perkins skill score de ned by the Equations 5.6 is modi ed (d. Equation 5.7) in the way,

that positive values indicate the RCMs added value, negatie numbers demonstrate the
better agreement of ERA40 with the observed distribution pe regime. In Figure 5.17
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the Perkins Skill score was already presented for all RCMs athe di erent locations, but

independent from prevailing wind direction. There, the location Ijmuiden (ID225) stands

out from the other locations in the way, that most of the RCMs covered the observed wind

speed distributions better than ERA40. In Figure 5.24, the RCMs show an added value

for the regimes A, C, NW and S in summer and for S and SE in winter at this location.
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Figure 5.24: Perkins skill score per weather regime betweensimulated wind speed by the regional climate
models at 25 km spatial resolution and the observations at th e locations IJmuiden (ID225), List (ID1402),
De Bilt (ID260) and Soltau (ID1529) within the time period 19 71{2000.

At most of the locations, the RCMs show an added value for the egime A, where the
wind direction is diverse. In contrast, for the regimes NW, W and SW for most of the
locations ERA40 covers the observed distribution better than the RCMs and the Perkins
Skill score is negative. At the locations Schleswig (ID1438 Hohn (ID1444) and Jagel
(ID1730) the RCMs show for most of the regimes a positive Peris score in both seasons
(not shown). The RCMs can not add value for most of the leadingwind directions at
the locations Soltau (ID1529), De Bilt (ID260), Wittmundha fen (ID9007) and Oldenburg
(ID1497) (not shown).
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Increase of robustness of the previous results

In the previous investigation some of the regimes have beeménti ed, in which the RCMs

behave in the same way but di erently compared to other regimes and independent from
the location. Anyway, there is no information for the blanked out regimes due to too few
cases per season. To increase the number of analysable days pegime and include in this
way the missing regimes, from the results from Section 5.4 th most promising simulations
have been chosen. With respect to institutional interest it has been reduced to the CLM
simulations. For these three simulations, two for the 50 km gatial resolution and one
for 25 km, the total number of days, where these simulations ad ERA40 show the same
regime in the period 1971 { 2000, have been identi ed and areisted for di erent seasons
in Table 5.4. The number of agreeing days is very di erent ammg the regimes and within
a season. In this way, a number below the accepted 30 cases wasind only for the very
short 3-month-seasons October to December (OND) and Janugrto March (JFM) and

both for NE. The seasons have been de ned according to the meawind conditions in

the North Sea (cf. Section 5.2) and the analysis of the NAO andNAO index in Section
5.2 and Appendix C. The following investigations have been arried out for all di erent

seasons and periods.

Table 5.4: Total number of days per regime (11 classes) indicated in ERA40 (black) and number of days,
where GKSS-CLM and ETHZ-CLM in both resolutions and ERA40 sh ow the same regime (coloured) in
the period of 1971-2000. Red indicates values, where the nurber of cases is too small for statistics; Green,
where the number of cases is su cient.

regime ERAJ40 ident ERA40 ident ERA40 ident ERA40 ident ERAdént

ONDJFM  ONDJFM AMJIJAS AMJIJAS OND OND JFM JFM DJFM DJFM
N 479 179 122 95 166
NE 226 76 46 16 34 26 82
E 180 158 93 53 186
SE 180 277 178 136 274
S 306 486 322 242 410
SW 501 815 555 430 640
W 626 929 602 481 770
NW 587 447 303 237 421
C 842 739 550 393 632
A 1331 1304 870 630 1214
UNC 232 58 5 39 3 29 2 55 2

In a rst step the bias and the standard deviation have been céculated according to the
method in the previous section, but reduced to the three RCM #mulations and using of
more days per regime, as described before. Five locations v& been selected, indicat-

ing very interesting results with diverse values per regime Figure 5.25 shows the mean
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bias between the simulated wind speed from the RCMs and ERA4@&nd the observation
data at Heligoland (ID1040), Bremerhaven (1ID1468), Jagel (D1730), Leeuwarden (ID270)
and De Bilt (ID260) for the season December to March within the time period 1971 { 1983.
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Figure 5.25: Mean seasonal bias [m/s] per weather regime of snulated wind speed by the regional climate
models at the locations Heligoland (ID1040), Bremerhaven (1D1468), Jagel (ID1730), Leeuwarden (ID270)
and De Bilt (ID260) during December to March within the time p eriod 1971{1983.

Heligoland (1ID1040)

Heligoland consists of two islands about 46 km o the German oast, with sizes of 1 knt

and 0.7 kn?. The main island consists of the "Upper Land" and the "Lower Land". Most

of the houses and the harbour are located in the Lower Land. Th Upper Land is a
plateau with a height of 61 m above the sea level at its highespoint. The wind speed
observation is located in the Lower Land. Lindenberg et al. 2012) focused in their study
on Heligoland and investigated the in uence of the changesri the measuring location, as
the site was moved at the end of 1989 from the Lower Land to a mel further away from

the in uencing island. The change of the location is the reasn, why this observation data
is only used for the short time period 1971 { 1983.

The covering grid cell in the RCMs de ne this location as water, with an elevation of 0 m,

and a surface roughness de ned for open ocean. The resultsrfthe regime dependent
wind speed evaluation in Figure 5.25 show di erences dependg on the wind direction.

The RCMs show a general overestimation of the wind speed, whbh results from the low
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roughness length and the fact, that the island does not exisin the models. ERA40 un-
derestimates the observed wind speed, which should not be atysed here. Additionally,
the RCMs show a larger overestimation for the wind speed fronthe Northwestern, North-
ern and Northeastern direction. This can easily be associad with the location of the
Upper Land and the second smaller island in relation to the olservation site. The Upper
Land has a shadowing e ect on the observation site for wind sped from the NW direc-

tions, the Lower Land from the North and the smaller island from the Northeast directions.

Bremerhaven (ID1468)

The results for the mean bias in Bremerhaven (cf. Figure 5.2bcan also been traced back
to the station's surrounding. The measuring site is locatedin the harbour at the eastern
side of the river Weser, west of the city in an urban area. Hene, the wind speed measure-
ment is disturbed by urban areas from almost all sides, excefrom the Northwestern and
Western wind direction, where the wind only comes from the waer. The higher observed
wind speed from the Northwestern direction can not be captued by the models, as there

is no di erentiation of these structures around the station in the models.

Jagel (ID1730)

The location of the station in Jagel is a very at area on the site of a big military airport.
There are two in an acute angle crossing runways. The main rwway is in the direction
SW-NE, the second runway in about WSW-NNE direction. The RCMs t the observed
wind speed values very well with a bias between -1.2 m/s and 3.m/s. Similar to the results
for Bremerhaven some regimes stand out by collective overgmsation or underestimation
of the observed wind speed. The analysis for the wind roses dhis station in relation to
the leading weather regime showed the documented slight tur to the south. In this way
the main wind direction at the measuring site is West-South\West for the regime "W" and
for the regime "NW" the wind comes from West-North-West. The models underestimate

the observed mainly undisturbed wind speed from western andouth-western directions.

Leeuwarden (ID270)

Similar to Jagel the measuring site in Leeuwarden is locatedon the site of an airport
North-East of the city. The RCMs capture the observed wind speed in the direction of the
runway, which is SW-NE. Due to continuous structures in the North and Northwest of the
airport area the wind speed at the measuring site is reducedral therefore overestimated
by the regional climate models.
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De Bilt (ID260)

The RCMs overestimate the observed wind speeds at De Bilt. Tk station is located within

a very urban area on the roof top of a building at a hight of 20 m d&ove the ground. For
this investigation the wind speed has been interpolated to he constant height of 10 m, as
described in Section 2.1. Anyway the measurement is slightl disturbed by a radar tower

and turbulences due to the building and high trees, nearby. A for the other examples
given before, the RCMs do not capture the very speci ¢ charateristics of the environment

of the station.

General remarks

The results for the regime depending standard deviation andPerkins-Skill-Score analysis
show the same re ection of the station's surrounding as the ndings in the bias, and are,
therefore, not shown.

5.6 Discussion and summary

In this study the performance of regional climate models in eéscribing the surface wind
speed at the German and Dutch coastal area in comparison to aervations is evaluated.
These observations have been provided by the German weatheervice (DWD) and the me-
teorological Service from the Netherlands (KNMI). The obseved data is available hourly
for mean wind speed and hourly or daily for maximum wind speed The data was taken
in di erent measuring heights and corrected to a reference kight of 10 m above ground by
applying a logarithmic approach. The investigated regiona climate model ensemble was
developed in the ENSEMBLES framework. Daily surface wind sged, daily maximum
wind speed without gusts and, from a reduced number of mode]salso daily maximum
wind speed including gusts is available for the time period ©1961 { 2000. (cf. Chapter 2)
The mean wind conditions in the coastal area of the southern NMrth Sea and the German
Bight have been investigated based on the observation dataMean annual values and the
variability for daily wind speed, the seasonal cycle, but abo the main wind directions in

each month of the year and the in uence of the NAO have been anlgsed.

Several measures and skill scores were applied to analyseetRCMs performance compared
to the driving eld and to evaluate accuracy gain by includin g higher spatial resolution of
the models. Figure 5.26 summarises the ndings for the RCM esemble mean. The inves-
tigations show the ensemble mean being closer to the obseyeralues than the individual
RCMs. The results are categorised in three qualities { 'good 'fair" and 'poor"{ based on

the de nitions made by the author presented in Table 5.5. The presentation of the results
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Table 5.5: From results for di erent skill scores to qualiti es.

QUALITIES
SKILL SCORES 'good" fair" 'boor"
bias [%)] <j 10j i 10j{j 25j >]j 25j
standard deviation][-] 0.75{1.25 05{0.75;1.25{2 < 05;>2
correlation [-] >0.8 0.7{0.8 <0.7
Brier skill score [-] >0.25 -0.25{0.25 < -0.25
Perkins skill score [-] >0 -0.1{0 < -0.1
percentiles (mean) [m/s] <j 1j i 1j{j 25j >j 25j

in one map should help to identify regions with similar resuts. It can be stated that the
ensemble mean performs well concerning bias, standard detion and correlation. Only
for the station De Bilt (ID260) the bias is too large, which is related to the very urban

area around the station, which is not included in the RCMs.

Figure 5.26: Qualitative assessment of the RCM ensemble mea performance (ENSmean) in the spatial
resolution of 25 km for simulating daily mean wind speed concerning di erent skill scores at the 5 Dutch
and 8 German locations analysed within the time period 1971 { 2000 (cf. Table 5.5). (black dots: all
measuring sites of the individual network)
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Station covering grid cell in RCMs vs neighbouring grid celland interpolation

The wind speed from the observation covering grid cell in edt RCM in the two spatial
resolutions is used for evaluation, but also the 8 surroundig grid cells in the models
have been taken into account. Winterfeldt and Weisse (2009)nterpolated simulated wind
speeds from the RCM from the four grid points surrounding the measurement location
in a bilinear way. In this study no interpolation has been caried out. Especially for the
stations List (ID1402) and IImuiden (ID225), located closeto the coastline, the covering
and surrounding grid cells in the model often show di erent land-sea fraction (cf. Figure
5.27) and thus very di erent results for, e.g., bias assessent, shown in Figure 5.10. For
List the covering grid cell for most of the models with 50 km isde ned as land, while in
the increased spatial resolution in all models the coveringgrid cell is de ned as water.
While in the coarse resolution the models underestimate theobserved wind speed, the
bias is very small and close to zero in the 25km resolution. Irgeneral it can be stated,
that the covering grid cell gives the best results compared d the observation. An interpo-

lation would mix up wind speed values referring to very di erent surface roughness lengths.
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Figure 5.27: Land-Sea distribution at the covering and the 8 surrounding grid cells in each RCM according
to the location of the observations in the DWD network (upper row) and KNMI network (lower row) for
the two di erent spatial resolutions 50km (left column) and 25km (right column). blue: land-sea fraction
<0.5, green: land-sea-fraction 0

Added value: RCM performance vs ERA40 forcing

As already stated before, wind speed assessment has beenr@adt out for both, the RCM
ensemble and the ERA40 forcing. An aim of this study is to investigate the value added
by the RCM simulation instead of using wind speed informatian directly from ERA40.

Therefore, all results for bias, standard deviation, corréation and percentiles have been
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compared. The modi ed Brier skill score and the modi ed Perkins skill score indicate
the added value directly (cf. Equations 5.3, 5.4, 5.5, 5.6, 5). All ndings have been
summarised in Figure 5.28. At the locations IJmuiden (ID229, List (ID1402), Schleswig
(ID1438) and Hohn (ID1444) the RCM ensemble mean shows a cleadded value for most
of the skill scores compared to ERA40. Reasons could be:

" low frequency or no assimilation of observation data in the eanalysis ERA40, and

" higher spatial resolution of the RCMs and therefore a betterrepresentation of land-

sea distribution and surface roughness.

The observed data at the locations Schleswig and 1IIJmuiden hae not been, or with very
low temporal frequency, assimilated in the ERA40 simulation. Other observations, which
is true for most of the German stations used in this study, hae been assimilated not from
the beginning of the analysed time period of 1971 { 2000, but enstantly later in time.

Figure 5.28: Qualitative assessment of the existence of valie added by the RCM ensemble mean (ENSmean)
in the spatial resolution of 25 km compared to the reanalysis ERA40 for daily mean wind speed concerning
di erent skill scores at the 5 Dutch and 8 German locations an alysed within the time period 1971 { 2000.
(black dots: all measuring sites of the individual network)

Due to the high quality undisturbed data, the observation data of Jagel (ID1730) was
assimilated with high temporal frequency.Therefore, ERAD performs very well at this
location and can hardly be beaten by the RCMs. Instead for Scleswig and IJmuiden the

RCMs show a clear added value concerning most of the skill soes.
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Additionally, at List and IIJmuiden the RCMs add value due to t he higher spatial reso-
lution compared to the ERA40. The station covering grid cell in ERA40 has a spatial
resolution of about 125km by 125km and is de ned as water in bth cases, but using a
tile approach for describing the covered area. The higher reolution of the RCMs of 25 km
can resolve the coastline much better and, therefore, add Vae for most of the analysed

skill scores.

Added value: coarse vs high spatial resolution in the RCMs

From most of the RCMs results in two spatial resolutions are aailable. Although, often not
the same model versions or underlying forcing data has beersed, a clear advantage of the
usage of the higher resolution can be observed in the wind spd analysis. The added value
can be detected over all skill scores across the di erent laations. As stated before, for the
comparison between ERA40 and the RCMs, the better resolvedwgface characteristic in

the 25 km simulation is the reason for the better representaibn of the surface wind climate.

Added value: maximum wind speed

From the regional climate models daily wind speed and daily naximum wind speed without
gusts are provided. Few models applied gust parameterisatn and, additionally, include

maximum wind speed including gusts. The simulated daily maxmum wind speed with
and without gusts have been compared to daily maximum wind sged from the obser-
vation. The distribution and percentiles derived from the RCMs daily maximum wind

speed without gusts are not able to capture the values from tlke observations. Only the
maximum wind speeds including gusts provided by the models gplied at the institutions

C4l, KNMI, MPI, ETHZ and the SMHI perform very well. Especial ly the percentiles at
inland stations can be reproduced by the models and show vergmall di erences up to

the highest percentiles.

Regime dependent validation and local features

From the regional climate model ensemble and from ERA40 no déy prevailing wind di-
rection was available. The directional component of the wird is given by a weather regime
classi cation carried out for the North Sea (cf. Section 4.3. In a rst step, bias, dier-
ences in the standard deviation and the Perkins skill score &ve been calculated for the
simulated daily wind speed from the RCMs as well as from ERA4Gn comparison to the
observations and, additionally, depending on the leading egime. Some wind directions
had to be blanked out from the analysis, as the number of days #h certain regime has

been too small for statistics. The results per location havebeen very diverse. For the
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German stations southern and south-western wind directiols seem to be overestimated by
the models. Due to the size of the grid cells of minimum 25km by25 km, the orography
is smooth and miss local dierences in elevation. This can lad to a reduced roughness
length. Furthermore, the wind from southern direction blows undisturbed over a long dis-
tance over land. This together with a smooth orography couldbe a reason for the higher
wind speeds than observed. Although some models use tile apmch for describing the
grid cells surface, the models overestimate mostly the windrom the described directions.
Concerning the standard deviation, a quite constant overemation can be detected for
the regime "C", the cyclonic type centered over the North Sea During this regime the
wind speed comes from di erent directions at the stations. h contrast, during the anticy-
clonic regime, with same location and same characteristicselated to the wind speed, no
outstanding features can be found in the results for this regne.

To increase the number of regime days available for further malysis and to include the
blanked out regimes, three most promising simulations havdeen taken out of the regional
climate model ensemble. The investigated skill scores haveeen calculated again for the
reduced number of models. The results show certain regimesasiding out from the others,
but this had to be addressed to local e ects of the station's @vironment.

Local features like land-sea circulation, "crash barrier eect”, tunneling e ect and inho-
mogenous surface lead to very individual wind conditions athe di erent locations, which

can not be captured by the comparable coarsely resolved mote
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6 Conclusion and Outlook

6.1 Conclusion

Based on results from the regional climate model simulatios carried out in the ENSEM-
BLES framework, the present study aimed on two topics. One isthe overestimation of
summer air temperature in South-Eastern Europe, which goesogether with a strong un-
derestimation of precipitation in this season. This known ssue is called "summer drying"
problem of climate models. The other issue is the underestiation of higher wind speeds
of the models over land. In previous investigations, it was Bown that RCMs represent
surface wind speeds over the ocean very well, but underestiate strong winds over the
continent.

According to the research questions de ned in Section 1.2 th major nding can be sum-

marised as follows:

Is there an in uence of the underlying soil type distributio n on the results from a

regional climate model?

Based on soil maps from Haase et al. (2007) and Stremme (193%vo simulations with the
regional climate model CLM have been carried out, using eitler default sandy loam or silt
loam over an area north of the Black Sea. Due to its higher porsity, silt loam assimilates
more water during rainfalls than sandy loam. This leads to a ® % to 75 % increase in soil
moisture in the modi ed simulation (with silt loam) compare d to the control simulation
(with sandy loam). Changes in the soil moisture lead to changs in surface albedo and
thus in net solar radiation. During summer the wetness of sdiresults in an increase of
evaporation up to 60%. This provides more humidity in the air and higher precipitation
amounts during the summer months can be observed. As the engy is needed for the

evaporation, the air temperature is reduced by up to 1.5K.

Can the summer drying in Southeast Europe be reduced in the mo dels?

In the present study the hypothesis has been investigated,hat a positive bias in summer in
Southeast Europe is related to a false representation of dagproperties in this region. This
theory is based on divergences between soil maps from Haaseak (2007) and Stremme
(1937) and the FAO soil data set, which is commonly used in theRCMs. Using silt loam
distribution from the International soil map of Europe in combination with the FAO soil

map leads to a reduction of the detected bias by up to 1.5K and aetter representation
of the observed climate in a larger area around the region ofnterest. Nevertheless, the

changes only a ect a part of the region of the "summer drying", so it can not be removed
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completely. Anyway, the study showed that the improvement o soil moisture has strong

positive in uence on the simulation of processes in the boudary layer.

What is a suitable weather regime classi cation to describe the wind climate in the

North Sea?

Within the ENSEMBLES framework a weather regime classi cation based on a principle
component analysis of daily 500 hPa geopotential height frmm ERA40 has been carried out
by Sanchez-Gomez et al. (2009) for whole Europe. Four main gimes (BL, NAO+, AR,

NAO-) have been transformed to each of the regional climate radels within the RCM

ensemble for two seasons in 1961 { 2000. In this study anothedassi cation has been car-
ried out for all RCMs in the ensemble, based on MSLP followinghe method by Jenkinson
and Collison (1977). This regime classi cation is centeredover the North Sea and de nes
27 regime classes, which have been reduced to a number of 11orfoth classi cations

the mean occurrence and MSLP composites have been derivedrfeach regime. Depend-
ing on the weather regime, composites of local wind observiains have been calculated.
With focus on the southern and eastern coastal area of the Nah Sea, composite wind
roses for observations show no clear prevailing wind direan for the regimes provided by
Sanchez-Gomez et al. (2009). In contrast, comparing the coposite wind roses for the
second weather classi cation, the regimes clearly re ect he local wind characteristics. In
conclusion, the weather regime classi cation after Jenkigson and Collison (1977) centered
over the North Sea, describes the local wind climate best ands used for further regime

dependent evaluation of the regional climate model ensembl

Are the regional climate models able to reproduce the observ ed large scale atmo-

spheric pattern?

As already summarised in the answer of the previous questigrtwo objective regime clas-
si cations have been investigated to be a su cient diagnostic tool for present wind climate
validation at the German and Dutch coastal area of the North Sea. One classi cation was
carried out for Europe within the ENSEMBLES framework (Sanchez-Gomez et al. (2009)),
the other was carried out for all RCMs and the ERA40 forcing with focus on the North
Sea following the method from Jenkinson and Collison (1977)For both classi cations the

agreement between the regimes detected in the RCMs and the games de ned in ERA40
as reference has been calculated. Independent from the regé classi cation method, the
models are able to reproduce the observed large scale weathegime in di erent quality.

While most of the regional climate models perform very well &ross the di erent weather

regimes with a coverage between 80% and 99 %, some models arat able to capture
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more than 55 to 75% of the observed regime days. Generally, itan be stated, that the

agreement in winter is higher than in summer for almost all RQVs.

Is the RCM ensemble able to represent the temporal and statis tical characteristics of
the wind eld at di erent locations over the German and Dutch coast of the North
Sea?

The daily mean and daily maximum wind speed simulated by the egional climate model
ensemble and, in case of mean wind speed, by ERA40 have beemmqmared to observa-
tional data, provided by DWD and KNMI, in the coastal area of southern North Sea
and the German Bight. Several skill scores have been applietb investigate the model's
ability to simulate the present wind climate in the focused region. The analysis refer to
two time periods, 1971 - 1983 and 1971 { 2000, prede ned by thevailability of obser-
vations, undisturbed by any changes during the measuring. Tie models show good or
moderate results for bias and standard deviation. Remarkale is a strong negative bias
at IIJmuiden with values up to -50 %, which is, related to the high mean wind speed at
this measuring site, within the range of the other stations ¢50 up to +80 %). The models
seem to overestimate the mean wind speed at inland stationsThe di erences between
the simulated and observed standard deviations are small ahin most of the cases the
observed values can be reproduced by the models. For corréilen assessment the results
for the models are very diverse. Most of the RCMs are highly coelated with observations
(0.6 { 0.9), but some models show a very low agreement of 0.340 Due to data assimi-
lation the correlation for ERA40 and the observed values is letween 0.75 and 0.95. Best
performance for correlation, close to that one from ERA40, $ given by a CLM simulation
in 50 km spatial resolution applying spectral nudging, besile the common forcing at the
lateral boundaries. The Brier skill score shows an added vak for the RCMs compared
to ERA40 only at Hohn, Schleswig and IJmuiden and for the CLM smulation mentioned
before. The Perkins skill score, comparing similarity of olserved and simulated wind speed
distributions, identi es much more cases of RCMs added vale as in the Brier skill score
analysis. Again Hohn, Schleswig and IIJmuiden stand out here Wind speed percentiles,
especially for higher values, are often underestimated byhe model at coastal stations and
overestimated at inland stations. A large spread of the perentile values can be observed
among the models.

The simulated daily maximum wind speed distributions only agree with observations if
models include a gust parameterisation. Here the models ovestimate small and under-
estimate high percentile values at the near coastal statios e.g. List and IJmuiden, and
almost perfectly t the distribution for inland stations e. g. Soltau. This is supported by

the percentiles analysis. In all skill scores seasonal cys can be detected.
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How do atmospheric patterns relate to the representation of the wind climate in the

climate model simulations?

From the regional climate models as well as from ERA40 only didy wind speed but no

daily prevailing wind direction has been available. With help of the directional component

of the wind given by the weather regime classi cation, mentoned before, the wind per-
formance of the models has been investigated. Bias, di eretes in standard deviation and
the Perkins skill score have been calculated for each moded the individual locations and

depending on the leading regime. Only those days have beenkan into account where all
RCMs and ERA40 showed the same regime. For German stations #hwind speed from
southern and south-western wind directions seems to be ovestimated by the models.
The coarse resolution with 25km minimum, the smoothed orogaphy and thus reduced
roughness length and the fact that the wind from southern directions blows undisturbed
over long distances, could lead all together to the detectedverestimation. Concerning
the standard deviation, an overestimation can be detecteddr the regime '"C", where the

wind comes from all directions.

In a second step, some most promising simulations have beerlected to increase the num-
ber of analysed days and thus increase the robustness of thesults. The results showed
regimes standing out from the others, but had to be addressetb local e ects of the near

environment of the measuring sites. The individual wind corditions with respect to the

wind directions at the di erent locations can not be captured by the regional climate mod-

els.
What are the bene ts and shortcomings of using regional clim ate models for wind
speed analysis compared to the coarse resolution reanalysi s elds?

The analysis is based on both, the wind speed from RCMs the saenas from ERA40 forc-
ing. An aim was to identify value added by the RCMs to the forcing global model. All skill
scores like bias, standard deviation, correlation and perentiles, derived from the RCMs
have been compared to the results from ERA40. Other skill saes like the Brier skill score
and the Perkins skill score give by modi cation a direct information on an added value.
For locations like 1Jmuiden, List, Schleswig and Hohn, the RCM ensemble mean shows
an added value for most of the skill. The assimilation in geneal and the assimilation
frequency of several observations in the ERA40 and the highespatial resolution of the
RCMs, and thus better resolved orography, seems to be impoant for the added value
assessment. ERA40 performs very well at Jagel, high qualitpbservation data assimilated
in the reanalysis with high temporal frequency, whereas theRCMs show a clear added
value for most of the skill at Schleswig and IJmuiden, which tave been rarely or not at all
assimilated.
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Is there an added value of the regional climate model results for wind climate by

increasing the spatial resolution from 50 km to 25 km?

From most participating institutions within the ENSEMBLES project the hindcast was
provided in two spatial resolutions, 50km and 25km. For the pesent study, this gave
the opportunity to investigate a possible added value in wird climate assessment from a
coarse to higher spatial resolution. Although, the pairs ofthe RCM simulations have often
not been carried out using the same model version or basic g, a clear added value of
the higher resolutions compared to the simulations with 50 kn grid space can be observed.

This added value can be detected over all investigated skilacross the di erent locations.

6.2 Outlook

In the present study it could be shown, that the underlying sal type distribution is in u-
encing the results from the RCMs. Despite a better represeration of soil characteristics,
the "'summer drying" - problem can not be eliminated completdy. However, the resulting
positive temperature bias can at least be reduced and the pmpitation amount can be
increased. In the results from the recently published RCM hidcast simulations for Europe
provided by the EURO-CORDEX initiative, the "summer drying "is still visible in six out
of nine models (Kotlarski et al. (2014)). The same as in the ENSEMBLES simulations,
most of the models use the soil type distribution from FAO. The European Commission
Joint Research Center (JRC) released the "European Soil Dabase" (EuropeanCommis-
sion (2004)). Based on this data Guillod et al. (2013) invesigated the impact on European
climate simulations and found similar results as have been @sented in this study. Espe-
cially with increasing spatial resolutions, the impact of il characteristics is getting more

and more important in RCMs, and thus should be implemented inmore detail.

With focus on the area of the North Sea a weather regime classation has been carried
out based on MSLP elds from the RCMs and ERA40. The models areable to reproduce
the regimes well. The analysis could be repeated with the lagst simulations from the
CORDEX initiative, mentioned before. Similar to the ENSEMB LES-project two spatial
resolutions are available, 50 km and 12km. The question codlbe investigated, whether
the representation of the regimes in the RCMs increased dueot- compared to ENSEM-
BLES - latest model developments implemented and the higheresolution of the models.
In this study only the past development of the regimes has bee analysed. With respect
to future climate change, possible regime shifts could be ighti ed, based on future mean
sea level elds from ENSEMBLES- and CORDEX-simulations.
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From the ENSEMBLES simulations the mean wind speed has only ken available on a
daily basis and without the knowledge of the prevailing direction of the wind per day. The
use of higher temporally resolved data, like hourly data, walld allow an analysis of the
daily cycle of the wind and the development of local circulatons like, for example, the
land-sea-breeze or the "crash-barrier” e ect. Therefore #s0 the spatial resolution should
be increased. To investigate the added value due to higher sial resolution of the models
a set of simulations can be set up with systematically increaed spatial resolution.
Atmospheric stability has a strong impact on local wind condtions (Kara et al. (2008),
Chelton and Freilich (2005)). Therefore, in further evaluation of simulated wind climate,
stable, unstable and neutral stability of the atmosphere slould be considered.

The spatial resolution of RCMs is a limitation of the models to represent local wind climate
depending on the wind direction. Even in very highly resolvel regional climate simulation
of up to 1km, local e ects identi ed in Section 5.5 will not be captured by the meso-scale
models. For the simulation of local wind characteristics die to observation's environment
micro-scale models or statistical downscaling methods nekto be applied. Another possi-
bility would be to correct the wind observations for the near by obstacles before comparing
to RCM results.

The investigations in this study refer to the time periods of 1971{1983 and 1971{2000.
The shorter period covers a phase of low NAO activity, betwea a longer negative and
following positive NAO stage. The 30-year time period coves both the phase change with
low and diverse NAO activity and a long positive phase until the end of the investigated
period (cf. Appendix C). It would be of interest, how the wind speed evaluation results
change in the period of 1950 or earlier until today concentréing on short time periods but
explicitly strong positive or strong negative NAO phases. As the time periods would be
shorter than 30 years, the analysis re ects decadal variabity.

Long time series from wind speed observations, which are lsgdisturbed and largely ho-
mogenous over time are generally very rare. Additionally, he number of observations to
be integrated in the analysis was limited by the availability of the model data. Due to the
ERA40 forcing the simulation only covered the time period of 1961{2000. The hindcast
simulations provided by the CORDEX initiative for Europe ar e available for the period of
1989{2009 as they are forced by the reanalysis data from ERAterim (Dee et al. (2011)).
For this period a more dense network of wind speed observatits is available and a next
investigation concerning wind speed evaluation in a multi nodel ensemble would face to
more robust results.

With the integration of a higher number of measuring sites, aregionalisation based on the

observation's characteristics is recommended, to be ableotmake assumptions for larger
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areas. Thereby it should be noted, that only general feature can be taken into account,
as far as possible independent from local in uences, e.g., @n wind speeds and prevailing
wind direction. This regionalisation should be tested for \alidity over time and in di erent

seasons.
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List of Abbreviation

ALADIN RCM developed at CNRM and CHMI

AR "Atlantic Ridge" - weather regime

BATS Biosphere-Atmosphere Transfer Scheme

BL '‘Blocking™weather regime

BSH Bundesamt fur Seeschi fahrt und Hydrographie

C4l Met Eireann, Community Climate Change Consortium for Ir eland
CHMI Czech Hydrometeorological Institute

CLM Climate Local Model (now called COSMO-CLM)

CNRM Centre National de Recherche Meteorologiques

CORDEX  COordinated Regional climate Downscaling Experiment

CRCM Canadian Regional Climate Model
CRU Climate Research Unit

CTL control simulation using sandy loam
DMI Danish Meteorological Institute
DSMW Digital Soil Map of the World

DWD Deutscher Wetterdienst

EC Environment Canada

ECHAM General Circulation Model developed at MPI Hamburg
ECMWF European Centre for Medium-Range Weather Forecasts
ENSEMBLES EU-funded project within the FP6-framework

ERA ECMWF Re-Analysis

ERAinterim A continously updated ERA starting from 1979

ERA40 A 45-year ERA from September 1957 to August 2002

EU European Union

ETHzZ Eidgenessische Technische Hochschuleeizich

FAO Food and Agriculture Organization

GCM General Circulation Models

GEM-LAM  Global Environment Multiscale - Limited Area Model

GKSS GKSS Reseach Center (now HZG)

HC UK Met O ce, Hadley Centre for Climate Prediction and Rese arch

HZG Helmholtz-Zentrum Geesthacht
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ICTP The Abdus Salam International Centre for Theoretical P hysics
JRC European Commission Joint Research Center
HadRM HadleyCenter Regional Model

HIRLAM High Resolution Limited Area Model

INM Instituto Nacional de Meteorologia

IPCC Intergovernmental Panel on Climate Change
KNMI The Royal Netherlands Meteorological Institute
METNO The Norwegian Meteorological Institute

MOD modi ed simulation using silt loam

MPI Max Planck Institute for Meteorology

MSLP Mean Sea Level Pattern

NAO North Atlantic Oscillation

NAO+ '‘Zonal" - weather regime

NAO- "Greenland Anticyclone" - weather regime
NCAR National Center for Atmospheric Research
NCEP National Centers for Environmental Prediction

OURANOS Consortium on Regional Climatology and Adaptation to Climate Change
PROMES Mesoscale Prognosis model
PRUDENCE EU-funded project

REMO RCM from MPI and climate Service Center 2.0
RCA Rossby Centre Regional Climate Model Version
RCM Regional Climate Model

RMSE Root mean squared error

SMHI Swedish Meteorological and Hydrological Institute
STD standard deviation

UCLM Universidad de Castilla La Mancha

UKMO UK MetO ce

UQAM Universie du Quebeca Montreal
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A RCMs in the Multi Model Ensemble

Model RCA3 Aladin Aladin- HIRHAM CLM CLM HadRM RegCM3
RM4.5
Institution CA4l CHMI CNRM DMI ETHZ GKSS HC ICTP
Country Irland Czech Rep. France Danmark Switzerland Gayna Great Britain  Italy
Grid rot Ic Ic rot rot rot rot
grid dimensions
- 50 km { 84x95 93x101 90x95 91x97 85x95 118x115 86x98
- 25 km 190x190 167x189 213x213 174x190 193x201 { 220x214 X200!
number of atm. layers 31 27 31 32 32 19 34
sftls tile appr. yes no no no no no yes -
Table A.1: Part 1: Summary of grid con gurations for all RCMs
Model RCA3 RACMO2 HIRHAM REMO RCA3 PROMES CRCM
Institution INM KNMI METNO MPI SMHI UCLM EC
Country Spain Netherlands Norway Germany Sweden Spain @ana
Grid rot rot rot rot rot rot rot
grid dimensions
- 50 km 198x100 85x95 85x95 85x95 91x91 85x95 104x94
- 25 km 230x141 170x190 170x190 170x190 170x190 170x190 2921 x
number of atm. layers 31 40 31 27 24 28 29
sftls tile appr. yes yes no { yes yes {

Table A.2: Part 2: Summary of grid con gurations for all RCMs

0oTT
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B Statistical values for the German and Dutch observations

ID Name Xo 0 XOOct Mar g)ct Mar Xg\pr Sep épr Sep
1529 Soltau 2.94 1.35 3.12 1.4 2.76 1.24
1402 List 6.97 2.81 7.03 2.8 6.89 2.77
1468 Bremerhaven 5.18 2.38 5.32 2.4 5.03 2.27
1474 Bremen 4.33 1.96 4.64 2.04 4.02 1.78
1040 Helgoland 6.71 2.88 6.87 2.84 6.55 2.86
1438 Schleswig 3.88 1.67 411 1.81 3.66 1.45
1444 Hohn 4.19 2.14 4.55 2.3 3.82 1.84
1497 Oldenburg 3.77 1.71 4.09 1.8 3.45 1.51
1132 Lingen 3.16 1.31 3.36 1.37 2.95 1.18
9007 Wittmundhafen 4.94 2.41 5.39 2.59 4.48 2.09
1730 Jagel 4.83 2.31 5.15 2.49 45 2.03
260 De Bilt 3.21 1.5 3.54 1.61 2.88 1.28
270 Leeuwarden 5.22 2.25 5.63 2.4 4.82 1.98
280 Eelde 4,58 2.16 4.9 2.28 4.24 1.9
370 Eindhoven 453 1.99 4.86 2.09 4.19 1.81
375 Volkel 4.18 2.01 457 2.06 3.78 1.86
380 Beek 4.29 1.96 4.61 2.03 3.95 1.79
344 Zestienhoven 5 2.39 5.33 2.46 4.64 2.21
290 Twenthe 35 1.55 3.73 1.63 3.26 1.41
350 Gilze-Rijen 4.3 1.9 4.61 2.03 3.97 1.67
225 IJmuiden 7.29 3.05 7.44 3.08 7.09 3.02

Table B.1: Statistical values for the German and Dutch obser vations for daily mean wind speed covering

the time period t1: 1971 to 1983.

ID Name Xomax omax  Xomax o Omex o Xomax o omax
1529 Soltau 8.95 3.84 9.24 4.07 8.65 3.66
1402 List 15.1 5.22 15.34 5.66 14.87 5.49
1468 Bremerhaven 12.08 4.56 12.34 4.87 11.79 4.49
1474 Bremen 10.9 4.34 11.23 4.6 10.54 4.16
1040 Helgoland 13.84 4,5 14.11 491 13.53 4.97
1438 Schleswig 10.88 4.33 11.21 4.65 10.53 4.09
1444 Hohn 10.56 3.99 10.91 4.28 10.2 3.7
1497 Oldenburg 10.5 4.45 10.93 4.76 10.06 413
1132 Lingen 9.48 3.87 9.79 4.13 9.15 3.68
9007 Wittmundhafen 11.9 4.59 12.41 4.99 11.38 4.39
1730 Jagel 11.73 4.85 11.99 5.27 11.44 4,52
260 De Bilt 9.92 3.93 10.49 4.19 9.34 3.58
270 Leeuwarden 11.7 4.32 12.15 4.67 11.23 4.08
280 Eelde 11.3 4.15 11.66 4.53 10.92 3.95
370 Eindhoven 11.12 3.92 11.47 4.14 10.77 3.68
375 Volkel 10.1 3.81 10.52 4.03 9.67 3.63
380 Beek 10.27 4.07 10.72 4.38 9.8 3.97
344 Zestienhoven 11.6 4.27 12.05 4.58 11.12 4.1
290 Twenthe 9.86 3.59 10.2 3.84 9.49 3.32
350 Gilze-Rijen 10.89 4.01 11.24 4.24 10.53 3.73
225 IJmuiden 13.86 5.12 14.09 5.44 13.56 5.05

Table B.2: Statistical values for the German and Dutch obser vations for daily maximum wind speed
covering the time period t1: 1971 to 1983.
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C The North Atlantic Oscillation (NAO) and the NAO-

index

The atmospheres and oceans variability in the North Atlantic and Europe is strongly
dominated by the North Atlantic Oscillation (NAO). In the 18 th century, where instru-
mental observation was limited, the scienti ¢ discussion o the NAO as the climate see-saw
started. Later in the 19th and 20th century the NAO was linked to surface pressure elds
and extensive statistical analysis have been carried out tainderstand the underlying pro-
cesses (Hurrell (1995), Hurrell and van Loon (1997), Wanneet al. (2001)).

The NAO describes the variability in the di erence of atmospheric pressure at sea level
between the Icelandic Low and the Azores High. During the poisive phase of the NAO
the pressure gradient between the two locations is strongethan normal. This enhances
westerly winds across the North Atlantic. In consequence tlis leads to northerly tracks of
cyclones, which results in wind to a warm and moist air transprt to Central and North
Europe. In contrast South Europe is left out from cyclone tracks and thus leads to drier
conditions than normal. The negative NAO phase the pressurali erence the Icelandic
Low and the Azores High is weaker compared to the mean statepflowed by also weaker
westerly winds. Cyclone tracks pass more in the South, whicltauses wet conditions in
the Mediterranean region and wet and dry conditions in the nath of Europe.

The NAO is most pronounced in winter. The temporal variations is indicated by an in-
dex. There are di erent methods to derive the NAO-index. The station-based index of
the NAO is based on the di erence of normalized sea level prasire (SLP) between Lisbon,
Portugal and Stykkisholmur/Reykjavik, Iceland since 1864. As the Icelandic Low and the
Azores High are not stationary, another method to calculatethe NAO-state is a principal
component (PC)-based approach. The PC-based indices of thBIAO are the time series
of the leading Empirical Orthogonal Function (EOF) of SLP anomalies over the Atlantic
sector, 20N-80 N, 90 W-40 E. Advantages of this method are more optimal representa-
tions of the full spatial patterns of the NAO.

In the present study the PC-based NAO-index was used CPC (200). Figure C.1 shows

mean annual NAO-index per year for di erent seasons.
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Figure C.1: Annual mean NAO-Index for di erent seasons in th e time period of 1961 to 2000.

D Weather regime classi cation

The objective method to classify the circulation weather types at surface has been de-

veloped by Jenkinson and Collison (1977). The distribution of the mean sea level air
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pressure is used to derive indices for wind and vorticity. Va empirical relations between
these indices a circulation type but also storm events can bédenti ed.
Wind

The horizontal equation of motion is reduced by a geostrophi approximation to a diag-

nostic equilibrium between the Coriolis acceleration and he pressure gradient:

fu= 2 sinu = 2= 1RF‘) 1R' p
p Y p p (D.1)
= invy = 1V _ N 1. 1p
fv =2 sin'v = < Sog mooa

where x and y are the arc length across the parallel and the meridian  within the
spherical coordinate system with R as the Earths radius. Theorientation of the axes is
Eastward and Northward and vertical positive in the upward direction. In this caseu > 0

and v =0 (u=0, v >0) represent a pure wind from the West (from the South).

Furthermore and p are air density and air pressure at the mean sea level, (= 2=24h)
the angular velocity of the Earths rotation and f (=2 sin' ) the Coriolis parameter de-
pendent on the latitude. The Coriolis acceleration leads toa de ection to the right of
the wind along the strongest pressure gradients. In the gedphical balance is the wind

direction tangential to the isobars and wind speed is propotional to the pressure gradient.

The following constant values

= 1:225kg=m®
= 2 =86406=0:7272 10 *(radiant)s *

f(55 N) = 1:1914 10 *(radiant)s 1! (D.2)
R = Re=6366707m
= ' =10 =0:17453283fadiant)
R ' = 600° 1852m = 600sm

have been used for the de nition of the proportionality

100

— = 0:62mPs/kg (D.3)




D WEATHER REGIME CLASSIFICATION

115

and the simpli cation of the Equations D.1

u(m=s)= ¢y ' p=0:62u

v(m=s) = % =0:62V:

Figure D.1: Positions for weather regime classi cation.

(D.4)

Finally, the approximation of the wind (and vorticity) is ba sed on the pattern of mean sea

level pressure. The method is a combination from discrete dérentiation and weighted

(binomial) mean from pressure values at the 16 locations siged in Figure D.1 and results

in speed indices given inhP a:

u(hPa) = fp(o'o+r =2) p(o'o '= 2)g
1 1
= §(p12+p13) é(p4+p5)
1
v (hPa) = cos'ofp( ot =2"0) p(o =2" 0)g
1

1 1
= mf Z(p5+2p9+ P13) Z(p4+2p8+ P12)9

(D.5)

(D.6)
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The locations taken into account are centered over the NorthSea at ( o;' 0)=(5 E, 55 N),

and are representative for the area 0{ 10 E and 50 {60 N.

The resulting wind vector V  and the wind direction # is calculated by

p
V. = u?+v? (D.7)
and
#= @atan(v =u) (D.8)
\orticity

The relative vorticity is de ned as the vertical component of the rotation the wind eld

and, under geostrophic conditions, proportional to the divergence of the pressure gradient

o V .
=~ —+ — (D.9)

if the rst derivative of the Coriolis parameter f is suppressed. The same as before

Rcos' andR ' are described agix anddy. Dueto ' = , the proportional value
c = Ri =0.55 x 10 ®ms/kg (D.10)

is introduced and the speed shear in Equation D.9 is transfaned in the discrete form:

\Y
(s H=c 508 ku =cf ,+ ,0=0:55x10° (D.11)

The western and southern shear vorticity index is calculatel by a linear combination of

air pressure (hPa).
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sin' o sin' ¢

u = mu(oi 1t '=2) mu(o; 1+ '=2)
sin55 1
oo 2lPisTP1e) (P +Po)l (D.12)
sin55 1
Sn 60 5[(ps+p9) (P1+P2)]
1 ' 1
v T Zeos, Vot sha Vet o) (D.13)
1 1 1
- 200255 Z[(p6+2p10+p14) (Ps+2pg + P 13)] Z[(p4+2p8+p12) (P3+2p7 +pP11)]

Criteria for weather classi cation

(In Section 4.3 the method of the classi cation from wind- and vorticity-index has been

already described, but for the sake of completeness, listedgain at this point.)

The classi cation basically uses empirical relations betveen the wind-indexV and the

vorticity-index as listed in Table D.1.

Table D.1: Relations between wind-index V and the vorticity-index to derive the weather classes

condition ow type
i i<V directional e.g. NW, wind direction
i > 2v rotational C (if > 0), cyclonic

A (if < 0), anticyclonic

Vo j 2V hybrid e.g. CW

Y 6hPa j j diuse UNC, unclassi ed

In this way 27 di erent weather types can be distinguished: beside the prede ned 8 pre-
vailed wind directions and the two possibilities on cyclont or anticyclonic turbulences, 2x8
hybrid weather types can be de ned. Additionally there is an unclassi able type (UNC),

which mainly occurs in combination with weak pressure gradénts.

Beside the weather types also storm events can be identi ed red quanti ed. The storm
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index G is calculated from the wind- and vorticity-indices.

P
G2= V 2+ 2=4 (D.14)

Table D.2: Reanalysis data set dependent thresholds for storm-index G to de ne storm categories

G (hPa) < severity type
UKMO NCEP | ERA40

30 28.3 29.0 gale G
40 36.6 37.9 severe gale SG

50 44.6 45.2 very severe gale VSG
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