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Abstract

Rapid urbanization in the past 100 years has resulted in many environmental
issues in large cities. Urban Heat Island which is the condition of excess heat
in city centers is one of these environmental issues. Dubai which has
developed tremendously in the past decade also suffers from condition of
urban heat island. This research aims to study the effects of vegetation on

reduction of urban heat island in dense and old neighborhoods of Dubai.

Computer simulation was selected as the major methodology in this research
and ENVI-met software was utilized as the main simulation tool. The
investigations in this research were performed in two parts; Part One focused
on identifying the most effective strategies of applying greenery in a
simplified urban condition. In Part Two, these strategies were applied on two

urban blocks in Dubai to measure their effectiveness on real conditions.

The results from both parts of the research showed that application of trees
with medium density is the most effective strategy in tackling excess heat in
urban areas. Also, it was concluded that both grass and green roofs have
negligible effects on reducing surface temperatures in the urban areas.
Based on the results, it is suggested to apply the medium density trees in
compacted forms around the built up structures in newly designed urban
areas. In terms of the pre-existing urban areas, the best strategy is to utilize
available empty plots such as parking lots to insert compacted forms of
medium density trees in addition to planting along the wide pedestrian and

vehicular paths.



uadle

oSl ol 8 Al JSLE e aaadl e 100 AT (B med) (Saall ghaill g sl e i
JSUial) o3a saa) & oaall K1 e sl 5l pal) e Alla i ) Ay pmal) Ayl pall el
Lall el Al ol ye Lyl o bl siall 3 Tas j0€ 0S8 sk ) o Al
& Amaall 4l all 5al) e sl e Al slad) < 85 Al ol Ghagy Gl 1385 Ay sl
e (b Aapail) 3laliall 5 Tas Al Al 2GS <l laliall

BSlaal) 510 e ) el il oy il 13 (G Rty RmgheS el lSlae sl
JSI e Gl 3 OV el S eodiia b Gl e b ciliasadll el 5y Al
038 a3 ¢ AU ¢ Jall s Adasse Apine Alla 3 ol juadd) Ll aladinl 8 T80 cla) i)

Al )5 Aiaad) YA e byl Gall o 8 e s e laas) i)

DSV Aagl ) g Adas ial) AU ld lad¥) aladiul ol daadll gl e S e il <kl
¢) padl) mhanllly cadal) b Loadl ZUmaY) 55 Apaall Ghisdl 520030 550 all dallas & dllad
Al sa e el Apad) Ghlial L5l pall Glayo e ganaidll 8 S8 @l il L Gl
dpad) Ghbdl 4 ddl JShedl Jsa daagon pe JSGT o 280N dangie e alasin) ~) 58
e ) ol V) adad aladin) s A jiud Juailh caaill dpaall bl daaillys Ba dacadll
lee ) ) Aila) 48N Ao giall JladSU da gea jall JIEYI JASY i jlnd) Gl sa Jia 38 siall

LS el ok sliall Dl jae Jsha e



ACKNOWLEDGMENT

First of all, 1 would like to thank Allah, the most gracious and the most
merciful, for all His blessings and gifts to me. | have truly felt His presence
with love and care in every moment of my life including the period | worked

on this dissertation.

This dissertation would have not been possible without the guidance of my
wise instructor and advisor, Professor Bassam Abu-Hijlah. | truly cherish the
opportunity of being his student and appreciate his endless enthusiasm,

inspiration and support throughout the project.

| gratefully acknowledge the family of British University in Dubai and
specifically my professors Dr. Abeer Shahin and Dr Fadeyi Moshood Olawale
for providing me with the essential support and knowledge to start this

dissertation.

| would like to extend my gratitude to Mr. Ahmed Mohammed Abdulla Al
Jassmi and Mr. Narciso M. Zacarias from “Environment Department” of
Dubai Municipality for facilitating me with some crucial recourse possessed

by Dubai Municipality.

Words fail to express my thankfulness to Mr. Jamil Behzad, for being a true
friend, motivator and source of inspiration. It has been extraordinarily
fortunate to have such a supportive and kind-hearted person beside me all

along.

Last but never the least; | thank my little sister Masoomeh Rajabi, who has
been the best friend and certainly a true gift from Allah beside the rest of
family. | appreciate all the support and efforts she patiently provided for me
throughout the project and acknowledge her true love in my heart.



| dedicate this Dissertation to my Mother and my Father; to my three Sisters

and three Brothers. | am nothing without you and your prayers...
sps\jmj r}b}:@«; fp,\.{_«gjpsbc\g f;{@ ("*‘“\)J“ O

e Slaleles 5 L2



Table of Contents

CHAPTER ..o s 1
1.1 History of Urbanization .............cooeviiiiiiiiiiii e 2
1.2 History and Definition of Urban Heat Island .................ccccovvviiiicennnee, 5
1.2.1 Heat Island Intensity With Hourly Changes.............ccccccevvviiiiiinnneenn. 6
1.2.2 Larger Effects During Calm and Clear Weather Conditions.............. 6
1.2.3 Larger Effects in More Developed and Dense Areas........................ 8
1.2.4  Thermal INVEISIONS ......ccooieiieiieeeeeeeeeeeeee e 9
1.3 Causes of Urban Heat Island ..o, 10
1.3.1 Evaporation Within the Urban Areas............cccccoi, 12
1.3.2  Urban MaterialS. ... 13
1.3.3  Urban GEOMELIY ....ccooeeeeeeeeeeeeeeeeeeeeee e 15
1.3.4  ANthropogeniC Heat ............ccooiiiiiiiiiiie e 17
1.3.5 AN POHULION ... 18
1.4 Importance of Urban Heat Island ..............cccccviiiiiii e, 18
1.5 Measurement StrategieS ........ccovviiiiiuiiiiiee e 20
1.6 Mitigation StrategieS.........eeiiieeiiiieeeci e e 22
1.6.1 Cool Roofs and PavemeNts ...........ccooviiiiiiiiiiiieeeee e 23
1.6.2 Green Roofs + Urban Vegetation and Greenery.............ccccoeeeeeennn. 24

CHAPTER 2. e e eeaans 27
2.1 INTrOAUCTION ..o 28
2.2 COoOl MAtErialS ......ccooeiiiiiiiiii 28

2.3 Studies on the Mitigation Effects of Small Scale Application of
ST [T PP 30

2.4  Studies on the Mitigation Effects of Large Scale Application of
T SToT [T PP 36


file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis-Mas.docx%23_Toc313039885
file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis-Mas.docx%23_Toc313039903

2.5 Studies on the Mitigation Effects of Green roofs ............ccccoeeeieeiinnnnns 41

2.6  Studies on the mitigation Effects of Vertical Greenery ....................... 45
2.7 Research IMPOortanCe ........ccoovvviuiiiiiiie e e e e eeaanes 49
2.8  AIMS and ODJECHIVES. .....ccooe e e 51

CHAPTER 3. e 53
I A [ o1 (oo U T 1o o F PP PPRPPP PPN 54
3.2  Observation approach ..........ccccvvviiiiiiiiiiiiiiii e 55
3.2.1  Field MeasUremMeNt ..........ccuvviiiiiiiiiiiiiiieieeeeeeeeeeeeeeeee e 55
3.2.2  Thermal remote SENSING .......ccoevviiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeee e 58
3.2.3 Small scale modeling .........ccouvvviiiiiiiiiiiiiiiii 60
3.3 Simulation approaches.............ceeviviiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee e 61
3.3.1  Energy balancCe ... 61
3.3.2  Numerical MOdel.........c..uuiiiiiiiiiiii e 62
3.3.3  Computer SIMUIALION ..........oovuiiiiiiie e e 64
3.4 Research methodology ............oiiiiiiiiiiiiice e 66
341 JUSHIFICALION ...t 66
3.4.2  Software Validation ... 67

CHAPTER 4. e 74
4.1 INFOAUCTION ...ttt e e e 75
4.2 PaAl@MELEIS....coiiiiiie ettt 75
4.3 VariabIES .....oviiiiiiiiiiii 77
4.4 BASE TOST...i i 78

4.5 Model set up for tests investigating Formal composition of Green
= Lo o {1 ) PP 81

4.6 Model set up for tests investigating Density of Green Fabric (p2) ...... 82


file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis-Mas.docx%23_Toc313039912
file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis-Mas.docx%23_Toc313039925

4.7 Model set up for tests investigating Location of Green Fabric vs. Grey

= L o () R 82

CHAPTER .o e 85
5.1 INFOTUCTION ...eviiiiiiiieeieiiitt et e e e 86
5.2 Part One : Results and DiSCUSSION...........cceiviiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeee 87
5.2.1 Composition of Green fabriC ...........ccevvviiiiiiiiiiiiiiiiiiieeeeeeee 88
5.2.2 Density of Green FabriC ..........ccooiiiiiiiiiiiiiii e 90
5.2.3 Relationship of Green Fabric vs. Grey Fabric ..........ccccccccvvviiinnnnnn. 91
5.3  Selection of Optimal Strategies ..........ccuvviriiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeee 94
9.4 PAIT TWO ..o 98
o ot R |V o To [ BT = (1] PPN 99
5.4.2 Results and DiSCUSSION.......ccceeiiiiiiiiiiiiieie e e 100

CHAPTER B 105
6.1 CONCIUSION .ottt 106
6.2 RecoOMMENAtIONS .........ceiiiiiiiiiiiiiiiii e 107
6.3 Further ReSearch ... 108

REFEIENCES ... 110

APPENAICES ... 115


file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis-Mas.docx%23_Toc313039933
file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis-Mas.docx%23_Toc313039943
file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis-Mas.docx%23_Toc313039947
file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis-Mas.docx%23_Toc313039948

List of Figures

Figure 1.1 Heat Island Intensity for a cloudy (a) and sunny (b) weather
condition in the city of Bucharest, Romania. (Gartland, 2008) ....................... 7
Figure 1.2 Mean UHI Pattern during Summer 2000 in London. (a) Diurnal
variations; (b) Nocturnal variations.(Kolokotroni and Giridharan , 2008)......... 8
Figure 1.3 An isotherm map of air temperatures for different times in city of
Tel- Aviv; (a) 14:00 local time; (b) 21:00 local time.( Saaroni, H. et al, 2000)9
Figure 1.4 Vertical and horizontal distribution of temperature over New York
City on July 1964. (BOrnstein,1968) .........ccceeeeiiiiiiiiiiiiieeeeeeeeeeiies e e e e eeeeanns 10
Figure 1.5 Satellite images of Providence, Rhode Island in United States.

From left to right: Developed Land, Vegetation and Surface Heat. (Voiland,

Figure 1.7 Automobile traverse in the northern part of the city of Goteborg,

Sweden. Profiles of surface temperatures and air temperatures at 0.2 and

2.0 M. (EIaSSON, 1995) .....cooiiiiiiiiiiiii 17
Figure 1.8 Energy Use in Kilograms of oil equivalent, per capita of the World
and United Arab Emirates (IEA Statistics, 2007).......ccceeeeiiiveiiiiiiiiiieeeeeeeeenns 18

Figure 1.9 Air Temperature vs. electric power consumption at 14:00 in three
different business districts in Tokyo,Japan. (lhara, T. et al , 2008) .............. 19
Figure 1.10 Relationship between number of people treated for heat related
illness and maximum daily temperatures in Tokyo. (Hanaki,2008) .............. 21
Figure 1.11 Distribution of the mean hourly surface temperatures of the

tested materials and air temperature during July. (Synnefa,2011)............... 24

Figure 2.1 The correlation between maximum daily surface temperature and
the solar reflectance of different materials. (Santamouris, et al., 2007) ....... 29
Figure 2.2 The comparison of evaporation rate with developed temperature

under each tree species (Georgi and Dimitriou,2010)............ccvvvieiieeeerrennnns 32



Figure 2.3 Simulated and measured values of diurnal air temperature for
streets and courtyards of Tel-Aviv. (Shashua-Bar and Hoffman, 2003) ....... 34
Figure 2.4 Observation results of surface temperature for the typical parking
space on July 30 and 31, 2005. (Takebayashi and Moriyama, 2009) .......... 35
Figure 2.5 Predicted daytime ambient temperature site plan: (A) current
condition; (B) without greenery; (C) replacing forest with buildings; (D)
introducing denser greenery. (Wong, et al., 2007) .......cccccvvviiiiiiiiiiiiiinnnennnn. 37
Figure 2.6 Different park characteristics: (a) near circle, (b) Square, (c) semi-
square, (d) irregular polygon, (e) roadside belt-shape, (f) irregular belt-shape.
(Caoa, etal., 2010) ...ccoeieeieiiie e aaann 39
Figure 2.7 Saved energy for green and white roof compared to black roof
(Scenario | and Scenario Il refer to different locations of green roofs with
different climatic conditions) . (Susca, et al., 2011).........ccevvviiiiiiieeeerenennns 42
Figure 2.8 Comparison of the night time ambient air temperature for 4
scenarios of roof cover. (Wong and Jusuf,2008)............cccoevvrvviiiiiiiieeeeeeennnns 44

Figure 2.9 PET for the no-green [no gr], green-all [gr-a] and roof green (rf) for

Riyadh. (Alexandri and Jones, 2008) ........cooooviiieeiieieeeeeeeee e 46
Figure 2.10 Control wall and 8 vertical greenery systems. ( Wong, et al.,
2000 i 48

Figure 2.11 Development of Dubai in the 10 years period of 2000-2010; Red
color shows vegetation.(Earth observatory, 2009) .........cccccvvvviiiiiiiiiiiiiennnn. 50
Figure 2.12 Urban heat island in Dubai, snap shot of Deira and Bur Dubai

area, the bold circles indicate the urban hotspots. (Zacarias, 2011) ............ 51

Figure 3.1 Data collected from one of the mobile survey routs (I-industry; R-
residential; F-forest; A-airport). (Stabler, et al. 2005) ..........cccccvvvvviiiiiininnnnn. 57
Figure 3.2 Landsat image of Beijing; (a) image band 3 and 4: NDVI; (b)
image band 7: brightness temprature. (Zhanga, et al. 2010) ....................... 59
Figure 3.3 Two-dimentional canyon model. (Alexandri and Jones , 2008)... 63



Figure 3.4 Software validation. (a) comparison of CFD and wind tunnel
results. (b) Comparison of simulated temperatures with measured
temperatures. (Priyadarsini, et al, 2008) ...........ccooviiiiiiiiiiiiiiii e 68
Figure 3.5 Images of an urban block in Deira, an old dense urban area in
Dubai. (a) Google earth image. (b) infrared image taken few hours after
sunset during early December 2009.(Zacarias, 2011) ........cccccceeeeiieeeeeeeennns 69
Figure 3.6 selected urban block with actual thermal image ....................... 70
Figure 3.7 Simulated maps of surface temperature for the selected urban
block from 17:00 t0 20:00........ccoiiiiiiiiiiiiiie 72

Figure 4.1 ENVI-met model of developed simplified urban block referred as
TDASEEEST. o 79
Figure 4.2 ENVI-met Configuration files for summer and winter. ................. 80
Figure 4.3 Sample of ENVI-met models of tests investigating Parameter 1
(formal composition of green fabriC )., 81
Figure 4.4 Sample model from the tests investigating Parameter 2 (Density of
GIEENEIY) . i 83
Figure 4.5 Sample model from the tests investigating Parameter 3 (Location

of Green Fabric vs. Grey FabriC).........cccoiiiiiiiiiiiiee e, 84

Figure 5.1 Surface temperatures of a sample urban block eliminating the
building surface temperatures in black..........ccccco 86
Figure 5.2 Surface temperatures of a simulation that was run for 48 hours. 87
Figure 5.3 Average hourly surface temperatures for tests investigating
Composition of Green Fabric vs. Grey Fabric (P1). .......cccccoeivieiiiiiiiieeeiin, 89
Figure 5.4 Average hourly surface temperatures for tests investigating
Density of Green Fabric (P2). ..o 92
Figure 5.5 Average hourly surface temperatures for tests investigating
Location of Grey Fabric vs. Green Fabric (P3)..........ccccooeiiiiiiiiiiiiiiiieeeeen, 94



Figure 5.6 Comparison of average hourly surface temperatures for all tests
INVEStIgating 3 ParamMeEtersS. .....ciii e e e e e e e e e e e eeeanes 95
Figure 5.7 Selected urban areas in Dubai for implementing the optimal
strategies. (G00gle Earth) ... 98
Figure 5.8 Figure 5.8 ENVI-met models of the selected urban areas........... 99

Figure 5.9 ENIV-met model of Area A after inserting trees in empty spaces.

Figure 5.10 Average hourly surface temperatures for different tests
investigating the effects of Optimal Strategies in Area A ( area away from
DUD@I CrEEK). ..o 101
Figure 5.11 Average hourly surface temperatures for different tests
investigating the effects of Optimal Strategies in Area B ( area close to Dubai
(O (== RSP 102
Figure 5.12 Thermal map of Surface temperatures for different configurations

in Area A at 13:00 0N @ SUMMET daAY. ......uueiiiieeiiiieiiiiiiee e 104

Figure A. 1: Data for Green Roof in Area B during the Winter at 10 AM ... 117
Figure A.1 Data for Green Roof in Area B during the Winter at 10 AM ..... 117

Figure A.2 Data for Green in Area A during the Summer at 7 PM ............. 118
Figure B. 1: Average Temperature for Summer Test-Pl.........cccccccceeeeeee. 120
Figure B. 2: Average Temperature for Summer Test-P2....................ooo. 122
Figure B. 3: Average Temperature for Summer Test-P3..............cccoeeee. 124
Figure B. 4: Average Temperature for Winter Test-P1.........cccccoooeviiiienns 126
Figure B. 5: Average Temperature for Winter Test-P2.........cccccooeevviieiienns 128
Figure B. 6: Average Temperature for Winter Test-P3.........cccccooeiiiiiiinnns 130
Figure C. 1: Average Temperature for Summer Tests in Area A ............... 133

Figure C. 2: Average Temperature for Winter Tests in Area A................... 135



Figure C. 3: Average Temperature for Summer Tests in Area

Figure C. 4: Average Temperature for Winter Tests in Area B

B



List of Tables

Table 1.1 World Urbanization Prospect. (a) Urban population (thousands)
1950-2050; (b) Percentage urban (%) 1950-2050; (c) Urban annual growth
rate (%) 1950-2050. (United Nations. Dept. of Economic and Social Affairs) 3
Table 1.2 Thermal Properties of Selected Urban Materials (Wang, 2000)... 14

Table 1. 3 Average Emittance of materials found in urban areas (ASHRAE,

Table 2.1 Statistical comparison of northwest open area and CBD area in
Singapore. (Won and Yu, 2005)........ccuuiiiiiieeeiiieiiei e e e e e eenanns 40
Table 2.2 Monthly average temperature at the external surface of the
reference roof,under the soil,under the foliage and average drybulb
temperature.(Fioretti, et al.,2010) ........cccceririiiiiiiiiiie e 43
Table 2.3 Minimum and average estate temperature for designed scenarios.
(Tan, et al.,, 2009)......cccoiiiiiiiiie e e e e e e e e e e e e e e eeeanns a7
Table 2.4 Summary of ambient temperatures at different distances. (Wong,
L= L2 0 0 ) PSP 49

Table 3.1 Comparison of the simulated temperatures of 7 selected spots against the

actual image temperatures from 17:00 to 20:00. (Continue to next page)................. 72
Table 3.1 Comparison of the simulated temperatures of 7 selected spots against the
actual image temperatures from 17:00 to 20:00. (Continue to next page)................. 73
Table 4.1 Selected parameters and their range ( Continue next page)........ 75

Table 4. 2 Tests investigating P1: Formal Composition of Greenery (Grass,

Green ROOT, TIEES) .ooiiiiiiiiiiie e ettt e e e e et s e e e e e e e e e et s e e e e e e eeeennes 76
Table 4.3 Tests investigating P2: Density of Green Fabric (LAD values of

LUCETS TS USRI 76
Table 4.4 Tests investigating P3: location of green fabric vs. grey fabric (LAD
VAIUES OF TrEES). ...t 77
Table 4.5 Fixed Variables for two seasons of summer and winter ............... 78

Table 4.6 Fixed variables for both seasons of summer and winter .............. 78


file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis.docx%23_Toc312956231
file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis.docx%23_Toc312956231
file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis.docx%23_Toc312956231
file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis.docx%23_Toc312956232
file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis.docx%23_Toc312956233
file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis.docx%23_Toc312956233
file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis-Mas.docx%23_Toc313038467
file:///C:/Users/Hp/Documents/Buid/dissertation%20package/Final%20Chapters/My%20Thesis-Mas.docx%23_Toc313038467

Table 5. 1 Group of tests and their corresponding variables, investigating
PArAMETET L. .o 88
Table 5.2 Groups of tests and their corresponding variables, investigating

02 1z 1 1= T PP 91
Table 5.3 Group of tests and their corresponding variables, investigating
PAFAMETET 3. .ot e e e et e e et e e e e e e eenne 93
Table 5.4 Optimal strategies for Group | (new urban areas) and Group Il (pre-

EXIStING UrDan Ar€as)...........ceiiiieiiiiiieiiii e e e e e e e e e eeaanes 97

Table B.
Table B.
Table B.
Table B.
Table B.
Table B.

: Summary of Average Temperature (°C) for Summer Tests-P1119
: Summary of Average Temperature (°C) for Summer Tests-P2 121
for Summer Tests-P3 123
for Winter Tests-P1...125

: Summary of Average Temperature (°C) for Winter Tests-P2... 127

: Summary of Average Temperature ("C

: Summary of Average Temperature (°C

)
)
)
)
)
)

o O A WON =

: Summary of Average Temperature (°C) for Winter Tests-P3...129

Table C. 1: Summary of Average Temperature ("C) for Summer Tests in



CHAPTER 1

Introduction




1.1 History of Urbanization

The history of the first cities in the world goes back to the ancient times when
the advancements in ability to create permanent structures and shelters
allowed humans to settle down in villages and cities. These historic cities
used to be important centers for politics, business, health care and education
with a natural growth of the population. However, at the turn of 19" century
cities faced unnatural growth and their populations increased decade by
decade and they began to face challenges of rapid urbanization.
Industrialization and advancement in technology caused the growth of cities
based on two factors; first was the ability to relocate population faster by
steam trains and ships and the second was economic growth in the cities
which provided better jobs and incomes for the loads of population.
Therefore the population of the cities began to grow faster and faster and the
modern urban areas came to existence. The trend of global urbanization
which started at the turn of 19" century continued at its fastest rate in the
history; according to United Nations. Dept. of Economic and Social Affairs
during the second half of 20" century, the world’s urban population increased
at an average annual rate of 2.72 percent implying that it doubled every 25
years and in the year 2000, the total population of the cities around the world
was estimated to be 2.9 billion. According to the information provided in
Table 1.1(a), the world’s urban population is still increasing and estimated to
reach 6.3 billion in 2050. Even though Table 1.1 (c) indicates that the annual
growth rate of urban population is decreasing, the estimation of 70 percent
urban population for 2050 is an indisputable fact which demands proper
planning and preparation.

Rapid urbanization has caused number of negative consequences in
different parts of the world. In general, the negative impacts of urbanization
range from social and economic problems to environmental consequences.
For example, slum development in mega cities of the third world countries is

one of the most important problems of rapid urbanization which results in
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social deprivation, poverty, poor sanitation and lack of education. Plus rapid
urbanization reinforces the economic burden of improving the city’s
infrastructure to meet the increased demand in water and electricity supply,
sewage and garbage collection, improvement of public facilities as well as
roads and transport infrastructure.

Table 1.1 World Urbanization Prospect. (a) Urban population (thousands) 1950-2050; (b)
Percentage urban (%) 1950-2050; (c) Urban annual growth rate (%) 1950-2050. (United

Nations. Dept. of Economic and Social Affairs)

Urban Percentage Urban annual
Year population Year urban Year growth rate

1950 736 796 1950 29.1| 1950-1955 2.97
1955 854 955 |1955 30.9 1955-1960 3.06
1960 996 298 1960 32.9| 1960-1965 3.06
1965 1160982 1965 34.7| Hee5-1970 2.75
1970 1331 783 1970 36.0| Ho70-1975 3.62
1975 1518 520 1975 37.3] J975-1980 573
1980 1740 551 1980 391 o80-1985 > 66
1985 1988 195 1985 40.9
1990 2 274 554/ 1990 43,0 198571990 2.69
1995 2 557 386/ 1995 44.7| 1990-1995 2:34
2000 2 853 909/ [2000 46.6| EEEEREHON 2.19
2005 3 164 635 2005 48.6| 12000-2005 2.07
2010 3 494 607/ [2010 50.6/ 2005-2010 1.98
2015 3 844 664/ 2015 52.7| 2010-2015 1.91
2020 4 209 669 2020 54.9| 2015-2020 1.81
2025 4 584 233/ 2025 57.2| 2020-2025 1.70
2030 4965 081 2030 59.7| 2025-2030 1.60
2035 5341 341/ 2035 62.2| 2030-2035 1.46
2040 5 708 869 2040 64.7| 2035-2040 1.33
2045 6 063 186 2045 67.2| 2040-2045 1.20
2050 6 398 291/ 2050 69.6 5045-2050 1.08

(a) (b) (c)

Besides all these socio-economic challenges, cities have faced number of
environmental challenges as well, that not only decreased the quality life in
the urban areas but also contributed to global climate change and the
deterioration of natural resources worldwide. The environmental problems
occur at different layers in the cities; for example one layer is related to
pollution and includes air, water, sound and solid waste pollution. Each of
these consequences listed under pollution, affects the health and well being
of every city residents exposed to them. One of the most important factors

that affect the pollution related problems is existence of industries within the
3



cities. Industrial pollution which can be very hazardous contributes to the air
pollution through the exhaust of hot air that contains high concentrations of
toxic gases such as CO2 in the air. Also they cause water and solid waste
pollution by disposing toxic wastes into the liquid sewage networks or solid
waste dump sites. Industries also cause noise pollution through the noise
produced by their machines and other activities. Factors other than industries
cause pollution in the cities as well; for example in some cities high
concentrations of households and business units that are not served by the
city’s sewage system greatly add to water and solid waste pollution in the
urban areas. One of the most common example of this factor are slums
which exist in high concentrations in many third world countries and highly
contribute to the pollution in these cities. Plus local climatic conditions also
contribute to pollution in the cities (particularly air pollution). One of the most
common incidences of this factor is thermal inversion which is the condition
of a layer of warm air covering and trapping the polluted cold air layer in an
urban area during winter. Also many cities lack wind which would help to
scatter the air pollution caused by high concentrations of automobiles and

industries in urban areas.

Deterioration of natural resources is another environmental challenge which
has caused the loss of water resources, forests, soils, lakes and fisheries
around the cities and caused number of other problems globally. One of the
most incidents of this environmental problem is urban sprawl which is
basically the expansion of urban areas to suburbs and rural areas. Urban
sprawl has caused serious environmental problems such as deterioration of
land and water resources due to construction of new households and roads.
Other factors include excessive usage of underground water resources by
the residents as well as destruction of green areas around the cities and

construction of roads and buildings.

Each of the challenges mentioned above is a wide topic of research which is
not the focus of this study. This research focuses on a phenomenon known
4



as Urban Heat Island; Urban Heat Island is one of the most important
challenges of rapid urbanization which happens at the microclimatic level in
the urban areas. This phenomenon is characterized as a warmer inner urban
areas compared to cooler suburban areas of a city. There are several
causes, consequences and mitigation strategies related to this phenomenon

which would be discussed in detail next chapter.

1.2 History and Definition of Urban Heat Island

The first records of the study of Urban Heat Island dates back to 200 years
ago when Luke Howard, a British manufacturing chemist and an amateur
meteorologist launched a pioneering research on climate of London. Howard
found an artificial condition of higher air temperature in London compared to
countryside in 1818 and marked the first measure of Urban Heat Island in
history. In his book ‘the climate of London” he accurately associated the
higher temperature in the city center with human and heat from combustion
of fuels in winter, and absorption and release of solar heat by urban surfaces
during summer (Howard, 1833). After Howard other scientists such as
Emilien Renou discovered similar situation in Paris during the second half of
the 19th century. Also some other scientists continued to study urban
climatology in cities such as Vienna during the first half of 20™ century. Since
then, the study of Urban Heat Island has become a specific field in

environmental studies and scientists have studies its aspects in more details.

Urban heat island can be defined as a temperature variance where an urban
area (normally located at the heart of the city) features an island of warmer
air and surface temperature compared to a suburban or rural area which
features a sea of cooler air and surface temperature. The heat island

normally exhibits four main characteristics (Gartland, 2008):
e Heat Island Intensity with hourly changes

e Larger effects during calm and clear weather conditions



e Larger effects in more developed and dense areas
e Thermal inversions

1.2.1 Heat Island Intensity With Hourly Changes

The first and foremost characteristic of UHI is the hotter air temperature of
the inner urban areas compared to surrounding rural areas. The difference in
temperature of these two areas is called Heat Island Intensity or Strength
which is used to measure and analyze the UHI. Heat Island Intensity varies
throughout the day and night; for example the intensity rate exhibits its least
amount in the early morning because at this time all the stored heat in
surfaces from the previous day, has been released. However, the heat island
intensity increases throughout the day as heat is stored in urban surfaces,
and reaches its peak during late afternoon hours, when the urban surfaces
begin to omit the stored heat into the surrounding air. Even though this hourly
variation is common in all cities that feature urban heat islands; its magnitude
is different from one city to another. This magnitude is directly affected by the
causes of Urban Heat Islands in different cities which would be explained in
the coming sections.

1.2.2 Larger Effects During Calm and Clear Weather Conditions

The urban heat island effect increases during calm and clear sunny days. As
the urban surfaces are more exposed to the sun during the sunny days and
slower winds circulate less air in urban areas, the urban heat island
increases in these areas. On the other hand, urban heat island is less
intense during cloudy, windy days because the surfaces would gain less heat
from the sun and stronger winds would circulate the hot air at a faster rate.
Figure 1.1 shows the hourly temperature difference for the city of Bucharest
in Romania in year 1994 (Gartland, 2008). Graph (a) exhibits temperature
variations for spring (solid), summer (dashed) and winter (dotted) for a cloudy
and windy day in Bucharest while graph (b) shows the same parameters for

a sunny and calm day. It is clear that the weather condition has a significant
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effect on the magnitude of Heat Island Intensity since during a cloudy day in
summer, the peak intensity reaches about 1°C while during a sunny day in

summer, the peak intensity reaches almost 3°C in Bucharest.

(a) (b)
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Figure 1.1 Heat Island Intensity for a cloudy (a) and sunny (b) weather condition in the
city of Bucharest, Romania. (Gartland, 2008)
Kolokotroni and Giridharan (2008) have also studied the effect of physical

characteristics and weather conditions on the intensity of urban heat island in
London. The climatic conditions are divided into three categories of clear sky,
partially cloudy and cloudy in this study. Figure 1.2 shows a comparison of
urban heat island intensity for these different categories of weather condition
during summer 2000. Both diurnal and nocturnal variations exhibit highest
UHI intensities under clear sky condition while showcasing lowest levels
under cloudy conditions. Therefore the weather condition is one of the factors
that have direct effect on creation of urban heat island.
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Figure 1.2 Mean UHI Pattern during Summer 2000 in London. (a) Diurnal variations; (b)

Nocturnal variations.(Kolokotroni and Giridharan , 2008)

1.2.3 Larger Effects in More Developed and Dense Areas

The other characteristic of UHI is its direct relationship with developments in
the cities; as the urban and sub urban areas develop in time, the intensity of
UHI increases as well. This is due to the fact that larger and denser urban
areas store more heat as exposed to heat sources and as a result, release
larger amounts of heat as their exposure to the heat sources decrease.
Figure 1.3 shows an isotherm map of air temperature for the city of Tel-Aviv
during afternoon and evening hours (Saaroni, H. et al, 2000). The gradient
of the temperature increases as the contours get closer to the city center
showcasing the highest temperatures in the denser areas in the city. In
general the urban heat island came to existence in developing cities at the

turn of the 19™ century, when cities started to develop at a higher and denser
8



rate. Today in many cities this phenomenon is turning into a serious dilemma

as the urban areas develop at a larger and denser scale.

1.2.4 Thermal Inversions

The air around urban areas is divided into two layers, one is the canopy layer
which is closer to the ground and the other is the boundary layer which is at
higher altitudes above the canopy layer. Naturally, the warmer canopy air

moves up at a constant circulation rate and is replaced by a cooler air from

Fig. 5. Anisotherm map of sir emperatures ('C) for different Smes: (2) 14:00 hours local Sme: (b) 21:00 hours local time; (c) 01 00 hours
local time; and (d) 03:00 hours local time

Figure 1.3 An isotherm map of air temperatures for different times in city of Tel- Aviv; (a)
14:00 local time; (b) 21:00 local time.( Saaroni, H. et al, 2000)

the boundary layer. However this natural phenomenon sometimes turns into
a challenge called thermal inversion. Urban heat Island works in favor of this
phenomena in a lot of cases, were a layer of overheated air from the canopy
layer rises into the higher altitudes and traps a cooler layer of dusty and
polluted air at lower altitudes.



This phenomenon is specially evidence in the dense urban areas during the
night time when the urban surfaces have lost most of their heat during the
first few hours after the sunset, and heating the air happens at a slower rate
by these surfaces. In order to measure the effect of urban heat island on
thermal inversions, the air temperature should be measured at different
elevations moving from the city center to the rural areas. A good example of
this study was done by Bornstein in 1968; Figure 1.4 shows the horizontal
and vertical temperature distribution at early morning of a summer day in
New York City (Bornstein,1968). In this graph, highest air temperatures close
to the surface are mapped around the city center while lowest temperatures
are mapped in rural areas indicating the existence of urban heat island. On
the other hand strong level of thermal inversion is mapped around the central
area at high elevations while the thermal inversion in rural areas exists at
lower elevations. Therefore both horizontal and vertical temperatures indicate
a relationship between urban heat island and thermal inversions in this

graph.

»
20 '.'""‘[ —————— + n8

o A G e i i | A ——Jo o= =~ — = -_::;

= : i tdr =~ (—4——=-—-2s
A e L W S R
et _\u 228 )\n ¥ ‘.f-’.-g o7 x;

wr.o Coseral Purhs W, 3 a Te.  Lisdes
oAy Borth  Sowh 0439 River Avesss  College Viase Plase Atrpore

oaas  ok3y ezs o338 @530’ o3 oson o612 mar
" Contrel Urbon Area —

I1G. 3. Verrtical and horizontal temperature distribution over the New York City area on 16 July 1964 from 0407-0612 EST.

Figure 1.4 Vertical and horizontal distribution of temperature over New York City on July
1964. (Bornstein,1968)

1.3 Causes of Urban Heat Island

In the previous section, the characteristics of UHI were discussed in detalil
however the causes or factors that lead to this phenomenon were not
mentioned. Before going into more detail with the causes of UHI it is worthy

to determine the sources of heat in an urban area. There are two sources of
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heat gain in urban areas; sun and anthropogenic sources. Urban areas gain
heat from the sun through solar radiation while getting heat from
anthropogenic sources through people, machinery and buildings. According
to the first law of thermodynamic, energy is not produced nor lost in nature
therefore the heat that is gained through these sources is reflected back into
the environment in different forms. Equation 1.1 is the energy balance

equation for the urban areas (Gartland, 2008).

Anthropogenic Heat + Solar Radiation = Convection + Evaporation + Storage (1.1)

According to this equation the heat gained by urban surfaces is transferred
into the environment in three ways. First is convection in which the heat is
transmitted into the surrounding air through convection from a solid (urban
surface) into a fluid (surrounding air). Second is through evaporation in which
the energy is shifted away from the surfaces by water vapor. Third is heat
storage which is directly associated with thermal capacity of the material, that
is the ability of a material to store and retain heat in its mass. The
relationship of this equation and UHI is that smaller magnitudes of convection
and evaporation in correlation to larger magnitudes of Anthropogenic heat,
solar radiation and heat storage result in creation of the urban heat island
phenomenon. Therefore the factors contributing to urban heat island are
directly related to each of the parameters in this equation; these factors are

as follow:
1. Evaporation within the urban areas
2. Urban Materials
3. Urban geometry
4. Anthropogenic heat

5. Air pollution

11



Each of these factors causes the creation of UHI in its own specific way and

therefore demands its own analysis and mitigation strategy.

1.3.1 Evaporation Within the Urban Areas

Moving from the rural to suburban and urban areas, the amount of vegetation
and permeable surfaces decreases and instead the amount of impervious
surfaces increases. Figure 1.5 (Voiland, 2010) is a satellite image of the city
of Providence in the Unites States which shows the effect of reduced
evaporation. The first image maps the developed land in a range of red color
which increases as moved from surrounding rural areas to the city center; the
bulk of red color in the center of the image could also be interpreted as the
amount of solid impervious surfaces. The second image depicts vegetation in
a range of green color which drastically decreases from the surrounding rural
areas to the city center; likewise the light green color in the center of the
image could be interpreted as impervious surfaces in the city center. The
third image shows the surface heat in a range of violet color which increases
significantly from the surrounding to the city center. Comparison of these
three images shows a direct relationship between the reduction of vegetation
and permeable surfaces with increase in surface heat of the central urban

areas.

The reason behind this behavior is the fact that as the permeability of a
surface decreases its ability to release the heat gain decreases as well.
Therefore the impervious surface stores and retains the heat throughout day
causing an increase in surface temperature. On the other hand, the stored
heat is released to the environment during the night through higher radiant
emissions and convection. However it is worthy to note that lower levels of
evaporation are not the primary cause of urban heat island and factors other
than evaporation play primary role in creation of urban heat island in some

cities.
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Figure 1.5 Satellite images of Providence, Rhode Island in United States. From left to

right: Developed Land, Vegetation and Surface Heat. (Voiland, 2010)

1.3.2 Urban Materials

The next factor which has significant effect on creation of UHI is the
properties of materials that are used to build up the pavements, walls, roads
and roofs in the urban areas. There are four main properties that cause an
increase in the surface temperature of a material. The first two which are
related to heat storage in a material, are Thermal Conductivity and Heat
Capacity (Table 1.2). Thermal conductivity is the ability of a material in
conducting heat into its depth while heat capacity refers to ability of a
material to store heat in its bulk. The effect of these two properties is
reflected in a third parameter known as thermal diffusivity which is found as
the division of a material’s thermal conductivity by its heat capacity.
Therefore, Thermal diffusivity is the ability of a material to conduct heat into
its depth and retain this heat over a longer period of time. For example the
thermal diffusivity of dense wood (a material found in nature) is 0.13 m?/s x
10 while the thermal diffusivity of concrete (a common material in urban
areas) is 0.72 m%s x 10° (Wang, 2000). This means that concrete is able to
conduct and store heat at a larger rate compared to dense wood; and this is
the reason why materials such as concrete, roof tiles, pavement tiles, steel,

brick and stone tend to rise the temperature in the urban areas.
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Table 1.2 Thermal Properties of Selected Urban Materials (Wang, 2000)

Thermal Specific

Density.  conductivity. heat.
b/ it* (Bw/h-ft-°F) (Bu/lb-"F) Emissivity
Aluminum (alloy 1100) 171 128 0214 0.09
Asbestos: insulation 120 0.092 0.20 093
Asphalt 132 0.43 on
Brick. building 123 04 0.2 093
Brass (65% Cu. 35% Zn) 519 o9 0.09 0.033 Highly polished
Concrete (stone) 144 0.54 0.156
Copper (chectrolytic) 556 27 0.092 0072 Shiny
Glass: crown (soda-lime) 154 0.59 0.18 094 Smooth
Glass wool 32 0022 0.157
Gypsum 78 0.25 0.259 0903 Smooth plate
lee (32°F) 575 1.3 0.487 0.95
Iron: cast 450 76 0.12 0435 Freshly tumed
Mincral fiberboard:
acoustic tile, wet-molded 23 0.035 0.14
wet-feled 21 0.031 0.19
Paper 58 0.075 0.32 092
Polystyrene, expanded, molded beads 125 0.021 029
Polyurethane. ccllular 15 0.013 0.38
Plaster. cement and sand 132 043 091 Rough
Platinum 1340 309 0.032 0.054 Polished
Rubber: vulcanized, soft 68.6 0.08 0.48 086 Rough
hard 743 0.002 095 Glossy
Sand 940 0.19 0.191
Steel (mild) 489 26.2 0.12
Tin 455 115 0.056 006 Bright
Wood: fir, white 27 0.068 0.33
oak, white 47 0.102 057 090 Planed
plywood. Douglas fir 34 0.07 0.29
Wool: fabric 206 0.037

The third property is the Emittance of a material which is defined as its ability
to emit the absorbed heat through radiation. It measures on a scale of 0-1
and explains how well a surface radiates heat away from itself compared to a
black body which stores all the heat (black body has the e value of 1). Table
1.3 shows the Emittance of some of the materials found in the urban areas;
for example Aluminum sheet has the e value of 0.12 while building materials
such as masonry have the e value of 0.9; This means Aluminum sheet has a
higher ability to radiate the heat back while building materials have a much
lower ability in doing so and therefore tend to store most of the absorbed
heat. As a result, the high Emittance value of most materials in the urban
areas such as masonry, concrete and asphalt works in favor of UHI in these

areas.
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Table 1.3 Average Emittance of materials found in urban areas (ASHRAE, 2004)

Surface Average Emittance ¢
Aluminum foil, bright 0.03
Alvminum foil, with condensate just visible (=05 g.-'m:} 0.30
Aluminum foil, with condensate clearly visible(>2.0 g/m?) 0.70
Aluminmm sheet 0.12
Alvminuwm coated paper., polished 0.20
Steel, galv.. bright 0.25
Aluminum paint 0.50
Bldg materials: wood, paper, masonry, nonmetallic paints 0.90
Regular glass 0.84

The forth property of the materials that have a direct effect on creation of UHI
effect is Solar Reflectance or Albedo which is the ability of a material to
reflect the solar radiation back to the surrounding environment. This property
which measures on a scale 0-1 has higher values for the materials found in
nature and lower value for materials found in urban areas. As shown in
Figure 1.6, asphalt and built up roofing which are mostly used in urban areas
have lower reflectance value ranges compared to natural materials such as
grass. Therefore the prominent use of low reflectance value materials

contributes to the effect of UHI in the urban areas.

1.3.3 Urban Geometry

The next factor which affects the creation of UHI is the geometry of urban
fabric. This factor is especially effective in the dense areas where a lot of
surfaces such as walls, windows, roof, pavements and roads are facing one
another in many directions. This density causes the surfaces to radiate the
heat onto one another rather than giving it off to the atmosphere. For
example a pavement trapped between several tall buildings not only receives
radiated heat from walls of these building but also is incapable of releasing
the heat gain back to the atmosphere. The other obstacle created by urban

geometry in favor of UHI is reduction of wind speed in the urban areas
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compared to rural areas. The building and house blocks act as wind breaks
and reduce the effect of heat exchange of urban surfaces through convection

in these areas.
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Figure 1.6 Solar Reflectance of Materials (Gartland, 2008)

The effect of urban geometry on surface temperatures is often discussed
through a parameter called sky view factor. SVF is defined as the amount of
the visibility of the sky from a given point on surface and it can be measured
on a scale of 0 to 1. For example a parking lot in the middle of an open space
has a SVF value close to 1 because of minimum obstructions in the sky.
Figure 1.7 shows the surface and air temperature variations as moved from a
dense area to an open area. As shown in Figure 1.7, moving from area 1 to
area 8 the sky view factor of the urban canyon varies which has a direct
effect on surface temperature; for example area 1-2 which has svf value of
0.34 has significantly higher surface temperature compared to area 8 with svf
value of 0.85.

16



—_— 4 — —— — — — —

1 2 3 L 5 6 7 8
. F—033 —{x}—03c —x}-03e—d—033 —x}—033— PARK ~0.40——08S
Cc 043 - 065
2 K ”.." ‘e - .

et . fee % e eoe® %

0 .. . .'. .. > . *
_2 [ i . o . .ﬂ.

]
|
|
|
)
|
|
|
l/

0 100 200

®dddee  SURFACE TEMPERATURE

773 suiLoinGs ’
[ rark

——  AIR TEMPERATURE 0.2m
- 20m
F——— STREET CANYON

x| STREET INTFRSFCTION

033 SVF OF THE URBAN UNIT

; %
A IDENTIFICATION MARK o % ! 2000
| S S

Fig. 8. Automobile traverse in the northern part of the city centre. Profiles of surface temperatures and air temperatures
at 02 and 20m.

Figure 1.7 Automobile traverse in the northern part of the city of Goteborg, Sweden.

Profiles of surface temperatures and air temperatures at 0.2 and 2.0 m. (Eliasson, 1995)

1.3.4 Anthropogenic Heat

Anthropogenic heat could be defined as any source of heat produced by
human activities; it could be heat from cars, building facilities, factories or
even human themselves. According to Equation 1.1 anthropogenic heat is
considered as a primary source of heat gain beside the solar gain in the
urban areas. Anthropogenic Heat is considered to be a significant factor
because it encompasses the total energy consumption in a city which is
directly reflected to the environment. A factor that measures the total energy
consumption is called Energy Use Per Capita, which is defined as the
amount of total energy consumed in a country divided by its total population.
Figure 1.8 shows the energy use per capita of United Arab Emirates and the
world, in this case the energy use is measured as kilogram of oil per person.
It can be concluded from the graph that each person has released energy
equivalent to almost 12000 kg of oil to the environment of UAE in year 2007.
Since most of the human activities happen in or around the cities in UAE, it
could be concluded that the bulk of this energy has been released directly to

17



the environment of the cities in UAE. Therefore such a major heat release to
the city environment is expected to have a significant effect on the increase

of temperature within the cities.
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Figure 1.8 Energy Use in Kilograms of oil equivalent, per capita of the World and United
Arab Emirates (IEA Statistics, 2007)

1.3.5 Air Pollution

The air pollution can also increase the effect of UHI in the urban areas. As
the density of pollutant particles increase in the ambient urban air, they tend
to absorb the heat in the atmosphere and cause a rise in temperature of the
ambient air. This warm ambient air then emits the heat energy back to the
earth and causes a rise in temperature of the urban areas. The pollution is
especially effective during the night, in absence of solar energy by increasing

the net radiation to the surface of the earth.

1.4 Importance of Urban Heat Island

As mentioned at the beginning of this chapter, 70% of the world population is
estimated to live in urban areas by 2050 (United Nations Dept. of Economic
and Social Affairs). The fact that urban heat island is a phenomenon that
occurs in urban areas (where almost 70% of the world population will be
living in future) alerts for a worldwide attention on this challenge. The impacts
of urban heat island mainly occur at two levels; first is the energy

consumption and second is public health and comfort.

In terms of the energy demands, elevated temperatures in urban areas

increase the cooling load of the cities and add pressure to electricity loads

during peak hours of demand. This problem specially exists during hot
18



summer weekdays at the afternoon hours when offices, houses and
commercial units use air conditioning systems for cooling. Figure 1.9 exhibits

the correlation of air temperature with electricity consumption in three
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Fig. 4. Air temperature vs. electric power consumption at 14:00 LST during

weekdays.

Figure 1.9 Air Temperature vs. electric power consumption at 14:00 in three different

business districts in Tokyo,Japan. (lhara, T. et al , 2008)

different business districts in the city of Tokyo in Japan. The temperature
increase has significantly lifted the electricity consumption due to the cooling
load in these districts.

During sever heat events which normally happen in summer, urban heat
island effect exacerbates the condition by adding extra cooling load to the
system to an extent where the electricity demand passes the supply limit of
the power plants and power outage occurs. The increase in power demand
has a secondary consequence which is the enhancement of consumption of

energy resources such as fossil fuels as well as production of greenhouse
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gases. Currently a lot of power plants in different countries around the world
such as UAE, are mainly operating on combustion of fossil fuels; an increase
in this process can result in the rise of greenhouse as well as air pollutant
gases such as sulfur dioxide, nitrogen oxides particulate matter, carbon
monoxide and mercury; this has negative impacts on human health and

global warming.

On the other hand, urban heat island affects human health and general
comfort level. Negative effects of UHI such as high temperatures during
daytime, reduction of nighttime cooling and increased levels of air pollution
contribute to diseases such as dehydration, respiratory problems, exhaustion
and nervousness, heat related mortality and non fatal heat strokes. Heat
islands specially exacerbate the excessive heat exposure diseases in
sensitive groups of population such as children, aged adults and people with
existing difficulties in health conditions. Figure 1.10 shows the relationship
between air temperature and the number of people who were treated for heat
related illness in a hospital in Tokyo (Hanaki, 2008); as the maximum daily
temperature increased the number of people who were affected by the
excess heat increased significantly.

1.5 Measurement Strategies

Now that the causes and impacts of the urban heat island are explained,; it is
critical to discuss how this phenomenon could be controlled and mitigated.
However, before developing any mitigation strategy it is important to
measure the urban heat island and locate the hot spots in a city. There are
mainly five methods used to measure the heat island effect in a city
(Gartland, 2008):

1. Fixed stations: This method is the simplest and most elementary way
of measuring urban heat island effect. In this method weather data of
different fixed stations, which are located at different parts of a city,

are compared in terms of air temperature, solar radiation, relative
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humidity, etc. When using fixed stations method, it is crucial to choose
the right location for both urban and rural stations; the data collected
from these stations should best represent a typical condition of a rural

or urban area in order to result in more accurate comparisons.
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Figure 1.10 Relationship between number of people treated for heat related illness and

maximum daily temperatures in Tokyo. (Hanaki,2008)

2. Mobile traverses: This method requires traveling on a chosen path
that passes through central urban areas as well as suburban and rural
areas. As traveling through the path, the researcher stops at the best
representative points and collects certain data such as air temperature
and wind speed. Measurements could be taken at any time of the day
or night by different traveling means such as a car, by walking or

public transport.

3. Remote sensing: This method involves use of specialized equipments,
such as airplanes with infrared cameras or satellites, to scan the cities
and collect the desired data. These specialized equipments are able
to collect data through energy and radiation that is emitted from
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1.6

different surfaces. Remote sensing allows to collect data over large
areas within the same time constrain; however the collected data by
remote sensing is only limited to horizontal surfaces and information

on vertical surfaces such as walls are missing.

Energy balance: This method involves the energy balance equation
(equation 1.1); as discussed earlier the energy that is received by
surfaces through the sun and anthropogenic sources is reflected back
to the environment through convection, absorption or evaporation.
Energy balance experiments basically measure and evaluate the
energy in and out of different surfaces located at different parts of the

urban areas.

. Vertical sensing: The temperature within the environment of a city

varies at different altitudes; in order to measure the temperatures
difference in a city vertically, specialized equipments are used to
collect data from both canopy and boundary layer. This method is
specifically useful to measure the effect of heat islands on thermal

inversions and concentrations of certain gases in the boundary layer.

Mitigation Strategies

Like any other environmental problem, urban heat islands could be controlled

and mitigated through several strategies. The mitigation strategies of UHI are

directly related to the causes of this phenomenon and they mainly deal with

alteration of building materials and increasing evaporation by adding

greenery. These mitigation strategies could be categorized under three main

groups:

Cool roofs and pavements
Green roofs

Urban Vegetation and greenery
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All these strategies aim to focus on controlling the absorption of the heat and
its release to the environment in order to establish a balance between

heating and cooling of the urban fabric.

1.6.1 Cool Roofs and Pavements

This strategy is used to address the problem of heat absorption which is
caused by traditional building materials in different cities. It requires the
replacement of traditional roofing or pavement materials by so called “cool”
materials. There are two properties that help cool materials remain in low
temperatures even during the hottest summer days; high solar reflectance or
albedo and high thermal Emittance. High solar reflectance refers to the high
ability of the material to reflect the suns energy away compared to traditional
materials. On the other hand, high thermal Emittance enables the material to

radiate the collected heat away from its depth and remain cool.

In terms of the roofing cool materials different types are used for flat or
inclined roofs due to difference in roofing composition. Flat roofs usually use
coatings of cool materials for improvement of existing roofs or prefabricated
panels of cool materials for construction of new roofs. Some of these
materials include PVC (polyvinyl chloride), CSPE (chlorosulfonated
poly-ethylene), EPDM (ethylene propylenediene monomer) and etc. on the
other hand inclined roofs use different cool materials in form of tiles and
painted metal roofing. In terms of pavements there are mainly two most
common traditional materials used to cover the pavements; concrete and
asphalt. Both of these materials absorb and restore heat due to their thermal
properties and dark color. There are basically two ways to create cool
pavements; first is by adding light colors to their surface and increase the
solar reflectance and second is by making them permeable surfaces that are
able to absorb water during rainy hours and use the absorbed water to
release heat in hot hours of a day.
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Many studies have focused on the important effect of cool materials and
reduction of the surface temperatures in urban environments. Figure 1.11
shows the difference between the surface temperatures of different colored
concrete materials in July; there is a significant temperature different of 20 °C
between the black and off white concrete. Therefore cool materials are one
of the most important mitigation strategies that could be used to reduce the

effect of urban heat island.
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Fig 4. 24h distribution of the mean hourly surface temperatures of the tested samples

and air temperature during the experimental period (July 2008).

Figure 1.11 Distribution of the mean hourly surface temperatures of the tested materials

and air temperature during July. (Synnefa,2011)

1.6.2 Green Roofs + Urban Vegetation and Greenery

A roof surface has the most sun exposure and heat absorption compared to
other surfaces in every building; this is due to its horizontal orientation, which
is perpendicular to the sunrays. In fact roof surfaces are one of the most
important contributors of urban heat island in the cities and therefore a
considerable amount of research and analysis has been conducted regarding
roof issues. Besides cool roofing, green roofing is another technique, which
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has been applied as an effective mitigation strategy; green roof can be
defined as adding a layer of any type of vegetation to the roof in order to
minimize the amount of heat-gain both internally and externally through the
rooftop. Green roofs contribute to the reduction of heat gain utilizing two
phenomena; first is shading and second is a process known as
evapotranspiration. Vegetation layer adds shading to the roof membrane and
blocks the sun rays to penetrate through and reach the roof top; in return the
foliage and leaves of trees or other types of greenery either absorb the light
for photosynthesis or reflect and emit it back to the environment. Green roofs
also reduce heat gain through the process of evapotranspiration. On one
hand, plants absorb water from the ground through their roofs and circulate
this water to their leaves and other parts in a process called transpiration. On
the other hand, plants convert the existing water in their leaves to gas by
evaporation, which happens during photosynthesis. Both transpiration and
evaporation are referred to evapotranspiration, which results in cooling the
surrounding air by absorbing heat for evaporation. There are two main types
of green roofs; extensive and intensive green roofs. Extensive green roofs
normally are a thin green rug layer requiring minimum maintenance;
intensive roofs however consist of big plants such as trees and shrubs and

require more maintenance.

The other important mitigation strategy to urban heat island effect is to
increase the amount of vegetation in the urban fabric. As explained earlier,
trees and greenery contribute to the cooling of the urban environment
through shading and evapotranspiration. The leaves and foliage of trees
shade the underneath surfaces such as pavements and streets and block the
penetration of sun rays while evapotranspiration absorbs heat from the
surrounding environment and adds water vapor to the air. There are several
factors that contribute to the effectiveness of greenery in reduction of heat in
urban areas, evapotranspiration rate which depends on the type of greenery;
location of the vegetation and greenery in relation to the build environment;
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density and form of the greenery; and water use. Vegetation and greenery
could be added in the form of large-scale landscape such as parks and
recreational areas or small-scale landscapes such as rows of trees and grass

within the urban fabric.

There are a lot of direct and indirect benefits associated with green roofs and
vegetation in the urban environments; some of these benefits are reduction
of energy use, reduction of air pollution, reduction of greenhouse gas
emissions as well as improvement of health and human comfort level. One of
the main benefits of the green roofs and vegetation is reduction of surface
and ambient air temperatures; this effect is the main focus of this research

and would be discussed in detail next chapter.
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CHAPTER 2

Literature Review and Research Objectives




2.1 Introduction

As mentioned in the previous chapter, research on urban heat island dates
back to 1818 when scientists started to notice the effect of excess heating in
urban areas. Since then research and analysis on urban heat island has
expanded tremendously; currently UHI is considered to be a wide field of
study involving civil and environmental engineers as well as architects and
urban planners. The body of research on urban heat island could be divided
into three categories; (1) Studies on causes of urban heat island in different
cities, (2) Studies on measurement and modeling of the extent of urban heat
island in different cities, (3) Studies on application, analysis and the
effectiveness of mitigation strategies. Each of these categories encompasses
narrower range of topics that have been studied in the 200 year history of
urban heat island. In recent years, due to the raised concern and awareness
on the impacts of urban heat islands, a large part of the research has
focused on the mitigation strategies and their application in different
situations. This category of research also divides into narrower topics that
cover specific mitigation strategies such as cool materials (roof and

pavement), green roofs and urban greenery.

2.2  Cool Materials

The topic of cool materials could focus on study of different types of materials
or study of different types of coatings, which could be applied on
conventional materials. For instance, Wanphen and Nagano (2009) have
focused on the effect of porosity in different materials on reduction of heat by
utilizing their evaporation and moisture absorption capabilities. Analysis of
four different types of porous materials that could be used as a roofing
material suggested that siliceous shale is capable of reducing the surface
temperature of a rooftop by up to 6.8-8.6 °C depending on the diameter of its
pebbles. Another study investigated the effect of reflective coatings of
materials on reduction of surface temperature as well as their effect on

mitigation of urban heat island (Synnefa, et al., 2008). Fourteen different
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coatings available in the international market were selected and applied on
different parts of buildings for a period of observational experiment. The
results yielded that the use of appropriate coatings can significantly reduce
surface temperatures; for example white coating on a concrete tile reduced
its surface temperature by 4 °C during the day and 2 °C during the night.
Different types of cool color coatings were developed and tested for the
amount of solar reflectance and ability of surface temperature reduction by
Santamouris, et al. (2007). A cool colored coating and a standard colored
coating exhibited a difference of 22 units in solar reflectance which resulted
in temperature difference of 10.2 °C for summer conditions. Figure 2.1
graphs the relationship between solar reflectance and maximum surface
temperature for different materials; low values of solar reflectance can result
in extremely hot surface temperatures up to 75 °C while high values of solar

reflectance significantly reduce the surface temperatures.
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Figure 2.1 The correlation between maximum daily surface temperature and the solar
reflectance of different materials. (Santamouris, et al., 2007)

Since this research focuses on the effect of greenery as a mitigation strategy
on reduction of urban heat island, this chapter reviews the body of research
and analysis on this topic in detail. For the purpose of clarity, the reviewed
research papers have been categorized based on form and scale of the
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greenery as applied within the urban fabric into following categories; each of

these categories is discussed in the following sections.

e Studies on the mitigation effects of Small scale application of greenery
e Studies on the mitigation effects of Large scale application of greenery
e Studies on the mitigation effects of Green roofs

e Studies on the mitigation effects of Vertical greenery

2.3 Studies on the Mitigation Effects of Small Scale Application of
Greenery

The body of research in this area focuses on different specific aspects of
application of small scale greenery within the urban fabric such as
microclimatic effect, green cover, density and configuration and etc. However
some studies focus on the overall relationship between green land cover and
surface temperature. Avissar (1994) studied the relationship between
vegetation and land atmospheric interactions in the urban areas; based on
this study these interactions involve complex mesoscale and turbulent
processes depending on percentage of vegetation cover in the urban area
and type of rural surrounding. On the other hand, Zhanga, et al. (2010)
studied the relationship between surface temperature and NDVI (Normalized
Difference Vegetation Index, a numerical indicator used to study vegetation
cover on the land from satellite data) in the city of Beijing, China. In this study
it was concluded that the distribution of vegetation cover is low in center and
high in the edges of the study area while the distribution of the temperature
was opposite to vegetation cover, low at the edges and high in center; this
observation revealed the significant negative relationship between vegetation
cover and surface temperature. The strengths of this correlation is affected
by two factors of complexity of the underlying land structure ( the more
complex land structure such as the city center leads to stronger correlation
between temperature and NDVI) as well as weather conditions. Also, Zhoua,
et al. (2011) studied the effect of composition and configuration of land cover
on land surface temperature; this study revealed that composition of land
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cover feature is more important than configuration in determining the
magnitude of LST. In this regard, percent cover of building most significantly
affected the increase of LST, while percent cover of woody vegetation has
the most significant effect on decreasing LST. In terms of configuration, an
increase in complexity, edge density and variability of woody and herbaceous
vegetation (Zhoua, et al., 2011) could significantly decrease the land surface

temperature.

The microclimatic role of small scale urban greenery on thermal comfort of
was done by Georgi and Dimitriou (2010). In this research, certain study
areas were chosen based on several criteria such as frequency of tree
species, good fit in urban environment and vegetable factor; then certain
parameters that contribute to the thermal comfort of the urban climates were
analyzed and measured such as tree species, air temperature, relative
humidity, wind speed and discomfort index. The results of data analysis
showed that temperatures of selected green areas were lower than sunlit
pavements in all cases with a mean reduction of 3.1 °C. On the other hand,
the temperature and discomfort index values differed for various kinds of

species (Georgi and Dimitriou, 2010).

The highest values were reported under drought tolerant evergreen
Mediterranean types of trees that provide a low relative humidity air; however
the lowest temperatures were reported under tropical types that provide
higher relative humidity air by evapotranspiration. Figure 2.2 shows the
relationship of evaporation rate of a tree with the temperature that is
developed under it; as the evaporation rate increases the developed
temperature decreases. The DI (discomfort index) and relative humidity have
reverse relationship meaning the higher the RH the lower the DI. Therefore it
is encouraged to plant trees that produce higher relative humidity such as
tropical trees for dry and hot summers (Georgi and Dimitriou, 2010). The

evaluation of these green areas and their positive effect on thermal comfort
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of the urban area signifies the necessity to develop such areas more within

the cities.
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Figure 2.2 The comparison of evaporation rate with developed temperature under each tree

species (Georgi and Dimitriou,2010)

Some researchers have focused on the role of trees specifically, and their
effect on reducing the temperature within the urban areas. Quattrochi (1998)
believes that the effectiveness of trees in absorption of solar radiation and
reduction of urban temperature depends on three properties; foliage density,
leaf shape and evapotranspiration. The shape of the individual leaves help to
scatter the solar radiation and avoid heat storage within the canopy; on the
other the hand, the shape and density of the canopy itself absorbs the heat
and prevents it from reaching to the underneath surfaces. However,
Quattrochi (1998) believes that the most important thermal control that a tree
contributes to its surrounding environment is through evapotranspiration;
depending upon the moisture available a single tree may transpire 400 liters
of water in one day. Therefore this evaporative process greatly reduces the
amount of stored solar energy and cools down the environment. Shashua-
Bar and Hoffman (2003) conducted a quantitative analysis for predicting
temperature reductions within the urban areas caused only by trees. In this

study the Green CTTC model (a model developed by Shashua-Bar and
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Hoffman (2003)) was used to simulate diurnal temperature changes for four
study points, with and without trees. The results of this simulation were then
compared to empirical study of the selected points for validation. The results
of both studies revealed that the cooling effect of the trees depended on tree
density and cluster geometry of the surrounding urban area. Also the
average cooling effect of trees in streets of Tel-Aviv was 2.5 K while the
cooling effects of the trees in courtyard were found to be at a range of 2.5—
3.1 K (Shashua-Bar and Hoffman,2003). The combined effect of trees,
surface albedo and cluster deepening resulted in 4.5K reduction in at midday
in summer (July—August), a cooling effect which is about 50% of the air
temperature rise from sunrise to noon hours. Figure 2.3 shows the cooling
effect through simulated and measured in situ values of diurnal air

temperature in streets and courtyards of Tel-Aviv with and without trees.

Giridharan, et al. (2007) focused on the impacts of onsite variables such as
sky view factor, altitude, shrub cover and tree cover on the influence of
vegetation in mitigating the UHI effect. The study showed that tree cover
dominated locations are cooler by 0.5-1 °C compared to shrub cover
dominated locations during peak summer clear sky days. Also 40% of
vegetation covers, in a low rise and low density urban setting could lower the
UHI by more than 1.0 °C; however the same amount of greenery in a high
rise and high density setting results in temperature reductions of less than
1.0 °C. This result approves the observation of Zhanga, et al. (2010)
regarding the correlation of the complexity of the urban fabric with the effect
of the vegetation on lowering UHI. Giridharan, et al. (2007) also revealed that
on site factors such as sky view factor and altitude counteract the effect of
vegetation on lowering UHI in high density and high rise urban settings. The
study shows that for the sky view factor of 0.25-0.45, vegetation cover of
less than 20% will not help to reduce UHI in high rise and high density urban

fabric; on the other hand, for the sky view factor of 0.1-0.25, vegetation cover
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Figure 2.3 Simulated and measured values of diurnal air temperature for streets and

courtyards of Tel-Aviv. (Shashua-Bar and Hoffman, 2003)

of less than 20% could help the reduction of UHI in low density and low rise
urban fabric. Therefore this study signifies that introduction of vegetation
within an urban setting should be done by accurate consideration of other

factors such as sky view factor and altitude within the urban areas.

Another study focused on investigating the mitigation effect of grass covered
parking lots on urban heat island (Takebayashi and Moriyama, 2009). This
study was done through field experiment on a parking lot located in a
residential area in the city of Kobe in Japan; different types of materials such
as wood, concrete and blocks were used in combination with grass to test

different scenarios. For evaluation of mitigation effect, surface temperature
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and underground temperature were measured using thermocouples; in order
to monitor the weather conditions, solar radiation and infrared radiation were
also recorded on the roof of the nearby university. The results of this study
confirmed the reduction of surface temperature of parking lots by converting
to grass cover; however the mean surface temperature varied greatly
depending on types of materials that were used in combination with grass
(figure 2.4).
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Figure 2.4 Observation results of surface temperature for the typical parking space on July
30 and 31, 2005. (Takebayashi and Moriyama, 2009)

Also the estimation result on air temperature changes in case of converting
to grass parking lots in a whole urban area revealed that the air temperature
would decrease by almost 0.1 k only; this is due to the limited number of
parking lots in the city of Kobe. Therefore the strategy of converting to grass
covered parking lots should be used along with other mitigation strategies to

yield significant results.

In another attempt to study the effect of small scale greenery, Wong, et al.
(2007) studied the effect of a green cluster on microclimate and energy
savings on the campus of the National University of Singapore as a result of

improving the green area. Based on satellite images, the NUS campus was
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divided into 3 zones of dense greenery, medium greenery and sparse
greenery; in each of these zones temperature and relative humidity were
measured on 10-24 of September. Then Envi-met software was used to
simulate three different scenarios beside the current condition of these green
areas; first replacing dense trees by buildings, second removing all greenery,
third replacing grass land by more trees. Also, the engineering building was
selected to conduct a TAS simulation for determining cooling energy
consumption for different ambient temperatures at different locations. The
ENVI-MET simulation revealed that the removal of greenery results in higher

ambient air temperature with no cooling effect on surrounding buildings.

Also replacing the dense forest by buildings resulted in higher temperatures
compared to the current condition however this situation has lower hot spots;
on the other hand adding more greenery to the current condition has
increased the cooling effect significantly; Figure 2.5 shows the results of
ambient air temperature for all four scenarios during day time. Also the
results reveal that a denser building fabric leads in lower cooling effect and
this fact is especially evident during nighttime. According to TAS simulations,
the ambient air temperature had a significant effect on cooling load as a
5.4% difference was seen between hottest and coolest ambient temperatures

including internal heat load.

2.4  Studies on the Mitigation Effects of Large Scale Application of
Greenery

Some of the studies on mitigation effect of greenery focus on the impact of
large scale greenery, such as urban parks and urban forests on UHI. In this
regard some researchers investigated the role of urban forests compared to
other land use on mitigation UHI. Stabler, et al. (2005) studied the seasonal
relationships of microclimate, urban plant cover and land use in Phoenix,
USA; a normalized differential vegetation index (NDVI) map produced from a
Land Sat thematic mapper image of the Phoenix, was used to explore the

spatial patterns of microclimate conditions, land use and urban greenery
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density. These parameters were analyzed in four study areas ranging from
residential, commercial and rural areas along the Phoenix metropolitan; this
study confirmed that land use affected the microclimate in all four areas with
more pronounced effects on early mornings. In terms of the relationship of
microclimate and NDVI, the most prominent correlation was recorded on the
area which crossed the urban core along its southern extent and a mature
dense vegetated area to its north.; it was found that there is a strong
negative correlation between NDVI and surface temperature in this area,
meaning the lower the NDVI the higher the surface temperature. However
this study found that using NDVI as the only parameter to determine the

microclimate could underestimate the temperatures; therefore the
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Figure 2.5 Predicted daytime ambient temperature site plan: (A) current condition; (B)
without greenery; (C) replacing forest with buildings; (D) introducing denser greenery.
(Wong, et al., 2007)
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microclimates at Phoenix are more likely an interaction of urban forest with
no vegetated surfaces such as parking lots and buildings; this interaction is
related to the degree of urbanization near the urban core and density of
urban forests (Stabler, et al., 2005).

On the other hand, some of the studies in this area focus on characteristics
of urban parks and forests. Caoa , et al (2010) studied the role of urban
parks characteristics such as size, shape and land use in the amount of Park
Cooling Intensity; a parameter that measures the ability of a park to create a
cooler environment within the urban fabric (Figure 2.5). In this study Remote
sensing images (ASTER LST and IKONOS) were used to study park cooling
intensity or PCI which is the temperature difference between the inside and
outside of a park. The results of this study showed that large parks had
significantly lower temperatures than the rest of the city during summer and
spring however this temperature difference was lower during autumn;
therefore with increasing the park size, the PCI factor increased considerably
for summer and spring. However the results also revealed that the
relationship between PCI and size is non -linear and complex and it can only
explain 60% of PCI phenomena. In terms of land use and park shape, the
results show that PCI is negatively affected by grass and positively affected
by shrub and trees in both spring and summer. This means that shrubs and
trees have equal contribution in formation of PCI effect while the negative
effect of the grass cover was due to its unfavorable condition of growth
resulting in vast areas of bare soil. It was also concluded that the
compactness of the park has positive effect on PCI while irregular, complex
and linear shaped parks contribute less in PCI (Caoa , et al., 2010). Chang,
et al. (2007) also studied the role of park characteristics on their cooling
effect as well as verifying whether this cooling effect is different among
various parks of Taipei city. 61 parks of different size in Taipei were surveyed
and analyzed in these studies; the results confirmed the “cool island effect” of

urban parks in this city as recorded cool island intensity of 0.81K for summer
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days and 0.57K for winter days. It was confirmed that the parks have higher
cooling intensity in summer compared to winter and also this intensity is
higher at noon time compared to night. In terms of the coverage
characteristics, trees and pavements affect the park temperatures the most,
as trees benefit the cool island intensity and pavements counteract the park’s
cooling intensity. Due to the dominant pavement coverage, one fifth of the
parks (14 out of 61) were on average 0.42K warmer than their surrounding
areas. Regarding the park size, the larger parks showcased stronger cooling
intensities compared to smaller parks; in particular, parks larger than 3 ha.
were found to be more consistently cooler than their surroundings at noon in
summer, whereas smaller parks varied widely in their cool island intensity

(Chang, et al., 2007).
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Figure 2.6 Different park characteristics: (a) near circle, (b) Square, (¢) semi-square, (d)

irregular polygon, (e) roadside belt-shape, (f) irregular belt-shape. (Caoa , et al., 2010)

Gomez (1998) attempted to outline the role of large urban green areas on

distribution and pattern of urban temperatures. He used 22 observation
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points that best represented the diversity of urban density as well as situation
of urban parks of certain size; in this observation the cooling effect of the
green areas was confirmed and the mean temperature difference of 2.5°C
was recorded at the selected urban parks. Won and Yu (2005) also studied
the cooling effect of large green areas at macro level in Singapore; in this
study mobile survey was conducted to map out the temperature and humidity
profiles at various regions of urban core and urban forests in Singapore. The
collected data from central business district and a green recreational area at
the northwest of Singapore were compared to determine any relationship
between high density plant cover and temperature reduction. Table 2.1
shows the results of the data comparison for these two areas; according to
this table the mean temperature of the well planted area is 3.07 °C lower
than the building dominated area, this comparison confirms the cooling effect
of urban parks at macro level in the city of Singapore.

Table 2.1 Statistical comparison of northwest open area and CBD area in Singapore. (Won
and Yu, 2005)

Sample no. Mean Max Min Standard deviation Standard error

Open area/recreation 10 25.01 25.95 24.30 0.51 0.16
CBD area 12 28.08 28.31 27.70 0.22 0.06

Hamada and Ohta (2010) focused on measurements of air temperature in
green urban areas (that include forests and grasslands) and their
surroundings to clarify the characteristics of urban greenery and its cooling
effect. Both diurnal and seasonal variations were measured to compose a
range of cool island effect from green area to urban area throughout the
year. The study was carried out on a 147 ha Urban park in the city of
Nagoya, Japan. 24 sites were selected in and around the park and
temperatures and humidity were measured on each site from August 2006 to
March 2008; in order to determine the daily and seasonal temperature
variations between urban park and surrounding urban areas, the temperature

difference between each site and a base site with no surrounding greenery
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was measured. The results of data analysis revealed that there was a clear
daily variation of temperature difference among different sites; the largest
temperature difference was 1.9 C at 16:00 in July 2007. In terms of seasonal
changes, the temperature differences were smaller in winter and as the days
approached to warmer months, the temperature difference increased. Also it
was revealed that air temperature varied according to the profile of the
greenery; meaning as the height increased the temperature difference
increased as well due to larger areas of leafs on top of trees compared to the
bottom. In terms of correlation of distance from the park and cooling effect it
was concluded that the cooling effect reached to 300-500 m from the park
during the summer daytime and 200-300m during nighttime. The cooling
effects of large urban parks on their surrounding areas were confirmed in this
study; however the extent of this effect might vary based on geometry and

anthropogenic activities in the surrounding areas.

2.5 Studies on the Mitigation Effects of Green roofs

Green roofs are another area of research focus with regard to mitigation of
urban heat island. Chen, et al. (2002) explored the direct and indirect impact
of roof gardens on the environment of the tropical city of Singapore. The
study was carried out on the rooftop of a low rise building which features
grass, shrubs, trees and pavements surfaces. In terms of direct impacts, the
results of the field measurement revealed that green roofs significantly
reduce the roof surface temperature; figure 2.6 shows a comparison of
surface temperature of different species of plants, bare soil and concrete
roof. According to the figure, the surface temperature of roof surface without
plants could reach up to 57 °C during afternoon; bare soil surface
temperature reaches 42 °C which is lower than concrete; however, various
species of plants result into significantly lower temperatures than both bare

soil and concrete surface.

The results also showed that the cooling effect of the plant depends on leaf

Area Index or LAI since higher temperatures were recorded under plants with
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sparse foliage while lower temperatures were recorded under plants with
dense foliage. Indirect impacts of the roof garden refer to their thermal effects
on surrounding environment; in order to determine these impacts Chen et al.
(2002) measured the ambient air temperature at different heights of 300,600
and 1000 mm above the hard surface. At lower heights of 300 and 600 mm
ambient temperature difference between vegetation and hard surface were
recorded to be high while temperature difference at 1m high was recorded to
be lower. The most temperature difference was 4.2 C which was recorded at
300mm height above the surface. Susca, et al. (2011) studied the long-term
energy savings of white roofs and green roofs which is considered as
another indirect impact of temperature reduction by green roofs. Susca, et al.
(2011) related the reduction in energy use of these two types of roofs, to their
surface albedo which causes lower surface temperatures. Figure 2.7 shows
the comparison of the energy savings of both roof types against black roof for
two scenarios (Scenario | and Scenario Il refer to different locations of green

roofs with different climatic conditions) application of green roof on different
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Figure 2.7 Saved energy for green and white roof compared to black roof (Scenario | and
Scenario Il refer to different locations of green roofs with different climatic conditions) .
(Susca, et al., 2011)
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over a time span of 50 years; according to this figure the application of green
roof is the most favorable option as it results in energy savings of 40%-110%

compared to white roof.

Fioretti, et al. (2010) also studied the effect of greenery on reduction of roof
heat in the city of Marche in Italy. In this study the reduction of solar radiation
on the green roof of a building was analyzed by comparing the global solar
radiation and the monitored solar radiation measure above and below the
foliage of greenery; this analysis showed that the irradiance under and above
the foliage of a green roof was reduced by almost 80% during specific days
chosen as representative of the respective month in the hot season. This
study also confirmed the reduction of surface temperature of the green roof
due to the foliage shading and evapotranspiration. Table 2.2 shows the
monthly average temperatures of a typical reference roof as well as
temperatures under the foliage and soil; these data also confirm the
tremendous effect of green roofs on the reduction of surface temperature in

agreement with Chen, et al. (2002).

Table 2.2 Monthly average temperature at the external surface of the reference roof,under

the soil,under the foliage and average drybulb temperature.(Fioretti, et al.,2010)

Month External surface Temperature Temperature Dry bulb
temperature under the under foliage temperature
(reference roof) [*C] soil [*C] [*C] [7C]

June 28.37 2254 22,02 2298

July 30.10 25.11 2499 2582

August 31.72 24.46 2489 2565

September 23.23 20.78 18.05 18.81

Wong and Jusuf (2008) studied the effect of implementing green roof on
reduction of ambient air temperature in National University of Singapore. This
study was the continuation of a previous study by the same team of
researchers on the effect of greenery on microclimate of the National

University of Singapore campus (Wong, et al., 2007). At first, the old and new
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buildings on the campus were identified and quantified to study the potential
of adding green roof to them. Then three different scenarios were designed
to analyze the potential rooftop greenery on new and old buildings on
campus; these scenarios were 25%, 50% and 75% of building’s rooftop
available for greenery. The results of this analysis showed that For 25%
rooftop greenery application, the increase of green rate can be up to 3.41%,
while for 50% rooftop greenery is up to 6.81% and for 75% rooftop greenery
can be as high as 10.22 % (Wong and Jusuf,2008); based on the green rate
increase, buildings were prioritized for adding roof garden. After this analysis
the effect of green roof on ambient air temperature around the first priority

building was simulated in Envi-met software. Figure 2.8 shows the night time

POL TempaaLra

mimK
misK
LDITOK
AVOs K
ARETK
IRTZK
IWMDS K
ID. DK
ATk
A K

Trees on rooftop Trees on rooftop & more on site

Figure 2.8 Comparison of the night time ambient air temperature for 4 scenarios of roof
cover. (Wong and Jusuf,2008)
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ambient temperatures of 4 different scenarios of roof top cover for the
engineering buildings on NUS campus. The two scenarios of grass and trees
roof cover have both resulted in significantly cooler conditions; however this
effect is considerably increased when roof garden strategy is combined with
improving the amount of greenery on site. Even though the positive effect of
roof garden on reduction of ambient temperature is approved in this study, it
is important to analyze and calculate the right type and amount of green roof
that could result in the best condition for different locations.

Alexandri and Jones (2008) developed a two-dimentional predictive micro
scale model to study the effect of application of green envelope on buildings
on reduction of heat at the canyon and rooftop level in nine different cities
around the world. The maximum air temperature reduction 1m above the roof
surface achieved by green roofs in all locations ranges from 26 °C for Riyadh
to 15.5 °C for London and daytime average temperatures from 12.8 °C for
Riyadh to 5.8 °C for Moscow (Alexandri and Jones, 2008). In terms of the
thermal comfort green roof does not have significant effect for cities such as
Moscow with mild summers; however for a city such as Riyadh thermal
comfort variations are more dramatic; according to figure 2.9 the thermal
comfort reaches to very hot level for the bare concrete roof (no green), while
when covered with greenery (PET.rf [gra]), the heat reaches to “warm” level
for around 5 hours in a day and falls to slightly warm and comfortable zone
for most of the day. A comparison of the effect of green roofs on different
cities around the world in this study (Alexandri and Jones, 2008) revealed
that application of green roofs could have larger cooling effect in dry hot
climates such as Riyadh and humid climates such as Hong Kong which could

reach up to 8.4 °C maximum temperature difference.

2.6  Studies on the mitigation Effects of Vertical Greenery

Tan, et al. (2009) studied the effect of vertical greenery on reduction of urban

heat island as part of a research on energy simulation of vertical greenery
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Figure 2.9 PET for the no-green [no gr], green-all [gr-a] and roof green (rf) for Riyadh.
(Alexandri and Jones, 2008)

systems. In this study an air temperature prediction model called STEVE
(Screening Tool for Estate Environment Evaluation) is used to determine the
ambient air temperature difference for two scenarios. In scenario 1A all the
vertical greenery is removed from the estate implying a O green plot ratio; in
scenario 1B vertical greenery is applied on 100% of the available wall
surfaces. Scenarios 2B to 2E are designed to predict the air temperature for
vertical greenery coverage of 25%, 50%, 75%and 100%. Table 2.3 shows
the minimum and average estate air temperatures for all the designed
scenarios. Comparison of the scenario 1A and 1B shows reduction of almost
1 °C in minimum ambient temperature by adding vertical greenery system;
however in terms of the average temperature in all scenarios, the reduction is
negligible (compared to minimum temperature). There are a lot of factors that
play a part in effect of vertical greenery on microclimates; for example,
Alexandri and Jones (2008) studied the impact of the characteristics of
vertical greenery and street canyon on the microclimate in nine different

cities around the world.
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Table 2.3 Minimum and average estate temperature for designed scenarios. (Tan, et al.,
2009)

Scenarios Estate air temperature (“C)

Minimum Average

Lowest Highest Lowest Highest
1A 2533 26.22 28.03 28.91
1B 24.53 26.22 27.73 28.86
2A 24.84 26.16 27.98 28.88
2B 24.81 26.16 27.91 28.87
2C 24.78 26.16 27.83 28.86
2D 24.73 26.16 27.76 28.84
2E 24.43 26.16 27.68 28.84
2F - - 27.90 28.89

In terms of the orientation, the study showed that there is no significant
relationship between orientation of the street canyon and the cooling effect of
the vertical greenery despite the fact that orientation plays an important role
on distribution of temperature in and around the canyon. However the
amount of vegetation placed on the building envelope plays a more important
role on the cooling effect; for example using green roof in combination with
green walls yields more reduction in temperature of the canyon. Also it was
concluded that wider canyons diminish the cooling effects of vertical
greenery due to the increased amount of solar radiation received by
surfaces; for example in Riyadh, the cooling effects of a wide canyon was
1.2°C for the daytime average temprature while in a narrow canyon this
temperature difference reached to 6.3 °C . Also the thermal comfort inside
the canyon improved due to the application of the green walls; for example in
both cities of Riyadh and Athens, the thermal comfort improved from “hot”, to
“slightly warm” and “comfortable” in most hours of the day and even reached
to “slightly cool” and “cool” during late evening and early mornings. Alexandri
and Jones (2008) suggest that combination of green roofs and walls would
have a much greater cooling effect on mitigation of urban heat island

compared to individual application of each strategy.
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Cheng, et al. (2010) assessed the potential of vertical greenery on capturing
solar heat; their research conducted an experimental study on the application
of different clusters of green modules (with various configurations) on the
wall of a housing apartment. The results confirmed the significant cooling
effect of the vertical greenery with the fact that larger clusters had lower
temperatures due to larger thermal mass and ratio of vegetated area. The
temperature difference between the substrate and the ambient air
temperature was 1°C in average during the day, though this difference could
reach to 14° C in some afternoons. However, the green substrate was on
average 2 °C warmer than the air temperature during the early hours of
evening (17:00 to 20:00) since the moisture and air within the green fabric
lowered the process of heat loss. Also Wong, et al. (2010) also studied the

thermal performance of 8 different vertical greenery systems on the

performance of building and their immediate environment (Figure 2.10).

Figure 2.10 Control wall and 8 vertical greenery systems. ( Wong, et al., 2010)

The results of this study are in agreement with those of Cheng, et al. (2010)
and confirm the effect of greenery in reducing surface temperature of the

wall; in this study all the greenery systems had lower temperatures compared
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to the control wall; however the systems with larger foliage areas and density
had larger effects (system 4 & 3, figure 2.10). In terms of the diurnal
temperature changes, all the greenery systems showcased the more stable
fluctuations of temperature compared to the control wall; this stability could
prolong the life span of the wall and reduce costs of maintenance. In order to
determine the effect of vertical greenery on immediate environment, Wong,
et al. (2010) measured the ambient temperature at different distances from
the green walls. The effect of vertical greenery on ambient temperature was
found to be highly dependent on the greenery system; for example system 2
(figure 2.10) found to have almost no effect on the ambient temperature while
the effect of system 4 on ambient temperature was felt for distances as far as
0.6m.

Table 2.4 shows reductions in ambient temperatures up to 3.3 °C for wall
system 4 at distance of 0.15 m away (Wong, et al., 2010). Based on the large
number of vertical surfaces and wall facades in the urban areas, reduction of
urban heat island by application of greenery is promising; this is in addition to
other direct and indirect benefits of vertical greenery such as reduction of

energy use and interior temperatures.

Table 2.4 Summary of ambient temperatures at different distances. (Wong, et al., 2010)

VGS Temperature (°C)

0.15 m away 0.30 m away 0.60 m away

Lowest Highest Lowest Highest Lowest Highest
Control Wall 26.34 34.85 25.17 33.59 2517 3359

1 24.79 31.93 26.34 34.01 25.17 3234
g 25.56 32.76 25.56 32.76 25.56 3276
4 25,17 31.52 25,17 31.93 25.95 3276

2.7 Research Importance
Even though a lot of cities around the world have been tackling the issue of

urban heat island for a long time, this phenomenon is considered to be new
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in some of the fast developing cities around the world. Most of the cities
located in the Middle East have been developing at an incredible rate during
the last decade; among these cities, Dubai stands out in terms of
development in a short period of time. Figure 2.11 shows the tremendous
development of Dubai from the year 2000 to 2010; during this 10 year period,
larger amount of built up areas has been added to the urban area compared
to the added vegetation. One of the most important concerns which were
raised by the authorities after the massive developments was Urban Heat
Island phenomenon. Dubai municipality conducted an aerial thermal survey
of the city in December 2009 (Zacarias,2011); the air born thermal images of
Dubai showcased the existence of urban heat island in the city. Dense areas
which belong to the older fabric of the city such as Deira and Bur Dubai as

well as the industrial areas of Al Qouz were identified to be the hot spots
within the city (Zacarias, 2011).
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Figure 2.11 Development of Dubai in the 10 years period of 2000-2010; Red color shows
vegetation.(Earth observatory, 2009)

Figure 2.12 shows a thermal image snapped from Deira and Bur Dubai area;
the grey circles in the figure point out the hot spots in these areas. According
to Figure 2.12, building dominated clusters with narrow roads have

tremendously higher temperatures than the rest of the areas; these areas are
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approximately 3-4 ° C warmer than the rest of the area. Currently Dubai
Municipality is conducting field experiments in these areas, in order to
analyze the extent of the UHI more accurately; also the cooling effects of
several mitigation strategies such as cool materials and greenery are
currently under examination for implementation in the hot spots (Zacarias,
2011).
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Figure 2.12 Urban heat island in Dubai, snap shot of Deira and Bur Dubai area; the bold

circles indicate the urban hotspots. (Zacarias, 2011)

2.8 Aims and Objectives

Based on the importance of the effective mitigation strategies (specifically
greenery), this research studies the effect of vegetation on mitigation of
urban heat island in dense urban areas of Dubai. Even though many studies
in the pat have confirmed the positive effects of greenery in reduction of
excess heat, there are questions that need clarification before employing any
strategy in Dubai. For example, what are the most efficient types of greenery

that could be applied? What are the characteristics of urban greenery in
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terms of density and form? How should urban vegetation be applied in

relationship to building structures?

The objective of this research is to test the effects of the vegetation on
reduction of excess heat in urban areas; these effects would be tested in
terms of type and composition of the greenery as well as density and
relationship of the vegetation with buildings. Based on the output of these
tests, certain optimal strategies would be selected for application in real
conditions; the effects of these strategies would be analyzed through further
tests on real urban conditions. Based on the aim and objectives of this

research, expected outcomes are as follow:

e |dentification of the most effective type and configuration of green
fabric which is applicable to dense urban areas of Dubai

e |dentification of the optimum density of vegetation which would lead
into reduction of excess heat in dense urban areas of Dubai

e I|dentification of the most efficient way of applying vegetation in
relationship to build up structure in urban areas

e |dentification of optimal strategies and policies of applying urban

vegetation for both newly designed areas and pre-existing areas
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CHAPTER 3

Methodology




3.1 Introduction

The body of research in the area of urban heat island has employed several
study approaches. In general, the study of urban heat island is considered to
be challenging due to the multiple factors contributing to its effect; these
factors include small scale processes such as anthropogenic heat, building
properties and urban vegetation as well as large scale interactions such as
atmospheric and climatic sources. The approaches in studying urban heat
island and its mitigation could be classified under two main categories of
observational approaches and simulation approaches. Observation approach
consists of direct inspection or recording of different interactions that play
part in creation and mitigation of urban heat island in the cities. This
approach of research could be divided into three different methods including
thermal remote sensing, field measurement and small scale modeling. On
the other hand, simulation approaches consist of modeling or virtual creation
of a real condition in the urban area that contributes to the creation or
mitigation of urban heat island .Simulation approach could also be divided
into three methods including computer simulation, energy balance model and

numerical model.

Each of these approaches has its own abilities and limitations that would be
discussed in accordance with examples of studies in this chapter. However,
before discussing these methodologies it is important to note that in order to
study the urban heat island phenomena, most of the research that has been
done in the last decade employed multiple approaches. In contrast, Studies
that were done in the past mainly relied on observational approaches and
developing numerical models; for example Avissar (1994) developed a large
number of numerical simulations in order to study different aspects that
contribute to the effect of vegetation in urban environments such as different
types of rural and urban areas, different size of urban areas, different
percentages of urban vegetation coverage and various atmospheric

conditions. Also Wilmers (1988) studied the effect of urban green areas only
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by measuring the surface temperatures of different urban elements using a
handheld thermal scanner; he then compared the collected data from
different areas for further analysis and understanding the effect. On the other
hand, recent studies take advantage of computational simulation tools beside
the conventional approaches. This is due to the fact that, advancements in
technology have extended the available tools and equipments that could be
used to study the effect of urban heat island and its mitigation; therefore
scientists have combined different techniques in order to cover the multiple

aspects of the phenomena and gain more accurate results.

3.2 Observation approach
In this section different approaches that are categorized under observation
are discussed in more detail through sample papers that employed these

approaches as part of their methodology.

3.2.1 Field measurement

In this approach the near surface temperature of different urban areas is
measured and compared for further analysis. Field measurement data could
be collected in different ways; one is fixed stations in which the data is
collected at number of different fixed points within the study area and
compared for further analysis. For example Chang, et al. (2007) conducted
field measurements at fixed stations in several selected parks in the city of
Taipei. The temperature measurements were taken during summer 2003 and
winter 2004 using an advanced thermometer called Lutron LM-8000 sensor;
this device was installed unto a pole attached to a measuring wheel such that
it remained 2m above the surface. For each park 5 measurement points were
selected; one inside the park ad four points at the surroundings of the park;
the temperature measurements from these points were then used to estimate
the cool island intensity of each park as well as a general comparison among
all selected parks. On the other hand, Hamada and Ohta (2010) selected 24
fixed stations around a major urban park in order to measure the extent of

the effect of this park on microclimate of the surrounding areas. The
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measurements in this study were also installed on poles 2-3 meters above
the ground in surrounding urban areas with different land use such as
schools, hospitals, temples etc. Also Giridharan,et al. (2007) and Wong, et al.
(2007) used the fixed station field measurement as part of methodology in

their study of urban heat island and its mitigation through urban greenery.

Mobile survey is another way of conducting field measurement; in this
method data is collected along one or several paths within the urban area.
The mean of transportation could be car, public transportation or walk. Won
and Yu (2005) employed mobile survey method in their study of green areas
in Singapore; in order to better understand the correlation between land use
and ambient air temperature mobile surveys were conducted in order to map
out the relative humidity and temperature profiles at various regions. The
mobile survey was conducted by vehicles that were equipped with
observation tubes which consisted of Hobo temperature/RH mini-data logger;
the data were collected along several journeys at different times of the day;
figure 1.3 shows a graph of collected data in one of the routs. Also Stabler, et
al. (2005) selected four transects (routs) based on land use and urban
location along four major asphalt roads in order to study the microclimates of
Phoenix metropolitan area; in this study near surface temperature and
relative humidity were also measured along the routs using a moving vehicle
equipped with meteorological sensors. The fixed station and mobile survey
are both traditional ways of studying urban heat island effect that were used
in some of the earliest studies in this area. These approaches would provide
the ability to collect data from real life situations which is normally difficult to
model in artificial conditions; therefore in case the data are collected
professionally and accurately they could be a good measure for validation of
the results from other methodologies. Also with advancements of
measurement equipments, it is possible to measure multiple parameters
such as air velocity and turbulence fluctuations in order to find correlations

between these parameters and the effect of urban heat island.

56



Mobile survey conducted on 9th July 2002
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Figure 3.1 Data collected from one of the mobile survey routs (I-industry; R-residential; F-
forest; A-airport). (Stabler, et al. 2005)

Despite these benefits, field measurements have several limitations as a
single approach of study. The development and installation of measurement
equipment is usually time consuming and expensive, therefore limited
number of stations or mobile surveys are conducted and only limited
numbers of parameters are measured at the same time. As a result field
measurement is incapable of providing a three dimensional distribution of all
important parameters inside an urban area. Also in terms of data analysis,
due to the abundance of parameters that effect UHI and its mitigation it is not

possible to draw consistent generalizations based on simple correlations of
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measured factors and UHI. The other problem with field measurement is that
it needs to be carried for a long period of time in order to minimize the effect
of unpredictable errors. Regardless of these shortcomings, field
measurement has been an important method for studying UHI as a

combination with other methods of study which would be explained later.

3.2.2 Thermal remote sensing

Advancements in technology of satellite and airborne/air craft platforms have
enabled the researchers to capture thermal remote observations of urban
areas. The data collected through these means are the surface temperature
of the urban components from top view; this temperature contains the effects
of surface moisture, emissivity, albedo and near surface ambient
temperature. Different researches have employed thermal remote sensing in
different ways, for example Caoa, et al. (2010) used ASTER LST (land
surface temperature) satellite image which produces advanced multispectral
image. ASTER LST was used to examine the overall pattern of temperature
distribution in the city of Nagoya in Japan; however in order to obtain detalil
information on land use properties and land surface temperatures, Caoa, et
al. (2010) used IKONOS image which has 4m spatial resolution. Also
Zhanga, et al. (2010) used Landsat 5 TM image of Beijing as a data source
to study the relationship between vegetation greenness and UHI. The image
includes 7 bands with a 30m spatial resolution; the authors used the third
and fourth band in order to extract the NDVI (normalized difference
vegetation index) and the sixth band in order to extract the brightness
temperature of the study area (Figure 2.3). Also Zhoua, et al. (2011) derived
LST (land surface temperature) from the thermal infrared band of a Landsat
Thematic image in their study of the effects of land cover pattern on land

surface temperature.

On the other hand, Quattrochi (1998) used airborne Thermal Infrared
Multispectral Scanner (TIMS) to obtain high spatial (5m) remote sensing

data; TIMS data were used to measure thermal energy for 2 general
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Figure 3.2 Landsat image of Beijing; (a) image band 3 and 4: NDVI; (b) image band 7:
brightness temprature. (Zhanga, et al. 2010)

classification and 10 sub classifications of vegetation in Salt lake City, Utah.
A flight path which included representative sample of the urban areas in Salt
Lake City was selected; then data was collected at approximately 3500m
altitude to collect 5m resolution data from the urban surface. Quattrochi
(1998) selected six sites along the flight path to assure a full representation
of various urban covers including central business district, medium to heavy
industrial area, area of native grass with housing, suburban residential area,
urban park with extensive tree cover and an urban park with extensive

grassy cover.

Thermal remote sensing is a direct observation of the real life condition
therefore like field measurement it could be a good measure for validation of
the results obtained from simulations. However this technique is extremely
expensive and it is very difficult to capture steady images of the urban areas.
This limitation could be related to the ability of the equipment itself or the
weather conditions such as possibility of clouds, dust or high humidity over
the urban areas. However the main concern with this technique is that the
collected data relates to the upward spatial patterns of thermal radiance from
the surfaces only and the atmospheric interactions and ambient air
temperatures are disregarded. The other problem is that remote sensing
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only collects data from the surfaces that are visible from the top view while
most of the urban surfaces are three dimensional and they all play a role in

microclimates of urban environments.

3.2.3 Small scale modeling

The other approach which has been used in studying the effect of greenery
on urban heat island is small scale modeling. This approach consists of
building a prototype of a real condition and examining the prototype under
either outdoor conditions or wind tunnels. Small scale modeling has been
mainly used for studying the effects of roof garden and vertical greenery on
UHI; for example Wong, et al. (2010) installed 8 different vertical greenery
systems on the wall of an urban park in order to test their effects of different
types of green walls on microclimates. These 8 types cover a wide range of
green walls from simple green fagade to complex living wall system;
dimensions of all 8 types are similar and they are all measured against a
bare concrete control wall which is 4m wide and 8m high. Measurements of
the temperatures are done at 2 layers; one is the surface of the wall and the
other is the temperature of the substrate surface. In order to measure the
ambient air temperatures, data loggers are placed at intervals of 0.15m,
0.3m, 0.6m and 1m away from the wall surface and temperatures are
measured at each of these distances. One of the main concerns in this
approach is that it is difficult and sometimes impossible to establish similarity
between the real condition and the prototyped condition. In fact it is not
possible to implement all the playing factors in the artificial condition and
therefore small scale modeling is suitable for analyzing the effects of limited
number of parameters. The other problem with this approach is that it is very
time consuming and costly to create small scale models and accurately
imitate the real conditions. For example Wong, et al. (2010) had to spend a
long time on design, installation and growing of the green walls in their study

which all cost considerable money.
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3.3 Simulation approaches

Various simulation approaches have been developed to study the effect of
greenery on urban heat island. In these approaches the effect of greenery is
analyzed under a virtual condition i.e. a numerical model or a computational
simulation. However due to the complexity of the playing factors, major
simplifications are usually required in these approaches. Regardless of these
simplifications the advancements in technology and computational softwares
have enabled researchers to study large scale problems. In this section
different approaches that are categorized under simulation are discussed in
more detail through sample papers that employed these approaches as part

of their methodology.

3.3.1 Energy balance

Energy balance method uses the law of conservation of energy for a given
situation in an urban area. This method considers the atmospheric
interactions, turbulence fluctuations and heat fluxes through different
analytical or empirical equations. One of the models that is created in this
method is the Urban Canopy Model (UCM) which uses energy balance
equation to determine the energy exchange between urban surfaces and
ambient air for a given volume in an urban canopy. This model predicts
values of ambient and surface temperatures of streets, buildings and
pavements with the given volume. In this model all surfaces within the control
volume are treated like connected electrical nodes; then energy balance
equation which is derived from conservation of energy law is applied to each
node to create a matrix of surface temperatures; by solving these matrices a
general domain of surface temperature are attained. Ayata, T. et al. (2011)
used energy balance approach in their investigation of heat fluxes at a green
roof. They used the equation (3.1) in determining the heat fluxes from a

green roof.

Rn- G-L-H=0(3.1)
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Rn is the net radiation from the sun, G is the soil heat flux on the roof, L is
the latent heat flux and H is sensible heat flux from the green roof. In this
equation latent heat flux is directly derived from the evapotranspiration rate of
the vegetation on the roof. In this study, each parameter in the equation was
calculated through other equations independently and used to determine the
heat fluxes at a green roof. One of the biggest limitations of this approach is
the absence of air velocity in the energy balance equation as this parameter
is important to determine the sensible and latent heat flux and formation of
atmospheric interactions. Another problem is existence of variables that are
inconsistence to one another in terms of time steps; for example thermal
storage of the urban canopy materials has different time steps compared to
heat fluxes. The other limitation is providing three dimensional databases for
geometry of urban structures, which is a very expensive and time consuming
process therefore in most of the models the city is replaced with
homogenous columns of buildings. Also the complexity of urban structures is
replaced with limited simple grids on ground, roofs and walls. All these

limitations result in a weak spatial resolution for the energy balance models.

3.3.2 Numerical model

Numerical model is a simulation approach which has been used for a long
time in the study of urban heat island. In this approach, depending on the
focus and the parameters of the study, a model is developed using series of
mathematical equations. Some of the studies in this area have solely
employed the numerical method; for example Alexandri and Jones (2008)
developed a two dimensional dynamic micro-scale model which described
heat and mass transfer in a typical urban canyon (Figure 3.3). In this model
the effects of heat and mass transfer, building materials, soil and vegetation
have been studies by solving differential equations with finite differences
approximations. In this study plants have been treated as a layer with canopy
leaves and the air among them; then parameters such as density of leaf

tissue, specific heat capacity of leaf tissue, leaf surface temperature, net heat
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gain from radiation and net latent heat loss have been used in an equation to
study the effects of the plants in decreasing the temperature within the urban
canopy. Also (Avissar, 1994) used a two dimensional numerical model in
order to study the potential effect of vegetation on urban environments. In
this study, the authors developed a land surface parameterization method
called patchy land-atmosphere interactive dynamics (PLAID) where the land
surface is assumed to consist of mosaic patches. The patch classes that are
mostly associated with urban areas are industrial, residential, commercial
and undeveloped; each of these classes consist of certain percentage of
greenery and detailed environmental conditions such as temperature and
humidity. Then series of numerical simulations were developed for different
patches and their results were compared to draw further conclusions

regarding the effect of greenery on thermal environment of the urban areas.
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Fig. 1. Two-dimensional canyon model.

Figure 3.3 Two-dimentional canyon model. (Alexandri and Jones , 2008)

On the other hand, some of the studies use numerical simulation in
combination with other studies. For example Takebayashi and Moriyama

(2009) in their study on the effect of green parking lots on mitigation of urban
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heat island, used numerical method in order to estimate the heat flux from
each parking space. The expression used in this calculation used convection
heat transfer, surface temperature and air temperature in order to estimate
the amount of sensible heat flux. The authors used the mean surface and air
temperatures from their earlier observational studies; also they used the
collected wind velocity data in order to calculate convection heat transfer in

order to calculate sensible heat flux.

Some of the limitations associated with this method is that due to the
complexity of the urban heat island, usually major simplifications are
required. These simplifications are required in case of atmospheric
interactions, turbulence, providing boundary conditions and land use, land

cover data base.

3.3.3 Computer simulation

One of the newest and most important approaches in the study of urban heat
island is computer simulation which is evolving every day. Computational
Fluid Dynamics (CFD) softwares are the most important category of
softwares used in the studies of urban heat island. These softwares solve all
the equations related to the fluid inside the urban areas and therefore they
are capable of estimating the distribution of urban heat island and its
relationship to the geometry and configuration of urban environments.
However, CFD simulation is not very useful in studying the microclimatic
effects of vegetation in the urban areas. This type of study requires softwares
that focus on surface-plant-air interactions within the urban areas. Due to the
complexity of these interactions, there are few types of software that are
capable of analyzing microclimatic effects of vegetation in the urban
environments. Envi-met is one these softwares which is a three dimensional
microclimatic model designed to analyze the interactions among surfaces,
plants and air in the urban environments. This software is developed based
on the fundamental laws of fluid dynamics and thermodynamics; it is capable

of simulating the flow around and between buildings, exchange processes of
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heat and vapor at the ground surface and at walls, turbulence, exchange at
vegetation and vegetation parameters, bioclimatology and particle dispersion
(Envi-met,2004) . In their evaluation of the effect of greenery on the
microclimate of a campus, Wong and Jusuf (2008) used computer simulation
with Envi-met software. The authors first conducted GIS based surveys in
order to quantify the existing greenery as well as potential rooftop greenery
on the campus. Then they used Envi-met software in order to predict the
temperatures on the campus; the simulation was conducted in two stages. In
stage one, two scenarios of the existing master plan of the campus and
existing master plan with additional trees were simulated in Envi-met and the
results of the two scenarios were compared. The second stage, involved
modeling a part of the campus with four different scenarios of as designed,
application of grass on the rooftop, application of trees on the rooftop and
application of trees on the rooftop and site (Wong and Jusuf, 2008); each of

these scenarios were simulated in Envi-met and their results were compared.

Also Fahmy and Sharples (2009) as well as Yu and Wong (2006) used Envi-
met simulations in order to study the cooling effects of urban greenery on
reduction of UHI. Fahmy and Sharples (2009) used Envi-met software in their
investigations of urban form as a passive thermal comfort system in the
urban areas of Cairo. In this study two scenarios of different density and
population in the urban areas of Cairo were developed; Envi-met simulations
were then used to predict the level of thermal comfort in these urban areas.
On the other hand, Edward, et al. (2011) used Envi-met in their study of
cooling effects of greenery in the high density city of Hong kong. They
created 33 different simulations each employing different sets of parameters
including, building height, percentage of greenery cover and type of green
cover. These scenarios were designed to determine the location, type and

amount of greenery necessary in the urban environments of Hong Kong.

The major limitation with computer simulations is their verification of
accuracy; this verification process varies based on the focus of the study as
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well as variable of interest. Beside, simulation models require certain level of
simplifications compared to their real condition in an urban area. For
example, in case of Envi-met the model is created on a strict rectangular
grid; while in reality the city grids are not based on any strict grids. The other
limitation is that it is not possible to include all the variables in one model;
again in case of Envi-met it is not possible to apply materials to the buildings

or consider sources of anthropogenic heat in the urban areas.

3.4 Research methodology

As mentioned in the previous chapter, the main aim of this research is to
investigate the effect of green fabric application on mitigation of urban heat
island in dense urban areas of Dubai. Based on the description of various
methodologies explained in previous chapters, computer simulation is
selected as the main study approach in this research. The methodology of
this research consists of three stages of software validation, modeling and
simulation as well as data analysis and conclusion. In this section, the choice
of methodology is justified first, and the selected software is validated as the

main simulation tool.

3.4.1 Justification

The first reason behind selecting computer simulation is time; compared to
other study approaches computer simulation is a faster and more efficient
approach. Urban greenery as the main focus of this research is a natural
element and a study approach such as field measurement needs to be
carried over long periods of time in different conditions in order to reach
valuable results. Also in some cases such as remote sensing, advanced
equipment is needed in order to carry a study on the urban greenery; both
preparation of equipment and data collection are expensive processes which
are out of the scope of available resources for this research. Furthermore,
approaches such as numerical and energy balance require over simplified
models of the real conditions which are again in contrast with wide range of

aspects that effect urban greenery and reduction of urban heat island. On the
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other hand, computer simulation enables the research to develop a more
realistic model of the real conditions and focus on the effect of multiple
variables simultaneously. Plus computer simulation provides a faster and
cheaper mean to study the effect of urban greenery and is a suitable solution

of methodology with respect to resources available for this research.

The main computer simulation tool which was selected in this research is
ENVI-met V3.1. This software consists of three components; the first is
ENVI-met Eddi which is the main tool for modeling the area. Envi-met Eddi
consists of a grid on which the model is constructed; this software enables
the input of buildings with different heights and forms, different types of
vegetation such as trees, grass or hedge as well as different types of ground
cover such as asphalt or different kinds of soils. The second component is
Envi-met Configuration Editor which is used to input the initial data such as
climatic data simulation time and duration, building data, etc. The third
component is the actual simulation engine which uses the input files provided
by Envi-met Eddi and Envi-met Configuration in order to run the simulation.
Therefore Envi-met provides sufficient means to input most of the necessary
data that are related to the objectives of this research. Based on research
objectives and software application and abilities that were explained above,

Envi-met is selected as the main simulation tool in this study.

3.4.2 Software Validation

Some of the previous studies have verified the validity of ENVI-met software.
Wong, et al. (2007) in their study of the impact of vegetation on the
microclimate of a university campus in Singapore, compared the thermal
data that were acquired through three different methods; satellite image, field
measurement and Envi-met simulation. The satellite image was super
imposed on the campus image in order to identify the hot and cool spots;
then these images were compared with the results of the field measurement
in order to verify the distribution of hot and cool spots. The simulated image

was then used in parallel with these two sets of data in order to validate the
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correct distribution of temperatures in the simulated data; in all three
methods, clusters of greenery showed lower temperatures compared to
clusters of buildings. In this study there was no attempt of comparing the
exact temperatures of all three methods in order to match the simulated data
with the actual data and the researchers only relied on matching distribution
of temperatures for all three methods. On the other hand, Priyadarsini, et
al. (2008) in their study of the key factors contributing to the urban heat
island in Singapore, attempted to validate the results of CFD simulation and
real condition data from a wind tunnel experiment and field measurements.
Figure 3.4 shows the results of the comparisons of wind tunnel experiment
and field measurements with CFD simulations; as shown in the figure, the

CFD simulation has the same profile as the real condition data.

a.

6
5
-
T 4/’ il %
: D = N AN
E ‘ /:I ——Wind Tunnel
- 2
£
E \,

0 T T T T T T T T T T T

1 2 3 4 & [ 7 g g 10 11 12
Measurement Locations
305
a0 —&— Field measurement (day
o 1)
= 205
£ A‘
% 20 : B——5—— 8| | —®—Field measurement (day
i 28.5 ._H.i'._ = ——liv) 2)
E 28
& 75 CFD (inlet temp 28 °C)
27

1 2 4 7 8 10 11 12
Measurement points

Figure 3.4 Software validation. (a) comparison of CFD and wind tunnel results. (b)
Comparison of simulated temperatures with measured temperatures. (Priyadarsini, et al,
2008)
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Despite the fact that the data do not match completely and there is a level of
discrepancy, the authors have relied on the overall distribution and profile of
the data. Since some factors in the real conditions that contribute to thermal
data are absent in simulation condition (in case of this research,
anthropogenic heat is one these factors), it is not possible to gain results that

are completely consistent with the real condition.

Even though Envi-met has been verified in some of the previous studies, the
accuracy of the software is required to be reconfirmed for the purpose of this
study. In order to validate the Envi-met software, thermal images of Dubai
were acquired from the Dubai municipality environmental studies section.
Figure 3.5 (a) shows an urban block located in Deira area which is
considered as a part of old and dense urban areas in Dubai; Figure 3.5 (b)
shows the infrared image of the same urban block which was taken few
hours after the sunset during early December 2009 (Zacarias, 2011).

Figure 3.5 Images of an urban block in Deira, an old dense urban area in Dubai. (a) Google
earth image. (b) infrared image taken few hours after sunset during early December
2009.(Zacarias, 2011)
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It is important to note that the aerial thermal surveying of Dubai was done
during winter due to the existence of excessive humidity and dust in the
ambient air during the summer times. Therefore for the purpose of accuracy
and clarity the thermal survey was performed during a calm winter day
(Zacarias, 2011). On the other hand, since the software is incapable of
simulating very large areas at proper resolution, only a portion of the selected

urban block ( shown in Figure 3.5) was modeled in Envi-met; Figure 3.6
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Figure 3.6 selected urban block with actual thermal image .
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shows the modeled area and its actual thermal image. This simulation was
run during 3rd and 4th of December 2009 (48 hours); the initial inputs of

climatic information used for this simulation are as follow:

1. Initial Temperature Atmosphere : 24°C (average daily temperature during

early December in Dubai)

2. Wind Speed in 10 m ab. Ground [m/s] : 5.5 m/s (most frequent wind speed

during December in Dubai )

3. Wind Direction (0:N..90:E..180:S..270:W..) : 290 or North West (most

frequent wind direction during December in Dubai)

4. Relative Humidity in 2m [%] : 60 % (average daily humidity during
December in Dubai)

Figure 3.7 shows the simulated thermal maps of surface temperatures for the
selected urban area from 5pm to 20pm; a quick comparison of these images
with the actual thermal image in Figure 3.6 indicates that the pattern of
temperature distribution of simulated images matches the actual image. For
example the central narrow streets show high temperatures while planted

areas show cooler temperatures.

Since the exact time of the actual thermal image is unknown (it is only known
that the image was taken few hours after the sunset) 7 spots have been
selected and the exact temperatures of these spots have been compared
against the temperatures of the actual image for each hour in Table 3.1. In
order to measure the closeness of the simulated data to the actual data, the
“difference in value” which is the difference between the real and simulated
data has been calculated for each spot; a comparison of the difference in
value for all hours indicates that during the hour 19:00, the difference is the
lowest which means that this hour has the closest results to the real image.
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Figure 3.7 Simulated maps of surface temperature for the selected urban block from 17:00

to 20:00.

Also during hours 18:00 and 20:00 the results tend to be very close to the

actual image and as the temperatures move away from these 3 hours the

difference in value increases. Therefore it is very likely that the real image

was taken around these three hours.

Table 3.1 Comparison of the simulated temperatures of 7 selected spots against the actual
image temperatures from 17:00 to 20:00. (Continue to next page)

Actual image

Simulated image

Difference in

time Spot number
temperature (°C) temperature(°C) value
17:00 1 19.1 18.45 0.65
2 21.9 22.05 0.15

72




Table 3.2 Comparison of the simulated temperatures of 7 selected spots against the actual
image temperatures from 17:00 to 20:00. (Continue to next page)

3 19.25 20.05 0.8
4 21.9 20.05 1.85
5 21.9 20.05 1.85
6 19.1 18.45 0.65
7 20.6 20.05 0.55
1 19.1 18.45 0.65
2 21.9 22.05 0.15
3 19.25 19.65 0.4
T 4 21.9 21.65 0.25
5 21.9 21.65 0.25
6 19.1 18.45 0.65
7 20.6 21.25 0.65
1 191 18.65 0.45
2 21.9 22.05 0.15
3 19.25 19.25 0
19:00 4 21.9 21.65 0.25
5 21.9 21.65 0.25
6 191 18.65 0.45
7 20.6 20.45 0.15
1 19.1 18.45 0.65
2 21.9 21.25 0.65
3 19.25 19.25 0
20:00 4 21.9 21.65 0.25
5 21.9 21.25 0.65
6 19.1 18.05 1.05
7 20.6 20.85 0.25

Based on the verifications of previous studies and validation process that
was done in this research, it could be concluded that the simulation of
microclimates of urban areas in Dubai by using the ENVI-met software could
be promising and would yield into results close to the real conditions. In the
next chapter, selection of parameters, configuration of different tests and

model set up would be explained in detail.
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CHAPTER 4

Model Setup




4.1 Introduction

The investigations of the effect of greenery in this research are done in two
parts. Part one of the research aims to identify the most effective strategies
in general; therefore the tests in this part of the research are performed on
simplified conditions. Part Two of the research utilizes the results of Part One
in order to investigate the effects of greenery in reduction of urban heat
island in real urban areas of Dubai. This chapter discusses the selection of
parameters and variables as well as detail explanation of the process of
modeling setup in ENVI-met.

4.2 Parameters

Part One of the research mainly focuses on the effects of 3 parameters of
urban vegetation on reduction of heat in a simplified urban condition. These
parameters include formal composition of green urban fabric (focuses on the
type of greenery including grass, trees, green roof), density of green fabric
(which focuses on Leaf Area Density (LAD) of trees) and location of green
fabric vs. grey fabric. For each parameter, a range was defined based on the
available variables in ENVI-met; Table 4.1 showcases each parameter and

its defined range.

Table 4.1 Selected parameters and their range ( Continue next page)

Parameter Range

1.Trees and green roof

2.Grass and green roof

3.Grass and trees

4. Trees without grass

5. Grass only
Note: “Green Roof” implies roof
covered half in grass and half in

hedges

Formal composition of Green Fabric
(p1)

1. Trees with low LAD value
2. Trees with medium LAD value
3. Trees with high LAD value

Density of Green Fabric(p2)
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Table 4.1 Selected parameters and their range ( Continued)

Green fabric Vs. Gray fabric

relationship(p3)

1. Centralized green fabric with
surrounding gray fabric

2. Centralized gray fabric with
surrounding green fabric

3. Layering of grey and green

fabric

In Table 4.1, the bold values in the range of each parameter are default

values which are constant values when testing other parameters. Based on

Table 4.1, a test matrix is developed for each parameter; table 4.2 to 4.4

display different tests investigating the effects of individual parameters.

Table 4. 2 Tests investigating P1: Formal Composition of Greenery (Grass, Green Roof,

Trees)
Test P1 Fixed parameter p2 Fixed parameter p3
Layering of grey and
P1-1 | Trees and green roof Medium Density .
green fabric
) ) Layering of grey and
P1-2 |  Grass and green roof Medium Density :
green fabric
) ) Layering of grey and
green fabric
Layering of grey and
green fabric
] ) Layering of grey and
P1-5 Trees without Grass Medium Density

green fabric

Table 4.3 Tests investigating P2: Density of Green Fabric (LAD values of trees)

Test P2 Fixed parameter p1 Fixed parameter p3
Layering of grey and
P2-1 Low density Grass and trees :
green fabric
pP2-2 Layering of grey and
3) Medium Density Grass and trees green fabric
Layering of grey and
P2-3 Grass and trees

High density

green fabric
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Table 4.4 Tests investigating P3: location of green fabric vs. grey fabric

Test P3 Fixed parameter p2 Fixed parameter p1
Centralized green fabric
P3-1 with sur:cogn'dlng gray Medium Density Grass and trees
abric

Centralize gray fabric

p3-2 | With surrounding green Medium Density Grass and trees
fabric
P3-3 Layering of grey and Medium Density Grass and trees

green fabric

These tests are going to be applied on a simplified urban block which was
designed to determine the effect of individual parameters. In the next
sections, different variables and the simplified model are explained in more

detail.

4.3 Variables

Different variables play part in interactions of greenery and built structures in
the urban areas. In fact, there are number of interconnected variables
contributing to these interactions. ENVI-met enables the consideration of
number of these variables in simulations. In this research some of these
variables are fixed variables while some are independent and dependent
variables. Fixed variables are those that remain constant through all the
simulations. These variables are fixed according to the focus of the study
which is “the urban greenery”. Wind speed, wind direction, average
temperature and relative humidity are fixed variables that depend on
simulation day and time setup. In addition, variables such as building density,
albedo value of walls and roofs, heat transmission values of walls and roofs
and the inside temperature of the buildings are also kept fixed in all
simulations. Keeping these variables constant through all the simulations
ensures that results of the simulations are purely affected by the independent
variables. Beside considering the fixed variables, it is important to note that

all the simulations in this research are run in both cold and hot seasons in
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Dubai; therefore 21° of July has been selected to represent summer and 21
of January has been selected to represent winter conditions. Tables 4.5 and
4.6 show the values that were given to all fixed variables for two seasons of
summer and winter. As mentioned in the previous section, 3 parameters of
formal composition of green urban fabric (pl), density of green fabric (p2)
and green fabric vs. grey fabric relationship (p3) are selected for study in this
research. The hourly average surface temperature is the output value that’s
is going to be measured after the input of all the variables in tests that were
defined in Table 4.2 to 4.4.

Table 4.5 Fixed Variables for two seasons of summer and winter

. . Specific :
. Wind Initial e Relative
Season Wind speed direction temperature humidity in humidity in
(m/s) (degrees) (K) 2500m (g 2m (%)
- Water/kg air)
Sl
21" of July 7 293 308.15 7 53
(summer)
215 of
January ( 4 315 289.15 7 66
winter)
Table 4.6 Fixed variables for both seasons of summer and winter
Fixed variable Value
Inside temperature of buildings (K) 300
Heat Transmission Walls [W/m2K] 2
Heat Transmission Roofs [W/m2K] 1
Albedo Walls 0.1
Albedo Roofs 0.1

4.4 Base Test

In Part One of the research, the selected parameters are tested based on the
test matrix that was developed in Tables 4.2 to 4.4. It is essential to note that
this part of the research purely aims to identify the most effective
configurations of urban vegetation that leads to considerable reduction of
heat in the urban areas. In order to standardize the condition of the built up
area and direct all the focus on the vegetation, a simplified urban block was

designed for this part. This simplified urban block which measures 192m x
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120m is referred as “base-test”. Figure 4.1 shows the ENVI-met model of the
simplified urban block; the model area is developed on a 64 x 40 grid of

points each measuring 3m x 3m.

Figure 4.1 ENVI-met model of developed simplified urban block referred as "base-test”.

The area of the buildings covers 1128 (45%) points out of 2560 total number
of points and leaves 1432 points as extra space to be used for inserting
roads and greenery. The ratio of building and empty space percentages,
enable the possibility of inserting enough greenery in the model. In the base
test all these extra spaces are simply covered by sand and asphalt,
mimicking a typical situation in Dubai. It should be noted that the number of
building points refer to the fixed variable of building density which is constant
in all tests. The base-test is manipulated according to the values of three
parameters for each individual test in Tables 4.2 to 4.4. These models would

be explained independently later in this chapter.

Beside the input model for running a simulation, ENVI-met requires a
“Configuration” file as well. Values of fixed variables, timing details, input and

output information are set in this file. Figure 4.2 shows snapshots of the
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ENVI-met configuration files for both summer and winter cases. The values
of different variables are based on values in table 4.5 and 4.6 and the
simulation runs to calculate conditions of a full day (24 hours).

Summer
#8 ENVimet Configuration Editor - [summerclli. 0 e e &

iFiIe Edit Add Section Help Window

Winter
# ENVimet Configuration Editor - winterc Ml WM T

@ File Edit Add Section Help Window

Figure 4.2 ENVI-met Configuration files for summer and winter.
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4.5 Model set up for tests investigating Formal composition of Green
Fabric (p1)

This parameter “the formal composition of the urban fabric” investigates the
effect of the different types of vegetation. Greenery in the urban areas, could
either be applied on empty spaces ( any place without buildings) or on the
roof of buildings (green roof). Each test under this parameter aims to
measure one possible condition of applying grass, trees or green roof in the
urban areas. Figure 4.7 shows two samples from the ENVI-met models that

investigate the effects of Parameter 1.

Figure 4.3 Sample of ENVI-met models of tests investigating Parameter 1 (formal

composition of green fabric )
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For example, in model P1-1 trees and green roofs are inserted in the
available empty spaces of the base test while in model P1-4 only grass is
inserted in the empty spaces. In all the models investigating Parameter 1,
values of the other two parameters are fixed; meaning the density of
greenery is kept as medium (p2) and the form of greenery is layering of

green and grey fabric (p3).

4.6 Model set up for tests investigating Density of Green Fabric (p2)

Three tests were performed under parameter 2 aiming to investigate the
effect of the density of urban greenery. In this research, density of greenery
refers to the density of tree canopy which is measured through “Leaf Area
Density” or LAD value; LAD is a measure of the density of tree canopy in
terms of area of layers cut through the canopy and the overall canopy
volume. ENVI-met enables definition of different LAD values for different
types of plants used in the model. In this part, 3 types of trees are used in
each model, the LAD values of these trees range from low, medium and high
values. ENVI-met defines 10 LAD values for each tree; for example, values
of the medium LAD tree are 0.075, 0.075, 0.075, 0.075 ,0.250, 1.150, 1.060,
1.050, 0.920 ( these values are built-in) . It is important to note that in this
test the values of the other two parameters are fixed as well; meaning trees
and grass are used as formal composition of the greenery (pl) and
relationship of green vs. grey fabric is layering (p3). Figure 4.4 shows a
sample model from all the tests investigating parameter 2.

4.7 Model set up for tests investigating Location of Green Fabric vs.
Grey Fabric (P3)

This parameter aims to measure the effect of the relationship between the
location of green fabric and grey fabric, through three different configurations.
Figure 4.5 shows the models developed with different configurations of grey
fabric and green fabric. All three models share the same amount of grass
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and trees despite of their difference in the form of buildings and greenery.

Also, in these tests the values of two other parameters are constant,

Figure 4.4 Sample model from the tests investigating Parameter 2 (Density of Greenery)

meaning, the composition of the green fabric is combination of grass and
trees (pl) and the density of the greenery is medium (p2). The results
obtained from all the tests investigating the three parameters would be
evaluated based average hourly surface temperatures. For each parameter,
surface temperatures obtained from different tests would be displayed in the
same graph for further comparison and analysis. Next chapter would focus
on the analysis of data and discussion of the results.
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P3-1

P3-3

Figure 4.5 Sample model from the tests investigating Parameter 3 (Location of Green Fabric
vs. Grey Fabric)
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51 Introduction

After the completion of all simulation models, the data were extracted and
processed to analyze the results. In this chapter the results from Part One of
the research are analyzed and discussed in detail. Based on the results of
this part, certain “Optimal Strategies” are selected for implementation in real
urban conditions. The optimal strategies are selected based on specific
criteria which would be discussed later in this chapter. Final sections include
Part Two of the research which focuses on the application of Optimal
Strategies in real conditions and discussion of the results from this part of the

research.

Before going into more details, it should be noted that all the tests are
compared based on the average hourly surface temperatures. As discussed
in previous chapters, excess heat in the urban areas is mainly derived from
the overheating of urban surfaces thus the surface temperature has been
selected as measurement of the condition of heat in the assessed urban
areas. Due to the sole focus on the urban areas, surface temperatures
related to the building surfaces are eliminated. Therefore, the results
exclusively present the conditions of remaining space as result of subtraction
of building surfaces from the whole urban block. Figure 5.1 shows a sample
test representing surface temperatures of an urban block eliminating the

building surfaces in black.

= -

Figure 5.1 Surface temperatures of a sample urban block eliminating the building surface
temperatures in black.
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Plus, it should be noted that due to the fact that all tests were run only for 24
hours, there is some inconsistency in obtained data during the early hours of
simulation run (simulation starts at 6:00). For example, this discontinuity is
evident in graphs of Figure 5.3 during 7:00 in summer or during 4:00 to 8:00
in winter. The problem could be solved by running the simulations for 48
hours instead,; this allows the ENVI-met software to create consistent flow of
data during the second day. Figure 5.2 shows surface temperatures obtained
from a model that was run for 48 hours; the graph shows consistency of data
during each hour of the day specifically around 4:00 to 8:00. All the tests in
this chapter would be re-run again (for 48 hours) to fix this problem for the

final submission of the research.

30 -

25 A

20

15 -

10 ~

Average Temperature (°C)

Time

Figure 5.2 Surface temperatures of a simulation that was run for 48 hours.

5.2 Part One : Results and Discussion

This part consists total of 12 different configurations of greenery to be tested,
focusing on the effects of three parameters; composition of the green fabric,
density of the green fabric and location of grey fabric vs. green fabric. In this

section, first the results of tests focusing on each parameter are discussed
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independently to identify the best strategy that enhances the urban
conditions during summer and winter. Second, the results of all tests are
compared together in order to identify the “Optimal strategies” with respect to
all three parameters. These optimal strategies are implemented in the Part

Two of the research which is discussed in later sections.

5.2.1 Composition of Green fabric

Five different tests were designed to study the effect of this parameter. Each
of these tests utilizes a certain composition of greenery; table 5.1 shows
each test and its corresponding variable under assessment. Trees, grass and
green roof are three different types of greenery that are applied in individual

configurations.

Table 5. 1 Group of tests and their corresponding variables, investigating parameter 1.

Test Pl

P1-1 Trees and green roof
P1-2 Grass and green roof
P1-3 Trees and grass
P1-4 Grass Only
P1-5 Trees without Grass

Figure 5.3 shows a comparison of the average hourly surface temperatures
of a summer and winter day for all the tests in Table 5.1 plus the base test.
At first glance, all configurations in both summer and winter fall below the
base test, proving the positive effect of applying any type of greenery
including grass, trees or green roof in reduction of surface temperatures in
urban areas. In addition, different configurations depict diverse behaviors
particularly from 9:00 to 17:00 due to the fact that solar radiation increases in
these hours of the day. The comparison of summer and winter during peak

hours shows that individual configurations may behave differently during
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Figure 5.3 Average hourly surface temperatures for tests investigating Composition of
Green Fabric vs. Grey Fabric (P1).

each season. For example P1-1 (trees and green roof) results in the least
surface temperature during the summer while the same configuration results
in the highest surface temperature during the winter. Also, the graphs
suggest that the cooling effects of greenery are higher during summer

compared to winter. This observation is confirmed in the work of Chang, et
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al. (2007) and Hamada and Ohta (2010), both researches suggest that urban
parks have higher cooling intensity in summer compared to winter and this

intensity is higher at noon time compared to night.

Among all the configurations, P1-4 which employs only grass has the highest
surface temperature in summer and second highest during winter. This
behavior is also evident in the work of Caoa , et al (2010) who concluded
that grass has the least effect in reducing surface temperatures compared to
trees and shrubs in urban parks. The poor performance of grass is related to
its lack of complexity in terms of density and variability of foliage. Zhoua, et
al. (2011) who also studied the effect of composition and configuration of
greenery, concluded that decrease in land surface temperature is
significantly related to complexity, edge density and variability of woody and
herbaceous vegetation. Therefore, P1-3 (trees and grass) and P1-5 (Trees
without grass) result in reasonably low surface temperatures in both seasons

compared to other configurations.

As a result, presence of trees has the most tremendous effects in decreasing
the surface temperatures specifically during hot season; this conclusion
corresponds to results of Caoa , et al (2010) and Chang, et al. (2007) who
suggest that trees have the best cooling effects compared to other forms of
greenery. Since low temperatures may not be desired during the winter in
some urban areas (due to increasing the need for heating) P1-1 which
implements the application of both green roof and trees is selected as the
best configuration in terms of Composition of the Green Fabric. Besides, P1-
5 which utilizes trees without grass is considered to be the second best

configuration during both seasons.

5.2.2 Density of Green Fabric
As discussed in previous chapter, in order to test the effect of density, three

different kinds of trees with varying LAD values (representing the plant
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density) were selected to test the effect of Green Fabric Density. Table 5.2

shows each test and its corresponding variable under assessment.

Table 5.2 Groups of tests and their corresponding variables, investigating parameter 2.

Test P2

P2-1 Low density (tree with low LAD)
p2-2 Medium Density (tree with medium LAD)
P2-3 High density (tree with high LAD)

Figure 5.4 shows a comparison of the average hourly surface temperatures
of a summer and winter day for all the tests in Table 5.2 as well as the base
test. Like the previous parameter, different configurations of density depict
individual behaviors from 9:00 to 17:00 during the day due to the increased
presence of solar radiation. Also, application of greenery with any range of
density positively effects the reduction of surface temperatures due to the
fact that all cases of density in Figure 5.4 have lower surface temperatures
than the base test. Configuration P2-1 which utilizes trees with low LAD
values, results in the highest surface temperatures in both summer and
winter. P2-2 and P2-3 both result in low surface temperatures in summer and
winter featuring trees with medium and high LAD values. Since there is no
major difference in the effect of medium and high density trees, medium
density trees with medium values of LAD are selected to be the best type of

trees that should be utilized in the urban areas.

5.2.3 Relationship of Green Fabric vs. Grey Fabric
In order to test this parameter, 3 different configurations of buildings and
greenery were designed and tested. Table 5.3 shows each test and its

corresponding variable under assessment for parameter 3.

91




Figure 5.5 shows a comparison of the average hourly surface temperatures

of a summer and winter day for all the tests in Table 5.3 as well as the base
test.
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Figure 5.4 Average hourly surface temperatures for tests investigating Density of Green
Fabric (P2).
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Similar to the other two parameters, location of green vs. grey fabric also
positively effects the reduction of surface temperatures in urban areas.
These effects are mostly evident from 9:00 to 17:00 due to the increase In
amount of solar radiation during these hours of the day. P3-3 which employs
the layering of green fabric and grey fabric results in the highest surface
temperatures during both summer and winter. However the other two cases
behave differently in each season; P3-2 which features centralized grey
fabric with surrounding green fabric has the lowest surface temperature
during the summer while P3-1 which features centralized green fabric with
surrounding grey fabric depicts the lowest surface temperature during the

winter.

Table 5.3 Group of tests and their corresponding variables, investigating parameter 3.

Test P3

P3-1 Centralized green fabric with surrounding gray fabric
P3-2 Centralize gray fabric with surrounding green fabric
P3-3 Layering of grey and green fabric

The cooling effects of greenery in all these cases is related to the
compactness of the greenery; layering of greenery features irregular forms of
greenery scattered all over the area while both of other configurations feature
compact forms of greenery. Caoa , et al. (2010) in their study of cooling
effects of parks explain that the compactness of the parks result in better
cooling effects while irregular, complex and linear shaped parks contribute
less in reduction of heat in urban areas. Due to the fact that low surface
temperatures may not be desirable during the winter (due to increasing the
need for heating), P3-2 is considered to be the best configuration for the
Location of Green Fabric vs. Grey Fabric in the urban areas.
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5.3

Selection of Optimal Strategies

Figure 5.6 shows a comparison of surface temperatures for all tests

investigating three parameters. This overall comparison also proves the

diverse behavior of individual configurations during the summer and winter;

for example P1-1 which features application of trees and green roof results in
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the highest surface temperatures during the winter while causing reasonable
low surface temperatures during summer. Due to this diversity, it is not

possible to select only one case among all, and claim it to be the best
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Application of each of these strategies in real conditions depends on two
factors; first is the performance of the configuration itself which is defined by
each of the parameters involved. For example, P3-1 (Centralized green
fabric with surrounding gray fabric) and P3-2 (Centralize gray fabric with
surrounding green fabric) are considered to be the best configurations during
the summer. One could conclude that P3-3 (Layering of grey and green
fabric) performs poorly compared to these two conditions however, when
other parameters come to play the situation is otherwise; meaning P1-1
which features layering of green and grey fabric, also performs well during
summer. This is due to the effect of other parameters, in this case,
composition of the green fabric (trees and green roof); therefore it is
important to consider the effect of all parameters involved.

The second factor in selecting optimal strategies is the extent to which each
strategy could be applicable in real conditions. For example, a dense old
urban block in the middle of the city, does not offer enough freedom in
applying greenery. Specifically, cases like P3-1 and P3-2 which happen to be
the most desirable strategies during summer are not applicable in an urban
area with a dense pre-existing fabric of buildings. Hence, based on these two
factors, two groups of optimal strategies are selected; first group (Group |) is
those strategies that must be considered when designing new urban areas
and second group (Group Il) is strategies that are applicable in pre-existing

urban conditions.

Table 5.4 shows the optimal strategies based on each parameter for both
groups of urban areas. When designing new urban areas the best strategy in
terms of type and composition of greenery is application of trees without
grass. Despite, the results in figure 5.3 that indicate the application of trees
and green roof together is the best solution for both summer and winter; it is
recommended to go for application of trees without grass due to the fact that
this case would eliminate the high expense and maintenance of green roofs
in the urban areas. In terms of the density, trees with medium LAD values
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are recommended since they also result in the same surface temperature as
high density trees (Figure 5.4). In terms of the location of green fabric and
grey fabric it is highly recommended to employ central grey fabric with
surrounding greenery. This strategy is selected because it results in lowest

surface temperatures specifically during the summer compared to other two

Table 5.4 Optimal strategies for Group | (new urban areas) and Group Il (pre-existing urban

areas)
Optimal strategy : :
- Optimal strategy | Optimal strategy
considering P1: - -
N considering P2: considering P3:
Group of Composition of _ .
_ _ Density of Green | Location of Grey
Strategies Green Fabric ; :
Fabric ( LAD Fabric vs. Green
(grass, trees, _
values of trees) Fabric
green roof)
. _ Centralize gray
_ Medium Density o
Trees without _ fabric with
Group | (tree with ]
grass _ surrounding
medium LAD) .
green fabric
Medium Density ( | Layering of green
Trees and green _ _ _
Group Il tree with medium | fabric and grey
roof or trees only )
LAD) fabric

strategies (Figure 5.5); the results of summer conditions are particularly

important due to the hot weather of Dubai.

When it comes to selecting the composition of greenery for application in pre-
existing urban areas of Dubai, it is recommended to go for either trees or
combination of trees and green roof. In certain cases, due to the lack of
space for inserting trees in dense urban areas, green roof is also employed
to compensate inserting reasonable amount of greenery. Similar to group |,
trees with medium values of LAD are also recommended to be utilized in pre-

existing urban areas. When it comes to location of greenery, it is very difficult
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to locate the greenery around the grey fabric or vice versa (Figure 5.5
indicates these two strategies perform better during both seasons). Therefore
it is recommended to locate the greenery among the buildings in any space
available. The effect of this group of Optimal Strategies is going to be tested

in Part Two of the research.

54 Part Two

This part of the research aims to test the effect of application of optimal
strategies on pre-existing urban conditions in Dubai. As mentioned in
Chapter 2, a thermal survey of Dubai in December 2009 showcased
existence of urban heat island in older fabric of the city, particularly areas of
Deira and Bur Dubai. Therefore, two urban blocks from these two areas were
selected for testing the effect of optimal strategies in pre-existing dense

urban areas. Figure 5.7 shows the Google Earth images of the selected

Figure 5.7 Selected urban areas in Dubai for implementing the optimal strategies. (Google
Earth)
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areas; the selection aims to test the effects of the optimal strategies in two
urban locations with different characteristics. Area A is located away from the
Dubai Creek to test the effects in a relatively dry urban location while Area B
is located along the coast of Dubai Creek to test the effect of the strategies in
a more humid urban context. Both selections encompass an area of 150m x
75m with medium height buildings (4 stories). Also both locations lack urban

vegetation and any empty spot is either covered in sand or asphalt.

5.4.1 Model Setup
After selecting the areas, ENVI-met models were developed for both

selections (Figure 5.8). The input configurations of these models are similar

Area A

Figure 5.8 Figure 5.8 ENVI-met models of the selected urban areas.

to those of the Part One of the research, which were explained in detalil
during Chapter 4. Similar to Part One, the models were tested in two
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seasons of summer and winter to see the effect of the strategies during both
hot and cold weather conditions. Each model is tested in 3 different
configurations; the first configuration is the existing situation without any
alteration. The second configuration is addition of trees of medium LAD
values to all the empty areas as well as along the roads (Figure 5.9). The
third configuration features addition of green roof besides inserting trees in all
the empty spots. It should be noted that these configurations were developed
based on selected Optimal Strategies for pre-existing urban areas in section
5.2.

Figure 5.9 ENIV-met model of Area A after inserting trees in empty spaces.

5.4.2 Results and Discussion

Similar to the results of Part One, the data related to the buildings were
eliminated to better understand the effect of the strategies in the urban areas.
Average hourly surface temperatures were extracted and processed for

further analysis and comparison in this part of the research as well.

Figure 5.10 showcases the results of three configurations that were tested
on Area A (urban area away from Dubai Creek) during summer and winter.
Based on the figures, inserting greenery in this area has a tremendous effect
on reducing surface temperatures during both seasons. Different conditions
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showcase individual behavior specifically from 9:00 to 17:00 due to the
abundance of solar radiation during these hours. Even though, the strategy

of inserting both trees and green roofs seems to result in the lowest surface
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Figure 5.10 Average hourly surface temperatures for different tests investigating the effects

of Optimal Strategies in Area A ( area away from Dubai Creek).
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temperatures, the configuration of inserting only trees is considered to be the
best configuration. The fact that the case of Trees only, and Trees plus
Green roof obtain close results indicates that green roofs have negligible

effect on reducing surface temperatures in the urban areas.

Figure 5.11 also shows the average surface temperatures obtained from
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Figure 5.11 Average hourly surface temperatures for different tests investigating the effects

of Optimal Strategies in Area B ( area close to Dubai Creek).
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tests in Area B. The trends in this area are very close to Area A; inserting
greenery results in reduction of surface temperatures during both seasons.
Also inserting green roof besides trees seems to have negligible effects on

reducing surface temperatures.

Chen et al. (2002) measured the cooling effect of green roof on ambient
temperatures and confirmed that this cooling effect is restricted by distance
from the green roof; for example air temperatures measured at 1m above the
green roof were considerably lower than those measured at 300mm above
the green roof. Since the data only represents surface temperatures of areas
around the buildings, which are at significant distance from the green roofs,
this observation proves the negligible effect of green roof in reducing surface
temperatures in both Area A and B. Also looking at the results of both Areas,
a tremendous temperature difference exists between the current condition
and conditions after inserting greenery. This enormous difference is
explained by the fact that, currently all surfaces in both areas are covered in
asphalt or concrete. These materials massively contribute to the increase of
surface temperatures in the urban areas as a result of their properties. This
behavior of hard materials is studied in the work of Wong, et al. (2007) too;
they tested the effect of greenery on a campus by removing all the trees in
the area and replacing them by buildings. This scenario also resulted in
extremely high surface temperatures similar to current conditions of Area A
and B.

Looking at the results of both areas, all configurations showcase the
maximum difference in value right after the noon time during 13:00 h. In
order to see the distribution of temperatures during this peak hour, the map
of surface temperatures for the existing condition and condition of adding
tress only, for Area A are compared in figure 5.12. These thermal maps
indicate the tremendous reduction of surface temperatures in areas directly

adjacent to places where trees are inserted (a). Also in areas were no trees

103



were inserted directly (b), there is evidence of reduction in surface

temperature.
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13:00 on a summer day.
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CHAPTER 6

Conclusion and Recommendations




6.1 Conclusion

The main focus of this research was on the effect of greenery on reduction of
excess heat in the urban areas of Dubai. In order to study this effect, three
parameters including, composition of green fabric ( grass, trees, green roof),
density of green fabric ( LAD values of trees) and location of green fabric vs.
grey fabric were selected for further investigations. 12 tests were developed
each featuring a different configuration and focus on all three parameters; the
results were interpreted based on average hourly surface temperatures of
areas around the buildings (data from the buildings were eliminated). Two
groups of Optimal Strategies were selected for application in real conditions;
Group | consisted of strategies that should be applied when designing new
urban areas. These strategies include utilizing only trees with medium LAD
value (density of foliage) and applying centralized grey fabric and
surrounding greenery. Group |l consisted of strategies that should be
applied in pre-existing conditions including application of trees only or trees
with green roof, application of medium LAD value trees and layering of green
fabric and grey fabric. The second group of Optimal Strategies were tested
on two different urban areas; one located away from Dubai Creek and the

other located along the coast of Dubai Creek.

The results from both parts of the research revealed that in terms of
composition of greenery, trees have the best contribution in reduction of
surface temperatures in the urban areas of Dubai. On the other hand, grass
has the least contribution in reduction of urban heat due to the lack of
complexity and variation in foliage. Also green roofs were proved to perform
poorly in reducing the surface temperatures in urban areas; this is due to the
fact that the cooling effects of green roofs reduces by distance and therefore
this effect is negligible on the overall temperature reduction in urban areas. It

should be noted that this observation is only true at the macro scale and it
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does not contradict the other benefits of green roofs at the micro scale which

were out of the scope of this research.

In terms of the density of the trees, it is concluded that trees with medium
values of LAD perform the best in terms of reducing surface temperatures.
On the other hand, trees with low values of LAD perform poorly in reducing
surface temperatures. When it comes to location of green fabric vs. grey
fabric, it is concluded that placing greenery in compact form around the
buildings or in the middle of buildings performs better in reducing surface
temperatures. On the other hand, placing greenery in scattered irregular
forms among buildings does not perform very well compared to compact
cases. The conclusion of this research signifies the importance of greenery in
reducing excess heat and creating balanced microclimatic conditions in

urban areas.

6.2 Recommendations

When designing new urban areas, it is recommended to avoid designing
building dominated master plans. Designers should always keep in mind the
importance of green fabric in creating balanced and healthy microclimates in
urban areas. Designers should specify trees with medium LAD values as the
main type of greenery in new urban areas. It is also recommended to design
the urban greenery in compacted forms around the cluster of buildings and
avoid inserting scattered greenery among buildings in irregular forms. It is
also recommended to avoid designing grass covered areas due to the fact
that grass has negligible effect on reducing excess heat in urban areas
besides requiring high maintenance and cost. Designers should consider the
fact that green roofs have minimal effect on reducing surface temperatures in
urban areas and utilizing green roofs is only justifiable through other benefits

which were not the scope of this research.

On the other hand, when employing strategies for enhancement of existing

urban areas, it is also recommended to insert medium LAD trees as the main
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type of greenery. Designers should always aim for inserting greenery as
compact as possible in pre-existing conditions. In this case, parking lots,
wide pedestrian paths or roads offer adequate space to insert trees in
compact forms. Similar to the case of designing new areas, it is important to
note that inserting green roofs and grass does not provide significant means
of reducing surface temperatures in urban areas. In general it is
recommended to aim for minimizing the bare concrete and asphalt surfaces

when applying strategies for reducing surface temperatures in urban areas.

6.3 Further Research

The outcomes of leads to further possible areas of research in this field,;

some of these possibilities are:

e exploring the effects of other types of greenery such as hedges and
vertical greenery including green walls and green facades on reducing
the surface temperatures in urban areas

e investigating the effects of greenery on variables such as air
temperature, wind speed and direction, humidity, heat and energy

e testing the optimal strategies on more pre-existing/newly designed
urban areas with different sizes, land use, building characteristics and
microclimatic conditions

e studies on identifying the most efficient types of trees suitable for
urban areas of Dubai; specifying indigenous trees in Dubai that
feature medium values of LAD; explore the water requirements and
cost of maintenance of different species of trees

e exploring the effect of Optimal Strategies on both newly designed and
pre-existing urban areas in terms of their required costs and
maintenance as well as their benefits in terms of energy savings and
comfort levels

e Carrying Field studies on urban areas of Dubai that feature Optimal

Strategies; comparing field study results with the findings of this
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research in order to clarify the effects of the strategies in real
conditions

Investigating the effects of greenery along with other mitigation
strategies of Urban Heat Islands such as modifying building materials
and building geometry in the old fabric of Dubai; this investigation
would predict the extent to which urban heat island is preventable in

the old dense areas of Dubai
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Appendix A Samples of Extracted Data Manipulation — remaining files
available in soft copy
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Figure A. 1: Data for Green Roof in Area B during the Winter at 10 AM

A B C D E
1
2 1 91 286.51 13.51 16.60
3 1 89 286.51 13.51
4 1 87 286.52 13.52
3431|149 || 77 286.95 13.95
3432 149 | 75 288.39 15.39
3433 149 | 73 287.16 14.16
3434 149 | 57 291.17 18.17
3435 149 | 55 298.31 25.31
3436 149 | 53 292.62 19.62
3437 149 | 15 302.15 29.15
3438 149 | 13 301.08 28.08
3439 149 | 11 300.25 27.25
3440 149 9 299.67 26.67
3441 149 7 299.49 26.49
/34_42 149 5 299.48 26.48
3450 149 3 299.42 26.42
3451 149 1 299.35 26.35

Figure A.2 Data for Green Roof in Area B during the Winter at 10 AM
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A B C D E
1
2 1 75 311.27 38.27 36.58
3 3 75 310.99 37.99
4 l 5 75 310.83 37.83
2793’ 33 1 309.87 36.87
2794 35 1 309.90 36.90
2795| 37 1 309.64 36.64
2796 39 1 309.59 36.59
2805. 57 1 309.50 36.50
2806_ 59 1 309.48 36.48
2825 97 1 308.83 35.83
2826 99 1 308.89 35.89
2827 101 1 309.60 36.60
2828 103 1 309.54 36.54
2829 105 1 309.00 36.00
2849> 145 1 310.58 37.58
2850 147 1 310.64 37.64
2851 149 1 309.59 36.59
2852

Figure A.3 Data for Green in Area A during the Summer at 7 PM
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Appendix B Tabulated simulation results for all tests performed in Part One
of the research showing Average Surface Temperatures of urban areas

excluding buildings.
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Table B. 1: Summary of Average Temperature (°C) for Summer Tests-P1

Sv've 6L1v¢ ov've YSve S0 74 L6°G¢ ve
€8¢ ¢c'ac 8LY¢ Y6°v¢ 0Lv¢ Y'9¢ €e
9¢'ac TL°G¢ TZ'a¢ Tv'Gae €T'ac 86°9¢ 44
L/°SC 0€'9¢ €L'G¢ L6°G¢ ¥9°'G¢ ¥9'/L¢ T¢
0ov'9¢ €0'/L¢ 9€'9¢ G9'9¢ G2'9¢ G'8¢ (014
¢c'le 00'8¢ 8T°/¢ vS'/.¢ ¢0'L¢c 95'6¢ 6T
6.°8¢ 06°'6¢ 6.°'8¢ GZ'6¢ 298¢ 09°TE 8T
89°0¢ vy'ce TL0€ eeTe 9T°0€ Trve LT
Y0'€e Ly'SE 80°€E 96°€E LT°¢E 88',E of
6C' V€ [AAVA> veve TO9€ T9°€EE L0°0V aT
v6've A1 TO'GE LTLE c0ve 89Ty 14"
S6°VE 0.°8¢ 60°GE 09°'.E €0ve TO¢v €T
[ASRA 0c'.E AN 72> GE9E 60°€E 06°6€ 4
90°¢E ELVE ocece 08'€e Sr'1E 89°9€ TT
T6°6¢ €9'TE L6°6¢ 6.°0€ yv'6c 68°¢E oT
T6°9¢ L6°/¢ 96'9¢ 0c'/Le Ly'9¢ 098¢ 6
Tv've | WA 74 vr've 6C'v¢ 9T'¥¢ T0'G¢ 8
09¢c 8v'¢c 09'¢¢ 6E¢¢ ¥S'¢e T.¢¢ L
06°¢¢ L0°EC G8'¢¢ 98°¢¢ 96°¢¢ c1ve 9
0T'ec 0cee 90°€¢ 80°€¢ 96°¢¢ 9Eve S
¢eee ¥S'€¢C 8¢'ee ceee LEEC 29've 14
9g°¢ec 18°€¢ [ASR 4 859°€¢ [AS R4 06'v¢ €
€8'ec 0Tv¢ 8L€¢ L8€EC SV ¢c'ac [4
(A 74 evve L0¥¢ 8T¥¢ €0've LS°GC T
S-1d v-1d €-1d ¢-1d T-1d 3Svd swi|

119



(D,) @dnpueiadwa ] abeiaay

SERAE |
]
/
1
/
//
7
> |
\\\ N

12 14 16 18 20 22 24

Time

10

Figure B. 1: Average Temperature for Summer Test-P1
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Table B. 2: Summary of Average Temperature (C) for Summer Tests-P2

Time BASE P2-1 pP2-2 P2-3
1 25.57 24.31 24.07 24.02
25.22 24.00 23.78 23.73

3 24.90 23.72 23.52 23.46
4 24.62 23.47 23.28 23.22
5 24.36 23.24 23.06 23.00
6 24.12 23.03 22.85 22.79
7 22,71 22.56 22.60 22.57
8 25.01 24.63 24.44 24.34
9 28.60 27.56 26.96 26.78
10 32.89 30.90 29.97 29.77
11 36.68 33.63 32.20 31.95
12 39.90 35.87 34.02 33.79
13 42.01 37.16 35.09 34.84
14 41.68 36.95 35.01 34.75
15 40.07 35.94 34.34 34.12
16 37.88 34.43 33.08 32.86
17 34.41 31.68 30.71 30.56
18 31.60 29.42 28.79 28.71
19 29.55 27.66 27.18 27.12
20 28.45 26.75 26.36 26.31
21 27.64 26.07 25.73 25.68
22 26.98 25.52 25.21 25.17
23 26.44 25.05 24.78 24.73
24 25.97 24.66 24.40 24.36
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Figure B. 2: Average Temperature for Summer Test-P2
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Table B. 3: Summary of Average Temperature (°C) for Summer Tests-P3

Time BASE P3-1 P3-2 P3-3
1 25.57 23.78 23.20 24.07
25.22 23.47 22.99 23.78

3 24.90 23.18 22.81 23.52
4 24.62 22.93 22.65 23.28
5 24.36 22.69 22.50 23.06
6 24.12 22.48 22.37 22.85
7 22,71 22.40 22.88 22.60
8 25.01 23.78 24.38 24.44
9 28.60 25.83 26.21 26.96
10 32.89 28.36 28.26 29.97
11 36.68 30.43 29.82 32.20
12 39.90 32.22 31.32 34.02
13 42.01 33.37 32.17 35.09
14 41.68 33.45 31.82 35.01
15 40.07 32.89 31.20 34.34
16 37.88 31.80 30.22 33.08
17 34.41 29.96 28.49 30.71
18 31.60 28.33 26.93 28.79
19 29.55 26.91 25.52 27.18
20 28.45 26.13 24.89 26.36
21 27.64 25.50 24.41 25.73
22 26.98 24.97 24.02 25.21
23 26.44 24.52 23.70 24.78
24 25.97 24.13 23.43 24.40
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Figure B. 3: Average Temperature for Summer Test-P3
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Table B. 4: Summary of Average Temperature (°C) for Winter Tests-P1
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Figure B. 4: Average Temperature for Winter Test-P1
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Table B. 5: Summary of Average Temperature (°C) for Winter Tests-P2

Time BASE P2-1 P2-2 P2-3
1 14.76 14.19 14.18 14.16
2 14.53 13.99 13.98 13.96
3 14.33 13.80 13.80 13.78
4 14.14 13.63 13.64 13.62
5 15.36 14.90 14.90 14.87
6 15.36 14.90 14.90 14.87
7 16.58 16.16 16.16 16.13
8 16.16 15.84 15.85 15.83
9 17.16 16.75 16.72 16.69

10 18.82 17.64 17.42 17.36
11 20.65 18.59 18.17 18.07
12 22.30 19.24 18.79 18.68
13 23.38 19.57 19.15 19.08
14 22.85 19.48 19.12 19.02
15 21.82 19.19 18.90 18.82
16 19.28 18.69 18.48 18.43
17 18.73 17.89 17.74 17.70
18 17.74 16.74 16.63 16.60
19 17.04 16.13 16.05 16.02
20 16.47 15.66 15.60 15.58
21 16.01 15.27 15.23 15.21
22 15.63 14.94 14.91 14.89
23 15.30 14.66 14.64 14.62
24 15.02 14.41 14.39 14.38
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Figure B. 5: Average Temperature for Winter Test-P2
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Table B. 6: Summary of Average Temperature (°C) for Winter Tests-P3

Time BASE P3-1 P3-2 P3-3
1 14.76 12.51 13.71 14.18
14.53 12.32 13.56 13.98

3 14.33 12.13 13.42 13.80
4 14.14 11.97 13.29 13.64
5 15.36 13.06 14.41 14.90
6 15.36 13.06 14.41 14.90
7 16.58 14.15 15.52 16.16
8 16.16 13.88 15.33 15.85
9 17.16 14.64 16.36 16.72
10 18.82 15.30 17.30 17.42
11 20.65 16.03 17.91 18.17
12 22.30 16.63 18.32 18.79
13 23.38 16.97 18.56 19.15
14 22.85 17.05 18.62 19.12
15 21.82 16.86 18.44 18.90
16 19.28 16.48 17.97 18.48
17 18.73 15.83 17.03 17.74
18 17.74 14.87 15.81 16.63
19 17.04 14.34 15.28 16.05
20 16.47 13.92 14.89 15.60
21 16.01 13.56 14.57 15.23
22 15.63 13.25 14.30 14.91
23 15.30 12.97 14.08 14.64
24 15.02 12.73 13.88 14.39
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Figure B. 6: Average Temperature for Winter Test-P3
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Appendix C Tabulated simulation results for all tests performed in Part Two
of the research showing Average Surface Temperatures of urban areas

excluding buildings.
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Table C. 1: Summary of Average Temperature (°C) for Summer Tests in Area A

Time Existing Condition Trees Plus Green Roof Trees Only
1 35.27 33.81 33.98
2 35.04 33.62 33.78
3 34.84 33.46 33.61
4 34.67 33.32 33.46
5 34.51 33.20 33.32
6 34.16 33.09 33.19
7 24.63 24.33 24.38
8 27.87 27.24 27.32
9 32.20 30.01 30.33
10 37.04 32.89 33.40
11 42.28 36.22 36.77
12 47.58 40.42 40.84
13 50.98 43.69 44,15
14 50.27 42.69 43.44
15 47.10 40.95 41.75
16 44.23 39.91 40.43
17 42.05 39.04 39.43
18 40.22 37.96 38.27
19 38.33 36.31 36.58
20 37.37 35.51 35.75
21 36.72 34.98 35.21
22 36.23 34.59 34.80
23 35.85 34.27 34.48
24 35.53 34.02 34.21
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Figure C. 1: Average Temperature for Summer Tests in Area A
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Table C. 2: Summary of Average Temperature (°C) for Winter Tests in Area A

Time Existing Condition Trees Only Trees Plus Green Roof
1 17.53 17.50 17.39
2 17.34 17.33 17.22
3 17.17 17.18 17.08
4 17.02 17.05 16.94
5 16.88 16.92 16.82
6 16.75 16.81 16.70
7 18.06 18.20 18.16
8 18.09 18.25 18.20
9 19.42 19.51 19.45
10 21.59 20.83 20.76
11 24.61 22.48 22.31
12 27.16 24.44 24.18
13 26.41 23.70 23.46
14 25.57 23.40 23.13
15 24.52 23.05 22.80
16 23.36 22.47 22.26
17 22.02 21.47 21.29
18 20.45 20.03 19.88
19 19.65 19.32 19.19
20 19.09 18.83 18.71
21 18.65 18.46 18.34
22 18.30 18.15 18.03
23 18.00 17.90 17.78
24 17.75 17.68 17.57
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Figure C. 2: Average Temperature for Winter Tests in Area A
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Table C. 3: Summary of Average Temperature (°C) for Summer Tests in Area B

Time Existing Condition Trees Plus Green roof Trees Only
1 30.09 27.37 27.23
2 29.88 27.26 27.10
3 29.69 27.15 26.99
4 29.52 27.07 26.89
5 29.38 26.99 26.80
6 29.25 26.93 26.73
7 23.10 21.60 21.95
8 26.34 22.82 23.97
9 29.74 25.67 25.75
10 33.22 27.59 27.65
11 36.53 29.41 29.48
12 40.06 31.75 31.87
13 43.32 33.98 34.23
14 43.20 34.24 34.47
15 41.55 33.68 33.84
16 39.59 32.62 32.77
17 37.08 31.68 31.76
18 34.93 30.58 30.60
19 33.08 29.18 29.17
20 32.14 28.57 28.52
21 31.50 28.18 28.11
22 31.02 27.90 27.80
23 30.65 27.69 27.57
24 31.13 27.57 27.51
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Figure C. 3: Average Temperature for Summer Tests in Area B
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Table C. 4: Summary of Average Temperature (°C) for Winter Tests in Area B

Time Existing condition Trees Only Trees Plus Green Roof
1 15.99 14.50 14.40
2 15.83 14.39 14.29
3 15.68 14.29 14.20
4 15.54 14.20 14.11
5 15.42 14.12 14.03
6 15.31 14.04 13.96
7 16.66 1541 15.37
8 16.57 15.31 15.26
9 17.44 15.99 15.93
10 18.71 16.70 16.60
11 20.42 17.49 17.30
12 22.49 18.68 18.37
13 22.96 18.81 18.50
14 22.72 18.68 18.42
15 22.31 18.50 18.27
16 21.37 18.05 17.85
17 19.98 17.25 17.08
18 18.56 16.19 16.04
19 17.85 15.72 15.58
20 17.36 15.39 15.26
21 16.97 15.14 15.02
22 16.66 14.93 14.82
23 16.40 14.77 14.66
24 16.18 14.62 14.52
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Figure C. 4: Average Temperature for Winter Tests in Area B
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