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INVESTIGATION OF URBAN HEAT ISLAND INTENSITY AND
DEVELOPING MITIGATION STRATEGIES FOR ISTANBUL

SUMMARY

Urbanization and climate change may be the two most significant socio-ecological
issues of the 21st century. The intersection between these trends is intensified by
increasing population. Thus, the quality of life is influenced negatively. Cities are the
defining ecological phenomenon in the decades ahead and the majority of the
population of world now lives in them (While and Whitehead, 2013).

Significant urbanization has occurred in Istanbul due to incerase of the population.
Urban growth and associated landscape transformation might be a major driver of
local and regional environmental change in this city. Istanbul is the largest city of
Turkey with the population over 14 million inhabitants and the urbanization is
drastically expanded since 1965 due to the population increase from 2 million to 14
million.

As long as cities proceed to grow and develop with climate change, in order to
mitigate urban temperatures by identifying and assessing practical strategies, is
critical to provide socio-ecological urban sustainability and thermal comfort (Coutts
et al. 2013). Using green and cool (high-albedo material) roofs are commonly
reported to provide urban heat mitigation potential; however, their performance is
highly dependent upon their design, sunshine duration, and location of the built-up
area. This study compares the role of land use and wind field modifications to alter
the urban climate in Istanbul by modeling spatial distribution of the urban heat island
given 33 mitigation strategies (including white, green and hybrid scenarios) and 10
sensitivity analyses (with wind speed and wind direction scenarios).

In this study, the impacts of urban expansion on meteorological variables in relation
to the urban heat island (UHI) effect in Istanbul is investigated. To estimate the
strength of UHI, the temperature differences between urban and suburban stations
are calculated by using temperature observations from 6 stations for 1960-2014
years, and 34 stations for 2007-2012. In order to examine what type of changes in
the urban landscape elevate the intensity of UHI in Istanbul, by using the dry days
which were determined with the meteorological station data, the effects of change in
land use on daytime and nighttime urban heat island (UHI) of Istanbul is examined
using the micro-scale climate model MUKLIMO 3.

The model simulation for mitigation strategies takes place for 07.08.2012, which was
the hottest day in a heat wave that lasted five days and exceeded 30.5°C (threshold
value) from the 90th percentile of all six station’s data. A Case domain (Maslak) for
date (07.08.2012) is selected and the implementation of green roofs and high-albedo
materials are considered in order to lower the temperature. Due to the fact that
MULIMO_3 provides the opportunity to implement green roofs as well as high-
albedo materials in built-up areas easily, several mitigation strategies are applied.
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The implementation of cool (high-albedo) materials for urban structures and green
roofs as mitigation strategies in general show lower temperatures throughout the
whole day, while the effects of white and hybrid scenarios are much higher than
green roofs. For the roof treatments explored here, results suggest that cool roofs
(white scenarios), provide the greatest overall benefit in terms of urban heat
mitigation and energy transfer into buildings. The high albedo of the cool roof
substantially reduced net radiation, leaving less energy available at the surface for
sensible heating during the day. Under warm and sunny conditions, when soil
moisture was limited, evapotranspiration from the green roof was low, leading to
high sensible heat fluxes during the day. Irrigation improved the performance of the
green roof by increasing evapotranspiration.

Consequently, the thermodynamic version of MUKLIMO 3 has decent skills to
capture general pattern of urban climate parameters such as temperature, relative
humidity and wind velocity. In order to evaluate the utilizability of mitigation
strategies to reduce potential of heat stress, the results demonstrate suitable promise
as a valuable tool for national stakeholders and urban climatologists. On the other
hand, the rooftops of mega city Istanbul must be designed accordingly to target
specific performance objectives, such as heat mitigation rather than receiver system
or brick located roofs.
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ISTANBUL ICIN SEHIR ISI ADASI SIDDETININ ARASTIRILMASI VE
AZALTMA STRATEJILERININ GELISTIRILMESI

OZET

Bilingsiz sehirlesme ve iklim degisikligi 21. yiizyilin en 6nemli sosyo-ekolojik
sorunlarindan biridir. Bu iki giincel konunun ortak sonuglart artan insan populasyonu
ile siddetlenmekte, bune bagl olarak da yasam kalitesi de olumsuz etkilenmektedir.
Ozellikle son otuz yildir sehirler ekolojik fenomenler olarak tanimlanmakta ve diinya
niifusunun biiyiik bir gogunlugu artik kirsal alanlardansa sehirlerde yasamay tercih
etmektedir (While and Whitehead, 2013).

Istanbul sehir merkezi ve gevresinde yasayan 14 milyon insan ile Turkiye’nin en
biiyiik sehridir. Bu mega kentteki insan popiilasyonu 1965 yilinda 2 miyon civari
iken %600°’lik bir artis gostererek giinimizde 14 milyona ulasmis; hizli niifus
artisina bagli olarak toplumun gereksinimlerini karsilamak {izere ortaya c¢ikan
sehirlesme de, bu belirtilen periyot siiresince siddetli bir bigimde artmustir.

Avrupa’daki bircok iilke niifusundan fazla niifusa sahip olan Istanbul’'un konut
ithtiyacinm karsilayabilmek adina; birgok orman alani, mesire yeri, yesil alan, sit alani
yarim asirlik siire zarfinda yerlesim alanine ¢evrilmis, sehir disinda kalan yar1 kirsal
ve kirsal bolgeler de sehir sinirlari igersine dahil edilmis, sehir zaman icersinde
biiyiimiis, daha genis bit yiizolglimii kaplar hale gelmistir. Bu da fiziksel, sosyal ve
ekonomik siiregleri degistirmistir. Ornegin kontrolsiiz sehitlesme trafigin, diizensiz
endiistrilesmenin ve diisiik kalitede yerlesim alanlarinin artigini tetiklemis ve ¢evresel
problemlerin ortaya ¢ikmasina veya siddetlenmesine neden olmustur.

Sehir alanlarinda insan etkisi ile yaratilan degisiklikler sehir ortaminda sicakliklarin
daha yiksek olmasina neden olmaktadir. Yesil arazinin ve tarim alanlarinin yerini
beton yapilarin almasi 1smin daha fazla absorplanmasimi ve dogal olmayan
yuzeylerden buharlagsmanin azalmasina neden olmakta, kentin enerji dengesi, yillik
ortalama yagis miktari, kentin hakim riizgar yonii ve ortalama riizgar siddeti gibi bir
cok meteorolojik parametreyi degistirmekte ve sehir 1s1 adas1 yaratmaktadir. Sehir 1s1
adas1 (UHI), sehir materyelleri ve yapilagmanin ¢evresindeki havanin farkli 1sinma
ve soguma oranlariin, lokal yiizey enerji dengesinden dolay1 sehir yapilar ile onun
cevresindeki sicaklik farki olarak tanimlanir. Baska bir deyisle sehir 1s1 adasi, yesil
alanlarin azalmasi ve binalasmanin artmasi sonucu sehir ortami ile kirsal alan
arasindaki sicaklik farkidir. Sehir alanlari, genellikle sehir dist mahalleler ve kirsal
alanlara gore daha sicaktir. Sehir/sehir dis1t mahalleler ve kirsal kosullarda genis
yatay sicaklik gradyanlar1 meydana gelir. Sehir 1s1 adast indeksi yogunlugu sehir-
kirsal alan sicaklik farkina baglidir ve genellikle yazin en fazladir.

Istanbul gibi yiiksek bilyiime oranlari ile sehirlesen mega kentlerde sehirlesme, arazi
kullaniminda ve arazi Ortiisiiniin 6zelliklerinde meydana gelen mevcut agaglarin
kesilmesi, sehir alanlarinin kenar mahallelerindeki bitki ortiistinlin yok olmasi, yeni
binalarin yeni yollarin yapilmasi ve diger yapilarin eklenmesi seklinde 6nemli
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degisiklikler sonucunda ortaya ¢ikmaktadir. Bu degisiklikler sehir 1s1 adasinin (SIA)
siddetini arttirabilecektir. Sehir Is1 Adasinin (SIA) belirlenmesine yonelik bilimsel
yazinin sistematik incelemesi ve kullanilan yontemlerin sorgulanmasi Stewart
(2010)’un ¢alismasinda yer almaktadir. Sehir 1s1 adasina yonelik ilk bilimsel
gozlemler 1833 yilinda Luke Howard tarafindan yazilmistir (Stewart, 2011). Daha
yeni bir ¢alisma olan Santamoris (2014) SIA konusundaki ¢aligmalar1 derlemistir.
Son yillarda STA etkisi, gozlemler ve sayisal modeller kullanilarak diinyadaki farkli
bir ¢ok biiyiik sehir i¢in incelenmistir. Ornegin, Giannaros (2013) sayisal modelleme
ile Atina’nin gece sicakliklarinin ¢evresindeki kirsal alanlara gére 4°C daha yiksek
oldugunu gostermistir. Velazquez-Lozada ve dig. (2006) tropikal sahil sehri San
Juan’daki SIA incelemis ve bir yila yakin simiilasyonlar gerceklestirmistir. SIA ¢evre
ve ekosistem Uzerinde olumsuz etkiler yaratmaktadir. Sarrat ve dig. (2006) SIA’nin
Paris’teki bolgesel hava kirliligine etkilerini incelemistir.

Gelismekte olan iilkelerdeki hizli sehirlesme ve sehir niifusundaki artig sehir 1s1
adasmin etkilerini arttirmaktadir. Bu etki sehir planlamasinda peyzaj dizaynina
dikkat edilerek kismen azaltilabilir. Bu etkiler bir ¢ok bilimsel c¢aligmada
degerlendirilmistir (Susca ve dig. 2011; Sun ve dig., 2012). Susca ve dig. (2011)
New York sehrinde ¢ok Olcekli yaklasimla yesil alanlarin pozitif etkilerini ortaya
koymustur. Sun ve dig. (2012) Peking’de su alanlarinin SIA etkilerini azaltmaya
yardimci oldugunu gostermistir. Benzer olarak, Santamoris (2014) sehir ortaminda su
ile kaplh alanlara yer vermenin soguk ada yarattigin1 ve bu nedenle SIA etkilerini
azaltmak icin sehir ortaminda su alanlarin artirilmasini 6nermistir.

SIA’nin bélgesel iklime etkisi daha dnce bir ¢ok ¢alismada incelenmistir. Ornegin,
Lin ve dig. (2008) Taipei, Kuzey Taiwan’daki SIA’nin bolgesel iklime etkisi
konusunda calismis, ayrica SIA’nin lokal sirkiilasyonu degistirerek deniz meltemini
kuvvetlendirdigini ve kara meltemini de zayiflattigin1 gostermistir. Priyadarsini ve
dig. (2008) Singapur’daki SIA etkisini arastirmis ve diisiik albedolu materyaller ve
kuleler gibi SIA etkisine neden olan ana faktorleri ele almistir. Vardoulakis ve dig.
(2013) de kiiciik bir Akdeniz sehrindeki 6°C’ye kadar olan saatlik yaz SIA siddetini
belirlemis, ayrica SIA yogunluklari ve sehir havalandirmasi arasindaki iliskiyi
gostermistir.

Unal ve dig. (2013) Tiirkiye’nin batist {izerindeki sicak hava dalgasi egilimlerini
incelemis ve sicak hava dalgasi sayisi, uzunlugunun ve siddetinin Bat1 Tiirkiye i¢in
artan egilimde oldugunu ve bu degisimin guney enlemlerinde ve denizden uzak
yerlerde kuvvetlendigini gostermistir. Bu, bolgedeki sirkiilasyon degisiminin bir
sonucu olabilir. Belirli bir tip sirkiilasyon, Istanbul’daki sicak hava dalgasinin
olusumunu tetiklemistir (Unal ve Mentes, 2006). Eger, son birka¢ yilda sirkiilasyon
tipinin frekansinda bir artis olursa, Istanbul SIA etkisi ile giiclenen daha yiiksek
giinliik sicakliklar ile karsilagacaktir.

Sonug olarak da kentsel biiyiime ve buna bagli arazi yapisinda gergeklestirilen
degisikler, sehirdeki lokal ve bdlgesel iklim degisimine neden olmaktadir. Lokal
ikliminin degigsmesi sonucu yogun yerlesimin oldugu sehir merkezi sicaklarinda artis
meydana gelmekte ve bu artis ekolojik kaynaklarin yaninda yerlesik halkin saglini ve
refahin1 da etkilemeye baslamaktadir. Ozellikle yaz sicakliklarinda daha net g6zlenen
ve her gegen yil da eksponansiyel olarak artan bu degisimler, sehir iklim degisikligi
sorununu gundeme getirmektedir. Ancak, yiiksek yaz sicakliklarini azaltmaya
yonelik yapilan c¢alismalar ve gelistirilen stratejiler ile, iklim degisiligi tehdidi
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altindaki biiyimeye devam eden mega kentler i¢in yasanabilir sehir ortami
saglanabilir (Coutts et al. 2013).

Bu ¢alismada, Istanbul sehir ikliminde yiizey kullanim degisimi, sehir 1s1 adalarinin
mekansal dagilimi igin verilen 7 degisim stratejisi ile modellenerek, sehir gelisim
etkilerinin, meteorolojik degiskenlerin Istanbul’daki sehir 1s1 adalar1 {izerine olan
etkisi incelenmistir. Sehir 1s1 adalarinin siddetinin belirlenmesi igin, sehir ve kirsal
alandaki sicaklik farkliligi 1960°dan 2013’e kadar 6 istasyon, 2007’den 2012’ ye
kadar 34 istasyondaki sicaklik gozlemlerinden hesaplanmistir.

Sehir 1s1 adalarinin siddetini, arazi kullanimindaki hangi degiskenlerin yiikselttigini
belirlemek icgin, meteorolojik istasyonlardaki gozlemler ile kuru gunler belirlenip,
Alman Meteoroloji Isleri’nin (Deutsch Wetterdienst) gelistirdigi Mikro Olgekli
Sehir iklim Modeli olan MUKLIMO 3 ile Istanbul’daki sehir 1s1 adalari, yiizey
kullanim degisiminin etkileri gece (minimum) ve giindiiz (maksimum) sicakliklari
icin incelenmistir. 6 meteoroloji istasyonundaki tiim verilerin ylizde 90°n1 ile esik
deger 30.5°C belirlenmis ve 5 giin siiren sicak hava dalgasi igin 07.08.2012 model
simiilasyonlar1 i¢in hedef giin secilmistir. Belirlenen tarih i¢in yesil ¢cati uygulamalar1
ve ylksek albedo materyelleri degistirilerek, sehir 1s1 adasi siddetini diisiik
sicakliklara indirebilmek adina Maslak uygulama alani se¢ilmigtir. MUCKLIMO 3
modeli segilen 7 degisim stratejisi i¢in sehirlesmedeki yliksek albedo yapilarini ve
yesil ¢at1 uygulamalarini kolayca uygulanmasini saglamstir.

Sonug¢ olarak, MUKLIMO 3 modelinin termodinamik versiyonu sehir iklim
parametrelerinin genel paternleri olan sicaklik, bagil nem ve riizgar hizimi iyi bir
sekilde modellemeyi basarmistir. Is1 stres potansiyelini azaltmak igin gelisim
stratejilerinin kullanilabilirliginin gelistirilmesi, paydaslar ve sehir iklimcileri igin
degerli  bir araylizle uygun vaadleri  sonuglar  bize  sunmaktadir.
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1. INTRODUCTION

Climate change is a global phenomenon for many years. Especially since the 1950s,
many of the observed changes are unprecedented over decades to millennia. The
atmosphere and ocean have warmed, the amounts of snow and ice have diminished,
sea level has risen, the weather patterns have disturbed, and the concentrations of
greenhouse gases have increased. In addition to these long-term changes in the
climate system components, humans are affecting both the energy and water budget

of the planet by changing the atmospheric composition and land use.

IPCC 2013 report indicates that all general circulation models (GCMs) estimate an
increasing global air temperature for the future. Global surface temperature change at
the end of the 21st century is likely to exceed 1.5°C relative to 1850 to 1900 for all
RCP (the Representative Concentration Pathways) scenarios except RCP2.6. It is
likely to exceed 2°C for RCP6.0 and RCP8.5, and more likely not to exceed 2°C for
RCP4.5. This warming will continue beyond 2100 under all RCP scenarios except
RCP2.6 (IPCC, 2013). Eventually, the number of days with thermal stress will
increase in many regions of the world (Frih et al., 2010; Solomon et al., 2007). Not
only enhanced discomfort but also a rise in fatality rate will be aggravated by the
expected changes in strength and frequency of extreme daytime and nighttime
temperatures (Souch and Grimmond, 2004). For instance, changes in many extreme
weather and climate events have been observed since 1950s. It is very likely that the
number of cold days has decreased while the number of warm days has increased on
the global scale. Besides, the frequency of heat waves has increased in large parts of
Europe, Asia and Australia (IPCC, 2014).

Urban areas are affected by the global warming and also key contributor to climate
change. Metropolitan areas are the attraction centers for many people since they
provide opportunities for better education, job and life style. Unfortunately, they
greatly increase urban environmental problems such as air pollution, and energy
consumption due to rapidly increasing urban population, especially in recent

decades. Today, majority of the world population lives in urban areas whereas it was



only 10% of the total population lived in the cities before the industrial. It is expected
that urbanization will continue to rise in urban regions and the global population of
cities will reach 66% by the year 2050 according to the United Nations Report
(2014).

Urbanization leads to higher nocturnal temperature compared to surrounding rural
areas, and the temperature difference between these urban areas and their
surrounding due to the lack of green landscape and increasing built-up areas is
defined as urban heat island (UHI). In urban areas, local climate conditions and high
temperatures are caused by heat absorption in pavement, asphalt and concrete
surfaces due to the decreased evaporative cooling. In a hot summer day, this stored
heat is not released during daytime, since the buildings as well as the ambient air
have high temperatures with small gradient in between. However, when the sun sets
and the temperature of the atmosphere decreases, the heat start to be emitted from the
build up areas and eventually, released heat heats the ambient air around the
buildings causing higher nocturnal temperatures and this is known as heat island
effect. The formation of UHI phenomenon depends upon the size and density of the
population. According to Oke (1973), the urban heat island is directly proportional to
the urban population. Cities are among those most jeopardized with the potential
global climate change as the heat load in urban areas is expected to increase. Thus,
urban climate research related to the global climate change has a vital importance for
the inhabitants’ welfare. Observing the possible range of heat load increase is
indispensable, in terms of both its magnitude and intensity, for planning the

mitigation strategies.

A systematic review and scientific critique of methodology in modern urban heat
island literature has been made by Stewart (2010). According to Stewart (2010), first
scientific observations on this phenomenon are performed and documented by Luke
Howard (1833). Another successful review has been presented by Santamoris (2014).
In the recent decade, UHI effect has been studied for the various cities specifically by
using numerical modeling and well documented in the numerous papers. For
example, Giannaros et al. (2013) showed by using numerical modeling that Athens
exhibits 4.0K higher temperatures than its surroundings during night time..
Valesquez-Lozada et al. (2006) studied the UHI in the tropical coastal city of San

Juan with numerical atmospheric modeling and presented the simulations up to year



2050. UHI has also negative impacts on urban-related environments and ecosystems
located away from the cities. For example, Sarrat et al. (2006) examined the impact

of UHI on regional atmospheric pollution over Paris region.

The effects of urban heat islands can be reduced by landscape design in urban
planning(Susca et al. 2011; Sun and Chen, 2012; San et al. 2012). Susca et al. (2011)
evaluated the positive effects of vegetation with a multi-scale approach in New York
City. Sun and Chen (2012) suggested to increase water bodies to mitigate the UHI
effects in Beijing. Furthermore, Santamoris (2014) has made a different suggestion
such as urban cooling islands creating wetlands to mitigate UHI effects. The impact
of UHI effect on regional climate has been examined by several papers. For example,
Sodoudi et al. (2014) investigated the UHI characteristics of a megacity Tehran by
using micro scale model and suggested some feasible mitigation strategies such as
high albedo material, greenery on the surface and on the roofs and combination of
them in order to reduce the air temperature and save energy. Lin et al. (2008) studied
UHI effect on regional climate in Taipei, northern Taiwan. They also showed that
UHI could enhance the sea breeze in the daytime and weaken the land breeze during
the nighttime. Priyadarsini et al. (2008) investigated the UHI effect in Singapore and
examine the key factors causing the UHI effect such as material having lower albedo,
towers and street-canyons in this tropical city. Vardoulakis et al. (2013) determined
hourly summer nocturnal UHI intensities in a small Mediterranean city up to 6.0K.
He and his co-workers showed also significant relationship between UHI intensity
and city ventilation. This causes higher cooling energy needs which is related with

future climate change scenarios.

Istanbul is an ideal city for observing the urban heat island effect. There are several
meteorological stations located throughout the city, is separated by Bosphorus,
surrounded by two water bodies, Black Sea in the north and Sea of Marmara in the
south, and apart from being the largest city of Turkey, it is also the fastest growing
and most populated city (Karaca et al. 1995). Therefore, the local impacts of UHI
effect in Istanbul has been investigated by the numerous papers. For instance, Karaca
et al. (1995) studied the relationship between UHI intensity and population increase
in Istanbul and also examined the fluctuations and trends that occurred in the climate
of this mega city within the last four decades. Their study found that there is a

warming trend in the minimum (nocturnal) temperatures for the southern part of the



city where has high urbanization rate. In contrast, they also showed a cooling trend in
the minimum temperatures for the less urbanized but more green northern part of
Istanbul. Ezber et al. (2007) has shown that the urban heat island effect in Istanbul
lead to local warming not only in the ambient nocturnal air temperature over the
urban canopy but also in the low altitudes of atmosphere. In addition to atmospheric
perturbation, this effect causes heating of underlying soil and rocks (Allen et al.,
2003; Lee and Hahn, 2006). Yalcin and Yetemen (2009) investigated that the
observations of the groundwater temperatures from the urban, southern part of
Istanbul were 3.5K higher than the groundwater temperature from the rural, northern
part of Istanbul and examined the possible UHI effect on the groundwater
temperatures in urbanized areas of Istanbul. UHI has also impacts on local air
circulation over the cities and this topic has been examined by Ezber et al. (2015). In
this study, idealized case simulations by using non-hydrostatic mesoscale model,
OMEGA (Operational Multiscale Environment model with Grid Adaptivity) are
conducted in order to describe the contribution of sea—land breezes and UHI
circulation to the local flow over Istanbul. They confirmed that the urbanized regions
prevent the inland penetration of the sea breeze developing in the south by generating
UHI circulation.

Cities are particularly influenced by the heat load related to global warming since
this heat load adds to the well-known UHI effect (Frih et al. 2010). By reason of the
diversity of towns the interaction between urban areas and the atmosphere is a
complicated issue with many aspects (Sievers and Frih 2012). Besides, climate
change strengthens the urban heat island over the cities and it will simultaneously
influence more people in a negative way. This will cause enhanced stress conditions
for the people living in urban, suburban and rural areas, respectively (Jendritzky,
2007). Particularly, heat-related events such as heat stroke, heat stress related deaths
have potentially serious consequences for human health and assets. The assessment
of the impact of climate change upon patterns of death and illness has been new
research area on climate and health. Many studies have taken into consideration
fatality rates during heat waves and under heat stress, and have found a positive
correlation between heat and the number of deaths in all genders, ages and regions in
the world (Ishigami et al., 2008; Harlan et al., 2012; Kovats and Hajat, 2008; Gabriel

and Endlicher, 2011). There are several examples for the heat wave and its



consequences in the world wide. The best known among of them is the European
heat wave as an extreme climate anomaly occurred in the summer 2003, which was
the warmest year since 1540. Europe’s 2003 heat wave has been extensively
examined by Zaitchic et al. (2006). Most of them show evidence that heat stress

effects more women and elder (Ishigami et al., 2008).

The formation of the urban heat island is caused by several factors, such as
increasing built-up areas as well as the lack of vegetation. According to Sodoudi
(2014), one of the most significant reasons of the UHI are the low albedo and the
high heat capacity of roofs and walls such as concrete or asphalt, which absorb high
amount of short-wave radiation during daytime, this energy is then slowly emitted
during the nighttime as long-wave radiation from the walls and roofs and leads to
higher air temperature in the cities. The other important reason of the formation of
the urban heat island is the lack of green landscape of the cities. Urban areas have
less evapotranspiration rate relative to natural landscapes, because of the lack of
vegetation. This reduced moisture in built up areas cause to dry, impervious urban
surface reaching very high surface temperatures, which contribute to higher air
temperatures. Thus, using high albedo and greenery materials for walls and roofs can
be useful mitigation strategies in order to reduce the urban heat island effect
(Sodoudi, 2014). In a review of mitigation studies, green roofs are commonly
assumed as a key approach for mitigating heat in urban areas according to Ayata et.
al (2011) because of their thermal benefits, including the insulating effect of the
vegetation (Gettler et. al., 2011). Chen and Wong (2009) found that green roofs
could greatly decrease rooftop surface temperatures, also reducing ambient air
temperatures. Likewise, cool roofs and walls (white surfaces) may also provide
efficient mitigation of atmospheric heating and building energy savings through an
increase in albedo (Rosenfeld, 1998; Synnefa, 2008).

The urban heat load in Istanbul has been increasing over the past decades since the
urbanization has increased rapidly in the city particularly in the last 30 years.
Istanbul is the largest city of Turkey in population, has been growing at a rate of 2.08
percent a year in recent decades. Due to the rapid increase of population in three
decades, increased energy consumption and resultant changes in land use,
uncontrolled urbanization have led to an overall environmental deterioration in this

mega city. This study is first address the urban heat island intensity in Mega City



Istanbul and then investigates the role of land use modifications to modify the urban
climate by modeling spatial distribution of the heat load. The reference land use
dataset describes present urban structures as provided by both Istanbul Metropolitan
Municipality and Basar Soft GIS (Geographic Information System), while the
vegetation land use dataset is based on the digitalized geographical maps from the
CORINE Land Cover. The long-period observational data from meteorological
stations illustrate the magnitude and intensity of the urban heat load in the historical
urban environment. Excluding the changes in the regional climate, it is possible to
evaluate the urban bias originated by the city growth over 53 years. The work is
proposed to clarify the complexity of the spatial signal related to the heat island
formation and the response to the land use changes. It also validates the modeling
approach to investigate trends in urban heat load and urban heat island on
climatological time-scales, particularly useful for investigation of future development

of the urban climate and long-term consequences of the urbanization.

In this work, a micro-scale urban climate model called MUKLIMO_3, which was
developed by DWD (Deutscher Wetterdienst) is used and has not been validated
sufficiently for Turkey until now. After adopting the model for Istanbul, creating
current land use cover by using 3 different datasets and the implementation of several
mitigation strategies, such as green roofs or the usage of high-albedo materials. In
this way, MUKLIMO_3 may be a significant role in future projects, because many
different combinations of these strategies and land use changes can be tested and the
benefits can easily be compared against the costs of these strategies.

In order to maintain or enhance the quality of living in populated cities, urban
climatologists and urban developers need comprehensive information on future urban
climate on the residential area. The developers of the Microscale Urban Climate
Model have developed an approximate but computationally inexpensive algorithm,
which is called the cuboid method, to supply the data needed to estimate the impact
of climate change on the urban heat load with the required resolution (Frih et al,
2010). The cuboid method is a statistical method to evaluate the number of extreme
events in the future and present time slices and it reduce the computational effort
induced by climatological analysis, in other words, this method allows one to
simulate the load and the frequency of air temperature threshold exceedances such as

hot days, heat waves, etc. with a less computational effort compared to the



microscale simulations of the urban environment covering climatological time scales
(30 yr) by using statistical downscaling approaches of regional climate model outputs
in order to run the MUKLIMO_3. In so far as, this method might represent a useful
downscaling technique for a wide range of applications. Nevertheless, using the
model for Istanbul for the first time, in this work the cuboid method is not used, but
will definitely be part of future work.

The aim of this thesis is to study the effects of greenery in connection with the high
albedo materials in reducing the UHI effect in the metropolitan area of Istanbul and
finding a mitigation strategy for adapting the infrastructure against the microclimate
changes. This thesis is structured as follows. The background information about City
of Istanbul is given in section 2. The data which are used in order to obtain the heat
wave conditions of Istanbul from the TSMS (Turkish State Meteorological Service)
and DCC (Disaster Coordination Center) Stations and the reference land use dataset
provided by Istanbul Metropolitan Municipality and Basar Soft GIS (Geographic
Information System) and CORINA Land Cover Data to create the current land use
cover of Istanbul are presented in section 3. The description and the application of
urban climate model and the land use cover of Istanbul is discussed in section 3. An
evaluation of the micro-scale urban climate model, analyses and its results is

presented in section 4. Closing statements are given in conclusion section 5.






2. MEGA CITY ISTANBUL

2.1 Topography

Istanbul is located at the north-western part of Turkey within the Marmara Region
surrounded by seas on the north (Black Sea) and on the south (Marmara Sea).
Continental Europe and Asia are separated by the Bosphorus and these sides
currently connected with two bridges by the names of Bogazi¢i and Fatih Sultan
Mehmet. The new bridge on the north of the city is on construction in order to link
these two sides for the third time. The western part of the city lays in the European
continent and the eastern part in the Asian continent named as Anatolian side (
Figure 2.1).
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Figure 2.1 : Topography of Istanbul (height is given in meters).

The predominant wind directions of Istanbul are northeast and southwest. The city

has also watersheds on the north part at both sides with about 117 km? area.



Topography and land cover distribution of Istanbul are shown in Figure 2.1 and
Figure 2.2, respectively. The elevations at the northern parts of the city are higher
compared to the southern parts. The highest elevations on the Asian side are Aydos
and Camlica hills with the altitude of 537 and 268 meters above sea level,

respectively. Figure 2.1 shows the situation of these hills in the large and densely

populated Kartal and Uskiidar districts.
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Figure 2.2 : Land cover distribution of Istanbul.

2.2 Urban Areas

The built-up areas are mostly located along the southern parts of Bosphorus and
Marmara Sea coastline. Northern part of the city includes watersheds and covered by
evergreen and deciduous forests (Figure 2.2). However, the expansion of the urban
areas towards north, some of the forests have been already lost and also the
implementation of the third Bosphorus bridge project which is still continuing, might
result in further reduction of the city green areas.
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Due to the rapid influx of population particularly in the last 30 years, the city faced
uncontrolled urbanization which lead an overall environmental deterioration.
According to previous researches, urbanized areas of Istanbul accounted for 751 km?
in 2007 while it was 326 km? in 1987. It was increased more than double in 20 years.
Hence it is expected that urbanized and urbanizing areas will exceed the 1/5 of the
city areas in 2020. As the economic center and a 21% of megacity in the world, the

city contributes itself well to the study of UHI and heatwaves.

2.3 Population

Istanbul is the fastest growing city with its economy and dense population not only in
Turkey but also in Europe. Currently, it is one of the megacities in the world with
about 15 million inhabitants and has an area of 5460 km? covering 39 districts
(shown in Figure 2.3). Total area in the European part is 3,562 km? which is almost
twice of the Anatolian Side as 1,897km? (IBB, 2015). Additionally, about 65% of the
total population in the city lives in European part while 35% in Asian part.
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Figure 2.3 : Districts of Istanbul (IBB, 2015)
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Figure 2.4 illustrates the change of population in Istanbul since 1965 (TUIK, 2015).
While the population was around 2 million in the 1965, it rapidly increased to more

than 14 million in less than 50 years.
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Figure 2.4 : Population change in Istanbul between 1965 and 2013.

Figure 2.5and Figure 2.6 demonstrate the population changes depending on the
districts for Anatolian and European side of the city, respectively. Dense populated
areas lie to the northwest, west and southwest on the European side, southwest on the
Anatolian side. Kadikdy population was largest almost 10 years ago but due to the
change of the province borders, the population seem to be dropped significantly
within last decades. The provinces which has population over 500 thousand are
Umraniye, Pendik, Uskiidar and Kadikdy. On the European side, population of only

two provinces is larger than 500 thousand, Bagcilar and Kiigiik¢cekmece.
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Figure 2.5 : Population change in European side of Istanbul between 1965 and 2013.
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Population Distribution of Anatolian Side
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Figure 2.6 : Population change in Anatolian side of Istanbul between 1965 and 2013.
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3. DATA
3.1 Meteorological Observations

Turkish State Meteorological Service (TSMS) which has established its first network
around 1920s with a very basic network, then the network gradually spread country-
wide, is mostly responsible for the coordination and maintenance of the
meteorological observation network in Turkey. However, the significant expansion
of the network in Turkey, has been started after 1960s. After 2007, conventional
meteorological stations have been replaced gradually with the automatic weather
stations. Within the last decade, some of the municipalities start to take
meteorological observations along with the air quality observations to use in case of
weather related events in the city. Additionally, Istanbul Disaster and Emergency
Operation Directorate under Istanbul Municipality are established to coordinate
mitigation and response efforts of the departments within the municipality in case of
technological, anthropogenical and natural disasters. In order to notify the relevant
departments of the municipality in case of extreme weather events that might affect

the operations on the city, directorate began to form meteorological network.

In this study, meteorological data such as air temperature, relative humidity, wind
speed and direction were provided from 6 TSMS (Turkish State Meteorology
Service) stations which have observations starting from 1965, 3 TSMS automatic
weather stations which have data after 2003, and 31 DCC (Disaster Coordination
Center) observation network that start after 2007. Figure 3.1 illustrates the location
of the meteorological stations in Istanbul. The stations represented by red and
orange dots are TSMS stations (red ones are long term, orange ones are automatic
stations) and the stations with yellow color belong to Disaster Coordination Center

observation.

15



Catalca;Radar,

:‘|
KumKay. Kilyos Station

o B . Gk oy @
Arnavutkoy Breneripakay

Sariyer Station O .“rr: Sile:Station

& L ok %
\ _ b Masiak Tl BeykoZ

Kinali
Selimpasat Kavakli'™ ,
L) . b ¥ a4 K
Bahcesehir, Ispart HRUY U Ea LT as, "'"ld'z-;hf-mdag
B.cekmece, 5 Vira)lari T8 L ESenlernap . ouis S ’
AHI,.‘E.?ikirk{n-":;. : AL ‘.‘,_!r.

Figure 3.1 : Locations of the meteorological stations in Istanbul.

Table 3.1 lists the latitude, longitude, data period and missing number of data for
each station. Red cells represent TSMS (long term) stations, green cells represent
TSMS (automatic) stations and blue cells represent DCC stations. The observation
interval of automatic stations is minute while the conventional station data interval is
day. In the present study, the measurements are set up consisting of three urban
(Kartal, Goztepe and Florya) and one suburban (Sile) station. Unfortunately, none of
the meteorological stations within the Istanbul Municipality can be characterized as

rural station.

Table 3.1 : Latitude, longitude, data period, missing number of data (days) and

elevation (meters) for each meteorological station in Istanbul.

Station Lat Lon Start End Missing  Elevation
Name Data

Florya 4097 N 28.78E 01/01/60 31/10/13 229 37m
Goéztepe 4098 N 29.05E 01/01/60 31/10/13 239 41 m
Kartal 4091N 2915E 01/01/65 31/10/13 770 18 m
Kilyos ~ 41.25N 29.03E 01/01/60 31/10/13 102 38 m
Sariyer 41.14N 29.05E 01/01/60 31/10/13 101 59m
Sile 4116 N 2960E 01/01/60 31/10/13 202 83 m
C;‘;gfra 4134N 2835E 13/03/03 30/10/12 635 381'm
iDBE 41.00N 2896 E 30/04/04 30/10/12 240 10 m
Samandira 40.98 N 2021 E 30/04/04 30/10/12 60 123 m
AKOM 411N 2896E 01/01/07 13/08/12 493 88 m
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Table 3.2 (continued) : Latitude, longitude, data period, missing number of data

(days) and elevation (meters) for each meteorological station in Istanbul.

Station Lat Lon Start End Missing  Elevation
Name Data
Aksaray  41.03N 28.90E 01/01/07 31/12/10 470 4m
Alemdag  42.04N 2927E 12/12/07 13/08/12 22 175 m
Amavutkdy 41.17N 28.75E 21/11/07 13/08/12 16 170 m
Atasehir 4100 N 29.10E 20/11/07 13/08/12 56 60 m
AHL- 4099N 2881E 29/11/07 13/08/12 47 12'm
Bakirkoy
Bﬁfffi’f’ 4105N 29.00E 19/11/07 13/08/12 24 93 m
Beylikdizi 41.00N 28.67E 19/11/07 13/08/12 39 55 m
B“yutgekme 41.02N 2861E 12/12/07 13/08/12 6 155 m
Gamlica- ) oN 2007E 121107 1300812 98 150 m
Libadiye
Canta 411N 28.08E 01/01/07 13/08/12 550 116 m
Cavusbasi 41.08N 29.15E 01/01/07 13/08/12 431 137 m
Esenler  41.04N 28.89E 19/11/07 13/08/12 163 85m
GOP 41.09N 28.92E 30/11/07 30/12/10 286 46 m
Haiimkéy ~ 41.05N 28.63E 01/01/07 13/08/12 835 183 m
Halic 41.04N 28.94E 05/02/08 13/08/12 63 25m
istoc-M.Bey 41.06 N 28.84E 11/12/07 13/08/12 291 90 m
Kamiloba 41.05N 2843E 01/01/07 13/08/12 504 54'm
Kartal- /00N 2021E 271007 13/08/12 149 195 m
U.Mumcu
Kinali 4112N 2816 E 12/12/07 13/08/12 437 28'm
Maslak-ITU  41.09N 29.02E 12/12/07 13/08/12 38 76 m
Olimpiyat 411N 2876 E 01/01/07 13/08/12 496 100 m
Amerli 41.00N 29.33E 01/01/07 12/08/12 551 153 m
Pendik  40.88N 20.23E 12/12/07 30/12/10 32 45 m
Selglf/asa' 4110N 28.33E 15/01/08 13/08/12 27 91 m
Sile 4116 N 2950E 09/11/07 13/08/12 128 128
Terkos  41.31N 2866E 01/01/07 13/08/12 514 4m
Tuzla- 4087 N 29.38E 28/11/07 13/08/12 22 135 m
Bayram.
Umraniye  41.03N 29.12E  14/11/07 13/08/12 32 135 m
Zekeriyakdy 31.19N 29.00E 12/12/07 12/08/12 16 225 m
Zincirlikuyu 41.06 N 29.01E 19/11/07 13/08/12 187 127 m
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3.2 Land Use Data

To generate the land use distribution for Istanbul, three different datasets are used:

e Geographical data of the Istanbul Metropolitan Municipality,
e Basar Soft GIS (Geographic Information System) Data and
e CORINE (Coordination of Information on the Environment) Land Cover

Raster Data

For this study, land use data provided by Geographical data of the Istanbul
Metropolitan Municipality and Basar Soft GIS (Geographic Information System)
Data has been chiefly used for classification of buildings because of their good
resolution and availability. CORINE Land Cover Data fills the spaces where the
Geographical data of the Istanbul Metropolitan Municipality and Basar Soft GIS,
provides no data, especially for the vegetation cover and green areas. The land use
classes used in Municipality dataset are more similar to the classes that Basar Soft
GIS Data used in comparison with the Corine dataset. Thus, it was more easy to

integrate  them into the land wuse classes created in this work.
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4. MUKLIMO_3 (MICRO-SCALE URBAN CLIMATE MODEL)
4.1 Description of a Model

In this thesis, the thermodynamic version of the micro-scale urban climate model
MUKLIMO_3 developed by the DWD (German Meteorological Service — Deutscher
Wetterdienst) is used to simulate the urban climate and planning applications of
Istanbul. In order to scale down further the regional climate projections to urban
scale, empowering a simulation of a city and its surroundings, MUKLIMO_3
(Sievers 1995) is employed on the urban scale. The non-hydrostatic thermodynamic
version of MUKLIMO _3 simulates the atmospheric temperature, humidity and wind
field on a three-dimensional model grid. For this purpose, the basic model
MUKLIMO, which solves Navier-Stokes equations to simulate the atmospheric flow
fields, was generalized with the streamfunction—vorticity method to three dimensions
(Sievers 1995). The model is enhanced with prognostic equations for atmospheric
temperature and humidity, balanced heat and moisture budgets in the soil (Sievers et
al. 1983) and a sophisticated vegetation model (Siebert et al. 1992). The numerical
approach for the calculation of short-wave irradiances at the ground level, the walls
and the roof of buildings in an environment with unresolved built-up is described by
Sievers and Friih (2012). A simple formulation for turbulent mixing with the first-
order closure of the turbulence scheme based on the Monin-Obukhov similarity
theory (MOST) and the Prandtl mixing length approach (Sievers, 1987; 2012) is used
by MUKLIMO_3. Above the lowest atmospheric level, the model uses the
Blackadar’s mixing length (1,=30 m for neutral and stable conditions) which is
adapted according to the stability criteria. The height of the convective layer
calculated within the time-varying 1D model is used to calculate the mixing length
for unstable conditions. In addition, the mixing length is modified in presence of
buildings and trees. The model takes into account the effects of cloud cover on
radiation. However, it does not include cloud processes, precipitation, horizontal

runoff or anthropogenic heat.
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Gross (1989) already indicated that the flow between buildings is parameterized
through a porous media approach for unresolved buildings. Maximum of 99 different
land use classes can be defined including specific land surface characteristics listed
in a land use table. In general, the values are derived from geographical (GIS) data,
which are provided by local and federal government or GIS companies. Land use
types are classified as four main categories: built-up areas, traffic, vegetation and
water bodies. For each land use class, a set of parameters is identified to describe
land use features and urban structures in the land use table: for instance fraction of
built-up area (y,), mean building height (h,), wall area index (wp), fraction of
pavement of the non-built area (v), fraction of tree cover (o7) and fraction of low
vegetation of the remaining surface (o), height (hc) and leaf area index (LAI.) of the
canopy layer as well as mean height (h;) and leaf area index (LAl;) of the trees. The

vegetation is divided into 3 vertical layers: tree crown, tree trunk and low vegetation.

The thermodynamic version of MUKLIMO_3 simulates a limited area of the
atmosphere therefore the model requires initial and boundary conditions. From a
given set of initial variables (from 1 to 5 corresponding values per height level):
relative humidity (rh), air temperature (T), and horizontal wind vector (y)
characterizing the environmental conditions the model first computes a one-
dimensional profile up to 1100-m altitude, in order words; 1D model version of
MUKLIMO_3 is used in order to initialize the 3D simulation. The profile description
also involves wind direction, reference height, soil temperature, indoor temperature
and water temperature but these variables are not specified by more than one value.
This one-dimensional profile performs the meteorological conditions with effect
from topography and land use cover. During the three-dimensional integration
process, the top of the three-dimensional domain interchanges from one-dimensional
profile values at 750 m altitude and takes as time-dependent upper boundary values
(Friih et al. 2011). Initially, moisture and soil temperature are specified constant
throughout the soil column. The values for air temperature, relative humidity and
wind are used to initiate the 3D model run consider terrain height and soil type, after
running the 1D model for a day. The first hour of the 3D model simulation, is
excluded from the analysis. The 1D model continues to supply upper boundary

conditions for the whole duration of the 3D model simulation.

20



Typical integration times for MUKLIMO_3 reach from several hours up to days. The
horizontal and vertical resolution of the model varies with application (simulation of
the resolved built-up or unresolved built-up environment). For unresolved built-up
the horizontal resolution of the model is typically between 20 m and 500 m where the
horizontal resolution in this study is 200 m. Figure 4.1 shows the MUKLIMO_3
modeling system based on the current source code, released in October 2013, and

two further Fortran90 tools for post-processing procedures.

External Input Data MUKLIMO_3 Model Post-Processing
and Vizualisation
o Land Use = ——
=
& e :
5 == muklimo_to_netcdf
5 Land Use Table || MUKLIMO_3 i
g —> . =5
3 i Version 130506 i
—_———— L :
E U i 2>  muklimo_to_kmm
= N L1 e I
i
o i
3 Terrain File I > IDL, NCL, R
£ S,
0
-
2
5 Building File [
é e

Figure 4.1 : MUKLIMO _3 modeling system.

Sensitivity simulations are started on 02 August 2014 besides mitigation simulations
are started on 07 August 2012 with 1 hour spin up for the 1D boundary model.
Climatological records support that most summer days occur between June to August
and generally July 15 is chosen as a representative day since this day has an average
sun height and day length for the conditions in June to August. However, for Turkey
especially for Istanbul, the strongest summer days are occured on August therefore
the time period of both sensitivity analysis and mitigation strategies simulations are

performed for selected days in August.

The atmospheric conditions of August 2" represents a typical summer day of
Istanbul. Therefore, this date is selected to force MUKLIMO_3 for sensitivity
analysis. The 3D simulations are started on 02 August 2014 at 10 am CEST (Central
European Summer Time) and ended on 03 August 2014 at 9 am CEST for the
sensitivity analysis and 07 August 2012 at 10 am CEST (Central European Summer
Time) and ended on 08 August 2012 at 9 am CEST for the mitigation strategies.
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Only the time period between 10 am CEST till 9 am CEST for the next day is
evaluated, the first and the last hours of the simulations are ignored for the model
stability. Moreover, the mitigation stratigies have been performed for a day under

heat wave effect for Istanbul.

4.2 Equations of the Model

4.2.1 Prognostic equations

The equation of motion is used in Boussinesq approximation (Sievers and
Zdunkowski, 1986), i.e.,

ar}+*\7*+1\7 *(1 9') Ly -flxi
—— V- VV+—Vp=gG{1——]-—V-]-fkxi
at Po 8/ po

(4.1)

where p, and g, represent constant mean values of the density and the potential
temperature, and & is the deviation of g from @_, ¢ is a three dimensional constant, j
is stress tensor and the v represent stream velocity. The equation (4.1) makes use of
the anelastic approximation implying "density fluctuations are caused by temperature
fluctuations only. Pankart (1975) uses essentially the same equation but neglects the
Coriolis effect. The incompressibility condition that is given with equation (4.2);

Va=_(
(4.2)

must always be satisfied. The stress tensor j, which is explained by equation (4.3), is

parametrized by means of a gradient law,

F=-p K (VV+VV
] =-poKn ( (43)

where Ky, is the tur. exchange coefficient for momentum.

The energy budget of the atmospheric system. is described by heat equation (4.4),

d 1
— 0 +V- V0 + V-j= Q
dt PoCy g PoCy (4.4)

where the source Q, representing anthropogenic heat production, is a given function

of position and time. The turbulent heat flux j is expressed as equation (4.5):

7T =-p,c, K, VO (4.5)
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The exchange coefficient for heat Ky, is also used for the exchange of matter.

The third prognostic equation of the model is the transport equation (4.6) given by

aC+*V’+1V*C 1QC

—_— 'V- C — -] = —_—

ot Po Po (4.6)
Where ¢ represents an arbitrary mass concentration. This equation is applied for
pollutants, e.g., carbon monoxide and for the atmospheric moisture. The quantity Q°

is a volume source of ¢, and the diffusion flux j° is parametrized as equation (4.7):

J° = -p,KyVe (4.7)

4.2.2 Stream function-vorticity method

MUKLIMO_3 is predicated the work of Sievers and Zdunkowski (1986) on the
stationary wind field in a neutral layered atmosphere called the stream function-
vorticity method and the model derive this method for three dimensions. The main
point is to predict the two-dimensional vorticity field, instead of combining the
Navier-Stokes equation. This method has several advantages. On the one hand, the
filter condition of being divergence free is performed, which is required for micro-
scale simulations and avoids acoustic waves. Also, there is only one vector equation

with one condition left to solve.

Just like the equation of motion, the stream-vorticity function is used in Boussinesq
Approximation equation (4.8):

av Lo 1o,
—+tv-Vv+—Vp=g

p' 1—) - —_— _
1=——])-—VJ-2
T - ) J) Xy

Po) Po (4.8)

where p, + p = £ represent density, € is angular velocity of the earth and all other
parameters are explained in the previous part 4.2.1. According to the
incompressibility condition, the divergence has to be zero again showing by equation
(4.9):

V= (4.9)
It is well known that this can be satisfied by expressing 4 as equation (4.10):

V= -UxY¥ (4.10)
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where J is a vector potential or vector stream function. Actually, this vector

potential is not individually determined but there exists the possibility of gauge
transformations ¥ — @ + v with arbitrary scalar functions A These tranformations
leave the velocity field 1 unchanged. The stream function \ is related to the vectorial

vorticity { = Vx7.

In order specify the stream-function method the main steps are investigated for two

dimensions to simplify matters.

The common solution of the Navier-Stokes equation is integration to get the wind
field. The main force of the wind field (vp) was not yet known but Sievers (1995)
solved this significant problem by converting them to the vorticity coordinate
system.

du Jow

ww) >¢=22- 20 (4.11)

Then, retransformation can be done with the help of stream-function approach, which

is shown by equation (4.12), (Sievers, 1995):
o 0

YER0W T o (4.12)

with the definition of the stream function V2 = ¢,

In three dimensions, there are two equations for & (&1 and & ) due to one additional

dimension. Combining all the equations and eliminating the vertical velocity by the
help of the incompressibility condition a pair of two partial differential equations
called the stream-function equations (equation (4.13) and equation (4.14)) can be
derived (Sievers, 2012).

R

$1 = dy? 0z¢ Oydx (4.13)
_ Yy +621/)2 %,
$2 = d0x? dzz dxdy (4.14)

By differentiation of &,, the wind field equation (4.15) can be diagnosed:

L TR T

u =

9z " oz’ dy 0Ox (4.15)
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Based on this method, MUKLIMO_3 simulates the wind field in urban areas
depending on the elevation of the buildings developed in the simulation area and the

prevailing wind direction and velocity of the whole simulation area.

4.2.3 Exchange coefficient

The exchange coefficients for momentum K, and for heat and matter K}, are modeled
by means of a mixing length formula. For simplicity no difference is made between

Kmand Ky, i.e., K = Kp = K,
The equation (4.16) is given by

K = E|7xv]o(Ri) (4.16)
where | is the mixing length and ®(Ri) a function describing the stability dependence
of K. The Richardson Number Ri is defined as equation (4.17):

g-vea

Ri=- ~
6 1VxV|2 (4.17)

The previous equations are obtained from commonly used expressions by the

replacement,

ov
— o VX7

Az (4.18)

which equation (4.18) has the purpose to make K invariant against rotations of the
velocity field.

Following Blackdar (1962), the mixing length is modeled as equation (4.19)

K{d(x,G) + z,}
K{d(x,G) + z,)
ApL (4.19)

[=1(%)=

1+

Where d(x,G) is the minimum distance between the position x and the lower
boundary G. The length Ag_ which is an upper limit of | is considered an external

parameter of the model and chosen with respect to equation (4.20);

100 m for unstable stratification
Agp = 30 m for neutral conditions
12.5m for stable stratfication (4.20)

according to Wu (1965). The stability function ®(Ri) is specified as equation (4.21);
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Vv1-aRi forRi <0

®(Ri) = aRi witha = €
— or Ri > 0
1+ aRi !

(4.21)

This formulation assures that the exchange coefficient remains real and finite in both

limits Ri — +oo. To first order in Ri it is in accordance with Gutman and Toorance

(1975).

4.3 Creating Land Use Cover

The urbanization negatively impacts the heat stress of urban areas. So that it is
important to investigate what type of changes in the urban landscape affect the near-
surface climate and elevate the intensity of UHI in the city. The relationship between
urbanization and long-term modification of the urban climate of Istanbul is

investigated by modeling the present-day spatial distribution of the urban heat load.

In order to simulate the urban climate with MUKLIMO 3 or other urban climate
models, some information about the structure, elevation and the material of the city,
such as the distribution, height and fraction of buildings, height of the canopy layer,
leaf area index of trees, etc. are needed. Then, these information has to be translated

into a specific (ASCII) format that the model can process.

The essential part of creating land use cover and run the model is to determine
appropriate land use classes (shown in Figure 4.2), which can perform complex
terrain of Istanbul properly, and each of them are identified with 24 different

physical parameters in the land use table.
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Typ Land Use Class Name

17  traffic & parking area
18  bare soil

24 wasteland with grassland

25 water
Figure 4.2 : Land use classes that are prepared for Istanbul.

The new urban land use types are defined by considering the spatial coverage and the
average height of the buildings. The spatial distribution of the land uses, which is
used to simulate the urban climate of Istanbul in this work, is shown in Figure 4.3. In
this figure the city borders of Istanbul are represented by the 551x361 grid boxes and
the horizontal resolution of each cell is 200 meter.
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300

Figure 4.3 : The spatial distribution of land use classes for Istanbul.

Combining the three land use datasets, which all together have about more than 100
land use classes, similar land use types have been combined, too, because it is not
necessary to define each existing land use class. The final land use classification,
which is specified as 25 classes, used to simulate the urban climate of Istanbul with
MUKLIMO_3 can be seen in Figure 4.2.

The first group of land use classes (up to No. 16) are residential areas with different
densities and heights; The land use types 1, 2, 3 and 4 represent low density built-up
area which covers the 5%-15% of a grid, with low buildings which are less then 10 m
height (1), medium’s which have a height between 10 to 20 meters (2), high’s are
from 20 to 30 m height (3) and very high (4) which are above the 30 meters height.
The types of 5, 6, 7 and 8 show medium dense residential area take space from 15%
to 30% per a grid area with low (5), medium (6), high (7) and very high (8) height
characteristics and the classes of 9, 10, 11 and 12 indicate the dense built-up area that
is covered by the range of 30%-50% area in a grid with low (9), medium (10), high
(11) and very high (12) height. The high density residential area which encompass
the area more than 50% per grid is summarized by the type numbers of 13, 14, 15
and 16, depending on the height of the buildings by terms of low (13), medium (14),
high’s (15) and very high (16) ones.
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The class of (17) shows the traffic and parking area, while the last section of land use
classes represents green and open areas (from 18 to 24, highlighted in hue of green)
without any buildings, but eventually with trees, grass or wasteland. The following
land uses describe bare soil (18), from 19 to 22 represent forested area with different
types of leaf; coniferous forest (19), broad leaf forest (20) and mixed forest, (22)
performs agricultural area, the classes 23 and 24 show the wastelands with shrubbery

and grassland, respectively. The land use type water is represented by (25).

In order to create valid classes for residential areas, the density percentage of each
land use classes in a single grid which has a 200 m x 200 m area are investigated.
Some of the grids are fully represented by a single land use type, whereas some of
them can not be shown without more than one class type. The MUKLIMO modeling
system can not allow to identify two different land use type in a single grid, that is
why using just one class per grid is needed. For instance, if a density percentage of a
medium dense built-up area with low height buildings (5) cover 50% of a grid area,
the density percentage of a low density residential area with high buildings (3) is
30% and broad leaf forested area (20) is about 20%; then the greater part of a grid is
composed of a land use type (5) which is medium dense residential area, so the grid
should be represented by this type number rather than (3) or (20). All these
classifications belong to built-up area are compilation of geographical data of the
Istanbul Metropolitan Municipality and Basar Soft GIS and are made by the
assumption that is explained below. With the exception of residential area’s
classification, the rest of the land uses (parking & traffic area, green areas and water)
have been adopted from the land use classes provided by CORINE Land Cover. The
grids of CORINE Data are converted into the same grid size (200 m x 200 m) that is
used in this study by using of ArcGIS which is a geographic information system for

working with maps and geographic information.

4.4 Definition and Modification of the Land Use Table

In order to describe each land use with physical information about the buildings, the
green areas, the water bodies and the free land, the land use table for MUKLIMO
called LUTAB summarizes all the information about the landuse classes, for
instance, the leaf area index of the canopy layer, the building fraction, the height of

the buildings, the surface roughness, etc. Both types are connected by the number
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belonging to each class, which can also be seen in Table 4.2.

Each of the land use classes are identified with 24 different physical parameters in
the land use table. These physical parameters that describe the land use classes are
determined by model developers in Germany, but not totally suitable for the mega
city Istanbul which is why some of the parameters such as leaf area index (LAI),
height of the building, etc. were modified into conditions of Istanbul. All the physical
parameters required by MUKLIMOS3 are described in Table 4.1.

Table 4.1: Description of the physical parameters required by MUKLIMO3 to
simulate the urban climate. All values are mean values, which represent each landuse
class in the whole simulation area.

Parameters Description

Typ Identification number
vgl/ivg2 Building fraction of the first/second building typ
wail/wai2 Wall area index of the first/sencond building typ
h1/h2 Mean building height of the first/second building typ

VS Fraction of impervious surface between buildings
20 Surface roughness of the non built-up areas in meter
hbm Tree height in m

hst Stem height in m

bf0 Leaf area densitiy in the stem area in m™

bfl Leaf area densitiy in the tree top area in m™

lai Leaf area index of the canopy layer, dimensionless
hca Vegetation height of the canopy layer in m

sigbhm Tree cover (amount of trees), dimensionless

sigma Vegetation cover of the canopy layer, dimensionless

grant Fraction of green roof

albw Albedo of the walls

albd Albedo of the roofs

albvs Albedo of the impervious parts of the canopy layer
kwand K-value of the building walls in W/(m?*K)
kdach K-value of the building roofs in W/(m**K)

cwand Area heat capacity of the building walls in J/(K*m?)
cdach Area heat capacity of the building roofs in J/(K*m?)
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The first group of parameters describes the land use type of buildings. The building
fraction of the first, second building type in one gridbox (vgl, vg2), the mean wall
area index of the first, second building type (wail, wai2) and the height (h1, h2) of
the first, second building type has to be defined. Thus, it is possible to define two
types of buildings, which is helpful if there are small and large buildings in one
landuse class for instance number “4” (vg1=0.1, h1=54 and vg2=0.3, h2=33.5) and
“8” (vg1=0.22, h1=50 and vg2=0.4, h2=33.5) in the LUTAB represent two different
types of building in the same grid. In this study, the information about the height of
the buildings (h) and the percentage of buildings (vg) has been provided from Basar
Soft GIS Data, the wall area index (wai) has been calculated from geographical data
of the Istanbul Metropolitan Municipality. The fraction impervious surface in other
words sealing (vs) is related to no-built-up areas between buildings or trees, and has
been estimated proportionally to the fraction of the built-up area therefore, the more
percentage of buildings correspond the more sealing area. The surface roughness of

the non built-up areas or areas below trees in meter (zg) refers to this area between

the buildings, too, and thus does not have great differences between the default
LUTAB which was generated by DWD especially for the classes related with the
built-up area. However, the roughness length for the classes which represents the non
built-up areas (green areas, wasteland, traffic and parking areas, etc.) are not totally
suitable for the mega city Istanbul hence some modification has been made, for
instance the roughness length of the forested area is determined by model developers
in Germany as 0.2 meter, but this values has been changed to 0.4 meter by the help
of the surface characteristics of Istanbul. The next group of parameters refers to non
built-up areas between the buildings (greenery area, traffic area, wasteland and water
body). Information about the forested area is also described, but they only have an
effect if percentage of the first building type (vgl) and percentage of the second
building type (vg2) are not used. Due to the fact that built-up and non built-up area
cannot be in the same landuse class, one has to decide whether trees or buildings are
dominant. Some of the parameters for the canopy layer have been adapted from the
default LUTAB of DWD, but the majority of these parameters has been estimated by

the help of some documentation about the tree structure of Istanbul.
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Table 4.2 : Definition of the parameters from Table 4.1 to define the landuse classes.

Typ2  vgl  vg2  wail  wai2 h1 h2 vs 20 hbm hst  bfo  bft  lai  hca sighm  sigma
1 0.10 0 20 00 7.5 0,0 01 0.20 0.00 0 0 0 1 1 0 1,0
2 0.10 0 25 00 130 0,0 0.1 0.2 0 0 0 0 1 1 0 1,0
3 0.10 0 45 00 240 0,0 0.2 0.2 0 0 0 0 1 1 0 0.9
4 010 03 90 60 545 340 0.2 0.2 0 0 0 0 1 1 0 0.9
5 0.22 0 20 00 8,0 0,0 03 021 0 0 0 0 1 0.7 0 0.8
6 0.22 0 25 00 130 0,0 0.3 0.2 0 0 0 0 1 0.7 0 0.8
7 0.22 0 45 00 235 0,0 0.4 0.2 0 0 0 0 1 0.7 0 0.7
8 022 04 50 50 500 335 0.4 0.2 0 0 0 0 1 0.7 0 0.7
9 0.45 0 15 00 8.5 0,0 05 0.22 0 0 0 0 1 0.5 0 0.6
10 045 0 20 00 135 0,0 0.5 0.2 0 0 0 0 1 0.5 0 0.6
11 0.45 0 35 00 220 0,0 0.6 0.2 0 0 0 0 1 0.5 0 0.5
12 040 0 25 00 405 0,0 0.6 0.2 0 0 0 0 1 0.5 0 0.5
13 0.60 0 05 00 8.5 0,0 0.7 0.23 0 0 0 0 1 0.3 0 0.4
14 0.60 0 10 00 145 0,0 0.7 0.2 0 0 0 0 1 0.3 0 0.4
15 06.0 0 15 00 225 0,0 0.7 0.2 0 0 0 0 1 0.3 0 0.3
16 0.50 0 15 00 495 0,0 0.7 0.2 0 0 0 0 1 0.3 0 0.3
17 0 0 0 0 0 050 0.3 8,0 2,0 0.1 03 15 050 020 0.20
18 0 0 0 0 0 0 0.05 0.1 0 0 0 0 10 020 0.00 0.20
19 0 0 0 0 0 0 0,0 04 10,0 4,0 0.2 03 20 050 0.6 0.5
20 0 0 0 0 0 0 0,0 04 10,0 4,0 0.2 03 3,0 050 0.6 0.5
21 0 0 0 0 0 0 0,0 04 10,0 4,0 0.2 03 25 0.0 0.6 0.5
23 0 0 0 0 0 0 005 020 0.00 0.00 0,0 00 10 100 0.00 0.90
24 0 0 0 0 0 0 0.20 0.1 0.00 0.00 0,0 00 1,0 030 0.00 0.5
25 0 0 0 0 0 0 100 0.05 0.00 0.00 0,0 00 00 0.00 0.00 0.00

The characterictic of the trees is well defined in the default land use table which
were generated for Germany and not similar for the tree structure of Turkey since the
distinctive climate conditions, elevation and location. Therefore, the parameters for
leaf area index, height of the trees, etc. need to be modified in order to improve the
representation of land use for Istanbul. For example, the tree height was 20 meter for
the land use class of forest in the default LUTAB however, this value does not
represent the forested area of Istanbul well. Thus, the tree height has been changed
into 10 m from 20 m by using the sources of the ministry of forestry and water

affairs.

Accordingly, while changing the tree height, the leaf area index has also been
modified. In the default LUTAB, the leaf area index was 0.5 for the land use class

forest, but in this study, as the forested area is divided into 3 categories such as
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coniferous forest, broad-leaf forest and mixed forest; the leaf area index of each of
these forest types has been reestimated with reference to the study about the
sensitivity of BATS land surface parametrization scheme (Handerson-Sellers, 1992)

and determined as 0.2, 0.3 and 0.25 respectively.

In the default land use table (LUTAB), some values such as fraction of green roofs,
albedo of the walls/roofs, heat capacity of the building walls/roofs, etc. are not
specified, but they are filled with standard values which are embedded in the
MUKLIMO Fortran code. In order to test and improve the effectiveness of these
parameters, mitigation strategies have been performed and the anomaly between
reference simulation and scenerios has been calculated in this study.

The final LUTAB for the reference simulation of this study can be seen in Table 4.2.
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5. ANALYSIS AND RESULTS

5.1 Urban Heat Island

City centers are generally warmer than their surrounding areas (Oke, 1982). In urban
areas, human-induced local climate conditions and high nocturnal temperatures
caused by heat absorption in pavement and concrete surfaces due to the reduced
evaporative cooling is defined as urban heat island effect. This is one of the most
significant phenomenon of the 21% century and this phenomenon is effected by
several parameters, for instance the lack of vegetation contributes to the formation of
urban heat islands and hence intensive built-up areas have relatively higher nocturnal
temperatures than surrounding rural or agricultural areas due to the absorbed solar
energy and produced thermal energy by the modified land surfaces. The surface and
air temperature distribution over rural, urban and suburban areas is shown at Figure
5.1.

Surface Temperature (Day)
==== Air Temperature [Day}
= Surface Temperature [Night)
==== Air Temperature (Night)

Temperature
T

Rural Suburban Pond Warehouse Urban Downtown Urban Park Suburban Rural
or Industrial  Residential Residential

Figure 5.1 : The surface and air temperature distribution over rural, urban and
suburban areas.
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The minimum temperature differences between the urban and the rural area
determines the urban heat island effect of a city and is called urban heat island
intensity (UHII) (Oke, 1987):

UHIT =T yrban - T rural

In general, the urban heat island effect can be described by the changed energy
balance in the city, which was first described by Oke (1982):

Q +QF = QE +Q +Qs

with Q* . surface net radiant flux density, Qf : anthropogenic heat flux, Qg :

sensible heat flux, Qn : latent heat flux,Qg : heat storage/release

In the present study, the measurements are set up consisting of four urban and two
suburban stations. Unfortunately, none of the meteorological stations within the
Istanbul Municipality can be characterized as rural station. Since the population of
Sile located at the north coast of the city is under 20,000 inhabitants and hence it
might be considered as suburban station. Kilyos station is located northern part of
Sartyer province and the land cover has usually green landscape. Therefore, Kilyos
might be characterized as suburban station as well. The other four stations; Sariyer,
Goztepe, Florya and Kartal are categorized as urban stations. The UHI intensity is
examined between the city center station and the suburban station explained above

for daily maximum and daily minimum temperatures.

Table 5.1 : The seasonal UHI intensities based on Tmin and Tmax differences for
urban and suburban stations.

Seasons Tmin Tmax

G.tepe-Sile  Kartal-Sile ~ Florya-Sile  G.tepe-Sile  Kartal-Sile ~ Florya-Sile

Spring 0.97 1.89 0.91 1.47 1.81 0.90
Summer 1.02 2.15 1.09 2.39 3.01 2.14

Fall 0.51 1.83 0.85 1.05 1.41 0.76
Winter 0.76 1.52 0.63 0.13 0.50 0.25

In order to estimate the strength of urban heat island in this mega city, daily
maximum and minimum temperatures differences between urban and suburban

stations are used. The seasonal UHI intensities based on T, and Tmax differences for
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urban (Goztepe, Kartal, Sariyer and Florya) and suburban (Sile) stations are
summarized in Table 5.1 and the location of these stations are shown in Figure 5.2.
The red dots represent urban stations and the orange dot represents suburban station
for this study. The UHI intensity is stronger during summer seasons and Kartal
experiences intensified urban heat island effect more than the other urban areas. UHI
intensities has been the found the maximum in summer for the all urban-suburban
differences at each cases of Tmin and Tmax. The daytime (nighttime) UHI intensity
defined with respect to Sile (suburban) varies between 0.41K and 3.01K (1.02K and
2.18K). During summer period, the UHI takes its maximum intensity between Kartal

(urban) and Sile (suburban) sites of the city.

Figure 5.2 : The location of urban (red dots) and suburban stations (orange).

Figure 5.3, illustrates that the daytime and the nighttime urban heat island intensity
over 6 TSMS (Turkish State Meteorology Service) long period stations, TSMS
automatic weather stations and 31 DCC (Disaster Coordination Center) stations.
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Figure 5.3 : The daytime (a) and the nighttime (b) UHI intensity over Istanbul.

The atmospheric UHI usually reaches its highest intensity on summer nights, and
under calm air and a cloudless sky. Therefore, the total of 127 dry days, which have
cloudiness less than 2/8 and wind speed less than 2 m/s are selected to estimate the
strength of UHI in Istanbul. The daytime (maximum) and the nighttime (minimum)
temperature differences under clear and calm atmosphere conditions are shown at
Figure 5.4.
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Figure 5.4 : The daytime (a) and the nighttime (b) temperature differences under
clear and calm atmosphere conditions.

In Figure 5.5, the location of selected urban station (Pendik) and a rural station

(Terkos), and in Figure 5.6, the land use distribution of these stations are shown.
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A

Terkos

Pendik

Figure 5.5 : The location of a urban station Pendik (red dot) and a rural station
Terkos (orange dot).

Figure 5.6 : The land use distribution of a urban station Pendik (red dot) and a rural
station Terkos (orange dot).
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The hourly temperature differences between DCC stations, selected a urban station
(Pendik) and a rural station (Terkos) which can be seen in Figure 5.5, are calculated

as 5K for daytime and 8K for the nighttime, can be seen in Figure 5.7.
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Figure 5.7 : The hourly temperature differences between DCC stations.

5.2 Sensitivity Analysis

In order to determine how to develop the initialization the 1-dimensional simulation
of MUKLIMO_3 Thermodynamic Version for Mega City Istanbul, some sensitivity
tests according to profile values of wind speed and wind direction have been
performed for a typical day. The radiosonde data of 17064 Kartal Station for 02
August 2014 12:00 UTC which is measured bt TSMS. This profile values are
essential part for the 1-dimensional simulation which creates the input file for 3-
dimensional simulations. Firstly, the outputs for the simulations of 02.08.2014
(default simulation) will be analyzed, secondly, the prepared sensitivity to the wind
parameter “wind” and “phiwin” in the name list, will be determined to find the fit for
further simulations are done by MUKLIMO_3 for Istanbul. This will be done
according to change the wind speed and direction at the 10 m, because the variations
of other meteorological variables highly depend on the wind speed, and these are one

of the most fundamental parameters for analyzing the urban heat island effect.

In Table 5.2, the parameters of the sensitivity analysis simulations are summarized.
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There are one default scenario which is ran by reference profile values, 4 wind
direction scenarios (WD) which contain a reference wind speed which is provided by
radiosonde data with 4 different wind directions and finally 6 wind speed scenarios
(WS) with a reference wind direction at 10 m with 6 different wind speed. The
predominant wind directions of Istanbul (northeast and southwest) are considered
while selecting the wind directions for these scenarios.

Table 5.2 : The parameters of the sensitivity analysis simulations.

Name  Wind Direction (°) Wind Speed (m/s)

Reference 10 1.0
WD 1 20 1.0
WD 2 45 1.0
WD 3 200 1.0
WD 4 225 1.0
WS 1 10 2.0
WS 2 10 15
WS 3 10 0.5
WS 4 10 2.5
WS 5 10 5.0
WS 6 10 10.0

5.2.1 Sensitivity to wind direction changes

The sensitivity analysis has been done to seek the importance of the wind direction
on the urban heat island intensity over Istanbul. Therefore, a reference run has been
started first with the default wind direction value (phiwin=10°) regarding the
Radiosonde Data for the 02 August 2014 12Z. Afterwards, four sensitivity runs with
changed values for the wind direction; WD 1 (phiwin=20°), WD 2 (phiwin45°), WD
3 (phiwin=200°), WD 4 (phiwin=225°) have all been started using same wind speed
(wind=1 m/s) from the reference run (Figure 5.8).
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Figure 5.8 : Spatial distribution of wind speed of reference simulation.
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Figure 5.9 : Spatial distribution of changing wind direction of green 2 (a), white 3

(b), hybrid 5 (c) and hybrid 6 (d) scenerios.

43



The Figure 5.9 shows the simulated wind speed for different prevealing wind
directions. Reference run (phiwin=10°), WD 1 (phiwin=20°) and WD 2 (phiwin45°)
represent the northeasterly wind direction scenarios, the other specfications are same
as the reference simulation. The channel effect especially nighttime for the north part
of the Bosphorus can be seen. Besides, when the model is forced with the
southwesterly wind direction (WD 3 (phiwin=200°) and WD 4 (phiwin=225°)),
slightly lighter wind pattern over the Bosphorus is simulated. Both for the
northeasterly and southweasterly direction tests, the wind speed is relatively calm
over the residential areas since the buildings inhibit the flow and decrease the wind

speed.
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Figure 5.10 : Temperature differences of changing wind direction of WD 1 (a) and
WD 2 (b) scenerios
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Figure 5.11 : Temperature differences of changing wind direction of WD 3 (a) and
WD 4 (b) scenerios.

Figure 5.11 represent the temperature differences in the sensitivity tests compared to
the reference simulation. It emphasizes that the simulation results show that WD 3
(phiwin=200°) and WD 4 (phiwin=225°), which are the southwesterly wind
scenarios have negative biases (cooling effect) for the northern part of the domain
and positive biases (warming effect) for the southern part. WD 1 (phiwin=20°) and
WD 2 (phiwin45°) analyses (Figure 5.10) represent the northeasterly wind direction
same as the reference simulation. Therefore, the scenerios of WD 1 and WD 2 are
less effective than WD 3 and WD 4 and the sensitivity of the urban are not as striking
as the third and fourth tests.

5.2.2 Sensitivity to wind speed changes

The sensitivity of the urban heat island intensity to wind speeds is accomplished by
changing the wind speed parameter “wind”. Therefore, a reference run (Figure 5.12)
has been started first with the reference wind speed value (wind=1.0 m/s) regarding
the Radiosonde Data for the 02 August 2014 12:00 UTC. Afterwards, six sensitivity
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runs with changed values for the wind speed; WS 1 (wind=2.0 m/s), WS 2 (wind=1.5
m/s), WS 3 (wind=0.5 m/s), WS 4 (wind=2.5 m/s), WS 5 (wind=5.0 m/s), WS 6
(wind=10.0 m/s), have all been started using the same wind direction (phiwin=10°)

from the reference run with a profile values.

The Figure 5.13 shows the sensitivity test of increasing (WS 1 (wind=2.0 m/s), WS 2
(wind=1.5 m/s), WS 4 (wind=2.5 m/s), WS 5 (wind=5.0 m/s), WS 6 (wind=10.0 m/s)
and decreasing (WS 3 (wind=0.5 m/s)) the wind speed. On the other hand, an
increase in the wind speed leads to stronger channel effect especially during the

night.
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Figure 5.12 : Spatial distribution of wind speed of reference simulation.
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Figure 5.13 : Spatial distribution of changing wind speed of WS 1 (a), WS 2 (b),
WS 3 (c), WS 4 (d), WS 5 (e) and WS 6 (f) scenerios.
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Figure 5.14 : Temperature differences of changing wind speed for WS 1 (a), WS 2
(b), WS 3 (c), WS 4 (d), WS 5 (e) and WS 6 (f) scenerios.
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Figure 5.14 shows that all the sensitivity tests to wind speed changes (WS 1
(wind=2.0 m/s), WS 2 (wind=1.5 m/s), WS 4 (wind=2.5 m/s), WS 5 (wind=5.0 m/s),
WS 6 (wind=10.0 m/s)) which have stronger wind speed than the reference
simulation except WS 3 (wind=0.5 m/s), have negative differences (cooling effect)
for the southern part of the domain besides have positive differences (warming
effect) for the northern part for the daytime simulations. The warming effect both for
the rural and urban areas is high especially for the 21:00, 00:00, 03:00 and 06:00
simulations. An increase in the speed leads to higher temperatures ar 2 m during the
night due to increased mixing height. Even though the surface cools down due to the
emitted infrared radiation, the cooled air neaby the surface is mixing up with the air
aloft resulting less temperature drops at 2 m height compared to the calm conditions.

Besides rapid release of heat from the buildings in the moderate wind conditions
enhances the urban heat island effect. The distribution of the nighttime temperature

changes in the WS 5 runs is similar to WS 6 and these tests have the higher positive
differences and estimate warmer nocturnal temperature over the residential areas. On
the other hand, the only WS 3 (wind=0.5 m/s) scenario which have slightly lighter
wind speed than the reference profile value (wind=1.0 m/s) have visibly strong
cooling effect in comparison with the other tests (WS 1, WS 2, WS 4, WS 5, WS 6.

5.3 Scenarios

In this work, the implementation of several mitigation strategies (green roofs, high-
albedo materials and the combination of them as hybrid) are considered in order to
lower the temperatures in the urban areas and Istanbul City Development Scenarios
are developed in order to evaluate the effects of the land use modifications over the
city. Due to the fact that MULIMO_3 Thermodynamic Version provides the
opportunity to implement green roofs as well as high-albedo materials in built-up
areas easily by the help of adjusting the related parameters in the land use table, only
these two mitigation strategies and the combination of these for a specified land use

classes will be simulated in this thesis.

5.3.1 Mitigation strategies

As it has been mentioned in the previous chapters, the urban heat island has a direct
effect on human health and welfare due to higher temperature, which is responsible
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for the heat stroke and mortality risks. Governments, urban planners and residents
have to seek practical approaches to improve urban heat mitigation at least cost as
adaptation to global warming, extreme heat events and urban heat effects as soon as
possible. The planning and policies for urban environmental sustainability in the
metropolitan area of Istanbul are impossible without a temperature mitigation policy

and sufficient conscious.

In order to mitigate the urban heat load over cities, in general two different
approaches are used. Firstly, one could increase the albedo rate of urban structures
such as streets, walls and roofs, to reflect the incoming solar radiation in order to
prevent heat storage in urban areas (Rosenfeld et al., 1998; Synnefa et al., 2008).
Using high reflective coating or whiter materials for the rooftops and the wall areas
should be considered to reduce the atmospheric heating and building energy savings
through an increase in albedo. The other approach is greenery, which is a useful
mitigation strategy to reduce the UHI by cooling the ambient air and providing
milder outdoor boundary conditions (Sodoudi et al., 2014). This can be achieved by
increasing the individual green areas like building new parks, a big park or many
small parks distributed throughout the city. However the structure of Istanbul is not
suitable for increasing park and forested area, since the urban sprawl and lack of free
space to convert into green areas. Therefore considering green roofs and walls may

provide efficient mitigation of excessive heat load in Istanbul.

Many researches have been focused on comparing the advantages of green and cool
roofs in terms of building energy efficiency and rooftop microclimates. Takebayashi
and Moriyama (2007), compared and investigated the effectiveness of green and
white roofs in Kobe, Japan. They confirmed that, peak sensible heat fluxes (Qn) were
153 W/m?, which is relatively small for the white roofs due to the low net radiation
(Q*) achieved by high solar reflectance during the daytime. Q4 was 361 W/m?,
which was also relatively small on the green roofs because of the large
evapotranspiration (Qg), which peaked between 400 and 600 W/m?® However,
despite the energy spent for evapotranspiration, Qy of the green roof was still more
than twice as high as the white roof. In a review of green and white roof
effectiveness, Santamouris (2014), assumed that, when the albedo of reflective roofs
is 0.7 or higher, cool roofs present a higher mitigation potential compared to green

roofs with vegatation. Addition to Takebayashi and Moriyama’s study, Scherba et al.
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(2011) determined the efficiencies of these two mitigation ways. They evaluated the
performance of green and white roofs, finding that daytime Qu was similar, whereas
the total daily Qn was considerably higher for green roofs since the thermal mass of

the green roof maintained Qy positive at night.

In order to investigate what type of changes in the urban landscape elevate the
intensity of UHI in Istanbul, by using these dry days, the effects of change in land
use on daytime and nighttime urban heat island (UHI) of Istanbul is examined using
the micro-scale climate model MUKLIMO 3. A Case domain for Maslak (shown in
Figure 5.15) and date (07/08/2012) are selected and the implementation of green
roofs and high-albedo materials are considered in order to lower the temperature.
Due to the fact that MULIMO_3 provides the opportunity to implement green roofs
as well as high-albedo materials in built-up areas and their combination, 11

mitigation strategies with 3 scenarios per strategy are applied.
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Figure 5.15 : Land use classes and domain for Maslak, Istanbul.
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In Table 5.3, the parameters of the mitigation simulations are summarized. There are
2 green, 3 white and 6 hybrid scenarios, which represent the possible combinations
of the green and cool surfaces. These 11 scenarios are applied for whole residential
area, whereas more detailed simulations are needed to observe the changes of
microclimate. Therefore, more specific cases are implemented; the scenarios are
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indicated with the “a” represent that the parameter changes are only applied for areas
with high-rise buildings which are shown with the number 4, 8, 12 and 16 in the land
use table and the scenarios with “b” show the simulations only include the high
dense residential area which are represedented by number 13, 14, 15 and 16 in the

land use table.

Table 5.3 : The parameters of the mitigation simulations.

Name Green Roof Fraction (Grant) Albedo of Walls ~ Albedo of Roofs

(Albw) (Albd)
Reference 0 0.3 0.2
White 1 0 0.5 0.5
White l1a 0 05 05
White 1b 0 0.5 0.5
White 2 0 0.7 0.7
White 2a 0 0.7 0.7
White 2b 0 0.7 0.7
White 3 0 0.9 0.9
White 3a 0 0.9 0.9
White 3b 0 0.9 0.9
Green 1 0.3 0.3 0.2
Green la 0.3 0.3 0.2
Green 1b 0.3 0.3 0.2
Green2 0.7 0.3 0.2
Green2a 0.7 0.3 0.2
Green2b 0.7 0.3 0.2
Hybrid 1 0.3 0.5 0.5
Hybrid la 0.3 0.5 0.5
Hybrid 1b 0.3 0.5 0.5
Hybrid 2 0.3 0.7 0.7
Hybrid 2a 0.3 0.7 0.7
Hybrid 2b 0.3 0.7 0.7
Hybrid 3 0.7 0.5 0.5
Hybrid 3a 0.7 0.5 0.5
Hybrid 3b 0.7 0.5 0.5
Hybrid 4 0.7 0.7 0.7
Hybrid 4a 0.7 0.7 0.7
Hybrid 4b 0.7 0.7 0.7
Hybrid 5 0.3 0.9 0.9
Hybrid 5a 0.3 0.9 0.9
Hybrid 5b 0.3 0.9 0.9
Hybrid 6 0.7 0.9 0.9
Hybrid 6a 0.7 0.9 0.9
Hybrid 6b 0.7 0.9 0.9
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Grant defines the fraction of green roofs in each land use class with buildings, while
the reference value is 0. Albw and albd determine the albedo of the walls and roofs
with reference values 0.3 and 0.2, respectively. Zuvela-Aloise et al. (2015) simulated
with albedo values 0.5, 0.7 and 0.9 and Kniebusch (2015) run the model with green
roof fraction values 0.3 and 0.7. The values of scenarios for this study are chosen

with regard to these researches.

5.3.1.1 Mean temperature reduction

As it has been mentioned before, using high albedo materials such as white coating
and bright asphalt for the built-up areas reduce the amount of incoming solar
radiation absorbed through urban structures and thus keep their surfaces cooler
(Sodoudi, 2014). Besides, greenery reduced solar radiation too and lowered near-

surface air temperature due to evapotranspiration.

The mean temperature differences for each mitigation strategy as a diurnal variation
is shown in Figure 5.16. Green, white and hybrid scenarios were applied to urban
areas which are represented by buildings (land use class no. 1-16) and substracted
from the reference simulation. By comparison with the current simulation, all the
scenarios have cooler effects and peak during the daytime. It is obvious that these
scenarios mitigate the 2 m temperature since the high reflectivity of the white urban
structure and the high evapotranspiration of the green roofs during the day when the
temperature reaches its maximum, whereas the reduction in 2 m temperature during

the night is quite small.

Modifying the rooftop surface through implementation of green or cool roofs both
alters surface atmosphere interactions and the resulting roof microclimate.
Additionally, using green roofs do not have significant cooling effect compared to
white roofs and this result was demonstrated by Santamouris (2014), assumed that
when the albedo of cool roofs is 0.7 or more, high reflected roofs present a higher

mitigation potential compared to green roofs.
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Figure 5.16 : Diurnal variation of mitigation strategies.

Figure 5.16, indicates that the effectiveness of the green roof scenarios are less than
the white and hybrid scenarios. The mitigation potential of “Green 1” scenario is
almost OK, however the “White 3”, “Hybrid 5” and “Hybrid 6” scenarios reach
approximately -0.5K cooling effect around 19:00. On the other hand the “Hybrid 5
(grant=0.3 albw=0.9) have the most considerable cooling effect during the daytime,
whereas have less cooling effect than the “Hybrid 6” (grant=0.7 albw=9) scenario
during the nighttime. Likewise, during the night, when urban heat island is
commonly at its maximum, green roofs seem to cause positive temperature

anomalies compared to the other scenarios.
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Table 5.4 : The hourly mean temperature changes for each mitigation scenarios.

Time W1-R. W2-R. W3-R. G1-R. G2-R. H1-R. H2-R. H3-R. H4-R. H5-R. H6-R.

10.00 -0.08 -0.15 -0.19 -0.04 -0.1 -0.11 -0.16 -0.14 -0.17 -0.19 -0.19
11:00 -0.09 -0.17 -0.23 -0.05 -0.12 -0.12 -0.18 -0.16 -0.2 -0.23 -0.23
12:.00 -0.11 -0.2 -0.27 -0.06 -0.15 -0.14 -0.21 -0.2 -0.24 -0.28 -0.28
13:00 -0.14 -0.24 -0.33 -0.07 -0.18 -0.17 -0.25 -0.24 -0.29 -0.34 -0.33
14:.00 -0.16 -0.27 -0.37 -0.08 -0.2 -0.19 -0.29 -0.27 -0.33 -0.39 -0.38
15:00 -0.17 -0.29 -0.39 -0.08 -0.21 -0.2 -0.31 -0.28 -0.34 -041 -04
16:00 -0.16 -0.28 -0.39 -0.07 -0.18 -0.19 -0.29 -0.26 -0.33 -0.41 -0.39
17.00 -0.14 -0.26 -0.38 -0.04 -0.14 -0.17 -0.27 -0.23 -0.31 -0.39 -0.38
18:00 -0.13 -0.26 -0.39 -0.01 -0.09 -0.16 -0.27 -0.2 -03 -04 -0.39
19:00 -0.14 -0.29 -043 -0.01 -0.08 -0.16 -03 -0.2 -0.32 -0.44 -0.43
20:00 -0.15 -0.29 -0.44 -001 -008 -0.17 -03 -0.2 -0.32 -0.44 -0.43
21:00 -0.13 -0.26 -0.4 0 -0.06 -0.15 -0.27 -0.17 -0.28 -04 -04
22:00 -0.09 -0.22 -034 001 -0.04 -0.11 -0.23 -0.14 -0.24 -0.34 -0.34
23:00 -0.11 -0.21 -032 0.01 -0.03 -0.13 -0.22 -0.15 -0.23 -0.31 -0.31
0:00 -0.06 -0.17 -0.24 0.03 0 -0.08 -0.17 -0.09 -0.17 -0.23 -0.24
1:00 -0.04 -0.13 -0.16 0.03 0.01 -0.04 -0.13 -0.05 -0.13 -0.16 -0.19
200 -001 -01 -0.112 0.03 o0.01 -0.01 -0.11 -0.03 -0.1 -0.12 -0.14
3:00 0 -0.08 -0.07 0.04 0.02 0.01 -0.08 -0.02 -0.06 -0.09 -0.1
4:00 0.01 -0.06 -0.05 0.04 002 001 -006 -0.02 -0.03 -0.06 -0.07
5:00 -0.01 -0.05 -0.05 0.03 0.02 0 -0.05 -0.02 -0.02 -0.05 -0.07
6:00 -0.03 -0.05 -0.06 0.01 0.01 -0.01 -0.04 -0.03 -0.01 -0.05 -0.08
7:00 -0.02 -0.03 -0.05 0 0.02 -0.02 -0.02 -0.04 0.01 -0.03 -0.08
8:.00 -0.01 -0.02 -0.04 -0.01 0.03 -002 -0.01 -0.04 0.01 -0.03 -0.07
9:00 -0.12 -0.14 -0.17 -0.06 -0.05 -0.14 -0.14 -0.16 -0.12 -0.17 -0.22
Daily -0.087 -0.176 -0.245 -0.015 -0.065 -0.103 -0.182 -0.139 -0.188 -0.248 -0.256

In Table 5.4, the hourly mean temperature changes for each mitigation scenarios are
summarized. The last row of this table represents the daily differences of these
scenarios and the red boxes indicate the most significant values. The mean cooling
effect of the green roofs amounts to 0.015K and 0.065K for 30% and 70%,
respectively. The increase in the albedo of the walls and the buildings leads to
temperature changes of -0.087K, -0.176K and -0.245K, which is about 3 to 4 times
the effect of the green roofs. However the combination of these scenarios which is
represented by “Hybrid 6” has less cooling effect then the total amount of the “White
3” and “Green 27, since the effectiveness of the cool roofs are higher separately so
combining this scenario with the greenery reduced the mitigation potential of them.
On the other hand, the daily value of “Hybrid 5” is so close to “Hybrid 6 although
the “grant” parameter of “Hybrid 5” is 0.4 less then the “Hybrid 6”s.
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In Table 5.4, one can see that “Hybrid 5” and “Hybrid 6” are the most effective
hybrid scenarios with cooling effects of 0.248K and 0.256K, although the former
research of Kniebusch (2015), demonstrates that the higher white scenario is slightly
better than hybrids, the results of this study are not in line with the previous studies.
Due to the fact that these hybrids have the highest albedo values and that “Hybrid 57,
which has the smaller green scenario, simulates the lower cooling effect rather than
the “Hybrid 6”. However, the combination of these scenarios which is represented by
“Hybrid 6” has less cooling effect then the total amount of the “White 3” and “Green
2”, since the effectiveness of the cool roofs are higher separately so combining this
scenario with the greenery reduced the mitigation potential of them. On the other
hand, the daily value of “Hybrid 5” is so close to “Hybrid 6 although the “grant”
parameter of “Hybrid 5 is 0.4 less then the “Hybrid 6”s. These facts, emphasize how
effective the high-albedo materials are compared to green roofs.

The mean temperature differences for each mitigation strategy as a diurnal variation
for built-up area is shown in Figure 5.17. Green, white and hybrid scenarios were
applied to urban areas which are represented by buildings (land use class no. 1-16),
dimensionally avaraged for only built-up areas and substracted from the reference
simulation. By comparison with the current simulation, all the scenarios have cooler

effects and peak during the daytime same as the previous plot Figure 5.16.
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Figure 5.17 : Diurnal variation of mitigation strategies for built-up areas.
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Figure 5.17 indicates that the white and hybrid scenarios are more effective than the
green roof scenarios. The mitigation potential of “Green 1” scenario is almost 0K,
however the cooling effect of “White 37, “Hybrid 5” and “Hybrid 6” scenarios have
a striking peaks around 19:00 and reach approximately -0.9K. On the other hand the
“Hybrid 6” (grant=0.7 albw=0.9) have the most considerable cooling effect during
both the daytime and nighttime. Likewise, during the night, when urban heat island is
commonly at its maximum, “Green 1” and “Green 2” seem to cause positive
temperature anomalies compared to the other scenarios. More suprisingly, “Hybrid

5” scenario has a striking peak around 08:00 and reaches approximately 0.1K.
In Table 5.5, the hourly mean temperature changes for each mitigation scenarios for

built-up area are summarized.

Table 5.5 : The hourly mean temperature changes for each mitigation scenarios of
built-up areas.

Time Wi1-R. W2-R. W3-R. G1-R. G2-R. H1-R. H2-R. H3-R. H4-R. H5-R. H6-R.
10.00 -0.25 -0.44 -0.58 -0.13 -0.31 -0.32 -0.47 -0.42 -0.51 -0.52 -0.58
11:.00 -0.28 -0.49 -0.67 -0.15 -0.36 -0.36 -0.53 -0.48 -0.58 -0.56 -0.67
12.00 -03 -0.55 -0.76 -0.17 -04 -04 -0.6 -0.54 -0.67 -0.63 -0.78
13.00 -0.33 -0.57 -0.8 -0.18 -043 -042 -0.62 -0.57 -0.7 -0.65 -0.81
14.00 -0.32 -0.56 -0.8 -0.16 -041 -04 -0.61 -0.56 -0.69 -0.64 -0.82
15.00 -0.32 -0.56 -0.8 -0.15 -039 -04 -0.6 -0.55 -0.68 -0.65 -0.81
16:00 -0.27 -0.49 -0.72 -0.11 -03 -0.34 -0.53 -0.46 -0.59 -0.59 -0.73
17.00 -0.21 -0.42 -0.63 -0.05 -0.2 -0.26 -0.45 -0.36 -0.5 -0.53 -0.64
18:.00 -0.26 -0.51 -0.75 -0.04 -0.14 -0.29 -0.52 -0.35 -0.55 -0.69 -0.75
19:00 -0.28 -0.57 -0.88 -0.03 -0.12 -0.31 -0.58 -0.37 -0.61 -0.87 -0.87
20:00 -0.23 -048 -0.75 -0.01 -0.08 -0.25 -0.49 -0.29 -0.51 -0.75 -0.74
21:00 -0.18 -0.39 -0.63 0.01 -0.04 -0.19 -04 -0.22 -041 -0.6 -0.62
22:00 -0.11 -0.29 -048 0.02 -0.02 -0.13 -03 -0.15 -0.31 -0.44 -0.47
23:00 -0.11 -0.26 -0.42 0.03 0 -0.12 -0.27 -0.14 -0.27 -037 -0.4

0:.00 -0.06 -0.21 -0.32 0.04 0.02 -0.07 -0.21 -0.08 -0.21 -0.27 -0.31
1:00 -0.04 -0.16 -0.23 0.04 0.02 -0.05 -0.17 -0.06 -0.16 -0.19 -0.24
2:00 -0.02 -0.14 -0.17 0.04 0.02 -0.02 -0.14 -0.03 -0.12 -0.16 -0.2

3:00 0 -0.11 -0.13 0.06 0.03 0 -0.11 -0.02 -0.09 -0.13 -0.14
4:00 0 -0.09 -0.11 0.03 0.03 001 -008 -0.01 -0.06 -0.09 -0.12
5:00 -0.03 -0.08 -0.11 0.03 0.02 -0.01 -0.08 -0.03 -0.04 -0.08 -0.12
6:00 -0.05 -0.07 -0.12 0.01 0.01 -0.03 -0.06 -0.05 -0.02 -0.07 -0.13
7:00 -0.04 -0.05 -0.09 -0.01 0.03 -0.04 -0.04 -0.05 -0.01 -0.02 -0.12
8:00 -0.02 -0.04 -0.05 -0.01 0.03 -0.03 -0.02 -0.04 0 0.06 -0.08

9:00 -0.39 -048 -0.52 -0.11 -0.24 -041 -047 -0.44 -0.45 -04 -0.55
Daily -0.171 -0.334 -0.480 -0.042 -0.135 -0.202 -0.348 -0.261 -0.364 -0.410 -0.488
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The last row of this table represents the daily differences of these scenarios and the
red boxes indicate the most significant values. The mean cooling effect of the green
roofs are between 0.042K and 0.135K for 30% and 70%, respectively. The increase
in the albedo of the walls and the buildings leads to temperature changes of -0.171K,
-0.334K and -0.480K, which is about 3 to 4 times the effect of the green roofs. As is
the case with the previous Table 5.4, the combination of these scenarios which is
represented by “Hybrid 6” has less cooling effect then the total amount of the “White
3” and “Green 27, since the effectiveness of the cool roofs are higher separately so
combining this scenario with the greenery reduced the mitigation potential of them.
On the other hand, the daily value of “Hybrid 5” is so close to “Hybrid 6 although
the “grant” (green roof fraction) parameter of “Hybrid 5” is 0.4 less then the “Hybrid
6”s. Therefore, the contribution of green roofs can be classified as negliable for the

hybrid scenarios since the slight variation between them.

The mean temperature differences for each mitigation strategy as a diurnal variation
for non built-up area is shown in Figure 5.18. Green, white and hybrid scenarios
were applied to study area, dimensionally avaraged for only non built-up areas and
substracted from the reference simulation. By comparison with the current
simulation, all the scenarios have cooling effects and peaks during the daytime and
the 2 m temperature differences between the strategies and the reference simulation
decrease during the nighttime same as the previous plots Figure 5.16 and Figure
5.17.
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Figure 5.18 : Diurnal variation of mitigation strategies for non built-up areas.
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Figure 5.18, indicates that the effectiveness of white and hybrid scenarios are more
than the green roof scenarios again. The mitigation potential of “Green 1” scenario is
almost OK, however the cooling effect of “White 3”7, “Hybrid 5” and “Hybrid 6”
scenarios have peak around 15:00 and reach approximately -0.36K around 19:00. On
the other hand the “Hybrid 6” (grant=0.7 albw=0.9) have the most considerable
cooling effect during daytime. Likewise, during the night, when urban heat island is
commonly at its maximum, “Green 1” scenario seems to cause positive temperature

anomalies compared to the other scenarios.

Table 5.6 : The hourly mean temperature changes for each mitigation scenarios of
non built-up areas.

Time Wwi-R. W2-R. W3-R. GI1R. G2-R. HI-R. H2-R. H3-R. H4-R. H5-R. H6-R.
10.00 -0.04 -0.06 -0.08 -0.02 -0.04 -0.05 -0.07 -0.06 -0.07 -0.08 -0.08
11:.00 -0.05 -0.09 -0.12 -0.03 -0.06 -0.06 -0.09 -0.08 -0.1 -0.12 -0.12
12.00 -0.08 -0.14 -0.2 -0.04 -0.11 -01 -0.15 -0.14 -0.17 -0.2 -0.2
13:.00 -0.11 -0.19 -0.26 -0.06 -0.15 -0.14 -0.2 -0.19 -0.23 -0.27 -0.26
14.00 -0.13 -0.21 -0.29 -0.06 -0.17 -0.15 -0.23 -0.21 -0.25 -0.3 -0.29
15:.00 -0.15 -0.26 -0.35 -0.07 -0.19 -0.18 -0.28 -0.26 -0.31 -0.37 -0.36
16:00 -0.14 -0.24 -0.33 -0.06 -0.17 -0.17 -0.25 -0.23 -0.29 -0.35 -0.33
17.00 -0.12 -0.23 -0.33 -0.04 -0.14 -0.15 -0.24 -0.21 -0.28 -0.35 -0.33
1800 -01 -02 -03 -0.01 -0.09 -0.12 -0.21 -0.16 -0.24 -0.31 -0.3
19:.00 -0.11 -0.22 -0.32 -0.01 -0.08 -0.13 -0.23 -0.17 -0.25 -0.33 -0.32
20:00 -0.12 -0.22 -0.32 -0.02 -0.09 -0.14 -0.23 -0.18 -0.25 -0.33 -0.32
21:00 -0.12 -0.22 -0.32 -0.01 -0.09 -0.14 -0.23 -0.18 -0.25 -0.32 -0.32
22:00 -0.06 -0.17 -0.26 0 -0.07 -0.09 -0.18 -0.13 -0.2 -0.26 -0.25
23:00 -0.11 -0.17 -0.25 0 -0.04 -0.13 -0.18 -0.16 -0.19 -0.24 -0.24
0:00 -0.03 -0.13 -0.15 0.03 0 -0.05 -0.14 -0.07 -0.14 -0.15 -0.17
1:00 -0.02 -0.1 -0.08 0.03 0 -0.02 -0.11 -0.06 -0.11 -0.09 -0.13
2:00 0.01 -0.08 -0.04 0.03 0 0.01 -0.09 -0.02 -0.08 -0.05 -0.09
3:00 0.03 -0.05 -0.01 0.05 0.01 0.03 -0.06 -0.02 -0.04 -0.04 -0.06
4:.00 003 -0.04 -0.01 0.03 0.02 0.03 -004 -001 -0.01 -0.02 -0.05
5:00 0 -0.04 -0.03 003 001 0.01 -0.04 -0.02 -0.01 -0.03 -0.06
6:00 -0.04 -0.05 -0.06 0 -0.01 -0.02 -0.03 -0.06 0.01 -0.04 -0.09
7:00 -0.04 -0.03 -0.06 -0.02 0.01 -0.04 -0.01 -0.07 0.02 -0.03 -0.1
8:.00 -0.01 -0.02 -0.04 -0.01 0.04 -0.02 0 -0.04 0.02 -0.03 -0.08
9:00 -0.06 -0.07 -0.1 -0.05 0 -0.08 -0.06 -0.1 -0.04 -0.09 -0.15
Daily -0.065 -0.135 -0.180 -0.013 -0.059 -0.079 -0.140 -0.118 -0.144 -0.183 -0.196

In Table 5.6, the hourly mean temperature changes for each mitigation scenarios for
non built-up area are summarized. The last row of this table represents the daily
differences of these scenarios and the red boxes indicate the most significant values.
The mean cooling effect of the green roofs amounts to 0.013K and 0.059K for 30%
and 70%, respectively.
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The increase in the albedo of the walls and the buildings leads to temperature
changes of -0.065K, -0.135K and -0.180K, which is about 3 to 6 times the effect of
the green roofs. However, the cooling effect of the white and green scenarios for non
built-up areas has considerably low values in comparison with the values of built-up
areas. As is the case with the previous Table 5.4, the combination of these scenarios
which is represented by “Hybrid 6” has less cooling effect then the total amount of
the “White 3” and “Green 27, since the effectiveness of the cool roofs are higher
separately so combining this scenario with the greenery reduced the mitigation
potential of them. On the other hand, the daily value of “Hybrid 5” is so close to
“Hybrid 6” although the “grant” (green roof fraction) parameter of “Hybrid 5” is 0.4
less then the “Hybrid 6”’s.

Since having more considerable daily temperature anomalies, “White 3”, “Green 27,
“Hybrid 5” and “Hybrid 6” will be investigated in more detail in the forthcoming
parts. Besides, the analyses of the rest of the scenarios will be attached in the

Appendix.

5.3.1.2 Spatial distribution of the temperature changes

To observe the impact of the mitigation strategies in the whole simulation area, the
spatial distribution of the 2 m temperature differences will be shown. Thus, the four
mitigation strategies (White 3, Green 2, Hybrid 5, Hybrid 6), which were indicated in
the former section, have been selected. The green and white simulations will be
shown first, and the hybrid simulations afterwards.

In Figure 5.19 and Figure 5.20, the simulated temperature differences for the one
green, one white and two hybrid scenarios are shown, respectively. Clearly, the
higher the mitigation parameters, the higher the temperature changes in other words
“Hybrid 6” scenario. Moreover, the main effects of mitigation strategies can be seen
in built-up areas, which is due to the fact that the changes only take place on land use
class no. 1 tol16, in short on buildings. The cooling effects do not show a significant
difference on non built up areas, which can be seen in the small white grid points in
the city.

60



(a) G2

97 Asgusl 2012 12:00
Tem:

07 AL gasl 2012 15:00

L& T,
[ra
a4 w
T N
'y b *
y rd . ) 3
. JFEwiy B Es &
N P k)
i R < - . -
o -
e "Mr'iu " T
R Rt S I ST
97 Aigust P01 13:00 07 August 2012 #1:30
Tams o
@ Foa
so Lo
[w
2 4 [ o
° — T T
o e Moo b om B a a
05 Adgus! 20120000 08 ALgusl 2012 ¢
1o ¢ em
s Lo
e ] wd
4 L
¢ T T
s m on s @ o R S )
95 AJgUS! 2012 U600 08 August 22 G810
o -
s v
4
a Fea
4 [ 4
= ] L o
¢ a T
W

T
[T

I TTTT T T
15 -1 05 0 05 1 15

o

.‘;.ﬁ,,g}
I+ T ‘,* T T

196

07 Augsl 2012 16:00

a

e d i I L
Fu 4 o

Lol ke s
bl

LT

-

-

.l-i'

F nooa B
04 Agust 012 18:00

T T T
¢ om owm e @ m
O ALgust 2012 2160

& a0 &m0
08 ALgust 2012 630

T
G E W
38 August P01P 0BII0
e

oo wom
08 ALgust 2012 GRG0
atp

Fao d W 7
;}«,".‘--}

. !
-

.ﬁ;‘,ﬂ 2/d
9 T T T

T
w1

8 1 05 0 035 1 18

Figure 5.19 : Spatial distribution of green 2 (a) and white 3 (b) scenerios.

Furthermore, Figure 5.19 and Figure 5.20 also emphasizes that the simulation results
with the mitigation scenarios show that cool roofs (White 3) are more effective than
green roofs (Green 2), which could also be seen in Figure 5.16. Clearly, the

combination of green roofs and high-albedo materials have more effect than each of

them on their own, although the changes are not as striking as expected.

The distribution of the nighttime temperature changes in the figures is similar to
daytime changes, although the effects seem to be blurred and, the cooling effect of
the rural areas is low especially for the 21:00, 00:00 and 03:00 simulations. In Figure

5.19 and Figure 5.20, the effect of each land use class can be seen very clearly,

especially considering the residential area.
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Figure 5.20 : Spatial distribution of hybrid 5 (a) and hybrid 6 (b) scenerios.

In Figure 5.21 and Figure 5.22, the parameter changes for roofs and walls are only
applied for areas with high-rise buildings (no. 4, 8, 12 and 16 in the land use table)
and the simulated temperature differences between scenarios and the reference run

for the one green, one white and two hybrid simulations are shown, respectively.

As it was shown in the previous figures (Figure 5.19 and Figure 5.20), the
considerable effects of mitigation strategies can be seen in built-up areas, which is
due to the fact that the changes only take place on land use class no. 1 to16, in short
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on buildings but for this time the case is more specific and the significant changes for
the high-rise buildings can be observed easily.
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Figure 5.21 : Spatial distribution of green 2 (a) and white 3 (b) scenerios for high-
rise built-up area.

Furthermore, Figure 5.21 and Figure 5.22 also emphasizes that the simulation results
with the mitigation scenarios show that cool roofs (White 3) and hybrids are more
effective than green roofs (Green 2), which could also be seen in Figure 5.16, Figure
5.19 and Figure 5.20.

This time the distribution of the nighttime temperature changes in the figures are not
similar to daytime changes. There are significant warming effects especially for the
noontime temperatures for all scenarios, almost none cooling or warming effects for
the 15:00, 18:00, 21:00 and 00:00 simulations but there are blurred warming effect
around 03:00 especially for “White 3” and “Hybrid 6. The interesting part is, there
are warming effect for the forested area and cooling effect for the residential area
around 06:00 for the “Green 27, “White 3” and “Hybrid 6” scenarios but there is only
warming effect around 06:00 for the “Hybrid 5” scenario although this scenario

generally gives similar results to “Hybrid 6”.
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Figure 5.22 : Spatial distribution of hybrid 5 (a) and hybrid 6 (b) scenerios for high-
rise built-up area.

In Figure 5.23 and Figure 5.24, the parameter changes for roofs and walls are only
applied for areas with high density built-up area (no. 13, 14, 15 and 16 in the land
use table) and the simulated temperature differences between scenarios and the
reference run for the one green, one white and two hybrid simulations are shown,

respectively.

As it was shown in the previous figures (Figure 5.19 and Figure 5.20), the
considerable effects of mitigation strategies can be seen in built-up areas, which is
due to the fact that the changes only take place on land use class no. 1 to16, in short
on buildings but for this time the case is more specific and the significant changes for

the high density residential area can be observed easily.
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Figure 5.23 : Spatial distribution of green 2 (a) and white 3 (b) scenerios for high-
density built-up area.

Figure 5.23 and Figure 5.24 also emphasizes that the simulation results with the
mitigation scenarios show that “White 3”7, “Hybrid 5” and “Hybrid 6” are more
effective than “Green 2” again, which could also be seen in Figure 5.16, Figure 5.19
and Figure 5.20.
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Figure 5.24 : Spatial distribution of hybrid 5 (a) and hybrid 6 (b) scenerios for high-
density built-up area.

As is the case with high-rise building simulations, the distribution of the nighttime
temperature changes in the figures are not similar to daytime changes. There are
significant warming effects for the high density residential area with high-rise
buildings whereas considerable cooling effect for high density built-up area with low
and medium height buildings and traffic area especially for the noontime, sectional
warming effects for forested and agricultural area around 00:00 and 03:00, and
blurred warming effects around 06:00 for all The interesting part is, there are
warming effect for the forested area and cooling effect for the residential area around
06:00 for all scenarios .
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6. CONCLUSION

The UHI effect is exhibited by the mega cities in the world because of the built-up
areas experienced higher temperatures than surrounding areas. In this study, results
from UHI effect are summarized as; in recent decades, Istanbul as the one of the
mega cities has exposed to significant urban heat island due to the rapid urbanization.
During summer period, the UHI takes its maximum intensity between Kartal (urban)
and Sile (suburban) sites of the city. The average difference for the whole

measurement period is 3.01K.

Governments, urban planners and urban residents are seeking practical approaches to
improve urban heat mitigation at least cost as adaptation to global warming, extreme
heat events and urban heat effects. In this thesis, the micro-scale urban climate model
MUKLIMO _3 has been used for the implementation of mitigation strategies in order
to reduce the urban heat island effect and the most populated city of Turkey,
Istanbul, was chosen for this.

MUKLIMO_3 is a new model, which has not been used and, validated sufficiently
for mega city Istanbul until now and it is able to simulate mitigation strategies, and
thus could be a great opportunity for urban planners to optimize their cities with
regard to urban heat island. Once initialised for a city properly, different mitigation
strategies such as high albedo materials or more vegetative area and new building

structures can be implemented and calculated.

With the roof treatments explored here, results suggest that the high albedo rooftop,
if combined with greenery, would probably provide the greatest overall benefit in
terms of urban heat mitigation strategy and heat transfer into buildings. Our results
suggest that irrigation is necessary for green roofs to provide a substantial daytime
microclimate benefit, because, under dry conditions, Qg was low and Qu was high.
Green roofs could provide sufficient benefits and be effective solutions like cool
roofs if they are regularly irrigated and planted with a dense mix of actively

transpiring vegetation.
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