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Preface

With a background as spatial planner, | experienced the attempt of urban meteorology to take
a guiding role in urban planning. The meteorologists set standards with generic and hard
normsby so cak d 6 cple maps $cloereret al, 1999) orhomogeneous climatesponse

units (Alcoforadoet al, 2009). In my Bachelor thesis | implemented these norms in a specific
case:A new design of the Avenida da Liberdade in Lisbon. It was hard to get an optimal
balance between generic meteorological knowledge and the specific approach of urban
planners. Especially the effect of vegetation on the mesoscale level of the city vess.uncl

By writing this master thesis | am aiming to give the spatial planning a more guiding role. By
taking into account the current developments of green in urban planning, | want to discover
the most optimal way between both disciplines to mitigate thatHeat Island effect on the
mesoscale level. Therefore, the development of creating handles with regards to urban
vegetation for spatial planners is the main goal of writing this research.


http://www.sciencedirect.com/science/article/pii/S1352231099001612

Abstract

Urban Climate is becomingmore importanissue in uban planning processes and the way
cities are organized. Especially, in combination with increasing global urbanization and
climate warming it is of great importance to keep cities liveable. Urban morphology,
pollutants and changes in albedo, anthropogémat and vegetation are effecting the
radiation balance compared to the rural area. Temperature differences between the city and its
surroundings are the consequence. This so called Urban Heat Island (UHI) effect might be
mitigated by adding more waterp@ur in the air. More vegetation leads to more evaporation
which might lead tdower air temperatures in the urban area and therafonéigation of the

Urban Heat Island effect. By using the WRF mesoscale model this hypothesis is investigated.
An acadeng city is designed to generate general advice for mid latitude cities. The outcome
of this research is that the cooling effect of urban green is dependent on the availability of soil
moisture, the vegetation type, the way vegetation is distributed wigeseso the wind
direction and sizes of urban parks. A higher soil moisture content increases the evaporation
and therefore causing a decreasing temperature. At the same time human comfort decreases
due to a higher humidity level. Bigger parks mitigate thél downwind of the park more,

while more equally spread vegetation has a bigger cooling effect on the entire city. The
evaporation of vegetation and soil moisture increases the humidity of the air, which mitigate
the cooling effect in terms of human canrtf The final results may give urban planners
insight into the effect of urban green on urban meteorology and human comfort. This
knowledge could addieight to urban climate in all the weighs urban planners have to make
in their decisions

Key words: Mesoscale modelling, Urban heat island, Urban vegetation, Human comfort






Table of Contents

1] 7= Lo = P Il
Y 0111 - o PP [l
1. 1o o 18 o 1o o 1 PSRRI B
1.1, BACKGIOUNG......ouuiieiiiiiiii ettt e et e e s -3-
2. 1[4 g oTe (o] (o] )Y/ PSP PP SPPPPPPPPPY: -8-
2.1. Case description and model SEL.UD..........cooviiiiiii e -8-
2.2.  Parameterization SCNEMES.........ccviiuiiiiiiii e eeanns -9-
2.3. Boundary LayeBCheme..........coooiiiiiiiiii e -10-
2.4, VEQETALION. ... e e e -10-
2.5, SOl MOISTUI... i e e e e e e e e -11-
2.6, Spatal DiStrDULION.........uuiiiiiiiii e =11-
2.7, ANAIYSES. ...t eaaan] -12-
2.8.  HUMAN COMIOI........iiiii e ere e e e e eeenneee 5 L3 -
3 RESUIES. ... e :14-
3.1, Model eValUALtION.........uuuiiiiiiiiii e =14 -
3.2.  Boundary Layer SChEME.......c..uiiiiiii e e e -14-
G TRC T Y=o 11 -1 (0] o 1P -15-
3.4, SOOI MOISTUIE ...ttt e et e e e e e eaeenes -16-
3.5, Spatial DIStrDULION ... ..c..uiieeiie e e 217-
3.6, HUMAN COMIONT.....cuiiiiiieii e e eeeaed -18-
4. DISCUSSION ...ttt ettt e e e e e b e e e e e e et b e e e e e - 20-
5. CONCIUSIONS. ...t e et e e e eeeaeannd -22-
ACKNOWIEAGEMENLS.....ceiiiii e e e e e et eea e -23-
6. RETEIENCES ...t et - 24-
ANNEXES TaADIES. ...ttt e e aeaae - 28-
ANNEXES FIQUIES.....ciiii et e ettt e e e et ree e e et e e e eaa e e e satnseeessnnaneesssnnea T QL -






1. Intro duction

Currently abouthalf (521%) of the people on earth living in urban areas in 201(United
Nations, 2011) The next decades this amousitprojected tancrease up to 67.2% i2050.
Moreover 49.1% of the city dwellers lives in towns with mdahan a half million inhabitants.
Also projected climate change wprobablyleave her mark on the urban area. In a future
warmer climate with increased mean temperatuwleésate modelg results indicatéhat heat
waves would become more intense, longer lastind/oanmore frequent (Meelaind Tebaldi
2004) The joint trends of urbanization and climate change are the main components of
research in urban climatology. A combination ofvarmer climate andirbanizationwill
cause a bigger interest of city planners in urban meteorology to optimize their plass (Mill
2006). A consequence of neglecting these current developments in urban glacoirid
increase the mortalityespeciallyin urban areas. Which already happened during the last big
heat wae in Europe in 2003 (Watkiret al, 2007).

1.1. Background

In cities the Urban Heat Island (UHI) effect the difference in air temperaturest the
pedestrian levein cities are compared to thasin thesurroundedural areawhich are not
caused by other factors like topography or weaSewart, 2011yvill enhancdemperatures
due to the physical propertiesd urbanizatiorand will cause even highgéemperatures in
urbanized areag he main ause of the effect is based in changes inrdlogation(1) and/or
energybalance (2petween rural and urbameas

Q* = K®+ K-+ L®+ L~ (1)

Q* = SH+LH +G+ANT )

Where/Q*/ is the net radiationSH/ the sensible heat fluxl.H/ the latent heat flux ant/

the storageflux and /ANT/ the anthropogenic heat production in the energy balance. The
radiation balance exists of shortwave incomiig and outgoing radiatiorK—-/ and long
wave incomingL® and outgoing radiatiofiL-/.

Oke (1982 and Piringer et al. (2002 describehow the urban area influences the energy
balance. Based on the meteorological knowledge of the energy balance, causes of the Urban
Heat Island effect aras follows(Oke, 1982):

1 The canyon geometry influere¢he net shortwave radiation /K*In the Urban
Canopy Layer the incoming short wave radiation will be refleetedallsin the
canyon (and partly absorbed). In this way tiet albedo ofurban surface will
decrease, and thus this mechanism will enh&Qté

1 Increasing incoming long wave radiation could be caused by air pollutants. Air
pollution in the atmosphere will reflect outgoing long wave radiation and will send
this back to the earth surface.

1 Air pollution will decrease/K®/, due to reflection and abrption of shortwave
radiation, but also absorbs heat at the top of the planetary boundary layer.



1 The canyon geometry has a negative influence on the net long wave radiation.
/L*/ will decrease by increasing long wave radiation.

9 Due to reduction of thekyg view factor, /L=/ is reduced.

1 The extra heat caused by humans (anthropogenic heat) leads to addition of heat to
the air caused by for example traffic and air conditioniftge anthropogenic heat
can increase up to 100 Wirdowntown (Kato and Yamaguchi2005), although
Ronda (2012) found a value of 38 Wnfor the city of Rotterdam, the
Netherlands.

1 The presence of less vegetation and more impervious surface in urban areas
decreassthe evapotranspiration and decrease the turbulent flux of the latént hea

1 The/G/ is larger in the city than in rural aredse to a bigger storage capacity of
building materials.

As mentioned above, the role of urban green is an important aspect by influencing the air
temperatures in the city anereforethe Urban Heat lahd effect (UHI). The net radiation

/Q*/ in the rural area is dominated by short wave radiation during daytime and long wave
radiation at nigh{Christen and Vogt, 2004 he remaining energy will be absorbed by the
underlying soil/G/ and/or will go to tle air by convection ofSH and/LH/. Due topervious
material there is more (soil) moisture available which increases the latentflogatin
contrast, grfaces in cities are impervious, so in urban areas the rural energy process also
yields after a ra period. However, when the moisture isaperated, the urban environment

is a source of sensible heat.

The hypothesis of mitigating the UHHuring daytime is based onan increasing
evgpo(trans)piation rate at the cost of sensible hedthis could be ackved by usingither
water or green areas within a city. Some studies already assessed the influence of water
bodiesas strongestlement in citieso effect temperaturge.g.Solcerovaet al., 2012 Rinner
and Hussain, 20)1Research focussed on theeeff of vegetation on thetgiclimateis done
more often However, most research is based on observational work (AndaadeVieira
2007; Kruger and Giovani, 20Q7Steeneveldet al, 201]). Those studiegpresenting a
significant cooling effect of urban een during daytime Therefore, thisresearch isa
modelling research focussing on the influencevegetationon the UHI. The knowledge of
the cooling effect of urban green is oftemplemented in urban planning to design public
spacegKleerekopert al 2011) The cooling effect ofirban greenlike urban forests (parks),
street trees, private green in gardens and green roofs or faglbsen studieby a lot of
scientistgZoulia et al, 2008;William and Timothy 2011, Olah, 2012)

As mentioned bef®, the influence of urban green on the city climate has been assessed by
many scientists. However, most research has been empirical developed by analysing data
from local (urban) weather stations (Andraaied Vieirg 2007; Kruger and Giovani, 2007;
Steengeld et al, 2011). Another part of the UHI research is based on modelling approaches.
These modelling researches focus on existing cities and they use often remote sensing data
(Owen, 1998Hiranoet al., 2004Rinnerand Hussain2011).



One of the obseational studies is done b8teeneveld et al (201L1He discovereda
relationship between the UHI magnitude and percentage of greenness in a city based on
observations in the Netherlands. However, a relation between the percentage of greenness and
human canfort is not found. The reason could be the higher specific humidity in cases with a
high percentage of urban vegetation, which decreases the human comfort.

Severalobservational studies showed an effect of the vegetation type on the temperature
regime invegetated areas (Potchetral, 2006; Jonsson, 2004). The maximum cooling effect

of parks with trees is hypothesized to be reached in the late afternoon, while open grass areas
reach this maximum just be®sun rise (Spronke8mith, 1994. The cause cdd be found in

the fact that a well treed park hadoaver sky view factor and therefore less long wave
radiationwhich can be emitted during the night. While during daytime the shade of the trees
cause a cooling effect by reducing the incoming shortwash@tion.

Next to the essential difference between grass fields and fothetg, is an important
distinction betweenust single trees and groups of trees. In case of a single tree, the most
important effect is blocking the sun light during daytime (At and Vieirg 2007).
Underneath a single tree the biggest difference is caused by shortwave radiation. One tree can
block 88% of shortwave radiation. Next to this, outgoing long wave is partly reflected by the
crown of the tree. Due to this effect theé meoming long wave radiation under a tree is much
higher compared to its surroundings. By those differences in the radiation balance, the net
radiation is lower in areas under a tree.

A tree in a street canyon will act differently during daytiinen atree in an open fieldA tree
surrounded by buildings receives large amounts of reflectedshwod radiation fromanyon

walls and floor (Oke, 1982Another big effect on a single tree caused by the urban area is the
high input oflong waveradiation bybuildings, the crown of the tree will strengthen this
process by blockingpng waveoutgoing radiatiorfrom the surfacdo the atmosphere. The

last source of heat from outside the tree could develop when the air temperatures are higher
than the leave tengpatures. In that particular case, sensible heat williteetedto the single

tree. During nightime the reduced sky view factor and the emissions of heat from
surrounded buildings will lead to higher temperature under the tree.

Unfortunately, it is impssible to model the effect of single tre€roups of trees will
influence the incoming shortwave radiation more. This is caused by a redndiiendiffuse
radiation. This diffuse radiation is blocked by surrounded trees. Andrade and Vieira (2007)
found more often a significant temperature difference between measurements in areas with
more trees and the surrounded area compared to those under only ohberefere we will

focus more on larger urban green areas, like grass fields and urban forests.

A next aspect which has a substantial effect on the temperatuheigiash comfort in a&ity is

the soil moisturecontent An increased soil moisture could reduce the Diurnal Temperature
Range(DTR) through enhanced evapotranspiratidhdu, 2004). HowevelSpronkenSmith

and Oke (1998) pointed the fact that dry parks during the day could have higher temperatures
than the surrounded city. The effect of the soil moisture of grass and other types of vegetation
is also mentioned by Cao et €010). In that remarch the adverse impact of grass is shown,
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what is mainly resulted from the unfavourable condition of grass growth leading to large soill
coverage in the study area. Also the available (soil) moisture of grass fields is mentioned.
Non-irrigated areas witlgrass cool down faster during the night and heat up much faster at
daytime. So maintenance of urban green in terms of irrigatipoimged out to bessential for
6regul atingd the urban climate.

Some research is done with the aim to understand the #féesizeof green areas on the air
temperature. It is difficult to generalize those results of research. Zoulia et al. (2008) gives an
overview of some observational researches done in this discipline. A few general conclusions
could be made. In caseslafger green areas (>508none can conclude that those parks has

a cooling effect on the environment. The average air temperature in vegetated areas are 0.47
“C to 5.6 C lower than in the built environment. In other studies, green areas are sometimes
warmer. During daytime, urban parks with grass, without trees and less irrigated, could cause
hot spots in the city. During nighime, the parks with a high tree density are warmer. In
addition, the temperature differences between vegetated areas andddneiswrounding are

higher during the night. In addition, Andrade and Vieira (2007) measured higher temperatures
in sunny spots in the park than shaded spots outside the vegetated areas. A relationship exists
between the size of green areas and the distéhe vegetation could influence the air
temperature. Studies indicate that big parks (500 ha) could influence air temperature at 2
kilometres distance, while smaller parks (35 ha) have a maximum range of 1 kilometre. In
general, a rule of thumb has befenmulated by SpronkeSmith (1994): The influence of

parks is measurable at once the width of the park.

The distribution of green in cities and the size of urban vegetation could affect the general
urbanclimate differently (Huang et al., 201L1By studyng the spatial distribution of the
percentage green in cities, Huagtgal. (2011)did not find a significant effect of green on the
urban air temperatures during daytime. The effect of another type of vegetation and the effect
during night time is not asssedTherefore the current study focuses on the influence of
urban parks with different vegetation types on the day and night time urban temperatures and
human thermal comfort.

Next to temperature effects of green distribution, recent studies empabsiziee effect of
greenness on the citizens health (Maas et al., 2006). Especially, vegetation areas close within
a radius of 1 to 3 kilometre of a resident, has a positive effect on the human health. Another
important trend in urban planning is the imyplentation of urban agriculture. Urbanization
increases, so does the need for sufficient food increases. The opportunity to acquire locally
produced food becomes more and more important (Bryld, 2003).

Temperature is a variable to measure the effect aétagign on the city in an objective way.
However,human comfort is an important parameter to discover the effect of the urban climate
on the human body (Budd, 2001Hluman comfort is not directly linked to temperature.
Evapo(trans)piration of vegetation cansoil causes a mitigation of heat in the city.
Nevertheless, a too high humidity is not comfortable for human beings. Human comfort is
dependent on many factors, like temperature, wind speed, relative humidity, radiation,
clothing and metabolism. In ouesearch the Wet Bulb Globe Temperature (WBGT) is used



to define the human comfort. The WBGT is an index which could be used by the use of
meteorological data air temperature and humidity.

Based on the prescribed literature researchhtam objective of this studyare summarized
in the following research questions:

1 To what extentloes urban vegetatidmasan influence on the Urban Heat Island and
humanthermal comfort?

1 What is the additional impact of environmental asf®e as soil characteristics,
vegetatbn types andirban green diribution?

As mentioned before, a lot of observational research has beeindbigefield The measured

data in the observational studies are not only influenced by the studied feature (urban green)
but can also be influencedby other case specificaspects as topography and land use.
Therefore an mesoscale meteorological maglakedin our researcho develop an academic

city. In this waythe other aspects can be erased and the pure effect of urban vegetation can be
studied.

There are a few moreeaso for using a mesoscale mode€irst, Huang et al. (2011) already
used a largeddy simulation land surface model to study the influence of green on the (urban)
atmospheric boundary layer to find out the influence of vegetatiadheo UHI. However, this
techniquefocuses on a particular time during daytingecond, dring our study we are
investigating the development of vegetation influences on the UHI during the entiendlay

at the urban level

This Msc. research is structudeas follows. In the nexgectionof this work the methodology

is described. The methodology exists of different apghea to findthe influence of
vegetation on the UHI. Ththird section shows the results of the different approadines.
section 4the results are discussed briefly, while in the last chapter some conclusions and
recommendations will be given.



2. Methodology

This study isperformed usingthe Weather Research & Forecasting (WRE€j)sion 3.4.1.

model (%amarock et al, 2008). This model is amesoscale model which simudst
atmospheric processes onradgscale of kilometres to hundreds of kilometi®sce he aim

of this study to generate geneaglplicableconclusionsan academic cityr=25km)is created

far away from water bodiegseas ofakes)to avoid disturbing influences. Also topography,

land use and soil properties are made monotimuget a model outcome only caused by the
urban greenln this section the numerical model WRF is described and the settings are
explained. Next to tki the general case description and the specific research approaches are
given.

2.1. Case description and model set up

The modelequiresinput of meteorological variablesd boundary conditionsf globalscale
conditions, which are obtained fromme EuropeanCentre for MediurRange Weather
Forecasts(ECMWEF), array6 hours.

The UHI is most visible during hot summer days. Thereforecantsummercasefrom 7 to

10 July 2010is selected Temperaturgraised up to 30 to 35 degrees in eastern Netherlands
and westrn Germany. This in combination with a low background wind between 1 and 4 m/s
at 1.5 m height from the south, make those di@gal for studying this topic

In order to set up an academic simulation, information about the land surface such as land
use, 8il type and topographyare simplified. The rural environment is set to grass to erase
the influence of land use heterogeneity. Another important aspect which effects the
development of the air temperature is the soil type and soil moisture. The masbdype

in the area of the city is loam. By using an iterative process we found a stable soil moisture
content 0.27 fim™, which is used for the vegetaterbanareas.

The simulation is started ahJuly 2010 at00:00UTC. At this start point the values air
temperature, humidity, components of the wind speed, soil temperature, soil humidity are
calculated in the vertical and horizontal direction with the aid of the ECMWF.

The simulation stars 6 July 2013, and hapinup period of 1 day is chosenhi§ means that
the output of6 July 2010 is not analysed, scetBtudied output ifrom 8 till 10 July 2010
(Figure 3, and the model output is provided hourly.

To simulate the process of the mesoscale situation, the WRF mod=infgured using 2
domains(Table 1) These domains are divided by grids. The outermost domain exists of
32x32 gridcells of 25 km x 25 kmHence the total size of the WRF model is 800 Kaut to

analyse the city climatghree smaller domains are established: 60x60aglid of5 km x 5

km; 100x100 griccells of 1 km x 1 km. The centre of the domains is situated at (52N 7.5E).
To calculate the vertical component of the atmospheric processes 35 layers are used with 9
levels under 1000m. The lowest level is located at 22m.



2.2. Parameterization Schemes

Within the WRF modelparameterisations are used for processes smaller thgmidhsecale

which cannot be calculated by the WRF mo(lEdble 2) The used parameteations are
mentioned irtable2. To calculate the vertical division ofikes of longwave radiation in the
atmospherehe CAM Schemeis implemented in de modéCollins et al, 2006) The Cam
Scheme allows for aerosols and trace gases and the Dudhia scheme is chosen for simple
downward integration allowing efficiently for alols and cleasky absorption and scattering.

For the implementation of microphysics, the WSMI&ss simple ice schemeas been
employed(Honget al, 2004).

Next to these parameterisatipriie Noah land surface mod@tk et al, 2003)is used to
estimatethe surface fluxes of the sensible and latent hHa. Noah land surface model is
provided with a bulk parameterisation for the urban area. The used model is thdasiagle
urban canopy model (SLUCM). The model assumes an infinite street canyon divitieee
components: the roof, the wall of both side of the canyon and thekoadka et al., 2001)

The energy balance is calculated for each of these components, as a function of the incoming
fluxes of short wave and long wave radiation, and the teanyerat the lowest model level.

The convections scheme which is used in the WRF model setup is a technique used in
numerical modelling to predict the collective effects of convective clouds that may exist
within a single grid element as a function of kargcale processes and conditions (Kain
Fritsch)

Since the phenomenon that we study is a typical boundary layer phenomieast avo
different boundary layeschemeqMYJ and YSU)are usedin order to evaluate the model
sensitivity to the selected sahe.

All the urban areas are treated as highsa¢y built residences. Due to the enormous variation

of urban morphologyn different European citieghe values of aypical American cityare
implementedin the urban parameterizatiofi§able 3. Next to he urban morphology the

land use is another important aspect with respect influence on the urban climate. An
equilibrium of soil temperature and soil moisture is found to avoid heating and drying of the
soil which influences the air temperature rigorougiyter severaliterative runs, the sil
temperatures in the urban area were set to 295K, 290K amdf@B8he soil surfacethe first

layer andhe second layer respectivelyhe features of the lowest layer did not chadgeng

the four simulation daysAn equilibrium of the soil moisture around1®@ n? m* is found

over all layersn the city

We usefour approaches to analyse the effect of vegetation on the UHI and human comfort.
The way of analyses staiih a more theoretical approach, and it isdmamg more practical

later on in our studyFirst two boundarylayer (YSU & MYJ) schemes aranalysed
afterwards the influence of different vegetatidgpesand soil moisturevithin the parkare
discussed anthsty the distribtion of vegetation in theity. Table4 gives a clear overview

In this study we address four research topidsthe differentruns and their specific
characteristics.



2.3. Boundary L ayer scheme

Because our study is about a typical boundary layer phenomenon, it is important to know
whatthe effect is of the scheme choice on the process. Therefe@aly®d the sensitivity

of two different boundarjayer schemesVYJ and YSUon themodelresuls temperatures

The Weather Research and Forecasting (WRF) model offers different boulagarg |
schemes. In our case the eta implementation ebddérlocal closue of Mellor and Yamada
by Janjic (MYJ)(Mellor and Tetsuji 1974)andthe Yonsei University (YSUjHong et al,
2006) norntlocal scheme will be compared nonlocal scheme only acoots for vertical
transport frormeighbouringgrid cells.

According to literature the YSldnd MYJ are givingan underestimation ahe heat transfer
between surface andnaosphere than MYJ (Pagowski, 2004). However, M¥hilerestimates

the heat transfemuch more than the YSU schenigerefore, m convective conditions with
weak wind, the YSU scheme develops a Boundary Layer twice as deep as thBuvivg.

the night the MYJs the most decoupled system from the surface. For this reason, the heat
transferbetween surface and atmosphere will be lower than in the YSU scheme.

To analyse the sensitivity of the boundary layer schemes funs (MYJ G, YSU_G,

MYJ_C, YSU_C) will be doneThe first two runs show the effect of the MYJ and YSU
scheme in a grasslandea, while MYC C and YSU_C mapping the effect of both boundary

layer schemes in an urbanized area. At the end, the boundary layer scheme which represent
thebest diurnal UHI profe will be chosen for the next runs.

2.4. Vegetation

After the runs with two direntboundary layer schergethe runs in WRF analysing the
vegetation are the second analysed effect. Based on literature research, it is known that grass
and trees have a different effect on the city temperaluig.hypothesized that urban parks
with trees will reach the cooling effect in the late afternoon, while large grass fields will reach
the lowest temperatures in the early morning. To investigate this hypotesisveloped a
central park in WRF. At first, a run with a central grass field W@l studied. By changing

25% of the circular city to grassland, the effect of a big central park on the temperature and
WBGT is analysedThe landuse type in WRF was set to 7 to simulate the properties of a
grasslandSecond, the effect of a mixed forestdase of study. These two runs are called:
YSU_G_SM27_1P and YSU_T_SM27_1P, respectively. The aim is to analyse the difference
of temperature, UHI and thermal comfort between different types of vegetation, by changing
the land use of a central park in WiRF-grassland (land use type 7) and mixed forest (land
use type 15).

However, he possibility to implement a mixed forest in the WRF model exists, but the
roughness sublayer/forest canopy is not part of it. WRF develops the temperature profile by
interpdation between the lowest etavel and the temperatures at the surface. Changing the
land use to mixed forestnly, effects the surface temperature by the albedo and roughness
length. The output of the WRF model does not show a clear difference of &tumper
between an open grass field and a forested park.

- 10 -



For a more realistic approachf t he t emper ature at 2 meter i
research done by de Ridder (2009) to approach the temperature profile in a pine forest by
using a modified Moin-Obukhov surface layer similarity theory (3).

—¢ — =11— 7 - 7 — 1" -k ©)
where z is the height above the displacement heigi#,tke roughness sublayer height above

t he di spl aceesrthetamperdtze agah i is the don karman constant (0.4), L is

the Monin Obukhov Length angy, n &re the integrated stability functions. The last part of

the equation accounts for the influence of the roughness sublayer on the temperature profile
relatiorships (4).

|_ z _F‘_Z %0 p 'Q mT7 . (4)

~I
—)
ge)
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Wherema 0 n& 5.5 and =15 are given by de Ridder (2009) andis the stability
function.

To develop an approxiation of the 2 meter temperature in the forest canopynaber of
assumptions to solve the equatiors haen made. At first the canopy height iiethe model

is assumed to b0 meters (de Ridder, 2009), the displacement heamgtite forestto 0.7z
(Grimmond and Oke, 1998and that means a af 34m. The roughness length stays the same
as given in the WRF model: 0.35 m. From this the roughness length fo(zhgatan be
calculated by usingB™ = In(zy/zon) (Bliimel, 1998). Where &' is equal to 2 fordense
vegetated forests. Using this equation and assumptions,théllze set to 2 meter

2.5. Soil moisture

Soil moisture isanotheressentiaparameteof urban parkso influence the air temperature in

cities We hypothesized that more soil moistue ¢! d c ool down the par
during daytime Soil moisture could be regulated easily by human beings due to watering of
urban vegetation. Therefotike soil water content of the urban central garthe models set

to two soil moisture extremealues:wilting point (0.066) end the field capacity (0.329) of a

loamy soil. This formsruns YSU_G_SM6.6_1PYSU G _SM32.9 1P, YSU SM6.6 1P

and YSU_T_SM32.9_1P.

2.6. Spatial Distribution

The distribution and percentage of the green area of cities is an anpdactor by
influencing the UHIHuang et al(2011)used an approach with a systematic vegetation cover

of 14%. Compared to European cities, this value is too low. In Amsterdam 24.2 % of the city
is covered by vegetation (forest, recreation, agricult(kensterdam.info, 2012) almost 18%

is forestland, another 11.5% is devoted to recreation areas, and more than 5% is used for
farming (Green Berlin, 2012). Based on this knowledge the percentagecefi in the
academic city is sab 25% of the total sizef the city.Cao et al. 2010 already indicated that

park size is noflinearly correlated to the park cooling intensity (PCI)
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Next to the size, some conclusions were made about the park shape. Irregular and belt shaped
parks tend to have a lower codirffectthan parks of a regular (round or square) shape
However, by the low spatial resolution of the ASTER LSdata this effect could be
underestimated.

To investigate the effect of park size and park shagsed on urban planning idedke
percentag®f green is distributed over the city in different wayke size effect is studied by
splitting up the urban vegetatiortana different amount of parks of different sizes. However,
the percentage of green is consequently set to 25%.

The next step is taliscover the effect of park shapBwo main motivations are based to
createa green network of vegetatiomithin a city. A multifunctional function of a green
environment and an ecological function to connect important green ecologicalHoegstra
andMolenaar 2000).Based on thesigess, the effect of green corrideon the urban climate
will be studied in therSU_G_SM27 COR andheYSU_ T _SM27 CORun.

At the end the following runs will be done to investigate the effect of distribution on the city
temperature:

1 YSU_G_SM27_2H shows the effect of two urbagrass fieldgperpendicular on the
wind direction.

1 YSU_G_SM27_2PV shows the effect of twoban grass fieldparallel to the wind
direction.

1 YSU_G_SM27_4P run shows the effect of four equal distributbdngrassparks.

YSU_G_SM27_CORiguresout the effect of greegrasscorridors.

1 YSU_G_SM27_INT uses green as percentage of a urban grid cell. By changing the
proportion greerof every urban grid celfrom 0% to 100% in steps of 10%the
expectation ishat a relationship between greenness and UHI could be found. Thus the
YSU_G_SM27_INTFrun can be divided in 11 strons. In the WRF settings the type
of vegetation is determined by grass (7) and forest (15) in the land use table.

1 YSU_T SM27_2PH shows thdfect of two urban forested parks perpendicular on the
wind direction.

1 YSU_T SM27_2PV shows the effect of two urban forested parks parallel to the wind
direction.

1 YSU_T SM27_4P run shows the effect of four equal distributed urban forested parks.

1 YSU_T SM27 COR figures out the effect of green forested corridors.

=

2.7. Analyses

At first a sensitivity analysis will be done with regard to bleeindary layer schem@fter the
analysis the boundary layer schemwhich shows the most ideal diurnal cycle of thdl
accordng to literaturewill be selectedor the next analysisSecondly, the effect of different
kinds of vegetation and soil moisture will be studied. To analyse the effect ofcaaehthe
temperature chamgat each time will be studieNext to the extremesve will havea method
by estimating the average temperature oveetitgecity and the anomalwill be compared
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to the base runAlso we comparéhow much per cent of the gitwill be influenced by the
green areas, the temperature change on the edgewagetation.

2.8. Human comfort

Because the temperatiddll is not the mainndicator of thermal comfortiuman comfort is
governed bymore variables likeemperature, humidity, air movememnadiant temperature,
clothing Havenith,1999) and metabolic rat However,t he human comfoort 0s
a lot of different variablewhich are not an available input parameter. Therdfor&Vet Bulb

Globe TemperatureWWBGT) is the most convenient parameter in our resedecinake a
reliableassumption of the man comfort based aynly two meteorological variables

WBGT = 0.567Ta + 0.393e3.94 (3)

Where Ta is the air temperatureC} and e is the watesapourpressure (hPaHowever, this
method is an approximation of the human comfort and the sulgeekperience depend
largely on clothing and personal activity.

The WBGT is also used to set up regulations for working men with respect to heat stress
(WBGT,ISO 7243, 1989)A general rule of thumb for the general public is as follows: a
WBGT < 27.7°C rpresents conditions without heat stréSteeneveldet al, 2011) For

27.7°C < WBGT < 32.2°C the heat stress increases, and for WBGT > 32.2°C great heat stress
danger occurs. Public events will be cancelled when the WBGT > 31°C. Physical training
(e.g., ports) is not advised fANBGT > 29.4°C.
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3. Results

In this chapter the results of the modelling experiments will be summa#Azeiatst some
general results will belescribed. In thesections6.2. t06.5. the results of the four different
approaches will @explained

3.1. Model evaluation

In order to validate the model, we first evaluate against datadopé&rature, humidity and

wind. The magnitude of the UHI is determined by using two different spots: One in the city
centre and the other far away fromthegié6s i nfl uences, pwnei Thérer do
WRF resultsshowan Urban Heat Island Effect which reacheés5 K in the early morning

around sunrise and 1 giees in the early afternoonigkre 3). The graph is similar to the

typical diurnal cycle desitred by Oke (1982).

According to the observations of existing weather stati@aby our academic cjtthe UHI
of Bochum is around 5 degrees (24-°09 °Q and the UHI of Utrecht amounts 3odegrees
(21 °C - 18 °C) at midnight of the 9th July 201(Weather Underground, 2008)heory and
observations support our findingsd give us confidence in the model results.

Hence we conclude thanather important aspect of the modelled UHI is the suppressed
diurnal cycle of temperature in the city: The Dial Temperature Rang®{R). Due to more

heat storage in the urban area at daytime, more heat could be released at night, which causes
higher temperatures during nighh o ur s . The difference in the
varies from 11C in rural aras up to 16C in the city.

In addition totemperaturgthe wind speed is influenced by the city. Especially at night, the

wind speed is consistently higher in rural areas in case of using the MYJ schemeind

for MYJ gives2.5 m/s while YSU has a windpeed of 4 m/sDuring the day the wind speed

is fluctuating much more, but at average there is more wind outside the city (1.0 m/s). Also
the delay of the windbs slowing down in urba

The difference in day and night is caudsdthe presence of buoyancy. During daytime the
atmosphere is unstable which causes the exchange pércels between upper air aad

near the surface. The land use type (grass or city) is not affecting the buoyancy strongly. At
night the degree of thulence is mainly caudeoy wind shear instead of buoyancy. The city
has a higher roughness length which is responsible for a lower shear in urbaAlacetse

u* is higher in the urban area. Due to the higher roughness length in the city, more nachanic
turbulence is produced. A delay in decreasing of u* in the city is clearly visible in the
afternoon.

These general results give us confidence in the model results to continue our study on the
boundary layer scheme, vegetation type, soil moisture agetation distribution.

3.2. Boundary Layer scheme
As described in section2 different model responses are generated by the different boundary
layer schemes.
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The first major observed differenas the difference in boundary layer growth. The MUY
model develop faster and also the boundary layer height is 500 mieiggnerthan in case of

the YSU scheme. At night the YSWwoducesa more stable atmospheten YSU while the
instability is higher during daytimé&his effect is also clearly visible in heat tragrsin the
bottom part of the boundary lay@figure ). The YSUis responsible for a fast development
of the boundary layer in the early morning hodiise heating of the upper atmospheric layers
is therefore higher. However, in the afternoon temperatutke entire MYJ boundary layer

is higher. At night bothboundarylayer conditions cause a stable boundary layefSU
generates a more adtle layer compared to the MYJ. In rural areas this means lower
temperatures, while in the citglease of heat becomenore difficult.

Except the temperature differences in the vertical direction, a horizontal difference on the 2
meter level aused by the boundary layer schemealso visible.Due to more turbulent
circumstances in the MYJ scheme, a bigger urban plumenisratedcat night. Temperatures
downwind of the city are 3 degrees higher for almost 25 kilometre. The same efisotvis

in the contour plots of the WBGT.

By adding a city to the grassland the largest temperature effiectheYSU_C case (Figure
2). During daytime the temperatures ae average8.5 degrees higher compared to the
grassland case. At night more stable YStboundary layercauses arelatively smaller
temperature change.

Thewind speed is higher in cases without urban argk®. theeffect of the boundary layer
scheme on the wind speed is significant. The YSU scheme is responsible for lower wind
speed in rural as well as in urban environments. The humidity in the air is another important
meteorologichvariable which is influenced. MJ causes a higher value for the mixing ratio

in the air in the city and in the rural areas.

The most convenient boundary layer scheme is chosen based on the effect on the most
important variable in this study: tliBurnal UHI (Figure 3) The YSU schemgives the best
represerdtion of the development of the diurnaJHI according tothe one giverby Oke
(1982).Therefore, this boundary layer condition will be usedunfurther research.

3.3. Vegetation

As mentioned before, the vegetation type plays an imptorbé in the consequence of urban
vegetation in relation to urban climat@his section shows the influence of different
vegetation types iacentral park. Therefore, we set the vegetation to grass and trees.

Figure 4 shows the comparison of the diurngtle of temperature and the temperature
change caused by the introductioha park with grass In the mentioned figure it is clearly
visible that the park has the strongest cooling effect during the nightly hour€ (2.6 C).

The most pronounced teem@ture change occurs around sunrise and sunset. This can be
explained by the fact that grass cools faster in the early evening, and the city cannot release its
heat that quickly. In the early morning the converse effect takes place: quicker heating of the
grass field leads to a positive temperature difference. During the day, the cooling effect still
exists and reaches its maximum just before sun set.
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In order to explairthe temperature changese study the energy balanae three different
spots (Figuré). In the parka slightly negativéSH/, a/LH/ around 0 and slightly positivé&/

could be found at nightAt the same time the energy balance components in the city are
positive for/SH/, neaty O for /LH/ and the solil flux becomg®ositive. While the gass field

cools down, the city is still heating up. In combination with wind speeds around 3.5 m/s, cool
air from above thepark is advected towards the city, and causes a cooling effect at the
downwindpark edge.

The urban energy balancesFigure 5are dealing with a higher sensible heat flux and a lower
/LH/ than the energy balance within the central padss water is available to evaporate

the urban area and more energy could be used to heat up thbeasoil heat flux is also
more extreme, wring the day more heat could be absorbed by the urban materials, while the
energy will be released during nigiitne. The energy balances upwind and downwind are
nearly the same. However, duringght-time a small difference in the soil flux and sensible
heat flux is visible.The crosssection in figureaGshows the 2m temperature from the
souteast to the northwest around 04:00 at night. Relatively cold rural air from the south east
is blown towards the city. The air temperature increases 4 degrees whentéring the city.

Than it crosses the border of the central park and the tempedatypedown more than 1
degree. So the air which is entering the spot on the mgetitern part of the park is&
degreesvarmer compared to the air which entersgbathern urban are@his causes a more
unstable situation of the atmosphere in front of the paigure 6. The airin the southeast
could reat up even more. As a consequencestlieflux and the sensible heat flux are slightly
higher in the souteasern part of the city.

A spatial effect of a central grass field is shown in figure(Défault) In case of
YSU_G_SM27_1Ptemperatureslownwind ofthe city are 1 to 3 degrees lower than the
reference YSU_C ruhe park itself functions as a cooling islamthere temperatures could
drop down 7 degrees compared to the YSU_C riiime influence of the cooling plume
(>0.5 C) of the central park could reach a distance up to 25 kilometres during the moment of
strongest cooling.

As mentionedearlier, a foresthas @aother effect on temperature regime than a grass field.
However, WRF could not create a realistic approximation of the temperatures under trees.
Therefore the equations of de Ridder (2009) were used to develop an approximation of the
temperature profile whin the forested canopy. However, correcsionf the resulting
temperature were not feasible. Temperatures within the canopy were way too high and not
reasonable to implement in our studye reason for this is that z and &ve to be larger

than d. Fo a forest with a canopy height of 20 meters and a displacement height of 14 meters,
it is necessary to use negative z/z* values to calculate the temperature at a 2 meters level.
However, the approximation of de Ridder (2009) is calibrate@.@+z/z*<3 & -5<z/L<1. In

this way it is impossible to achieve a correct value for the 2 meters temperature.

3.4. Soil moisture
To investigate the effect of human maintenance in terms of irrigation, the soil water content of
the urban centragrass fieldis set to the wiing point (0.066m°m°) end the field capacity
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(0.329m*m°) of a loamy soilWe used a threshold of 0@ as minimal temperature change
during this researctNote that the runs of different soil moisture contents of a central forest
are not used (seeguious section).

Figure 7 shows the spatial effect of different values of the soil moisture content.
Decreasing/increasing the soil moisture of the park to wilting pdi8t(_G_SM6.6_1Por

field capacity YSU_G_SM6.6_1F shows a big influence on the teenptures in the central
park In all cases the cooling plume during nigimhe reaches more than 25km outside the
city boundariesThe strongest cooling effect could be found downwind at the edge of the
central grass fiel¢-6 e -Z £ .(During daytime the cooling effect is less, but still visible in all
cases. Howeveg well watered parklepicts lower temperatures in the afternobine cause
could be found in the energy balances of both cases. Due to more presence tésgatotar
radiation is turned into sensible heat, which is the cause of decreasing air temperatures. In a
park with the soil moisturecontent set towilting point, shows almost no temperature
difference compared to high densely built city.

Looking at a temporal scalegither a cooling nor a warming effect due to a central park is
visible downwind at tke city edge(Figure 8).Closer to the park figure 8 depict a more
significant effect. The diurnal temperature rangéthe edge athe park is weakening in case

of a higher soil moistureontents.A dry park indicate a 2 degrees cooler urban spot
downwind of the parkedgein comparisonto a relatively wet park during nighime. The

main reason for this is the fatftat a humid soil couldstore more heatwhich is released
during the night.In the afternoon the opposite occuBue to a higher value of the soil
moisture, more water is available to evaporate. This generates an increase of the latent heat
during the day, which suppressais temperature. Well watered grass fields are 24 hours
resposible for a cooling effect close to the downwind side of the park. Despite the stronger
cooling effect of a dry parkt night a dry park at wilting point has also a warming effect.
Temperaturesat daytimearebetween 0.1 and 0.5 degrees Celsius highen tia run without
vegetation.

3.5. Spatial Distribution

The next analysed aspect is the effect of the spatial distribution of urban green on tBg UHI.
dividing the amount of green over differambanparksfour runs were set ugwo runs with a
city with 2 parks parallel and peepdicular to the wind directionvith 4 parks ané runwith
green corridorgFigure 9)

Spatially the effect of different distributed parks is visible in Figure 10. The strongest cooling
effect at the edge of the park is fouN®U_G SM27 2PV and YSU_G_SM27_COR. In
these runs the urban area at the park edge could cool down up to 3 degrees at night. During
the day nearly the same spots experience the strongest cooling effect.

Figure 11shows the percentage of the city that experiencesoling/warming effect of more
than 0.1C. The minimum/maximum g@eksof warming and coolingccurat the same time.
However, next to the constant diurnal cycle of temperature change, there exists a clear
difference between the runsThe cooling effect $ slightly increasingwith a more equal
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distributionof vegetatiorover the city. Around 30% of the city cools due to a compact central
park, while by using green corridors 50% of the agycooled. Looking to the extremes
during nighttime give a good 8w on the effect of park distributionh& cooling effect of
green corridors (60%) is almost doubled compared to the 1 park run (B&&parks have a
nightly extreme of 45% and 4 parks around 59%.

In the second linefdigure 11, the more extreme tempéuee changes (®.5C ) are plotted.

In case of compact parks, the temperature effect stays more or less constant during day and
night. In case of more equally spread parks, the diurnal influence is clearer visible. Especially
during daytime better spreadban green causes a higher percentage of cooling in the city.
However, during night the cooling effect of more than G.5n more significant in a
bigger/compact park.

In a world of increasing urbanization, it is important for human health to get easdygsaio

urban green at short distances. As a next step the vegetation is equally spread over the city. By
increasing the vegetation fraction in the urban grid cells by 10%, we aimed to find a
correlation between maximum UHI and percentaggreénness. Ashown in figure 12he

model found a decreasing UHI by implementing more vegetation in the urban grid cells of the
model. It fits between the 9ercentile line and the median found by an observational study

of Steeneveld et al. (2011) in cities in thetidglands. Because comparison with observations
gives us confidence in the model results, we tried to discover more effects on temperature and
WBGT. A city without any urban vegetation has a 4 degrees higher WBGT compared to the
rural environment. By incesing the amount of vegetation, the maximum reached WBGT
difference becomes less. The decreasing temperature UHI graph in relation to greenness is
much steeper compared to the WBGT UHI. This is caused by the counterbalancing effect of
the humidity of the ia, which increases with the greenness.

3.6. Human Comfort

A last objective during our study is tdiscoverhow urban vegetation influences human
comfort. A difference between the air temperature and the WBGT strongly depends on the

soil moisture content (Figarl3). A relatively dry soil always lowers the perceived cooling

effect during the nightclose to the park (Figure 13ayVhile the cooling effect in air
temperature is around 8 degrees, t hdaytinpeer cei v
the warmimg effect of a dry soil is slightly weakened in the WBGT by the lack of humidity.

Parks with a wet soil are responsible foVdBGT which isalways around 2 degreésgher

than the air temperatu(€igure 13b) However, the cooling effect in air temperatavatched

into a warming effect in the perceived temperature during the day. While air temperatures
drop down 1 degredue to a grass field with a high soil moisture content, the WBGT will
increase tovalues up to 1,5 degrebgher than in the city run wibut parks

In order to show thénfluence on temperature and WBGT per hourcases with dirent
distributed urban greeristograns are made (Figure 14). The figure shows the average
temperature and WBGT change over the city per time dtep found that the more
distributed the green arease the more hours day the city experiencesmore extreme
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cooling effect. The WBGT histograms show also some warmer hours, which is caused by
more humidity in the airAlso for the WBGTFvalues counts that thenore spread vegetation
is, the lesghe number of warming hours.
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4. Discussion
In this section the strengths and weaknesses of our study will be discussed. First in general,
and second per researched subject.

Previous studiefound already the existence & cooling effect of urban vegetation on the

city climate (Huang et al., 2011)he results of our study match with these findings
However, our results indicateless discussed warming effext air temperatureluring the

dayin case of dry grasslandshe soil moisture is an important aspect which influences the

UHI . The higher the parkos soil moi sture, th
larger the urban plume. Extreme low soil moisture contents could even cause slightly higher
temperatves during the day which is also mentioned by Sproieith and Oke (199&nd

Cao et al(2010). Essential is to point othie soiltype: Another soil typecould change the

soil moisture capacityand therefore the temperature effect on the city.

Also vgyetation type is an important aspect to influence the city climatecent studiethe
effect of different kinds of vegetation is underexpo@¢danget al.,201). In our case we aim

to approach the effect of trees on the 2 meter temperdtoealiurnd cycle of temperatures

in a forestedpark shouldshow an attenuated shape compared to grass(®udsheret al.,
2006. However, the right approximation is not found to simulate the temperature profile in
the forest canopyThe u®d correction of de Riadat (2009) did not produce reliable
temperatures. Future research could develop a way to convert WRF datdude oé
atmospheric variables unaeath the canopy.

Looking at a more spatial scalapst studies are focussed on the effect of vegetation on the
close surrounding$Andradeand Vieirg 2007; Potcheet al, 2006; SpronkerSmith and,
Oke, 1998).The added value of our study results, shows the effeathagger part of the city.
The wind is responsible for transportation wibstly cool air abovethe park to parts
downwind. The size of the so called urban plume is mainly influencellebwindspeedIn

our case an urban plume up 1@ Klometres igegisteredduring wind speeds from 0.5 to 6.0
m/s. Lower wind speeds will reduce the cooling plumietlee park, and could create an
intense local cooling effectAlso changing the roughness of the surface coulduse a
different plume.

The green distribution is another important factor which influences the temperatures in the
city. Huang et al(2011) already discovered the increasing cooling effect in cases of more
equally spread vegetation. Our mesoscale modelling resahérm that smaller parks
influence a higher percentage of the citlowever, different situated smaller parks could
create andter effect. It is important to study the effect of the park location in more ways.

To discover the impact of percentagdangreen on the maximum UHI, Steeneveld et al
(2011) developed a correlation diagram between urban greenness and the effectrioanthe u
heat island effect in Dutch citiek our modelling research, the greenngsshe entire city

was change@qually. However, to develop a more realistic approximation, greenness should
decrease from the city centre towards the edge.
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The wet bulb glob temperature is used to estimate the human comfort. However, the human
body experiences more parameters which affect the human comfort. The WBGT ordy uses
temperature and humidity to give an indication. Otineteorologicalariables likeradiation

ard air movement are not taken into account. Using the Physiological Temperature (PET)
could give a more reliable approach of the way people experience certain circumstances,
because next to meteorological indices, huiaators are taken into account (Hopf899).

The use of a mesoscale model itself has some negative sides with respect to small scale
analyses. Because of the use of grid cells (smallest 1kmx1km) the model does not give a good
view on the temperature close to the park where the gradienteidatbest. Also the
microscale level is impossible to model by WRF, such as single trees and the green space
along the road.
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5. Conclusions

In this study he influence of urban vegetation on thebdhHeatIsland (UHI)and human
thermal comfort is studied ypa modelling approaclof an idealized city and various
vegetation types, park distribution and soil moisture cont&ytsising a mesoscale model the
influence of vegetation type, soil moisture and urban green distribution is investigated. In
general theesults show a decreasing influence withracreasing distance from the park.

At first, the boundary layer sensitivity analysis shows us that the main difference between the
studied MYJ and the YSU schemia UHI. At night the YSU shows a larger tempenat
difference between grass and city land use. The heating of the atmosphere is faster in case of
the MYJ scheme. The YSU scheme models the strength of the resulting UHI is higher due to
a more stable boundary at night, and a larger heat exchange dher ithgyt

In the discipline of urban design it is commonly accepted that urban green decreases
temperatures during day and night. However, it is important to note that dryrigated

grass fields enlarge the diurnal temperature cycle. Our study shatva tbw soil moisture
content could even increase air temperatur es
the same way, well watered vegetation attersudite diurnal cycle. A higher soil moisture

content will decrease the air temperatufds0eC) close to the patkbut is responsible for
increasing values (+1, 5ceAGmilaonhitigatidneffeciFddrid d ur i n
during the night.This counterbalancing effect of humidity neddsgther researcho find an

optimalway to irrigate ubban parks and tiosnprovethe human comfort.

In addition, he type of vegetation playsather important role in the way parks could cool or
warm their surroundings (Potchet al, 2008. In this research we aimed to approach a
reliable temperature prodlin forest canopy. Howevethis is not included in WRF and
research about this topic approach the atmospheric conditions beneath the canomrare

A next analyzedaspect isthe distribution of city parks. Our study shows thia¢ tmore
vegetation $ spread over the city, the higher the percentage of urban area is influenced in
terms of temperature andumman comfort.On the other hand, one large area of urban
vegetation has a more intense effectlmtemperaturesithin the city.

Our results givean indication of possible effects of vegetation on city temperatiies.
outcomes of this research are not directly applicable in every random city, because the
surrounding in the model is made homogenous. In reality the topographghaistteristics

and vegetationare more various. This could influence the effect of vegetation on the
temperatures and Urban heat islatiifierently in every single cas&o for examplein reality

it is possible thah more strategic situatgut alower percentage of ualm green could have a
larger effect on city temperatures than a central peltkrefore, it is important to discover the
precise effect of urban green in every specific situation before the application by urban
planners.
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Annexes Tables

Tablel: Spatial settings of the domainsSettings of the SLUCM.

# of | Size of| Timestep [s]
gridcells | gridcells
[km]
Domain 1 | 32x32 25x25 180
Domain 2 | 60x60 5x5 36
Domain 3 | 100x100| 1x1 7

Table 2: Settings of the model paameterizations

Surface physics

Unified Noah lanesurface model

Urban scheme

Single layer UCMSLUCM)

Microphysics

WSM 3-class

Longwave radiation

Cam scheme

Short wave radiation

Dudhia scheme

Cumulus option

Grell-Devenyi ensemble scheme

6M-order

numerica ON but prohibit upgradient diffusion
diffusion
Non-dimensional rate 0.12
Boundarylayer option MYJ YSU
Surfacelayer option Monin-Obukhov | Monin-Obukhov
scheme scheme
Eddy coefficient optior Constant Horizortal

horizontal dif.

(300nf/s)

Smagorinsky first orde
closure
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Table 3: Settings of the model parameterizations

Urban Parameters Value
Roof level 7.5m
Standard deviation of the ro(3.0m
height

Rood width 10.0 m
Road width 9.4m
Anthropogenic heat 1

Fraction of the urban landscapg 1.0

which does not have natur

vegetation

Heat capacity of roof 1.0 E6 J K™
Heat capacity of building wall 1.0 E6 J iK™
Heat capacity of ground/road 1.4 E6 J K™
Thermal conductivity of roof 0.67J s'K™
Thermal conduivity of building | 0.67J $'K™
wall

Thermal conductivity ol 0.4004 J3K™
ground/road

Surface albedo of roof 0.2

Surface albedo of building wall 0.2

Surface albedo of ground/road 0.2

Surface emissivity of roof 0.9

Surface emissivity of building &l | 0.9

Surface emissivity of ground/road | 0.95
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Table 4: Overview of the different runs (runs marked by a * were not feasible, see chapt8:3.)

MYJ all grass - -

YSU all grass - -

MYJ City - -

YSU City - -

YSU Grass 0.27 1 central park

YSU Grass 0.066 1 central park

YSU Grass 0.329 1 centrapark

YSU Trees 0.27 1 central park

YSU Trees 0.066 1 central park

YSU Trees 0.329 1 central park

YSU Grass 0.27 2 parks (EW)

YSU Grass 0.27 2 parks (NS)

YSU Grass 0.27 4 parks

YSU Grass 0.27 Corridors
integrated green

YSU Grass 0.27 (0-100%)

YSU Trees 0.27 2 parks (EW)

YSU Trees 0.27 2 parks (NS)

YSU Trees 0.27 4 parks

YSU Trees 0.27 Corridors
integrated green

YSU Trees 0.27 (0-100%)
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Annexes Figures
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Figure 1: Vertical cross section through the third domain showing the temperature change for MYJ_C
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Figure 2: Frequencies ofUHI. Data only from the area where the change-&5or >0.5 (average over the
urban area for each time step). Left for MYghtifor YSU.
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Figure 5: Energy balance components for different places in the city with respect to the parkH stand for
Latent heat flux, S for Sensible heat flux, G for ground flux and Net for Net radiation. B and i in the left panel a

stand for behind and after respectively.
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Figure 6a (left): Crosssection of temperature at 04:00 UTC 097-2010. The dasheded lines depict the
urban borders and the dashed green lines the borders of the urban central park.

Figure 6b (right): Vertical profile potential temperature urban spot downwind and upwind of the city at
04:00 UTC 0907-2010.
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Figure 7: Influence of different soil moisture contents curing different timesFigure depicts difference
between runs YSU G _SM6.6_1P (left column), YSU G _SM27 1P (middle column), YSU G_SM32.9 1P
(right column) and YSU_C. Temperature contours show every 0.5 degnegech
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Figure 8: Influence of the parks of different soil moisture contentson its clese downwind surroundings

(right) and furthur in the city (left ). Figures depict difference between YSU G_SM6.6_1P \(VP),
YSU_G_SM27_1P Oefaul)), YSU_G_SM32_1P (FG and YSU_C.
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Figure 9: Cases of different distribution
of vegetation over the city
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Figure 10: Influence of urban distribution temperature d uring day and night Figure depicts dférence
between runs YSU_G_SM27_2PV (left column), YSU_G_SMPH Zsecond lefcolumn),
YSU_G_927_4P(secondight column) YSU_G_SM27_COR (right colummgnd YSU_C. Temperature
contours show every 0.5 degree change.
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Figure 11. Percentage of the city influenced by the presence of the urban vegetatiddolid lines depict
cooling effect and dashed lines warming eff@ap line shows percentage of the city influenced more than 0.1
“C (size of the plume) and bottom line percentage of the city influenced more th&h B&ch graph represents
one of the model rundor different vegetation distribution (from left to righ¥SU_G_SM27_1P,
YSU_G_SM27_2P (nortsouth), YSU_G_SM27_2P (westst), YSU_G_SM27_4P, YSU_G_SM27_COR,
YSU_G_SM27_INT)
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Figure 12: The effect of greenness percentage on the UHFigure depictseffect of greenness on the
Temperature UHI (left) and the WBGT UHI (right). In the left figure dashed lines of an obieralattudy of
Steeneveld et a(2011) are depicted.
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Figure 13: Comparison of the2m temperature change and the WBGT change close the park. Figure
depicts differencbetweenySU_G_SM32.9 1P, YSU_G_SM32.9 1P and the run without ey panels
depict night hours.
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