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Preface

During my internsh ip, | investigated the po ssibility to improve the radar projection. This
project sparked my interest to investigate the impact of a city on a severe thunderstorm. For
my research , | preferred a large city in the Netherlands, but this was discouraged because of
the strong influence of the sea breeze. The choice of Be  rlin is interesting, because Berlin is a
city with a high urban vegetation cover  and is located in a relatively flat | andscape. These
conditions are perfect for my study. Due to the resulting enthusiasm after the first WRF

results, | performed many model runs to study the urban precipitation effect in Berlin



Abstract

Severe thunderstorms can cause problems in urban ar eas. Heavy precipitation has to be
drained away, often by undersized or even damaged sewer pipes. This can result in flooding

and damages in an urban area . Despite its importance , there is a lack of knowledge on the
impact of urban areas on severe thunders  torms. There are three main mechanisms which
can cause urban precipitation disturbances: ( 1) low-level mechanical turbulence through
urban obstructions to the airflow ; (1) the addition of sensible heat flux from the urban area ;
(1) the urban (anthropoge nic) aerosols . The effects of mechanism ( 1ll) have not been

investigated in this study.

This WRF model study investigated the situation with a severe thunderstorm in the area of
Berlin on September 11, 2011. In seven cases, a different feature of the urba n area is

examined with regard to the impact of an urban area on the severe thunderstorm.

The study suggests approximately  0.5-4.0 [°C] higher urban temperatures and
approximately 2.0 percentlessto 14.7 percent more urban precipitation in and downwind o f
the urban area, compared to the rural temperature and precipitation. The result indicates a
decreased latent heat flux and increased sensible heat flux in the urban area, which
correspond to mechanism ( IlI). The cases urban vegetation cover and city size results
correspond to mechanism (1l). The anthropogenic heat causes higher CAPE values, which
results in a destabilized effect of the urban boundary layer (mechanism ( ). This results in
more precipitation in the urban area as the anthropogenic heat incre ases. The results of the

albedo and building height correspond to mechanism ( 1) as well.

Keywords . Urban heat island, Precipitation, City sizes, Anthropogenic heat, Urban

vegetation fraction, WRF.
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1 Introduction

1.1 Theoretical b ackground

The assumption that thunderstorms always pas s around an urban area is a well - known
saying . However, is there any truth in this saying ? To answer this question, several studies
have investigated the impact of urban areas on severe thunderstorms.  This investigation

differs from pre vious research. This research has been focused on the impact of several

urban features on a severe thunderstorm , instead of one specific urban feature per research .

The research is relevant because of the increasingly expensive damages in urban areas,
caused by thunderstorms.  Currently, over 3.3 billion people live in urban areas . Next to this,
the u rban area is incr easing rapidly. According to Stepherds & Burian (2003) and the United
Nations Population Fund  (2007) , the number of people living in urban areas will increase up
to 5 billion ( 60 per cent) in 20 30.

However, severe thunderstorms have significant impact on ¢ ity dwellers and the economy.
The storms cause problems for sewer systems in an urban area . Due to the impervious
surface , rain water cannot infiltrate into the ground. As a result, the precipitation has to be
drained by the sewage system . This can result i n urban flooding , flooded basements and
infrastructure  damages in case of high rain intensity, caused by undersize d or damaged
sewer pipes. According to the IPCC -4 report , global warming increases the frequency of
severe precipitation events (Willems et al., 2012 ; Wan & Zhong, 2013 ). Therefore , it is
necessary to assess the impact of urbanisations on convective precipitation properly
Especially since severe convective precipitation can cause problems in short time period s, in

contrast to stratiform precipi tation which has been ignored in this study .

The urban heat island (UHI) is the phenomenon in which the average temperature of an
urban area is higher than the surrounding (rural) area. This effectis caused by differences in
albedo, surface roughness, ev apotranspiration and energy flux (Lin etal., 2011 ). As a result ,
the energy and radiation balances in rural and urban areas differ (Oke, 2006) . The radiation

and energy balance are respectively:

0° p | OY - -3 077 [1]

0° 0 O 00O O [2]
where Q" is the net radiation , isthe albedo , "Y is the incoming shortwave radiation [W/m 2],
Eis the emissivity, 0’ is the incoming longwave radiation [W/m 2] | is the Stefan - Boltzmann

constant (5.67 110-8 [W/m 2]) and Tsuin is the skin temperature [K] . The Ha is the anthropogenic



heat production in equation [2] , Hs the sensible heat flux, L,E the latent heat flux and G the

soil flux [W/m  2].

In rural areas the energy balance is driven by the shortwave (daytime) and longwave (night -
time) radiation, the sensible and latent heat fluxes and the soil flux. The heat exchange is
determined by the surface characterist ics (type of vegetation or moisture content ), the
thermal properties of the soil and the level of turbulence in the atmosphere (Oke, 1982) . In
urban areas , the energy and radiation balanc es differ from rural areas  due to the high heat
capacity of urban materials , and increased incoming radiation caused by multi - reflection and
absorption . Therefore, the surface albedo, convective available potential energy (CAPE) and
evapotranspiration decreases, deepens the boundary layer, and increases the surface
temperature in an urban area (Zhang et al., 2009; Yang et al., 2014) . Furthermore, the urban
albedois 0.05to 0.1 lower and resultsin more net solar radiation (Christen and Vogt, 2004).
There is a heat accumulation during daytime and a release of heat at night in the urban areas

(Oke, 1982).

Another release is the anthropogenic emission of pol luted particles. The urban heat island

and pollution (aerosols) are related to precipitation processes (Wan & Zhong, 2013). In
several studies , large-scale urbanisation has a significant effect on temperature,
precipitation and deterioration of visibility in the area near Shanghai (Wan et al., 2012; Wan

& Zhong, 2013).

The urban energy balance and urban pollution can influence the precipitation pattern in and
around urban areas. According to Guo & Wang (2006 ), an increase in severe precipitation
events has already been observed in urban areas . According to Changnon et al. (1990), the
urban areas have 5 to 10 per cent more cloud cover and 13 to 15 per cent more precipitation
than the neighbouring rural areas. The research of METROMEX shows an increase of 5t0 2 5
percent of precipitation within 50 to 75 kilometres downwind of several American cities

during the summer months ( Changnon et al., 1981; Wan & Zhong, 2013). Another result
shows that changes in urban precipitation depend on the degree of urbanization (Miao et al.,
2010). According to Wan & Zhong (2013 ), the precipitation in the urban area decreased
There are three main mechanisms which can cause urban precipitation disturbances (Huff &
Changnon , 1973 ; Oke, 1982; Jauregui & Romales, 1996 ; Miao et al ., 200 9; Yang et al.,
2014 ):

l. Low- level m echanical turbulence through  urban obstructions to the airflow ;
Il. The addition of sensible heat flux from the urban area;

Il. The urban (anthropogenic) aerosols.



Mechanism [: low - level mechanical turbulence

The airflow change s due to the increased roughness length of the urban area a nd the urban
heat island effect . The increase in the sensible heat flux and roughness length can

destabilize the urban boundary layer and  can enhance the precipitation (Stepherd & Burian ,
2003). The low-level convergence and the convection have been strengthened in this
situation (Collier, 2006; Guo & Wang, 2006) . Especially on the leeward side of a city , the
surface convergence is enhanced ( Huff & Changnon, 1973 ). As a result, rainfall has often

been intensified during moderately heavy rain situations (Chagnon etal., 1990).
Mechanism I: addition of sensible heat flux

The sensible heat flux increases in an urban area and as a consequence the latent heat flux
decreases, both compared to rural areas . The urban soil moisture content and the
precipitation convective clouds decreases (Bornstein, 1968; Guo & Wang 2006; Matheson &
Ashie, 2008). However, the sensible heat has a larger effect in determining the location of
(convective) clouds than soil moist ure content . The warmer and relatively dry  urban soils
possibly inhibit the transportation of moisture in the urban boundary layer . Thisresults in a
decrease of the latent heat flux, convect ive available potential energy  and precipitation (Wan
& Zhong, 20 13).

Mechanism |llI: urban aerosols

The aerosols can affect the radiative forcing (direct effect). Aerosols scatter and absorb solar
radiation ; reemit longwave radiation back to the surface and have effect on the surface
temperature (Ramanathan et al., 2001 ). Another interaction is the aerosol - cloud interaction.
The aerosols change the stability of the atmosphere due to heating (sensible heat flux
increase) and affect the evaporation of the clouds ( Hansen et al., 1997; Jin et al., 2005). The
anthropogenic ae rosols in urban areas can suppress, invigorate or  suppress and invigorate
the convection and low - level convergence (Schmid, 2013).  There is slightly more evidence of
the dynamic modification processes than microphysical modification processes (Huff &
Changnon, 1973 ).

Explaining the relation  between urban areas and precipitation is and will be very difficult.
Precipitation is affected by  different factors and the raindrops do not fall perpendicularly

through wind direction and wind speed ( Kondo, 2012 ). The r esults can be caused by model
errors as well ( Seino & Aoyagi, 2012 ; Wan et al., 2012). The anthropogenic heat in urban

heat island is not included  in current models either (Matheson & Ashie, 2008 ).

Therefore it is necessary to investigate the impact of an urban area on convective
precipitation for different cities around the world (Guo & Wang, 2006 ). The aim of th is study

is to understand the physical mechanisms of the urban impacts on regional (convective)



precipitation. = We have selected a severe thunderst orm situation in western Europe on
September 11, 2011 to investigate the impact of urban area and urban features on

convective precipitation  (Chapter 2.2) .



1.2 Research Question
This WRF study investigated the &rban met eor ol o gi oma tonvectivé epretipitation.
For this study, two research questions are formulated:
1) Could WRF reproduce the squall line for the situation of September 11, 2011 in the area
of Berlin?

2) Whatis the impact of  urban features on convective precipitation?

The research inve stigates seven cases to answer the research questions:

A Case 1: Reference Run , representing the selected day;
A Case 2: Run without Berlin in the model ;
A Case 3: Run with different  city sizes ;
A Case 4: Run with various anthropogenic heat;
A Case 5: Run with vario us building heights ;
A Case 6: Run with various building al bedods
A Case 7: Run with different  vegetation covers within Berlin;
Various studies have shown the plausible effect that urban areas affects the convective

precipitation. However , there is still a | ack of knowledge on the  physical mechanisms and
impacts . According to Tayang et al. (1997), there is no evidence that an urban area affects

the precipitation. These contradicting results indicate that the results are not unanimously,
and tend to a city and variable dependency. Therefore , an analyse of seven different features
of an urban area have been investigated t o answer the two research questions . Each case
investigated a different feature of the city and its impact on the severe thunderstorm. The

cases have been described in more detail inthe Method ology (Chapter 2.3).

This study goes beyond previous research, because of the investigation of the impact of
various urban features instead of one urban feature on convective precipitation, and partly

because of unique cases (4 and 7) which are not investigated in ~ European cities yet.

Several cases have been covered in order to answer the two research questions in the MSc
thesis . The thesis is organized as follows. C hapter 2 contains the description of the used
method and model runs.  The results of cases 1 to 7 are presented in chapter 3, followed by

the discussion and conclusion  in chapter 4 and 5 respectively .



2 Methodology

2.1 Model domain and initialisation

The Weather Research and Forecasting ( WRF version 3.5 ) model is used in this study to
simulate the impact s of an urban feature on convective precipitation (Skamarock et al.,

2008) . The WRF model is a suitable tool because WRF is applied frequently for short and

medium range weather forecast s (Yair et al., 2010). Moreover,t he WRF model has often been
used for urban precipitation modelling , for example in Miao et al. ( 2010) and Lin et al.

(2011).

In this study we use three nested domains , which plotted in figure 1. Based on literature (e.g.
Theeuwes et al., 2013 ), the largest domain of WRF is domain 1  (D01) with a horizontal grid
spacing of 25 kilometre s and 61x61 grid cells . The mother domain includes many countries

in the western and central Europe with the central point in Berlin (52.5 15N, 13. 407 E).

The selected area is designed to capture the WPS Domains
synoptic features. The first domain (D02) had N
a horizontal grid spacing of 5 kilomet res and
61x61 grid cells . The innermost dom ain s
(D03) covered the area of Berlin and had a
horizontal grid spacing of 1 kilo metre with

100x100 grid cells . o

The vertical structure of the WRF model

consist s of 35 eta layers that cover the entire
troposphere . An adaptive time step is

employed, in the outer domain 120 seconds

4°E  6°E 8°E 10°E 12°E  14°E 16°E 18°E 20°E 22°E

and decreases with a ratio of 5 in each
Figure 1. The three domains in the

WRF model, the mid - point is Berlin.

domain .

2.2 Case description

The urban area of Berlin has been investigated, because the city is located relatively far

(>150 [km]) from the sea , in order to prevent the influence of a sea breeze (based on
Theeuwes et al., 2013). In addition, Berlin is located in a relatively flat area of Germany , in
order to prevent influence s of the topography. According to e.g. Li et al. (2011) and Yang et

al. (201 4), severe thunder storms are more influenced by urban  features than light showers.

Eventually, the weather condition of September 11, 2011 has been selected.

On 11 September 2011 , heavy showers with lightning and hail caused severe damage in
central and the eastern part of Germany. The inhabitants in the area between Magdeburg

and Halle reported a tornado. Many roads were flooded due to heavy rainfall and there were



several power failures. The resulting damage was estimated to a few million euros and even
one person died tro ugh a f | y iHefiger Regéne Ubeffldtet Autobahn 0, 2011 and
dUnwitter 11.9.2011 6, 2011)

Figure 2 a shows the weather map of Europe on September 11, 2011. A high pressure area in
southeast Europe transported very warm and moist air to the western and central part of
Europe. The warm air mass had a temperature of 20 [°C] at 850 [hPa] height (1500 met res
height), which indicates a very warm air type. The dew point was on average 20 [°C]. This
resulted in a night - time minimum temperature of 20 [°C], while the surface temperature
reached values of 30 [°C] or more during daytime . On the west side of the very warm air, a

cold front has been located with the possibility of heavy thunderstorms.

Figure 2. a) The weather map of 11 Septe mber 2011 with the two depressions across the Atlantic Ocean and the
large high pressure system over the European continent. The cold front (indicated by the arrow) is  above Germany
at 12 UTC. b) T wo F1 tornadoes were confirmed, this one in Elsnigk (Sachse n- Anhalt) close to Berlin.

The heavy showers with lightning and hail are the result of very unstable conditions in
Germany. In the days before  September 11, the low pressure system with a core pressure of
975 hPa stagnated north of Ireland. In the meantime , old hurricane Katia with a core
pressure of 969 hPa moved towards the Netherlands and Belgium  (figure 2 a). The cold front
moved eastwards. During the night of 10 to 11 September, this situation caused lightning in

the Netherlands and in northwest Germany. During the morning on  September 11, the first
thunderst orms developed rapidly over the western part of Germany , in which the convective
available potential energy ( CAPE reached values above 1.0 [kJkg] and a large vertical wind
shear. These are ideal conditions for the development of severe supercells. Large areas in
Germany were confronted with heavy rainfall and hail with diameter s of 5 centimetres. As a
consequence, several f acades and cars were badly damaged and basements were flooded.
Moreover, the heavy water - and mudflows caused a closure of Motorway 14 (near Berlin) .
The thunder storm s not only caused heavy rains, strong winds  (>100 [km/h]) were measured

aswelli n centr al HEStge Gewitiey 6( 0 201 1)



2.3 Model configuration and experimenta | design

2.3.1 Reference Run (Case 1)

To determine the best reference run, several schemes for the numerical and physical
processes have been validated . An overview of the schemes is illustrated in table 1. There
are several schemes available in the WRF mo del. To select the best schemes for the seven
cases, a sensitivity analysi s has been perform for the Microphysics, Planetary Boundary
Layer, Cumulus Parameterization and L and Surface scheme. The selected schemes for the
Short- and Longwave Radiation and S urface Layer were fixed during the reference run
respectively the Dudhia scheme (Dudhia, 1989) , RRTM scheme (Mlawer et al., 1997) and the
Janjic scheme ( Janjic, 2002 ).

Table 1. An overview of the used schemes for the reference run (case 1). The first three schemes are fixed, the
other schemes have been investigated in case 1 .

Numerical and physics process Schemes and model
Shortwave Radiation Dudhia
Longwave Radiation RRTM
Surface Layer Janijic
Microphysics - Ferrier (new Eta)

- WSM6
Planetary Boundary L ayer - Yonsei University

- Mellor - Yamada- Janjic
Cumulus P arameterization - Kain - Fritsch

- New Simplified Arakawa - Schubert
Land Surface - Noah Land Surface Model

- 5- layer thermal diffusion

Two Microphysics s chemes have been simulated for the reference run : the Ferrier (new Eta)
and the WSM6 schemes (Hong & Lim, 200 6; Rogers et al., 2008). The WSM6 scheme is
similar to the Ferrier scheme, the only difference is the modification of the WSM6 scheme for
tropical conditions. The Yonsei University (YSU) scheme and the Mellor - Yamada- Janjic (MYJ)
scheme have been simulated. Thisis  a comparison between a non-local scheme and an eta
implementation of a 1.5 - order local closure scheme respectively (Mellor & Yamada, 1982;
Janjic, 2002; Hong et al., 2006) . According to Pagowski (2004), the YSU scheme
underestimated the heat transfer between the surface and atmosphere. However, the MYJ
scheme underestimated the heat transfer even more. The Kain - Fritsch scheme and the New
Simplified Arakawa - Schubert scheme have been selected for the Cumulus Parameterization.

The New Simplified Arakawa - Schubert scheme uses a simple mass -flux scheme with a
shallow mixing scheme, while the Kain - Fritsch scheme uses a deep and sh allow convection
subgrid scheme for the WRF simulations (Kain & Fritsch, 1993; Han & Pan, 2011). The 5-

layer thermal diffusion scheme in the Land Surface physics uses five soil layer temperatures,



while the Noah Land Surface uses the temperatures and moisture content of four soil layers
(Dudhia, 1996; E ketal., 2003) .

Next, the temperature and precipitation output s have been compared and validated with the
observation of Berlinds f our Wweegrohne 1. Tre tfoartwieaihers
stations were IBERLINB13 (south east Berlin) , IBERLINB15 (southwest Berlin) , IBERLINB24 (east
Berlin) and MAR542 (north Berlin). The station MAR 542 is the weather station located at the
Berlin Tegel airport . The observations of the remaining three weather stations have been
used for the validation after a careful selection of 13 amateur weather stations (e.g. data
completeness) in the urban area of Berlin . The radar - and sounding model output s have
been validated with the radar ( figures from  ANijederschlagradar ) and the sounding of

Lindenb erg (figures from University of Wyoming ).

2.3.2 Urban versus nonurban  (Case 2)

In this case we compared the model run with the Berlin and the model run without the city
Berlin. The urban area land use category (LU=1, red colour ) has been replaced by the | and
use category dryland , cropland and pasture (LU=2 , blue colour ) (figure 3). In this case, the

effectsof 8 or i gi n ahadbeddsimdlatedh on the severe thunderstorm

a Land use catergory With Berlin b Land use catergory Without Berlin
52°50'N 52°50'N
52°40'N 52°40'N
52°30'N 520N
s2°20'N

52°20'N

52°10'N 52°10'N

12°40'E 13°E 13°20'E 13°40'E 14°E 12°40'E 13°E 13°20'E 13°40'E 14°E

Figure 3. Land use in domain 3 for the model runs a) with the city Berlin (red area) and b) without the city .

(dat a



2.3.3 Influence city size on convective precipitation (Case 3)

For case 3to case 7, the @riginal dBerlin was replaced by an idealized circular city  in the WRF

model . T hodrcularrity wBerlin had different sizes (figure 22, Annex ), namely :
A 10 kilometres diameter , comparable to The Hague ;
A 20 kilometres diameter , comparable to the downtown of Berlin ;

50 kilometres diameter , comparable to London and Paris

> >

75 kilometres diameter , very big city ;
A 100 kilometres diameter , very big city .

This case investigated the impact of city size s on a severe thunderstorm.

2.3 .4 Influence anthropogenic heat on the severe thunderstorm ( Case 4)

Case 4 investigated different anthropogenic heats in the urban area . According to
Bohnenstengel et al. (2013) , the anthropogenic heat flux has a smaller positive effect on
temperatures in the urban areas during the summer  period than in the winter period . Several
values of anthropogenic heat have been investigated. According to Matheson & Ashie (2008)
the maximum value of the anthropogenic heat flux is 32 to 107 [W/m 2]. We selected a very
small anthropogenic heat  with a maximum anthropogenic heat value of 2 [Wim?Z2], an
anthropogenic heat maximum on a summer day (40 [W/m?2]) and a very high maximum
anthropogenic heat flux of 100 [W/m?2] in the urban area. The Large scale Urban
Consumption of energY (LUCY) model created a realistic daily cycle of the anthropogenic
heat (Allen et al., 2011) . LUCY calculated an anthropogenic heat in the urban area of Berlin of
40 [W/m 2] on September 11, 2011 .

2.3.5 Building height in the urban area ( Case 5)

The model run has simulat ed various buildings heights  in this case . The building heights in
an urban area can affect the urban energy balance and turbulent fluxes. The buildings in the
urban area can produce a barrier effect as well, resulting in a possible flow around the urban

area (Lin, 2000). In this study, we have investigated three values of building height s in the
idealized circular city , namely 1.5 met res, 7.5 met res and 15 met res. The low heights have
been selected due to alow maximum building height policy (22 metres) in the city centre of

Berlin since 1991 (dHet nieuwe Berlinwordt nor maal 6), 1995

2.3.6 Albedo in urban areas ( Case 6)

This case investigated different albedo s in the urban area . The albedo is very heterogeneous

in an urban area due to  the different albedos of roads, roofs, walls and parks. Urban albedos
are typically in the range 0.10 to 0.20 [-], but in some African citi es the albedo is even
higher (Taha, 1997). The albedo in urban canyons is 0.14 [-], for individual facades 0.20 [-]
and for grass 0.19 [-]. According to Taha (1997), the high albedo reduces the amount of
absorbed solar radiation and  cools the surface s. In this case four urban albedos have been

modelled : a model run with a low albedo (0.10 [-] and a run with a high albedo (0.30 [-D-

10



The third model run uses an albedo of 0.15 [-]; the fourth model run uses an albedo of
0.20 [-]. These two albedo values ha ve been selected on the basis of the previous albedo

values.

2.3.7 Vegetation cover in urban area ( Case 7)

Case 7,s0-cal | ed ©Ovegetiat itohne cuo vbsara seaen enadél run s with different
vegetation covers (LU = 5, cropland/ grassland mosaic ) within the urban area of Berlin.
According to the webs ite of Fachvereinigung BauwerksB egriinung (FBB), 25 per cent of the
roofs in Berlin are roof gardens. There are several large parks in Berlin as well, for example
the O6Tiergartend, 6 Vohdkthep & 8 i r eHeaps aernkTecBiefleecide refothe
seven different urban vegetation covers has been investigated on the sever e thunderstorm

The vegetation covers are 1, 10, 20, 30, 40, 50 and 100 percent of the urban area

The following aspects of differen t city sizes have been investigated in this seven cases and
compared with the run without Berlin: the (dewpoint) temperature, precipitation, relative
humidity, CAPE, latent heat flux, sensible heat flux , vertical wind speed and convergence.
The vertical wi nd speed and precipitation in the urban area and in the urban downwind area
has been investigated in more detail in several cases . For the vertical wind speed, the
selected square area was between 13 A2-3&KRA 0506 E an d5 25/25758abdhain 3 (about

160 measuring points) . The sel ected square area for the precipit

15A2006 E Zmdabd 3BsA24Amadmain 2 (about 250 measuring points).

2.4 Datasets
For all WRF model runs, the data set of the ECMWF has been used . The ECMWF dataset has
been a 6 hourly operational analysis with a resolution of 0.5° as boundary and initial

conditions. The first part of the model run had a duration of 60 h  ours (from September 8,
2011 0.00 UTC to September 11, 2011 12.00 UTC) . This part of the model run h as only be en
used as a spin - up run for the idealized circ ular city in the WRF model and h as not been used
in the further analysis. The simulation time of the second part of the model run had a
duration of 30 hours  (from September 11, 2011 12.00 UTC to Septembe r 12, 2011 18.00
UTC). The last time step of the urban road-, roof - and wall temperatures (in URBPARM.TBL)
from the first part of the model run  have been used as initial urban road-, roof - and wall
temperatures for the second part of the model run. This method has been selected in order

to avoid too cool urban surfaces.

2.5 Evaluation methodology

The approach wher eby the model results are compared with the observed values was used . It
was important that the output of the reference run was very similar to th e observed
temperature and precipitation. The research used the mean bias error (MBE), root mean

square error (RMSE), mean absolute error (MAE) and the correlation (CC) in order to validate
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the modelled and observed temperature and precipitation . The follo wing formulas have been

used (Willmott, 1982):

560 -B 0 U [3]
YOYO -B 0 0 (4]
060 -B sO 0 s [5]
Here N is the num ber of cases (N=4 8), P; is the value of the model and O ; is the observed

value (Willmott, 1982) . This is calculated for both the temperature and precipitation of the
four Ber | ieather stations IBERLINB13, IBERLINB15, IBERLINB24 and MAR542 (figure 21,

Annex ).
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3 Results

3.1 Reference Run

3.1.1 Parameterization

This case is the reference run of the situation on  September 11, 2011 . First the sensitivity of
the model outcome to the selected start time of the reference runs has been analysed . An
increased spin -up time of t he WRF model resulted in a deteriorated reproduction of the
convective conditions. Next, th e physic s and dynamic al options has been investigated . Two
different schemes of the Microphysics, Cumulus Parameterization , Land Surface and
Planetary Boundary Layer have been simulated with the sensitivity analysis and validated with

four temperature and precipitation observations in the area of Berlin. Figure 21 (Annex)
illustrates the four weather stations in Berlin. For case 2 to case 7, the optimal scheme

combina tion have been used .

Finally , the reflectivity of the modelled and observed pr ecipitation intensity, radio sounding ,

temperature and precipitation amounts has been validated .

3.1.2 Model start time

The runs started on 8 September 2011 00:00 UTC  and finis hed at 12 September 2011 18:00
UTC. We proved that the start time of a model run has been an important factor in the
reproduction of the intensity and location of the squall line. Several runs with different start
times have been studied for the optimal re production of the squall line . The following start

times were validated :

A September 8, 2011 00 .00 UTC

A September 9, 2011 12.00 UTC;

A September, 10 2011 12.00 UTC;

A September, 11 2011 00.00 UTC;

A September, 11 2011 06.00 UTC;

A September, 11 2011 12.00 UTC.
The squall line has been located too far to the north of the domain compared to the actual
situation for the model runs with a start time on 8, 9 and 10 September 2011. For the three
above - mentioned start times, t  he intensity of the precipitation was too low compared to the

actual situation as well (figure 4a). The model runs with start time on September 11, 2011
12.00 UTC showed the optimal reproduction of  the actual situation (figure 4b). The squall
line passed the urban area of Berlin. Thus we decided to pr oceed with this starting time for
the optimal precipitation intensities of the modelled squall line compared to the actual

situation by using the optimal combination of the physics and dynamical options
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Figure 4. The modelled r adar reflectivity on September 11, 2011 18.00 UTC for a) the area of Berlin with  the mode/
start time on September 11, 2011 00.00 UTC (domain 2), and b) the radar reflectivity with start time September 11,
2011 12.00 UTC (domain 2).

3.1.3 Physics and dynam ical options

The model results for the  selected physic s and dynamic al options have been validated with
the observations of Wunderground. One of the requirements was that the simulated squall
line had its track over the city Berlin. This was a problem in ma ny model runs . As mentioned

previously, the squall line was located too north ern in the domain s between 18.00 and 19.00

UTC. Four m odel runs fitted the requirements , namely:

A Run FER_NOAH_MYJ_KF
A Run FER_5LTD_MYJ_KF
A Run WSM6_NOAH_MYJKF;

A Run WSM6_5LTD_MYJ_KF

Runs FER_NOAH_MYJ _KFand FER _5LTD MYJ_KFhad the Ferrier (new Eta) scheme and run s
WSM6 NOAH _MYJ KFand WSM6 5LTD MYJ KFad the WSM6 scheme for the Micro Physics.
In addition , run FER_NOAH_MYJ KRand WSM6 NOAH MYJ KFhad the Noah LSM and run s
FER 5L TD MYJ KFand WSM6 5. TD MYJ KF had the 5 -layer thermal diffusion scheme for
the Land Surface. The Planetary Boundary Layer and Cumulus Parameter Parameterization

were for the four model runs the same, namely the Mellor - Yamada- Janjic scheme and the
Kain- Fritsch scheme respectively. The mean bias error (MBE), root mean square error (RMSE),
mean absolute error (MAE) and the correlation (CC) have been used . The result of the

validation analysisis shown in table 2.
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Table 2. The vali dation of the selected model runs for temperature and precipitation.

Temperature MEE [K] RMSE [K] MAE [K] cC [-]
Run FER_NOAH_MY]_KF 0.83 1.67 1.03 0.95
Run FER_5LTD_MY]_KF 0.84 1.69 1.01 0.94
Run WSMe_NOAH_MY]_KF 0.55 1.22 0.74 0.97
Fun WsMe_5LTD_MY]_KF 0.60 1.33 0.82 0.96
Precipitation MEBE [mm] RMSE [mm] MAE [mm] CC [-]
Run FER_NOAH_MY|_KF 0.02 1.58 0.53 0.37
Run FER_S5LTD_MY]_KF -0.04 1.29 0.47 0.35
Run WsM&e_NOAH_MY|_KF 0.16 1.82 0.49 0.55
Run WSMe_5LTD_MY]|_KF 0.32 2.09 0.a0 0.56

The focus has been on the RMSE, MAE and the correlation between the modelled and
observed values of the temperature and precipitation . Table 2 shows that the RMSE of runs
FER_NOAH_MYJ_K and FER 5LTD MYJ KFfor temperature had higher values and for
precipitation slightly lower values than runs WSM6 NOAH MYJ KFand WSM6 5LTD MYJ KF
The correlation of runs FER NOAH MYJ KFand FER 5LTD MYJ KFfor temperature and
precipitation had lower val ues than runs WSM6 NOAH_MYJ _KFand WSM6 5LTD MYJ KF
Finally, run WSM6 NOAH _MYJ KFas been selected as optimal combination and this model

run has been used for the further cases . An overview of the selected physic s and dynamic al
options of run  WSM6 _NOAH_MyJ_KFhas been shown in table 3. The precipitation, radar and

soundings have been investigated in the final step of the verification

Table 3. An overview of the settings of the physics options for the reference run , which has been used in case 2 to
case 7.

Mumerical and physics process WSMGE_NOAH_MY]_KF
Microphysics WSME scheme

Longwave Radiation RRTM scheme

Shorowave Radiation Dudhia scheme

Surface Layer Janjic scheme

Land Surface MNoah Land Surface Model
Planetary Boundary Layer Mellor-Yamada-Janjic scheme
Cumulus Parameterization Kain-Fritsch scheme

Start time September 11, 2011 12.00 UTC
End time September 12, 2011 18.00 UTC

3.1.4 Validation of the reference run
The start time of figure 5 is September 11, 2011 at 15.00 UTC and ends on September 12,
2011 at 00.00 UTC. The first squall line is around 19.00 UTC, the second line of light

showers passed over Berlin around 22.30 UTC.
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Figure 5. The modelled (dashed line) and observed (  solid line) precipitation of the four Wunderground  weather

stations in the urban area of Berlin is plotted against the time [UTC]. The modelled a nd observed precipitation [mm]
peak was between 18.00 and 21.00 UTC in the city centre of Berlin.

The modelled quantities of precipitation were on average higher than the Wunderground

weather station observations on four locations in Berlin

However, som e extremes are
simulated for station

s IBERLINB15 and IBERLINB24 at 19.00 UTC. The precipitation of the

WRF model simulated 13 to 16 [mm] higher values than the observations for the two

locations (figure 5). The difference was caused by a more intensive

mod elled squall line over
the southern part of the city than in

the observations . This was possible due to higher

maximum temperatures along with a too early development of the first squall line . The

timing of the second squall line was more accurate to the actual situation (figure 6) . The first

6a and is located between the latitudes 12
areas of higher precipitation intensities (peak at 45 [dBZ])
is visible on the

squall line is shown in figure °E- 14 °E and has three

. The location of the first squall line
radar in the eastern part of Germany, with a maximum reflectivity of 45

[dBZ] (figure 6b). In the following hours, the shower activity of the first squall line decreased.
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Figure 6. The radar reflectivity —over Germany at 18.00 UTC (20 .00 LT) in a) the WRF model and b) the radar
observation (source: www.niederschlagsradar.de ).

The second squall line is simulated at 10 °E with a maximum reflectivity of 30 [dBZ]. The

modelled second squall | ine developed during the hours after that, but the maximum

reflectivity went north of Berlin.

The observed second squall line is

located in the central and

southern part of Germany

in figure 6b . The modelled

third squall line, located at south

Denmark at 1 8.00 UTC, extinguished

in the following hours .

Last part of the reference run was the comparison between the observed sounding of the

Lindenberg (rural area) and the two modelled soundings of the WRF model (urban and rural
area) (figure 7). The urban surfa ce temperature in the

0.87 [°C] higher than the sounding of the WRF model

sounding of the WRF model was max.
in the rural area (not shown) . The

surface temperature difference in the observed sounding of Lindenberg was about 0.50 [°C]

lower than in the mode

lled sounding in the rural area.

The dewpoint temperature was in

both figures

approximately

20 [°C].

In the WRF model, the difference between the

temperature and the dewpoint temperature decreased as the height increased in the lower

part of the atmosphere

lower moisture content

in the rura | area of the modelled sounding

. Between 500 and 800 [hPa]

. The moisture content

, the WRF model simulated a layer with a

in this layer was lower in the urban area than

is located at 200

(not shown) . The tropopause

[hPa]. In the observed sounding,

the tropopause began at 200 [hPa]

and there was a dry layer

between 500 and 800 [hPa] as well.

relatively thin layer with lower

moisture content at

However
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Figure 7. The sou ndings of September 11, 2011 12. 00 UTC, a) observed in Lindenberg ( rural area near Berlin) and b)
modelled sounding in the rural area near Berlin as well.

The CAPEwas in Lindenber g ®.8-10s3dXkg] caamdnlg.8- 103 [J/kg] at 12 .00 and
18.00 UTC respectively. In contrast , the CAPE values of the two modelled soundings were
higher : in the rural area 2.4-10 3 [J/kg] and 2.0-10 3 [J/kg] and in centre of Berlin 2.1-10 3
[J/kg] and 1.8:10 3 [J/kg]. Thus, the higher precipit ation in the WRF model (figure 5)

indicated higher modelled CAPE values compared to the observed CAPE values.

18



3.2  Simulation of urban versus nonurban
This chapter discusses the impact of Berlin on the severe thunderstorm. The run with Berlin

is compar ed with the run without Berlin in this case.

3.2.1 Temperature d ifferences

The temperature differences between the model runs with and without Berlin have been
investigated. The urban area is warmer than the rural area just before the first squall line
passed over the city area . This temperature difference of the reference run was in the range

of approximately 0.5-2.0 [°C]. Even the observations of Wunderground weather stations
measured an urban heat island effect before the squall line passed the area of B erlin. In the
urban areas , the observed temperature s were approximately 1 [°C] higher than in the rural

area (not shown) .

Figure 8. Temperature differences between the model run with Berlin minus the run without Berlin and the wind
direction (arrows) at a) 16.50 UTC (before the first squall line) and b) 18.20 UTC (first squall line above urban area)

Figure 8b shows the modelled temperatur e of domain 3 at 18.20 UTC. The first squall line
has been passed over the city centre . The temperature difference between the west side
(warm air) and east side (cold air) of the first squall line was approximately 7 [°C] (nhot
shown). The urban heat island effect decreased after the first squall line passed over Berlin .
The convergence line had negative temperature differences  to the north and south of Berlin
(figure 8) . One possible explanation  has been the time difference of the squall line. The
location s with high er negative temperature difference s in the squall line suggest a higher

intensit y of precipitation and  therefore more cooling of the surface temperature.
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