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Abstract

Characterizing the Effect of Increasing Albedo on Urban Meteorology and Air Quality in
Cold Climates, a case study for Montreal

Ali Gholizadeh TouchaePh.D.
Concordia University, 2015

The higher temperature of urban areas congpareheir surroundingural aeas is called urban

heat island (UHI).UHI during summer may harm inhabitardad aggravatecooling energy
demand.Increasing urban albedo oposed to aater the undesirable impacts of UHITo

analyze the effect of albedo enhancement on urban clinaaigatmosphere interactions and
various physical processes in the atmosphere and on the land should be mddestter
Research and Forecasting (WRF) modeban canopy model (UCM), building energy model
(BEM), and chemical transport model (CHEM) amupled, to accurately investigate the effect

of an increase in the urban albedo. To select appropriate models sensitivity of near surface air
temperature and near surface wind velocitythie choice of parameterization is evaluated.
Montreal and Toronto, abe two most populated Canadian cities, are selectegv&duation of

UCMsand an increase in the urban albedo.

Seasonal performance of the increase in albedo of roofs, walls, and road by 0.45, 0.4, and 0.25,
respectively, results ian averagedecrease of 0.25 °C during summer andegligible effect

during winter(<0.1 °C). Thedaily building energy savingof HVAC systemsn summertime is

about 18 Wh/100/ while, the winterheatingpenaly is about 2 Wh/100f Considering the

effect ofaerosols and othguollutants,in summertimethe simulatedmaximum air temperature
decrease by about 1 °C near surface3-hour averageozoneconcentrationdecrease by 0.1

ppby, and 24-hour averagePM, s concentrationdecrease by 2 ¢ Y Simulatiors show that
increasingthe urban albdo resuls in a reduction in summé&me air temperatureleading to a

lower cooling energy use aaahimproved outdoor air quayi.



Preface
The results of this thesiare presented in conferences, published in a journal, submitted to a
journal, and under preparation fubmissiorio different journals, as listed.

Published journal papers:

Ali G. Touchaei, and Hashem Ak r iThe cliinate effects of increasing the albedo of roofs in a cold région
Advances in Building Energy Research, Vol. 7 (2), pp-186, 2013.

Ali G. Touchaei, and YupengWa n gUrbanfiMorphology of Montreal (Canada) for Characterizing Urban Heat
Islandd Sustainable Cities and Society, 2015

Conference presentations:

Ali G. Touchaei, andHashem Akbari) The climate effects of increasing the albedo of roofs in a cold région 3 4t h
AIVC conference, Athens, Greece,-26 September 2013.
Ali G. Touchaei, and Hashem Akbaf, The Seasonal Effect of Increasing Urban Albedo in Cold Climdates

International Conference on Countermeasures to Urban Heat IslariisG&ober 2014, Venice, Italy.

Journal papers under review:

Ali G. Touchaei, Hashem Akbari, and DeMi | | sCGharacterjzdtion of Urban Heat Island and the Effect of

Increasing Roof Albedo in Two Canadian Cities Using Urban Canopy ModelsimWRFs ubmi t t ed t o a | c
Ali G. Touchaei, and Hashem Akbafi,Sensitivity Analysis of Physical Parametetiaas in WRF over Montreal

(Canadap , in preparation for submission to a journal

Ali G. Touchaei, and Hashem Akbaf, The Seasonal Effect of Increasing Urban Albedo in Cold Climates

submitted to a journal.

Ali G. Touchaei, Hastem Akbari, and Mirata Hos@i,ii Energy Saving Potentials of Commercial Buildings by

Urban Heat Island Reduction Strategies in Montreal (Can@da)i n pr epar ati on for submissi
Ali G. Touchaei, Hashem Akbari, Chris Tessum, and Julian Mardh&ffect of Increasing # Urban Albedo on

Urban Meteorology and Air Quality of Montreal (Canada) i n preparation for submissio

Contribution of other authors:

Dr. Dev Millsteinat LBNL directed me in using the WRF model and guided me on analyzing outpu¥ujizng

Wang (Concordia University) provided some of data (calculated sky view factor) presented in Chapter Six. Mr.
Mirata Hosseinishared the building energy model (DOE2) infileés that he used for his thesis at Concordia
University with me for comparisons Chapter Eight. DrChris Tessum, an®r. Julian Marshalltrained me on

preprocessing anthropogenic emission data for WERIEM at University of Minnesota.



Acknowledgment

| would like to express my deepest appreciation to my mentor and supervis@sBrdfashem
Akbari who has taught me how to think about sophisticated issues. | learnt how to perform an
applied research, to train engineers through teaching courses, to lead a research group, and to
communicate in the scientific environmelmtfluence ofProfessor Akbari on gnscholarly life is
undoubtablend my gratitude and respect for him extends beyond words.

| am grateful of the supervisory committee, Professor David SaitwtldRd State University,
Mechanical and Materials Engineering), Profedsariborz Haghighat (Concordia University,
BCEE), Dr. Damon Mathews (Concordia University, Geography), and Dr. Leon Wang
(Concordia University, BCEE), for their advices to keep me on the right trédc&nkProfessor
Haghighat in particular for his $piring suggestion through my studies. | am sincerely thankful

of Dr. Matthews for building the foundation of my research through the Environmental Modeling
course.

Funding for this research wagsovided by the Natural Science and Engineering Research
Council of Canadato Professor Akbariunder the discovery progranCalculQuebec and
ComputeCanada provided the computational facilities for this research. | would like to thank Mr.
Daniel Stubb for his help and guidance for parallel computing of software .

GettingPh.D. was the biggest challenge of my life and | could not imagine accomplishing the
work without the support of my family and friends. Special thanks to my lovely mother, my

wonderful wife, and magnificent brother.

And now,

Al't i s bettewdenceo | eave all th
It is better to hang my heart to tress of my love

Before the faith takes my blood

It is better to pour the blood of grapes into the kipwil

Kayyam Neishaboori

Ali Gholizadeh Touchaei
March 2015



To Shabnam and Reza

Vi



Table of Contents
IS A T 0= Xiii

(TS A0 N 1= o ] (=T XViil
LISt Of SYMOIS. ...t eeeee XXI

Chapter One: Introduction to urban climate.............ccccceeiiiiiiiicccciiccce e,
O R = - Tod (o {011 T PO TP P PP PPTTPP
D2 0 1 4 o= 1 I = o] [ RSP
1.3. UHIIN COId CIMALES.....cciiiiiiiieiieie e
I =T 0 VAot KT W . 0] (o o P
1.5, AN POIULION ...t eeene e
1.6. HEAItN IMPACT. ... ..uiiiiiiiiiiiiieii et nnee e
IR A Y/ 1o = L1 o o P PPPPUPPPRPS
1.8. RESEArCh ODJECHIVES.......coeeiiiiie v erre e e e e e e e e e e e e e e aaeees
1.9. THESIS SIIUCTULR. ... it e e e e e e e emrnnnnes

Chapter TWO: LItErature rEVIEW .............uuuueieeieiiiiiieeerieeeereeeeeeeeeeeeeaeeesamareeaeeaeeens

© N 00 M B W W OO DNDN PP

2.1. Atmospheric response to global and regional increase of the urban. albedo..

2.2. The role of urban canopy models in urban climate simulatians....................... 12

2.4. Quantification of effects of increasing albedo on urban climate and air quality 17

2.4.1. The role of urban morphology and building characteristics........................ 22
2.5. Summary of the Brature reVieW............ccceeeiiiii e ceeeecceee e 23
2.6. CoNCIUAING FEMAIKS......cooiiiiieiiiii et s e e e e e e e e e e e e aeas 24

Chapter Three: Methodology ..........coooeiiiiiiiiiieee e 26
G700 Y10 0 10 = o 1 o Yo | USSP 26
3.1.1. ParameteriZatiOnS. ... ... oot eeeeee e 28
70t 0 I |V o3 0] 0 )] o~ U SPPPPRRN 28
0t 00t O 1§ | 11 03 PSSR 29
3.1.1.3. Planetary boundary layer (PBL)..........cccoiiiiiiiireeiiiiiiieee e 29
G 00 01 0 S 2 o [ = [0 o TR SRRPPPP 29
3.1.0.5 LANGSUIMACE. ...ttt e 30

Vil



3.2. Urban Canopy MOAEIS............ouuuuiiiiiiiireeiiss e errers e e e e e e e e e e e eeees 30

3.2.1. SIAD MOUEL....eiiiiiiiiiiiiiiie e 30
3.2.2. SINGIE [AYEr UCM.. ..ottt teees s e e e e e e e e e e e e eeeeeeennnnes 31
3.2.3. MUILHAYET UCM.....eiiiiiiiieiie ettt rnne e e e e e e e e e e eeeeeeeannn s 31
3.2.3.1. Building Energy MO L...........uiiiiiii e eeeeeeeeee e 31
3.3. Simulations and analysis Of OUIPULS............cooviiiiiiiieee e 32
3.3.1. Selection of the urban canopy Model.............oeeiiiiiiieeciiiiii e 33
3.32. Sensitivity experiment on physical parameterizations...............ccoevvcceeeenen. 33
3.3.3. ModificatioNS t0 UCM,.....ccvviiiiiiiieieiiei e e 33
3.3.4. Seasonal assessment of albedo enhancement.............ccoovvceeieee s 34
3.3.5. Detailed building energy evaluatian...................euvvimeeiiiiiiiiiiiiieeeeeee e 34
3.3.6. Air quality MOAEliNgG .........uuuiiiiiiiiiiiiii e 34

Chapter Four: The choice ofurban canopy model for climate modeling............ 35

4.1. Methodology of selecting an UCM and characterizing climatic effect of an

increase iN roof @lDEAQ............uueiiiii e 35
g O S | .11 = [ o T 35
o O [ T o T | - = PSSR 37
4.1.3. Evaluation MethQd...............uuuiiiiiiiieeeiiiiieicee e 38
4.2. Results of simulations fordvitreal and TOronto................eeeieiiisiccceviiieniinenn. 39
4.2. 0. Al TEMPEIALUIE. .....eeeeieeeeeeee ettt mnne e e e b s eneeanns 39
o VAV s To V=1 (o Yo | PP 43
4.2.3. Temporal UHL.........ooooiii et e e e e aeene s 44
4.2.4. Spatial UHL.......oooiiii e e 45
4.2.5. Effect of increasing the roof albedo...........cccoiiiiiieec e 47
4.2.6. Spatial distribution of temperature difference from the albedo increase...... 49
4.2.7. Clear day Of TOrONTQ.........uuiiiiiiiiii e e e e 51
G TR D £ Tox 13 o] o PSPPSR 53
4.3.1. Characterization of UHL............oooiiiiiiiiii e s 53
4.3.2. Effect of increasing the roof albedo..............cooomiiccciii e, 55
G JC TR I 10 1 = L0 3PP PSP PUPRRRPP 56
4.3.3.1. Microphysics and PBL parameterizations..............ccuuvvveieeeeeeeeeeeeeeseeeeennnnnns 56

viii



4.3.3.2. Urban morphology and building charast@s..................cccceeiiieeeeevvinnnnns 56

4.3.3.3. Selecting the weather stations..............ooovviviee e 57
4.4. Conclusion on the choice of UCM and the effect of an increase in roof albedo 58
Chapter Five: Sensitivity Analysis of Physical Parameterizations in WRE........ 60
5.1. Methodology of sensitivity anais of model ensembles within WRE................ 61
5.2. Results and discussions on air temperature, wind speed, relative humidity, and
precipitation iN MONTrEal............oooiii e 63
5.2. 1. AN tEMPEIATUIE. ... ecee ettt e eea bbb e e e e e e e e e eemee e 63
5.2.2. WINA SPEEA.........oviiiiiiiiiii et et s e e e e e e e e aseeis s s e s s e e e e e e e e e e e e e e e aesnnnraeaeeaaees 66
5.2.3. Relative RUMIAILY.........iiiiiiiiieeciee e 69
I e = Toi ] o] ¢ 11 0] o FU PP PP PP PP PPPPPI 72
5.3. Conclusion on the appropriate model ensemble.............ccoovvvieeeeeeeieieieeeeeeiinns 75
Chapter Six: Characterization of Urban Morphology of Montreal....................... 77
6.1. Methodology of SIMUIAtIONS.........cccooiiiiiiiiii e 77
6.1.1. Selected parameteriZatiONS. ........ e it 80
6.2. Urban CharaCteriStiCS........cooviiiiiieiiiiteeee e s e e e e e e e e 80
6.2.1. Urban morphology.........ccooiiiiiiiiiiieeee e 81
6.2.2. Efficiency/performance of energy systems in buildings..............ccccccoeeeee. 84
6.3. .Urban heat island and urban cool island in summer...............ccccceeeeivvivinnnnee. 85
6.4. Methods of calculating sky view factor for a Canopy........cccccceeeeeeiviccceeeeeeeenn. 88
6.5. UHI simulation with modified data...............cooooiiiiiie e 90
G G T @0 Tox (1] o o TP 92

Chapter Seven: Effect of Increasing Albedo on Urban Climate and Energy
Consumption of Buildings in Montreal.................oiiiiieemi e 93

7.1. Methodologyf evaluating seasonal performance of an increase in urban albedo 93

7.1.1. Monthly Typical Meteorological DaysS...........ccouuvviiiiiiieeer e 93
7.1.2. Episode and domains of SImulations.............ooooiiiiiiice e 95
7.1.3. Urban parameters. ........coooiiiiiiiiiiieen e e 96
A o = = 4 0 = P 96
7.0 D, ANAIY SIS . it ————— et e e e et t b ————————————— 96
7.2, SIMUIALION FESUILS.....ceeieieeeeiiiii e e e errnr e e e e e e e e e e e e e e e e eeennne s 97



7.2.1. Urban heat island mitigation.............ccoooiiiiiieeer e 98

7.2.2. Energy consumption of buildingsS.........cccceeeeeiiiiiieeeiii e 103
7.3. Discussioron the predicted air temp#ure and energy consumption of HVAC
)Y (=] 1.0 PRSPPI 104
A TR N[ g (=T 0 01T = LU = R 105
7.3.2. Energy consumption of buildingsS.........cccceeeeeiiiiiieeeiie e 106
7.3.3. LIMITALIONS. ..ottt erena e e e e e e e e e e e e e e e eeannneaeeeeeees 107
7.4. Conclusiomnf the seasonal evaluation of an increase in the urban albedo...... 110

Chapter Eight: Energy Saving Potentials of Commercial Buildings by Urban

Heat Island Reduction Strategies in Montreal...............ccoevvvviviieeee e, 111
8.1. Methodologyf the detailed energy calculation in buildings..............ccccvvvvveeee. 111
8.1.1. Simulation tool and ItS SITUCIUIE..........uuueiiiiei e eeeer s 11
8.1.2. Roof modeling in DOR.........ouiiiiiiii e eeee e 112
8.1.3 Description of the BUIldingsS...........uuueiiiiii e 112
S 00 I Tt ST g = | 0 o = R 113
8.1.3.2. MediUm OffiCR......oiiieiieeiiiei et e e e e e e e e e e e e e enee s 113
8.1.3.3. Large OffiCR....cciieeeeee e 114
8.1.3.4. REtAIl STOTB.....uuiiiiiiiiiiiiii e 114
8.1.4. SNOW PrOPEITIES .. .ottt tie e et et eees s e s e e e e e e e aeaaaeeeeesemmmees 116
8.1.5. Weather file fOr DOR ......cccoo et 117
S0 I S Yot = o = g o PP 119
8.2. Simulations result31d diSCUSSIONS..........ccoeeieiiiiiiiiiieee e eeeees 120
8.2.1. SMaAll OFffiCE....uuiiii i nnne 120
8.2.2. MediUm OffiCE ... uuuiiiiee e e s 121
8.2.3. Large OffiCe. ..o e 123
8.2.4. RELAIl STOIMB....cceeiiiieiiei e rn e e e e e e 124
8.3. Conclusiomn the energy consumption of commercial buildings....................... 125

Chapter Nine: Effect of Increasing the Urban Albedo on Air Quality of

1[0 g (=T | T 126
9.1. Methodologyf meteorological and air quality modeling...............cooovvvviamnnnnn. 126
9.1.1. Simulation domain and the summer epiSOde. ............uuueeieiieemrivriierieeiieeeeeeenns 126



9.1.2. MeteorologiCal SEIUP..........vuviiieiiiii s cmr et e e errnra e e e e e e e e e e e e eeeees 127

S IR0 I J O 1= 0 011 1 VRS- (U o R 127
9. 1.4, INPUE AAEAL....ceeeeeeeeee et e e et e et e s aeer e e e e e 130
9.1.4.1. MeteorologiCal INPUL............uuiiiiiiiiiii e 130
9.1.4.2. ANthropOgeniC EMISSIANS ... .uuuuuiiieeeeeeeeeceerieeie e e e e e e e e e e e e e e e e e e eeirree e e e e eeeeaaeeeeens 131
9.1.4.3. BiOQENIC EMISSIONS......cceiiiiieeiiiiiiiiimmme e e e eeeeetaeaaa e e e s emessaasa e e e e e e aaaeaaaees 135
S IR 0 B @ 1 =T o =1 = T 135
9.2. Result®f the simulations with WRIEHEM, and diSCUSSIONS...............cvvvevnnnnnn. 136
S I I T (=] 0 =] = L | = S 136
9.2.2. SKIN tEMPEIAIUIE. ... .ccceeeiiieeeeeeeiteeee et e e e e e e e e e e emnnas 138
9.2.3. ShOrtwave radiation..........ccoooeee e e ceeeiee e eeeeeerree e e 140
9.2.4. SensIble NEAL fIUX.........iiie e 140
9.2.5. PBL NEIGNL......uitiiiiiiii it et e 141
9.2.6. MIXING FALIO.....uuiiiieee e e eee e et eeee e e e e e ettt mmme e e e e e e e e e aee e e smmmeneennnes 142
9.2.7. MOISTUIE TlUX ...ttt eene e e e e et e eeeees 142
9.2.8. WING SPEEA.....eeieieiiiiiiiie et 143
9.2.9. OZONE CONCENIIALIONL. .. ..utuvivtriiiiieeeeeieeerererbeeeeeereeeeeeaeseesesemeeeeeeeeeaeaaeaeeaasassnaans 143
9.2.10. PM 2.5 CONCENIIALIQML. ... .uuuiiiiiiiiieieeesieeetttieeeeeeeeeeeeeaeeeeeessmmreeeeeaaeeeeaaaaeaanannns 146
9.2.11. ENergy CONSUMPLIONL.....coiiiiiiiiiiiiiitieees st e e eeere e e e e e e e e e e e aeeeeeeas 149
9.3. Conclusiormon the charaerization of the effect of an increase in the urban albedo

on the air quality of Montreal...............ccoooiiiiieer e 150

Chapter Ten: Summary and CoNCIUSION...............uvviiiiiiiiier e 151
10,1, SUMIMBIY ..ttt s e e e emenn e 152
(0 2 @0 ] 1§ £ [0 « S 154
10.2.1. Urban climate modeling...........coovviiiiiiiiiieee e 154
10.2.2. The albedo enhancement StALEG...........cuuiiiiiiiiieemreiie e veeee e 155
L0 T @0 o1 1o 010 P 155
0 U (0 = Y0 T T 156
105. Policy recoOmMmMeNndatiG...........ooeiiiiiiiiii e ceeee e ereer e e e e e e e e eaaa 157
RETEIENCES. ... e 158
Appendix A: Description of WRF solver and physical models...............ccccoooiines 180

Xi



Appendix B: Can urban ozone generation be modeled correctly based on major

Xii



List of Figures
Figure 1-1. Typical variation of air temperature along a city and occurrence of the

O o | PP 2
Figure 2-1. Diurnal average extraterrestrial global horizontal solar irradiance in four

(011 12T PP PP PP PP PPPRPRPP 9
Figure 3-1. Flowchart d WRF modeling system for urban climate simulation........ 28

Figure 4-1. Simulation domain of (a) the Greater Montreal and (b) the Greater
0] (0] ] (o T PPN 36

Figure 4-2. Land Use Land Cover (LULC) of (a) the Greater Montreal and (b) the
Greater Toronto extracted fronSGS dataset.........ooveveeeeieeiiiiieeeeeeeen. 38

Figure 4-3. Location of weather stations in (a) Greater Montreal and (b) Greater
1 (0] 1 {0 P 40

Figure 4-4. Hourly observed and simulatedn2 air temperature (°C) [left] and the
difference between modeled and observed temperatures [righg urban
areas of Montreal [top] and Toronto [bottom] in-1@y-2005 observed
data and results of simulations using the three UCMs...........ccccc.ovveeee 42

Figure 4-5. Temporal variation of 22n air temperature (°C) difference between urban
area and rural area of Greater Nteal [left] and Greater Toronto [right] in
12-July-2005 using three UCMS...........coooiiiiiiiiiieeee e 45

Figure 4-6. 24- hour (@), daytime (b), and nighttime (c) averaged air temperature
(°C) of Greater Montreal and Toronto in-1@ly-2005 [CTRL case] using
MUIti-Layer UCM........iiiiiiii e eeeeceeeeeeee e 46

Figure 4-7. 24-hour (a), daytime (b), and nighttime (c) averaged skin temperature (°C)
of Greater Montreal and Toronto in -IRly-2005 [CTRL case] using
MUt -Layer UCM.... ... eeee e a7

Figure 4-8. Hourly variation of (a) Zn air temperature difference and (b) skin
temperature difference between CTRL case and ALBEDO case in Montreal
using differenNt UCMS..........oiiiiiiic e eeeee e 48

Figure 4-9. Hourly variation of (a) Zn air temperature difference and (b) skin
temperature difference between CTRL and ALBEDO in Toronto using
AIfFErenNt UCMS ... .t e e e e e e 49

Xiii



Figure 4-10. Mean daily 2m air temperature (°C) and mean skin temperature (°C)
difference between CTRL and ALBEDO ofréater Montreal on X2uly-
72 0L L PRSP 50

Figure 4-11. Mean daily 2m air temperature (°C) and mean skin temperature (°C)
difference betweel€TRL and ALBEDO of Greater Toronto on -D2ily-
2005. (a) Multilayer UCM, (b) Singt-layer UCM, and (c) slab model.... 51

Figure 4-12. Hourly variation of (a) 2an air temperature difference and (b) skin
temperature difference between urban area and rurabar&é&July-2005
in Toronto using different UCMS............oooiiiiiiiiiee e 52

Figure 4-13. Hourly variation of (a) 2an air temperature difference and (b) skin
temperature difference betweeMRL and ALBEDO on 15July-2005in
Toronto using different UCMS............ccciiiiiiiiiieeeieee e 52

Figure 4-14. 2-m air temperature and skin temperature difference (°C) between (a)
Multi-layer UCM and Singkayer UCM, and (b) Muldlayer UCM and
slab model of Greater Montreal in-IRIy-2005..............ccccviiiiiiiiemmnnnne 53

Figure 4-15. 2-m air temperature difference (°C) between (a) Maler UCM and
Singlelayer UCM, and (b) Multiayer UCM and slab model dbreater
Toronto in L12JUlF2005.........cooiiiiiiireee e 54

Figure 4-16. 24-hour averaged heat flux difference (W/m2) between (a)UWa@M
and slab model (Mislab), and (b) MEUCM and SEUCM (ML-SL) of

Greater Montreain 12-July-2005............oooiiiiiiiiiiiirree e 54
Figure 6-1. Map of Montreal and selected neighborhoose.maps.google.com... 82
Figure 6-2. Number of buildings sorted by the height on the left axis and the

probability distribution of builthg heights on the right axis..................... 83
Figure 6-3. 2-m air temperature (°C) in different hours of July 14th, 2005.............. 87

Figure 6-4. Schematic of the arrays of buildings considered as the urban morphology,
(a) 2D model randomly distributed height of building ro{s, 2D model
with constant height of buildings, (c) 3D model, and (d) 2D model with
randomly distributed height of buildings...........ccooooiiiiccei 88

Figure 6-5. 2-m temperature observed at McTavish weather station and reproduced by
considering different Cases.........cooevvveiiiiiiicceei e 91

Xiv


http://www.maps.google.com/

Figure 6-6. Urban heat island intensity from observed data (the difference between air
temperature measured at urban area [McTavish], and rural area [Mirabel
Airport]) and simulated CASES..........uuvuuiiiiiiii e aeeer 91

Figure 7-1. Three domains of simulations (Domain 1: grid size of 10x10xomain
2: grid size of 3.3x3.3 km, and Domain 3: grid size of 0.6x0.6.km)...... 95

Figure 7-2. The 2m air temperature difference (°C) in ALBEDO and CTRL on
MTMD of all months of ayear at QM. ...........ccoovvviiiiiiiiiiieeeee, 100

Figure 7-3. The 2m air temperature difference (°C) in ALBEDand CTRL on
MTMD of all months of ayear at 31P.........cooovviriiiiiiiceeeeen 101

Figure 7-4. The 2m air temperature difference (°C) in ALBEDO and CTRL on
MTMD of all months of ayear at QI .........cooovriiiiiiiiceen 102

Figure 7-5. The dailytotal energy consumption difference (W#im) in ALBEDO and
CTRL on MTMD of summer months of 2005............cccccvveeiiiicemnniiieeeenn. 103

Figure 7-6. Difference of the daily averagedm2 air temperature (°C) in ALBEDO
and CTRL cases on 21st day of all months of a.year..................cccceee.. 108

Figure 7-7. Difference of the daily average energy consumption of buildiagsir
conditioning (W/nf) in ALBEDO and CTRL cases on 21st day of all
MONENS OF @ YEAL ... e e e 109

Figure 8-1. Snow depth and characterization of snow type in Montreal, 2005....... 117

Figure 9-1. Schematic of the size distribution of aerosols considered the
MADE/SORGAM......eeiieet ittt eeer e e et e e e e eaeeennne s 129

Figure 9-2. NOx emission (mole/kfthr) in different hours of a weekday Bomain 3
(the dashed line is the urban border and dark blue color represents.rivers133

Figure 9-3. PM2.5 emission (mole/kfthr) in different hours of a weekday Bomain
3 (the dashed line is the urban border and dark blue color represents rivetsj4

Figure 9-4. Temporal variation of the spatially averaged Pdand NOx emission in
the UIDAN @r@a......coeeiiiiiie e 134

Figure 9-5. SO2 emission (mole/kfthr) in different hours of a weekst in Domain 3
(the dashed line is the urban border and dark blue color represents.riversl135

Figure 9-6. Average isoprene emission (mole/thr) in Domain 3for biogenic
calculations IN MEGAN.......uu e 136

XV



Figure 9-7. 2-m air temperatte of urban and rural areas the threeday heatwave
period and the difference between CTRL and ALBEDOQ......................... 137

Figure9-8.2-m air temperature difference (eC)
1AM, 2005........ocvieciceie et 133

Figure 9-9.2-m air temperature differencely(eC)
120, 2005.........ceieeiceeie e eet e 139

Figure 9-10. Surface temperata of urban and rural areastime threeday heatwave
period and the difference between CTRL and ALBEDOQ......................... 139

Figure 9-11. Shortwave radiation on the gmudiin urban and rural areastime three
day heatwaveeriod and the diérence between CTRL and ALBEDQ.... 140

Figure 9-12. Sensible heat dix of urban and rural areas the threeday heatwave
period and the diérence between CTRL and ALBEDQ...........ccccceeeernnn.. 141

Figure 9-13. PBL heightabove urban and rural areagsle theeday heatwave period
and the difference between CTRL and ALBEDQO..................eevviiceennn. 141

Figure 9-14. 2-m mixing rato of urban and rural areas the threeday heatwave
period and the difference between CTRL and ALBEDO...............cccc..... 142

Figure 9-15. Moisture flux of urban and rurakeasin the threeday heatwave period
and the difference between CTRL and ALBEDQO............ccccceeviiiiiceennnes 143

Figure 9-16. 100m wind speed (adveatn) in urban and rural areas time threeday
heatwave period and the difference between CTRL and ALBEDO....... 143

Figure 9-17. Ozone caocentration at the first vertical level (~5m from the grum
urban and rural areas the threeday heatwave period and the difference
between CTRL and ALBEDO OL.............ciiiiiiiieeee e eeeeeeeeee s 144

Figure 9-18. Ozone concentration difference (ppbv) between CTRL and ALBEDO on
JUIY 2T%, 2005ttt ettt ettt eeaee ettt 145

Figure 9-19. Ozone concentration difference (ppbv) between CTRL and ALBEDO on
JULY 227 2005 ..ottt ettt e, 146

Figure 9-20. PM2.5 concentration at the first vertical level (~5m from the gidum
urban and rural areas the threeday heatwave period ante difference
between CTRL and ALB........cooo oo 147

bet we

bet we

Figure 921.PM2 .5 concentr at?) betweed CTRIf and ALBED® (€ g/ m

ON JUIY 13, 2005t veeee e, 148

XVi



Figure 922.PM2 . 5 concentr at?) betwveen CTRIf ad ALBED® (€ g/ m

ON JUIY 187 2008ttt eeeee et 149

Figure 9-23. Energy consumptionfaHVAC systems of buildings inhe threeday
heatwave period and the difference between CTRL and ALBEDO (DIFF).150

Figure A-1. Information transfer flowchart of WRF model...............ccoovvvviieeeeeee. 182

Figure B-1. Schematic of stock and flows for a pollutant in STELLA softwatre...... 205

Figure B-2. Anthropogenic emisens of. / h / and# / ( ) as a function of
L L L= (T T PR 206

Figure B-3. a)Wind velocity t 1 O, b)TemperatureH), c)Zenith angle (degree), and
d)Relative humidity (%) of Los Angeles in specified period of time

(National Solar RadiatioBData Base, 2011).............ccoevvvvvvvvieemeeeeeeeeeennnns 207
Figure B-4. Time seriest /n / and. / concentration{——) variation................. 208
Figure B-5. Cyclic changes of photochemical reaction rates............ccccccoeveeeennnen. 208
Figure B-6. Time series Ozone-{——) and Temperature+j variation..................... 209

Figure B-7. Sensitivity of ozone to the temperatude ( 8% ,4 4 and4 p®4) 210

Xvii



List of Tables
Table 2-1. Qualitative comparison of coantration of gaseous pollutarits different
SBASONS ..ttt ettt et e e et e e e mm— e e et e e et e e en s aneneeena s 18

Table 41. Correlation (R) of 2m air temperature, MBE, MAE, and RMSE of
observed and modeledn2 air temperature in Montreal..................cc.covue. 41

Table 4-2. Correlation (R) of 2m air temperature, MBE, MAE, and RMSE of
observed and modeledn2 air temperature in TOroNtO..........ccceeeeeeeeeeenn. 41

Table 4-3. MBE, MAE, and RMSE of olmved and modeled it wind speedn
IMONTIEAL. ...ttt 43

Table 4-4. MBE, MAE, and RMSE of obseed and modeled it wind speedn
JLIL 010 5| (o PP 44

Table 45. 24-hour averaged, daytime averaged, and righ¢ averaged -Zn air
temperature and skin temperature calcdldte Montreal and Toronto by
coupling ML-UCM, SL-UCM, and slab model to the mesoscale madel 49

Table 51. Simulation seups with different options on parameterizations of

microphysics, cumulus, PBL, and radiatian..................cccveeeiieeeeennnns 62
Table 5-2. MBE in predicted temperate (°C) with different WRF settings............... 64
Table 5-3. MAE in predicted temperature (°C) with different WRF settings........... 65
Table 54. RMSE in predicted temperature (°C) with different WRF settings......... 66
Table 55. MBE in predicted wind speed (m/s) with differéiRF settings................ 67
Table 56. MAE in predicted wind speed (m/s) with different WRF settings........... 68
Table 57. RMSE in predicted wind speed (m/s) with different WRF settings........ 69
Table 58. MBE in predicted relative humidity (%) atr@ height with different WRF

S U] 00 L TP P TP PR PR 70
Table 59. MAE in predicted relative humidity (%) at® height with different WRF

{11 00 1S PP U TP PRTRP 71
Table 510. RMSE in predicted relative humidity (%) atn2 height with different

WRF SEHINGS ... it e e e e et e e e e e e aaaanan 72
Table 511. MBE in predicted precipitation (mm) thi different WRF settings.......... 73
Table 512. MAE in predicted precipitation (mm) with different WRF settings....... 74



Table 513.RMSE in predicted precipitation (mm) with different WRF settings.... 75
Table 6-1. The characteristicsf selected urban areas and thgiogas in Montreal...... 83

Table 6-2. Energy use for space cooling and heating in Quebec by equipment type and
their stock efficiency inN 2005.........coooerii i 85

Table 6-3. View factors of the selected cities and region in Montreal using different
Urban MOrPROIOGY.......cooiiiii e e e e e e e e 90

Table 7-1. Daily-spatiallyaveraged 2n air temperature (°C), energy consumption for
air conditioning (Wh/rf), sensible heat flux from the ground (Wjm
downward shortwave radiation on the ground (W/rand PBL height (m)
in CTRL and (CTRL ALBEDO) for Montreal(Canada) on the MTMD of
each month in 2008..........oooiiiii e 98

Table 7-2. 24-hour, diurnal, nocturnal, and peak UHI intensity and the performance of
albedo enhancement to mitigate the UHI in the MTMD of each months 99

Table 7-3. Annual, winter, and summeenergy consuption and expenditure of
buildings in CRL, energy savings/penalty amdoney savings/penalty in
ALBEDO. ..ottt 104

Table 7-4. Average, maximum, and minimum of the difference of daily averagad 2
air temperature (°C), Energy consumption for air conditioning (&\/m
Sensible heat flux from the ground (WjmDownward shortwave radiation
on the ground (W/A), Cloud fraction (%), and PBL height (m) in
ALBEDO case and CTRL case for Montreal (Canada) on 21st of each
MONEN N 2005....... it e e e e e e e e e e e e 105

Table 8 1. General characterist of prototype buildings and HVAC systems.......... 115
Table 82. Specific characteristics for office building and retail building prototypes 116
Table 83. Summary of the weather statisticsS In CTRL.............ceeeevviiieeeeiiiieeeeee 118
Table 84. Summary of the weather statistics iINn ALB................ovvvviiiiccneeeeeiiiiennnnnns 119

Table 85. Summary of the energy consumption and energy expenditure of a small
office with different HVAC systems and building characteristics using dark
roof, white roof with weather data in CTRL, and white roof with weather
data in ALBEDO in Montreal, 2(............coovveveiiviimiimmmreeeeeeeieninnnnen e 121

Table 86. Summary of the energy consumption and energy expenditure of a medium
office with different HVAC systems and building characteristics using dark

Xix



roof, white roof with weather data in CTRL, and white roof with weather
data in ALBEDO in Motreal, 2005...... .o 122

Table 87. Summary of the energy consumption and energy expenditure of a large
office with different HVAC systems and building characteristics using dark
roof, white roof with weather data in CTRL, and white roof with weather
data in ALBEDD in Montreal, 2005...........coiiuiiiiiiiiceemeeeeeeee e 123

Table 88. Summary of the energy consumption and energy expenditure of a retail
store with different HVAC systems and building characteristics using dark
roof, white roof with weather data in CTRL, and white roof with weather
datain ALBEDO in Montreal, 2005............cooviiiiiiiiiiiireeeeeeeiiiii e 124

Table A-1. Physical models interaction with the ARW solver, i indicates the input to
the model and o represents the output of the madel............................ 193

Table B-1. rate of photolysis reaction of 15 degrees zenith aagtezenith suat 0.5
KM AU, ... 201

XX



List of Symbols

English Symbols
5

QDOODOOOnggzOO

o O
o] o

R R R s
&

o
E:

Area

Convection heat transfer coefficient from the ground to the can

Convection heat transfer coefficient from walls to the canopy

Specific heat capacity

Displacement height

Latent heat

Energy

Energy consumption of HVAC systems
Total radiation on the ground

Total radiation on the wall

Fluctuation of energy

Horizontal forcing of the prognostic variables
Vertical forcing of the prognostic variables
Urban fraction

View factor of wall to ground

View factor of ground to wall

View factor of wall to wall

Gravity

Ground heat flux

Sengble heat

Convection heat transfer coefficient
Height of the wall

Sensible heat from the canopy
Sensible heat from the ground
Sensible heat from the wall

Mean height of buildings

Sensible heat flux

XXi



C-

Q- Q- C-

o

€
Q

R I I R S R I T A D e e

No-

Von Karman constant
Conductivity

Heat exchange coefficient
Momentum exchange coefficient
Monin-Obukhov length scale
Length scale

Specific latent heat of evaporation
Latent heat flux

Pressure

Peak number of occupants

Heat emission from buildings to the canopy
Sensible heat gain from equipment
Mixing ratio of water

Heat generated by occupants

Net radiation on the surface

Gas constant of the air
Reflectance of the ground
Longwave radiation

Shortwave radiation

Reflectance of the wall

Source and sink of water

Source and sink of energy
Sourceand sink of pollutants
Temperature

Advection

A component horizontal velocity
Synoptic wind speed

Wind speed at roof level

Wind speed in the canopy

Friction velocity

XXii



Greek Symbols
|
I
1

Fluctuation of a component horizial velocity
Wind velocity

A component horizontal velocity

Air change volume

Fluctuation of a component horizontal velocity
The volume of the air in the grid

The volume of the room

Fluctuation of vetical velocity

Momentum roughness length

Thermal roughness length

Vertical velocity

Width of street

Thermal diffusivity

Characteristic vertical mixing length
Width of the wall

Molecular dssipation

emissivity

Potential temperature

Shear stress

Thermal efficiency of the heat exchanger
Frontal area density

Plan area density

Viscosity

Specific viscosity

Density

StefanBoltzman constant

Ratio of hourly occupants
Concentration of pollutants

XXili



Abbreviations
BEM
CFD
COP
EER
HDD
HVAC
IAIV

LSM
LULC
MADE
MAE
MBE
ML-UCM
MTMD
NDVI
NVI
NWP
PBL
RADM2
RMSE
SEER
SL-UCM
SORGAM
SVF
TKE
T™MY

Stability correction functions for heat
Stability correction functions for momentum

Angular velocity of the earth

Building Energy Model

computational fluid dynamics
Coefficient of performance

Energy Efficiency Ratio

heating degree days

Heating, Vntilating, and Air Conditioning
Increase Albedo Increase Vegetation
Land-Surface Model

Land Use Land Ceer

Modal Aerosol Dynamics Model for Europe
Mean Absolute Error

Mean Bias Error

Multi-Layer Urban Canopy Model
Monthly Typical Meteorological Day
Normalized Difference Vegetation Index
Normal Vegetation Index

Numerical Weather Prediction
Planetary Boundary Layer

Regional Acid Deposition Model version 2
Root Mean Square Error

Seasonal Energy Efficiency Ratio
Single Layer Urban Canopy Model
Secondary Organic AerosModel

Sky View Factor

Turbulent Kinetic Energy

Typical Meteorological Year

XXIV



UCM
UHI

VOC
WRF

Urban Canopy Model

Urban Heat Island

Volatile Organic Compound
Weather Research and Forecasting

Dimensionless Numbers

0 £1°Y0

Stanton number
Dalton number
Nusselt number
Prandtl number
Reynolds number

Richardson number

XXV



Chapter One: Introduction to urban climate

This dissertation contributes to the understandindiofatology, air quality, and the energy use

of buildings in urban areas in cold climates. Climate simulation is a computationally expensive
approach in the comprehensive assessment of hosleted issues in urban areas. These
simulations deal with complex interaat® between the meteorological parameters (e.g.,
temperature, wind, moisture, etc.), urban morphology, heat emission from buildings to canopy,
and aerosols in the atmospheresies would be used by decisiomakers to make policies to
improve lives of urba dwellers. The fingesolution meteorological simulation is an appreciated
technique to acquire detailed information on the scale of the neighborhood for further analysis.
In particular, the focus of this work is to investigate the effect of increasenglitledo of urban

surfaces on air temperature, air quality and energy consumption of buildings.

This chapter provides the background of the urban climatology and the effect of urban structure
(e.g., buildings) on air temperature and wind field. Additignathe potential impacts of
changing surface characteristics on energy consumption of buildings and pollution generation are

introduced.

1.1.Background

Earlier observations of air pollution episodes in England drew the attention of scientists to urban
climatology, and the difference between urban and-umyan climates. Howard (1833) and
Unwin (1980) compared the measured temperature of urban areas and their surroundings and
they observed a distinct elevation of air temperature in metropolitan areas.sBcienicluded

that areas with higher human population (i.e., urban areas) are usually warmer than their
surroundings; this phenomenon is called urban heat island (UHI). UHI has a considerable
nocturnal effect and the temperature difference can be as $iggh &C (Oke, 1987; Roth et al.,

1989). Figure 41 illustrates the typical spatial distribution of air temperature around a city.

UHI causes more energy consumption for cooling (Akbari and Konopacki, 2005), and more air
pollution generation (Akbari et al2001). Impacts of UHI on human life include an increase in
mortality (Kosatsky et al., 20059nd a change on the urban ecosygti€ayleigh et al., 2013)
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Figure 1-1. Typical variation of air tempetare along a city and occurrence of the UHI

1.2.Urban fabric

The urban fabric comprises buildings, roadways, sidewalks, parking lots, vegetation, and bare
soils in urban areas. However, by definition, the ideal urban area is structured by canopies with
four canponents; roofs, walls, pavements, and natural surfaces. UHI is a result of heat release
from the urban canopy. Roofs and pavements cover about 60% of an urban area and absorb more
than 80% of incoming solar energy. Furthermore, changing land surfacertig®peom
permeable and moist (e.g., soil and vegetated lands) to dry and impermeable (e.g., roads,
buildings) reduce evaporation and latent heat flux (Wong, 2008). Human activities in urban
areas, such as air conditioning, transportation and manufagtatso increase the heat emission

rate.

1.3.UHI in cold climates

UHI in tropical and moderate climates counts as common knowledge; however, UHI is a serious
issue in many urban areas located in cold climalése number of heating degree days (HDD)

in low-temperature regions located in high latitudes (less sun energy) or high altitude (low
pressure), is high. ASHRAE defines regions with 7200 < HDD < 9000 as cold (zone 6) and 9000
< HDD < 12600 as very cold (zone 7) climates (ASHRAE, 2007a). Based onit@igor many

cities in Canada, the US, Russia, and Europe are considered as cold climate regions.

One of the characteristics of the weather in Canada is the calotkwise rotation of the wind
(i.e., anticyclone) (Korolevych and Richardson, 2012). Aticgiclonecauses high pressure and

a stable climate condition that increases the urban temperature and UHI ir{ténsity, 1980;



Beranova and Huth, 2005; Morris and Simmonds, 2000; Szegedi and Kircsi, 2003). Mostly, UHI
is significant during the stabiynoptic weather condition (Arnfield, 2003).

1.4. Energy consumption

A well-documented effect of UHI is a decrease in summer thermal comfort. For air conditioned
buildings, UHI causes an increase in cooling energy demand. In summer, urban areas absorb
more sola energy that increases the surface temperature compared to their surroundings. Hence,
the cooling energy demand increases. This process has a small effect on the temperature in
winter because: (1) the urban surfaces are covered with snow for a long qietiiod, (2) the

zenith angle that reduces solar energy on the ground is large, and (3) the sky is mostly cloudy.

UHI increases both mean cooling load and peak cooling load of buildings, in summer.

1.5. Air pollution

Different emission sources contribute e tair pollution in urban areas. Among them, industries

and vehicles are the most important sources of pollution. Moreover, buildings and other
anthropogenic activities release heat and moisture that can increase the rate of reaction of
pollutants. An incgase in energy consumption may lead to more pollution generation as well
(Rosenfeld et al., 1998). Furthermore, higher ozone generation, as a secondary product of the
reaction of nitrogen oxides (Nand volatile organic compounds (VOCS), is a consequeihce

temperature increase in urban areas.

1.6. Health impact

The UHI I mpacts wurban inhabitantsd health in
deaths due to heatwaves, and (2) causing respiratory system diseases and cancer due to the air
pollution. Thenumber of deaths related to weather conditions has become greater than that from
any other natural disasters. In Canada, also, the number of premature deaths is correlated to the
heatwaves (Kosatsky et al., 2005). On the other hand, the cumulative rafilzgradian deaths

from the impact of air pollution (both shadrm and longerm exposures) was estimated to be

21,000 people in 2008 (Geduld, 2008). This number is predicted to increase to 39,000 people in
2031, with Quebec and Ontario sharing the Isrgeoportion. In another study, the annual rate



of excess deaths due to air pollution was estimated to be about 18% of the total number of deaths
(Judeket al.,2004).

1.7. Mitigation

Due to growing concerns about UHI threats, scientists have proposed ncamjgtes to
mitigate UHI. Three main strategies to mitigate the UHI are: (1) implementing reflective
surfaces, (2) vegetating urban surfaces, and (3) reducing anthropogenic heat emissions. The
focus of my research is on studying the effect of cool surfacesirban climate, energy

consumption, and air quality.
1.8. Research objectives

Policy and decision makers need to have clear guidelines for urban development and urban
planning in Canadian cities. They need to have a quantified effect of UHI mitigatiomissate

on urban climate, air quality, and energy consumption of buildings. The importance of
characteristics of the urban fabric is woven into the purpose of this study. In this research,
albedo, moisture content, and vegetation cover of urban areas argamipo terms of
energetics. Additionally, urban morphology the essence oflimate modelingusing fine-

resolutiongrid cells

The effect of increasing urban albedo in moderate and tropical climates is studied by researchers
around the globe. Herdyeaobjective isto perform detailed simulations and analyze results of the
effect of increasinghe albedoof urban areas in cold regions, especially in Canadian cities. To
accomplish this objective, four consecutive stages are defined.

1. Selecting the appropate modks for urban climate simulation
Mesoscale models are comprised of many parameterizations (cumulus, microphysics,
planetary boundary layer, radiation, and sodface) that have been used for predicting the
weather condition. Urban areas are coaad as a part of the laisdrface parameterization
to predict the heat and moisture fluxes from land to atmosphere. Urban canopy models
(UCMs) are used to represent the urban areas for more accurate estimation of desired
parameters. Building energy mod¢BEMSs) can also be coupled to UCMs to calculate the

heat emission from buildings into the canopy.



Measured meteorological parameteesg(, temperature and wind speed) from weather
stations around selected cities are compared to the simulated paraietensie-efficient
parameterizations with the least errors are selected for further modeling. The selected
parameterizations are applicable for simulating an urban area in cold climates tingg

resolution approach.

. Modifying current models

The curreh UCMs and BEMs are simple and they do not consider many complexities of
urban areas. Some aspects of those models are modified to improve them for urban climate
simulations. In UCM, the effect of multeflection between urban surfaces is modified. In

BEM, the coefficient of performance (COP) is modified.

. Selecting simulation episodes and collecting urban morphological data

A methodology to select the weather data for episodic urban climate simulation is proposed
using the typical meteorological year (TM¥pproach (Halkt al., 1978). Analyzing the

urban morphology is also a complied procedure; hence, | propasenethod to simplify the

process without missing essential information.

. Evaluation of the effect of increasing tindanalbedo

The current wether condition for the selected cities is modeled with the platform provided in
the earlier stages of the research and by adding the chemistry model (CHEM). Thereatfter, the
albedo of urban surfaces is increased under different scenarios. The effeceasinmgithe
albedo on UHI, air quality, and energy consumption of buildings is investigated. The

feasibility of applying this mitigation strategy for the case studies is discussed.

1.9. Thesis structure

In Chapter Two, the current state of knowledge is revieavetithe shortcomings are cataloged.

A shortdescription of the simulation tool and an introductiorthe nethodology of selecting the

model ensemble, evaluating it, and performing simulationghis dissertation ipresentedn

Chapter Three. In the nexwo chapters, the selection of appropriate parameterizations for

mesoscale modeling and the choice of urban canopy magdeldiscussed Chapter Six is

devoted t o ur ban mo r p h ol omgterms afrtheéir impoertahcd inn g s 6

predicting theurban heat island intensityn ChapterSeven the mesoscaled CM-BEM ensemble

5



is used to investigate treeasonakffect of increasing the albedo of urban surfaces on the air
temperature anbuilding energy consumption of Montreal. Chapter Eight is dedic&tdetailed
analysis of the change in building energy consumption from the albedo enhancement by
considering the dynamics of the HVAC systems. &inejuality modelingof Montrealusingthe
mesoscaldJCM-BEM-CHEM ensemblés discussed in Chapter Nin€he last chapter provides

asummaryconclusion of this researcand possibléuturework.



Chapter Two: Literature Review

Thereis a distinct difference betweestrategies to fight climate change (global warming) @and
fight heatwaves in urban ared%ie contribution of the air temperature in urban areas on climate
change is believed to be negligil{learker, 2004; Peterson, 200@khereasthe anthropogenic
activities in urban areas are the main emitter of greenhouse(abesy andCai, 2003) On the

other hand, climate change hasignificant effect on urban climate and extreme evé®€C,

2014 Oyeyinka et al., 2011)Strategiesto reduce the impact of climate change are mostly
focused on reducing anthropogenic emissitmstead,UHI mitigation grategies areppliedto
reducethe air temperature in urban areas, whener e t han 65% of the wor
predicted to live in cities by 205Wnited Nations, 2014 andwhich are vulnerable theatwaves
(Patzet al., 2005; WHO, 2002Mitigation strategies such as urban greeneryiaagkasing the
urban albedcare proposed to fight UHIlIncreasing the urban albedo is an interesting UHI
mitigation strategy for policymakers. Implementing reflective roofs and reflective pavement
increases the albedf the whole city and backscatéhne incoming solar radiation into the sky.
However, the magnitude of the effect of implementing the mitigationegtyadepends on the
specific factors associated with selected city, such as synoptic weather conditiohan

morphology,andtopology.

To investigate the performance of albedo enhancement on urban climate, many comgplication
and physical interactienin urban areas should be taken into accobhtysi@l assumptions
applied tourban climate simulationn mesoscale modelinge(@., the building environment
parameterizationare different from thephysical assumptionsn regional or global scales. For
urban climate simulations more details of urban heterogeneity, such as the size of buildings and
roads, shoul be considered. ®bsoscale meteorological models provide the basis for solving
conservation equations for the atmosphedseve urban areas. The capability of nesting in the
recent statef-sciencemesoscalenodelsenables researchersdéficiently model uban climate

by accounting for thesynoptic climate conditionFor these models, land is considered as a
bottom boundary conditionwhere required parameters are determined by different
parameterizations. Among different parameterizatiaghe,urban canopymodel (UCM) and

building energy model (BEM) are essential for urban climate simulations. These models can

7



estimate the heat and momentum flux on the surfaseng the lanéurface modelwhich
interacts with the above atmospheas well aghe collaterakffect of buildings and the canopy

on surfacdluxes

There are some conceraboutthe benefits and penalties of reflective materials. A very first
criticism is to address the penalty of using reflective materials in winter; in response, it has to be
mentioned that (1) in winter the solar radiation striking the ground is mesfthan in
summetime because of the greater zenith angle and thicker cloud cover in witerooling
energy is more costly than heating eneyysecond caveat point® the iisk of reflecting UV

light which might harm human health; so far, alma8treflective materials absothe UV light

and they are only capable of reflectiting Visible and NIR part of the sunlight (Berdadt al.,

2008; BerdahbndBretz, 1997; Synnefet al., 2007; PradandFerreira, 208; Levinsonet al.,
2005)which doesno harmto human health. Finally, the main motive for inciegghe urban
albedois to confront undesirable imga of heatwavein summey which have become more

frequent due to alnate change.

The diurnal averagef extraterrestrial global horizontal solar irradiance in four cities with
different latitudesis shown in Figure 2. The average extraterrestrial global horizontal solar
irradiance in summein Montreal with higher latitide (cold climate) is close tothat of other

cities. However, Montreal has substantially lower solar radiation (even without considering the
effect of clouds)in winter. In principle, lower sunlight in winter decreases the penalty of using

reflective sufaces.

Many articles and review papers have addressed different aspects of urban climate modeling and
mitigation strategies (Santamouris, 2013; Gago et al., 2013; Rizwan et al., 2008; Ming et al.,
2014). Mirzaeiand Haghighat (20103ummarized approachesdlimitationsin studying the

urban climate in different scales. Many of the limitations are overcome by recent advancements
in single and multlayer urban canopy models (&ICM and ML-UCM). The coupled modeling
(UCM-mesoscale model) systems are alsol wielveloped by reseehers. Arnfield (2003)
provideda detailed review othree major effective mechanisms in urban climate (turbulence,
energy exchangeand water balance). Hexplained the development of mesoscale models by
revealing new experiments fdreterogeneous surfaces. Recent models treat the momentum

exchange and heat fluxesore accurately by considering webtimated anthropogenic heat

8



emission and net radiation on the urban surface. In a report for DOE (Navigant Consulting,
2009), allresearh related to the Urban Heat Island (UHI), to that datesbeen summarized.

' Montreal

' Atlanta

Q Miami

Extraterrestrial Global Horizontal Solar Irradiance

300

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month
’ Pogota === Montreal === Atlanta A Miami e==x==Bogota

Figure 2-1. Diurnal average extraterrestrial global horizontal solar irradiance in four cities; Montreal (CA), Atlanta
(US), Miami (US), Bogota (CO). [httguww.nrel.gov/midc/solpos/solpos.html]

| cataloged the literature infour categories:

1 Atmospheric response to global and regional increaieeairban albedo

1 The role of urban canopy models in urban climate simulations

1 The role of building energy modets energy consumption estimation

1 Quantification of &ects of increasing albedo on urban climate and air quality

2.1. Atmospheric response to global and regional increase tife urban albedo

Increasingor decreasing surface albedo can affect regional and Igtdin@ate. Akbari et al.
(2009) determined the global cooling effect of increasing the albedo by considering a simple
radiative forcing model. The global negatialiative forcing of 0.044 Wi/fthat offsetsthe
emission o4 Gt of CQ by a0.1 increasen the urban albedwas estimated. In another study,
effects of global increase of albedo on lgegn temperature variation and its £@ifset were
investigated(Akbari and Matthews, 2012; Akbaret al., 2012) The global temperature was

decreased by abo@t°C and 1°C by increasing the albedo of the land areas between +45° and



+20° latitude by 0.1, respectivelyhe intermediatecomplexty model (University of Victoria
Earth System Climate Modepredicted 0.0PC to 0.07°C decrease ithe global tempetare

from an increasenly in the urban albedo.

In another studyMenon et al.(2010 found the global radiative forcing of the earth can be
reduced by 0.5 W/frand the global temperature can be decreased by about 0.008 °C in response
to a 0.1 increase iarban albedo (a 0.003 increase in global surface albedo). Similarly, in the
continentalUS the outgoing radiation was increased by 2.3 ¥\(the averagesummer increase

was about 18.2 W/fn and the temperature was decreased by 0.03 °C for the averaggesurf
albedo increase of 0.01. Results were calculatetthdatchment Land Surface Model (Koster

et al., 2000) using incoming global shortwave radiation, downward longwave radiatiomjr2

temperature, -2n specific humidity, rainfall, snowfall, wind, astirface pressure as inputs.

Using satellite observations with radiation models is a new approach to evaluate the effect of
albedo enhancement in urban areas. Salamanca et al. (2012a) calculated the reflected shortwave
radiation from two pairs of roofs itwo Indian cities thatvere half painted in cool colors. In

their model the atmospheric transmittance was considered, which accounts for the multi
reflection of radiation inside the atmosphere. A radiative transfer model showed a difference of
about 50 Wih? (of the roof areajn outgoing shortwave radiation on top of the atmosphere for a
0.1 increase in roof albedo. Building on the method presented in Salamanca (2012a), the annual
effect of an urbamwide increase in the roof albedo in six Indian cities assessed (Millstein

and Fischer2014). The magnitude of effect of aerosols on the radiative performance of
reflective roofswasestimated. The annual average benefit of a 0.5 increase in roof albedo was
about 1 kWh/rfiperday (~40 W/r; normalized by tharea of the roof

Oleson et al(2010) investigated the global effect of implementing white surfaces on urban
climate by coupling an urban canopy model to a global climate circulation model. Rexafs
chosen as the main urban covering surfacegfobal increaseof albedo. The urban canopy
model was able to consider HVAC systems of buildings. Simulations showed that by
implementingstrategies usingvhite roos, it is possible to mitigate the urban heat island effect
by 33% and reduce maximum temperatirerban areaby about 0.2C. On the other hanthe

strategy was less effectiathigh latitudes in terms of energy savings.

10



Jacobsonand Hoeve(2012) used a model calledGATOR_GCMM, avhich is designed to
addressglobatscale phenomen The model is daimed to considealmost all conventional
processes anchemicalspecies in the atmosphere. Land use dataextracted from NDDIS!
satellite remokly sensed data and analyzed for the grid domain. Based on their calculation,
0.128% ofland withnon-permarmnt iceis urban areas. Vegetation occupies half of urban areas
andthe roofsto-roads ratio was 1.3\ white-roof scenariawas implemented by changing overall
albedo of urban areas from 0.15 to 0.65. Simulatwe®e performed for different scenarios af
20-yearperiod,in addition to six perturbation simulations for sensitivity analysis of reskhis.

air temperature of urban areas wasreasedy 011 °C andthe earth warmed up abou0©.°C.

This change resulted from two mdactors 1) the carbondioxide dome over urban areaghich
absorbed reflected solar radiation from white surfaces, and 2) reduction in evapotranspiration
from urban surface as a result of cooler surface which decreases cloud optical depth. Decrease in

cloud optical deptis inversely proportional to the amountsafnlight strikng urban surfaces.

Coupling landsurfaceand atmospheric circulation modebnd usingland feedbacksprovide

more reliable results faassessinglobal effects of changing the albedo. Millsteind Menon

(201D, in one scenario, implemented cool materials for roofs and pavements of urban areas in
North America. In another scenario, they assessed using PV panels in two sites (increasing
absorptivity). They used Weather Research and Forecasting (WRF) fefimgodResults of the

first scenario indicated that the net reflectealar energy increased, wh the urban air
temperature decreasednost parts of the continerlh some regions the surface temperature did

not changeand some regions experienced iaorease in the surface temperature due to the
change in wind pattern. The temperature decrease in urban areas was less than previous
researcheshoweddue to the effect of atmospheric circulation. Implementation of PV panels in
alarge aregMojave Desdrof California)caused théocal afternoon aitemperature to increase
about 0.4 °C.

Levinsonand Akbari(2010) estimated the annual energy saving and pollution reduotion
bulk implementation of cool rosfor offices and retail stores in US. Theyaadhted the energy

cost saving by defining a cost function as the heating cost subtracted from the cooling cost. Air

! ModerateResolutionlmagingSpectroradiometer
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poll utantsd emission is described byemitadmmat i o

from natural gas furnaces and power plantseyrl divided offices and retail stores into two
categories of old (built before 1980) and new (built after 1980). For the modeling, they
calculated the cooling energy saving and the heating penalty per unit conditioned roof area and
the cost saving of protgpe buildings, with respect to regional energy prices. Simulation of
office buildings in 238J.S. cities showed calculations varying mostly diseenergyprices and
climate of target region. Energy cost saving in Alaska (cold climate with low densitiagiopu

was the lowestand in the southern part othe US was the highest. Retrofitting 80% of the
commercial buildinggdconditioned roof area in the US would yield an annual cooling energy

saving of 10.4 TWh; and an annual energy cost saving of $736mill

In anotherstudy (GeorgescuandMoustaoui, 2012)expansion of the Sun Corridor metropolitan
area in Arizona State was simulated with WRF to find out the effect of different surface
modification strategies on itr temperature and water content. Mover, the extended effects

of the urban expansion on the staitde climate were investigatedihe surface modification was
defined by changig albedoof roofs to its maximum value of 0.88 and decreasing the
permeability of the urban surfacédrban expansn (i.e., applying impermeable areajcreased

the average and maximurair temperatures up to about IC and 4 °C, respectively.
Implementing cool roofs resulted in less temperature increase, due to urban expansion, with a
difference of 0.27°C in summeitne. Expansion of the land use resulted in reduction of
evapotranspiration and precipitation for all scenati@ser precipitation was the consequence of
reducing potential water storage within the soil.

2.2. The role of urban canopy models in urban climate snulations

The oupled UCMmesoscale model gives a more accurate prediction of the climate parameters
compared to models that do not consider the urban morpholdwgye are different types of
UCMs available that can calculate the effect of canopy on thespthere with different levebf
complexity. In this sectior,investigate the related research associaidd UCMs coupled with
mesoscale model$n general, UCMs are dividedtmthree groups; (1), slab, (2) singlayer,

and (3) multilayer.
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Bulk (dab) urban canopy models are the simplest form of urban canopy models. They-are one
dimensional models based on the energy budget of urban surfaces. Solving the energy balance
equation can give the air temperature near the suifslogiyama and Takebayashi 1999;
Moriyamaand Matsumoto, 1988)Chenand Dudhia(2001) and Liu et al.(2006)developed a

Land Surface Model (LSM) that can predict the length of urban boundary layer based on local
Richardson NumberLower albedo, higher soil thermal conductivignd higher heat capacity

are expected for urban areas. Liu et al. (2006) modified surface roughness and background
albedo of urban areas in the model to be 0.8 m and 0.15, respectivelynodllied modelwas
implementedn a mesoscale modeld., MM53) for furthervalidation comparing the measured

data of Oklahoma City (OKUSA). An improvement in estimating the wind speed and its
direction, temperature, specific humidity, and boundary layer heighbbserved compared to
results of the earlier versiat themodel by Chen et §2001)

To study the effect of vegetation on air temperature, Moriyama €t989)built a singlelayer
soil slab model. They calculated the heat transfer coefficients using ¥dmikhov similarity
theory(Monin and Obukhov1954) In their model, reflectivity, evaporation efficiency, thermal
conductivity, and heat capacitywere a function of Normal Vegetation Index (NVI).
Anthropogenic heat emission and surface roughness of their area of study JEpaip was
based on meased data. They concluddbere wasa linear correlation between NVI and the

minimum air temperature.

Arnfield and Grimmond(1998) used a new heat storage parameterization to find the energy
budget of urban canopies. Storage heat fhas estimated baseon a linear function of net
radiation and rate of radiation. The coefficients of the linear function were determined
statistically. They used observed data to consider the effect of wind iropyaamdof radiation
trapping in their model. The modelas validated against observed data and showed a good
agreement. Some of these simple slab models have been used to find the effect of roofing
materials on the sensible flux of the ro¢fakebayashand Moriyama, 2007) Results showed

that using reflective matials (vhich absorb less energy) can reduce the sensible heat flux.

Likewise, green roofs reduce the sensible heat flux by increasing latent heat flux. Takebayashi

2 Richardson Number is a measure of the stability of the atmosherained in Appendix A).
% Mesoscale Model Version 5
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and Moriyama2012)used their slab model to calculate the radiant environment of urbas are
The energy absbmg portion of urban surfaces was determirzedi their effect on the surface
energy balance quantified. They modifiket thermal properties of urbazanopy South north
andeastwe st st r e e tweréconsidenecimteirdJCN, with gariable buildingheighs.

Kusaka et al(2001,2004)developed a singllayer urban canopy model and compared it with
slab and multiayer modelsThe @ncept of the proposed modeasbased ora simple energy
balance of sensible heat fluxes frame surface, and heat flux into the surface. This model needs
wind speedair temperature, solar position, and sotadiationflux as inputs of iterations from a
mesoscale model. The outputs are heat and momentum fluxes, in addition to the temperature on
different urban surfaces.€., roofs, walls, and roads). Solar flux absorbed by the surfaess
calculated based on a tvdimensional geometry of urban canopy by considering shadow and
reflection effects. The same approach was used for longwave soktiaadiuxes. Wind speed

in thecanopywasestimated with roof level wind speed, which is a function of synoptic wind and
logarithmic distribution in the canopy. Sensible heat exchange bete@eopy and the
overlaying atmosphere/as calculated based onehVioninObukhov similarity theoryMonin

and Obukhov, 1954)Surface temperaturesere estimated based on their energy balance
(Fourier lawfor thermal diffusio). The modeWwascompared with different observed data and
against other models, and result®whd a good agreement in predicting surface temperatures
and a fairly goodestimation of heat fluxes. Finally, three basic urban canopy models were
comparedand singleayer model results were in a very good agreement thighmulti-layer

canopy model.

The multi-layer model can consider indeoutdoor heat exchange arige canopy boundary
layer effect(Chen et al., 2009Martilli (2002)introduced a multlayer UCM that can address
interactions betweearban surfaces and synopticfliw. In their model,geometry of an urban
area is defined by a constant width of streets and buildings with the same lenig¢éhgad.
Height of buildings is approximated by a probability function that defines the building
distribution. The model solves conservation equatiexplicitly except fothe Poisson equation

of pressure. It useslkclosure of Bougeaulind Lacarrer¢1989)for the turbulent kinetic energy
equation. This model also mod#ithe radiation (shortwavadiation SchayeandGrossi, 1997

and longwaveadiation:Sasamori, 1968rappedwithin the urban canopy. They have validated a

14



simple mesoscale model coupled to the UCM with measured data. The comparison of their
model with previous research showed a significant improvement in thermal properties of th
canopy Additionally, they concluded thate¢imodel can predict Reynolds stress components and
turbulent intensity more accurately based on observatiosanthropogenic heag¢mission $
consideredn ML-UCM butit can be improvedby coupling auilding energymodel. The model
uncertaintywas evaluated against different urban canopy parame&mulationsby using
urban/WRF software showed that the model can well estimate diurnal variation of temperature
and wind distribution, atmospheric circulationddower boundary layer properties.

There are numbers of coupled U@hksoscale modelthat have beerfurther developed to
overcome their limitations in estimatirtpe momentum and heat exchange on urban surfaces
(Bornsteinand Lin, 2000; Ohashiand Kida, 2002) Best(2005) modified the fluxes of urban
areas in the Met Office operational mesoscale model anthdlgigficationsresuled in a better
prediction of urban air temperature. Dupont et @004) modified the impact of urban
components (buildings, vetation, and pavement) an MM5 mesoscale modelsinga single

layer UCM based on Massq2000) Masson(2000) considered roofs, pavementsidawalls

(each of them comprisintpree layers) as urban surfaces. Her maawhbiring UCM and LSM
accouns for the water content and temperature of deep ground soil. The model calculates the
temperature and water content of all surfaces by considering the effect of anthropogenic and
industrial heat emission in the urban agn Thetotal heat and momentum flux frotine canopy

is estimated by averaging the fluxes calculated foicabpy orientatiors. Otte et al.(2004)
developed a muliiayer urban canopy model by improving difagce properties of urban
surfaces. They usetthe thermodynamics approach of Dupontakt(2004)in their model and
validated themodel by using observations ihiladelphig PA, USA).

2.3.The role of building energy models in energy consumption estimation

The beneficial effect of using reflective coatings for roofs and pavemantsbanarea on
energy consumption of buildings is discussed in several reffkbsari and Konopacki, 2005,
2004 Scherba, 2011 Taha et al.(1988) coupled a simple ordimensional PBL model
(URBMET) with a comprehensive BEM (DOEZhe PBL model considers heat antbisture
fluxes of the urban surfaces. BEM uses the weather data for the outdoor cariditiionl the

energy consumption of buildings. The coupling of these modelsdeas offline and, after
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updating the weather data by PBL model output, BEM calcuthtednergy saving of increasing
the albedo.

Akbari et al.(2001) studied the effect of increasing albedo on the energy saving in buildings.
They used a mesoscale modat.(CSUMM?) coupled with a photochemical modeé(, UAM®)

to update the weather daand study the energy consumption change of buildings. They
increased the albedo of roof and pavements, and the vegetation fraction of Los Angeles. They
coupled a mesoscale model to a BEM.(DOE?2) for updating the weather data. The coupling
between e BEM and mesoscale model wdsneoffline and the resolution of the square grids

was about 5 km. Results showed a decrease of 20 ppb in peak ozone concentration and 20%

reductionin cooling energy consumption.

Reviewing numbers of papethat coupked BEM and urban climate modelshowed that air
temperature decreaselp to 2 °C by increasing the albefltaha, 1993@). Anthropogenic heat

emission haasmall effect on UHI in most parbf theUS except for cold regions in winter.

UCMs are alsocoupled with computational fluid dynamicsCFD) modek to calculate
interactions of building energy and urban environment. Ashie €39)used this approach for

Tokyo where the urban surface modification decreased the air temperature b§ @4and

cooling enegy by 3 25%, based on their model. Bruse et(2B98) developed a simple CFD

model that usemput of meteorological parametets build initial and boundary conditions. The

model considers interactisrbetween urban surfaces, urban vegetation, antbsjmere The

model provides the surface and air temperature as well as moisture content in different parts of
the domain. However, the model is not validated based on the observational data and it does not

have the capability of online coupling to mesoscatelefs.

One of the widely used BEM modeak based on the research performed by Salameneh
(2010a,2010b)and validated with previous BEMs. Their model is a modified versiothef

BEM developed by Kikegawg003) The BEM gets air temperature, huditly, and the amount

of radiation from a mesoscale model. Outputs of BEM to the mesoscale model are temperature of

urban surfaces and heat flux frdildings tothe canopy In this model, temporal variation of

* Colorado State University Mesoscale Madel
® Urban Airshed Mode
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indoor air temperature is solved based onsiesible heat loadifference between indosand
outdoos. Indoor air humidity is alscsolved following the same approagctbased on the
difference between the indoor and outdoor latent heat load. Indoor sensible heat load is
calculated by the convectiveeat transfer between room surfaces, air exchange of ventilation,
anthropogenic heat of occupagntnd other internal load®utdoor loads are related to the
heating and cooling loads of each floor. Surface tempegatirevalls, floor, and ceiling are
estmated using Fourier law of 1D conduction. Windows are assumed to babsorbent and
temperature is constant along its thickness. Rb®87)and Karlssoret al6 §€000)approach is

used to find the transmission of radiation through winddvre BEM canconsider the comfort
temperature (with its range) and maximum heating and cooling capacity of the HVAC system.
The model was validated against other BEdM®& good agreement wasund Sensitivity of
thermal load to the effect of windows, ventilation sgsteand convection heat transfer
coefficient was explored. The coupled BEBEP mode(Matrtilli et al.,2002)was also validated
using the experimental data thfe BUBBLE projectof Basel, SwitzerlandOffline simulation

with the copled model was performad onedimension for the neighborhood of measurement
tower. However, it was shown thdte BEM cannot predict the building energy consumption

accuratelyBuenoet al.,2011)

It should be noted that only the contribution of urban climate to energy cotisarapbuildings
and the indoor thermal comfort is significant, as discusséuk literature.The effect of climate

change on the indoor thermal comfort is negligible (Sailor, 2014).

2.4. Quantification of effects of increasing albedo on urban climate and aguality

Urban air pollution is one of the most complicated issues that science is facing (Seinfeld, 1989).
There are six different air pollutantsf main concernfor the United States Environmental
Protection Agency (EPA)carbon monoxide (CO), lead (Rhjitrogen dioxide(NO,), ozone

(0O5), particulate matter (PM) and sulfur dioxide @@{nttp://www.epa.gov/air/criteria.html]
Among these pollutants, ozone is of more interest due to its generation dependence on
temperature. Unlike the other pollutantsnperature has a direct and substantial effect on ozone
generation by chemical reactions. While most pollutants are emitted directly, some are secondary
producs of reactions between primapollutantssuch as NQ andHydroperoxyl. Furthermore,

those reaabns that produce the secondary pollutants strongly depend on the ambient condition.
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Hence, different pollutants may be observed in different timethefear or duringthe day.
Unlike other gaseous pollutants, ozone, as a secondary product pollutantighas
concentration in summertime (Tal#lel). Ozoneis also expected to have a high concentration in
the afternoon (ZeldiandMeisel, 1978Yue tothe secondary reactions.

Table 2-1. Qualitative comparison of concentration of gaseous pollutantsfaretit season&eldin and Meisel,

1978)
Pollutant Spring Summer Fall Winter
3/ Medium Low Medium High
. Medium Low Medium High
#/ Medium Low Medium High
/ Medium High Medium Low

Ozone concentration quantity, in different regions arotmedworld, is reported in the literature
based on simulains and experimental data (d8aldwin et al, 1977; Dickersoret al, 1997;

Carter et al., 1979 and the references thereithat investigated the relationship of the
temperature increase in sumnm@e to ozone generatioWalcek et al. (1994) improved the
simulation methodology to study effects of the temperature increase on the ozone concentration.
They considered reactions of both organic and inorganic compounds to expioseitisdivity

to different meteorological parameters. Finally, they concluded that the increase in temperature
results in more ozone pollution. In a project in Greece, researchers evaluated the ozone
concentration and the temperature quantity using experimental data redordifierent
locations of Athens (Stathopoulou et,aR008). They concluded that there was a linear
correlation between the ozone concentration and the temperature. Moreover, a smooth change in
the ozone concentration compared to the temperature vanei®mbserved. Other researchers
studied the relationshigxperimentally, based on ozeredatedreactions ira benchscale reactor

with different gaseous batlisee Hippleret al, 1990; Atkinsoret al.,2004 2006,2007, 2008,

2010, 2013 and the referares therein) Accordingly, different advanced models have been
developed to simulate chemical reactions in the atmosphere. Some coupled chemistry
meteorological models are able to consider meteorological variables as the inputs to determine
feedbacks of th system (Jacobson, 2@)2001b; Wu et al, 2007; Eyring et al., 2006). Many of

these models are used to find the ozone concentration, considering all effective variables.
However, these models are too complex to provide sensitivity analysis of thesesgaihe

ozone generation to temperature, anthropogenic emission, and trace gases. Hess et al. (1992)

18



reported the effect of the temperature and initial compositionfownreaction mechanisms.
Touchaeiet al. (2013)showedthat to have a valid chemic#éilansport model, emission of

Volatile Organic Compounds (VOCSs) should be considered.

There is a distinct relation between urban climate and air qualdy, &ir pollution dispersion).
Temperature rise in summer can increase the concentration of pallamt ozone) by
increasing the reaction rate. For example, Akbari et al. (2001) reported an increase of ozone
concentration in Los Angeles with temperature rise in summertime. Howael@rger urban
boundary layer would disperse the pollution verticaence, the ozone concentration might
have no significant change. Changing the urban temperature affects the precipitation and cloud
cover (their correlation is still under investigation). Precipitation would cause wet deposition of
pollutants. Consequéy, predicting the effect of mitigation strategies on precipitation of urban
areas is essential for studying the air qualigupling a meteorological model with a chemistry
model is acknowledgkby researchers to simulate the air quality of a region.

Tahaet al.(1997) used thecoupled CSUMM (mesoscale meteorological simulation) and UAM
photochemical model (chemical transport simulation) to investigate the air quality of the South
Coast Air BasinSimulatiors wereperformed for 0.07 and 0.13 averagerease in albedo of
possible grids for moderate and extreme scenarios, respectively. Vegetatiowasivereased

by the average amount of 0.06 and 0.12 for moderate and extreme scenarios, respectively.
Increasingthe urbarmalbedo hd a positive effecon almost all pagof the region by decreasing

the summertime temperature and ozone formation. Nevertheless, increasing vegetation cover of
the region is only effective (nemniformly) for extreme conditics) in both moderate and
extreme scenarios it waassumed thatrees withlow biogenic hydrocarbon emission were

planted.

Climate and air quality of three.8l cities (Salt Lake City, Baton Rouge and Sacramento) were
modeled to evaluate the heat island mitigation and ozone reduction by increasingliedan a
and vegetatioiiTahaet al.,2000) Meteorological modeling performed for current condition and
output of this modelasused as a direct inptit thephotochemical model and indirect ingat

the emission processor. Parameters needed by these modelde (but are not limited to):
density, specific heat, albedo, Normalized Difference Vegetation Index (NDVI), thermal inertia,

anthropogenic heat flux, thermal diffusivity, moisture content, and roughness length. Chaotic
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topography of a region like Sdlake City imposes large gradient in outputs that do not grant
generalization. Results indicated that all three cities had benefits fronfi $&itegies. All of the
cities experienced reduction in temperature but the city awjteater portion of urbaarea had
greater reduction ajzone generation compart® other cities.

Civerolo et al (2007)coupled MM5 and CMAQto study the effects afhanging thdand use

land cover in New York City. They usedtwo-way nested approach to prepare the boundary
conditionfor 4-km grids.Expansion olurbanland use increasdtie air temperaturéy about 0.6

°C. Furthermore, maximum 8iveraged ©levels inceased more than 6 ppb across the region.
Taha(2005 studied urban surface modification in central and sent@alifornia as a potential
ozone air quality improvement strategy. The main purposeeaitily wado ensue the positive

effect of increasing surface albedo and vegetation on air quality as well as air temperature. He
predicted 2.5°C and 3.5°C air emperature decrease for central and southern California,
respectively. The peak ozone concentration ed2éraged and 3averagedD; levelsdecreased

by up to 3 and 12 ppb, respectively. He used the MOWPAQ coupled model with a grid size of

5 km for the simulations. A very important outcome of the simulations was a smaller
improvement of air quality by further surface modification after a threqfi@lda, 2008). Sarrat

et al. (2006) coupled mesoscale and chemical transport models with an urban canogytonod
investigate the air pollution concentration over Paris. The simulationdeas for a stable
synoptic weather condition with a grid size of 3 km. The simulation well captured the dispersion

and generation of pollutants and their variation duringttigle and daytime.

Since about 2008, researchdérave started to develop firesolution models to see a more
precise variation of concentration of pollutaritsban climate and air quality ¢louston (TX,

USA) wassimulated using Urbanized MM5 to find teensitivity of the ozone concentration and
air temperature to albedo and vegetation cdiieha, 200B). The modelwas the modified

version of multilayer UCM of Dupont et al(2004) Modifications increased the accuracy of
urban parameterizatioim constuctingon mass, momentum, Turbulent Kinetic Energy (TKE)
and energy equations. Simulatiomsre performed using detailed information of the domain for

a grid sizeof 1 km Results indicated that the effect of increasing vegetatiorthenair

® Increase Albedo Increase Vegetation
! Community Multiscale Air Qualitymodel
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temperaturein dense regions igreater than that oincreasing albedo. The air temperature
decreased betweenahd3 °C for different pad of the city. The ame model has been used for
Sacramento (CA, USA) where the maximum air temperature chveagyeported to béhe same

(Taha, 2008). The peak ozone concentrati(@h-averagd) was decreased 4% 13% while the

short time interval ozone decrease was abou286ppb. Howeverpresence ofipwind had a
negative effect on ozone concentration of some regions (aragecod 911 ppb). Tahg2009a,

200%) used the same approach to characterize the potential air quality improvement strategy of
urban surface modification in different cities of California.

Atkinson (2003)used a singkayer UCM basedn the previous resezh (Kusakaet al.,2001;
Masson, 2000)coupled with a mesoscale model to investigate the effect of albedo,
anthropogenic heat emission, sky view factor, and emissiVitg. smulation domain was an
idealized realistic urban area that represents London,witk a grid size of about 1 km. By
sensitivity analysis, he found that the daytime effect of those factors on air temperatuhe near
urban surfacevas 0.2°C 7 0.8 °C. Nighttime effect of the factors raed betweer®.3 and0.75

°C, except for anthropemic heat emissignvhich had anuch larger effecup to 2°C.

The dfect of afractional increase in the roof albedo and in implemented green rabisurban

scale througthe WashingtoiiBaltimore area using coupled WHRJCM was investigatedLi

et al, 2014). The temperature reduction in urban areas prominent during the dawith a

small nocturnal effect. Increasing the albedo of 30% of conventional roofs (att@8p to the

value of 0.7 decreased t he s gatle@nartemegeratorer at ur

by 0.5 eC r equi therdof areh.d&edgcdon of WHI thtertgity avds proportional

to the change in the roof albedm another case, the albedo of 50% of the roof avaa

increased to 0.5 (0.2 lower than the defaake 0.7to consider the effect of dirt on the roof) and

0.9 (0.2 higher than the default case, @o7consider the highest extreme). Foe default case

(albedo= 0.7), the surface UHI and2 UHIwasdecreased by 1.7 eC and
respective y , which were O0.82 e @elewerdalbddlo ¢a8e (&5 hi gl
respectively, and 0.8 eC and 0.14 eC | ower th

In the Princeton UCM some of the shortcomings with the current UCM mpuhelsiding the
moisture balance and fractional reflectance within WWR&ve been resolvedilternatively, the

surface temperature of the grid is replaced by the surface temperature of the urban area to modify
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the calculation of Zn air temperatureThe model is capable ofonsidering heterogeneous
surfaces such as a combination of a conventional roof and a grekriLi and Bou-Zeid,
2014b)

2.4.1. The role of urban morphology and building characteristics
Urban areas are complex surfaces that current urban canopy models (UEM®) able to

considerin all their details. Therefore, in numerical weather prediction, a practical method of
assuming uniform distribution of buildings in the urban gridepglied (Martilli, 2009,and
references therein)in general, 2D UCMs assume revof buildings with equal width, and
constant or randomly distributed heiglithereas for the sake of simplicity, 3D models only
consider buildings with constant heigiithe dfect of assuming 2D and 3D streets thie sky

view factor (SVF) in urban canopyodelswas testedor five cities in Europe and Northern
America (Martilli, 2009). Accurate estimation of SVF is a crucial part of energy calculation in
urban areas. Analytical appidees are sophisticated and neadplification of urban geometry
(Johnsa and Watson, 1984). One of the waticepted methods to determine the SVF is image
processing of fisteye photography (Steyr201Q Hammerle et al.,, 2011) or aerial images
(Brown et al, 2001;Ratti et al., 2005). However, the empirical method is co$the last option

to calculate the SVF is to use numerical methods that areeffm$¢nt and accurate ithe scale

of urban areas (Unger, 280Kastendeuch, 2013).

Urban geometry iglescribed by three main factorsean building heightQ ), plan arealensity
(_ ), and frontal area density (). Considering a 2D street where the building sideand street

width (0 ) are known, plan area density and frontal area density are as follows:

(2-1)
(2-2)

Similarly, for a 3D street with identical buildings following equations should be used.

(2-3)

(2-4)
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The mean building height, plan area density, and frontal area density of selectedeaities
empirically estimated by Ratti et al. (2002). The sky view factor for 2D and 3D stvests
calculated based on proposed models of Martilli et al. (2002) and Kanda et al. (2005),
respectively. Based on resyltee 2D streetmodel estimates the sky we factor of the canopy
better tharthe one usin@D strees. The error ofthe 3D streetmodelis an order of magnitude
larger tharthat of the2D streeimodel

2.5. Summary of the literature review

A majority of the researchrelatedto uban climate modelingral methodologies to evaluate the
effect of surface modification strategies are reviewed. Increasing the urban albedo is believed to
reduce the air temperature in global and regional scales. Mesoscale meteorological models
coupled to urban canopy modéldCMs) provide a pertinent framewotk investigate the effect

of increasing the urban albedo on air temperature and air qualiferddt types of UCMs

(urban parameterizatiorgre studied talesign an algorithm fochoosing the most appropriate

one.

Current UCMs have some shortcomingssuch asconsideringa singlereflection from urban
surfaceghat underestimates the absorbed energy in the canopy. Moreover, sensitivity of the air
temperature in the canopy to differectioices of UCMis not investigated focold climate
regions. Accurate simulation of urban climate in the scaltheheighborhood using UCMs
needs a fingesolution grid size.Owing to computational limitationsthe fine-resolution
approachhasonly recentlybeenused and it needs$o be inestigated thoroughly to understand

the limitations and proper practical assumptions

The dfect of mitigation strategies on building energy consumption is evaluated by adding the
building energy model (BEM) to meteorological models. Recently, the feedbaeat emission

from buildings to the canopyasalsobeenconsideredHowever,BEMs coupled with mesoscale
models are simple and they do not consider complex HVAC systems with thelpogzhrt
performanceCoupling mesoscale, BEM, UCM, and chemical tpams modelss also essential

to characterize the urban air qualigyndthis hasnot beenperformed yet. Online coupling tiie
chemical transport model tbe mesoscale model improves the results by considénimmstant

effect of meteorological pararees on pollution dispersion.
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The lterature review is followed by reviewing the reports on untlanate andhe improvement
of air quality modeling techniques in recent yedrss important to mention thatuglying the
effect of large surface modifitan on urban climates a site-specifc process.None of the

performed research characterized the effegta@easing albedo in cold climate regions.

2.6. Concluding remarks

Here, | explain the research objeetivin more detaibased on the reviewed studidhese
objectives try to resolve some of the remaining shortcomings in urban climate simulation to find
an answer to the scientific question of this thesisvaluatingthe albedo enhancement strategy

in cold climates.

1. Selectingappropriate model ensenebl
The model ensemble for urban climaienulationincludes parameterizations for microphysics,
cumulus, planetary boundary layer, radiation, land surface, and urban canopy. Analyzing the
sensitivity of meteorological parameteesd.,air temperature andind speed) ta different set
of parameterizationsi.€., model ensemblegnables me to select the most accurate model
ensembldor urbanclimate simulation in coldegions The fineresolution grid spacing provides
more detailed information on the spatiadriation of the air temperatyréence,the selected
model ensemble should be compatible with the selected techdifaesensitivity analysis is
based on the comparison between a predicted variable and the observed value in the weather
stations. Since yngoal is to study the effect of albedo enhancementirban heat island
mostly concentrated on air temperature, wind speed, relative humidity, and precipitetioyh

the simulation domain

2. Characterizing the urban morphology and building properties
The urban canopy moddlJUCM) requires detailed information of urban areas, including:
building height distribution, width of buildings, width of roadsientation of streetgnd urban
fraction. Additionally, the UCM (multlayer UCM, ML-UCM, which can ke coupled to the
building energy modelBEM) uses building environment characteristics as inputs, including:
performance of HVAC systemmoof albedo, walls albedo, road albedo, thermal capacity of roof,
thermal capacity of walls, thermal capacity of roadd so onCollecting all those data for

Montreal (the city selected as the case study) is not feasible. Hence, an algorithm is proposed to
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use urban characteristics of a few neighborhoods to calculate the required parameters for the
UCM. Building charadtristics are specified analyzing the reported energy consumption of the
region and using different simplifying assumptions. Meaite, the UCM is modified to
consider the effect of multieflection between urban surfagesmilar to Sailor and Fan, 2@p

and a new type of ideal urban canopy is propo3ée modifications are meant to increase the
accuracy of the model in calculating the energy balance on the suffageBEM is also
modified by correcting some of the assumptions on the performance of Hy&€nsto

improve the calculation of heat emission from buildings to the candpy modified version of

the model is tested and compared with the default settings of WRF.

3. Evaluating the seasonal effect of an increase in the urban albedo
An algorithm is poposed to seleet day of each month to represent the whole month for climate
simulations since running the simulation for the whole year is not computationally feasible
Evaluating the seasonal performance of an increase in the urban albedogvemildhe net
annual benefit of implementing cool materials over their potential penalties. In particular, |
determine the energy consumption of HVYAC systems in the selected days and compare them for

different months.

4. Annual energy consumption of buildings
The BEM coupled to WRF and MIUCM is a simple model that does not consider the dynamics
of the HVAC systems. Thei@e, | use a BEM witha higher degree of complexity (named
DOEZ2.1E) withupdated air temperature, humidity, wind speed, solar radiama;loud cover

to calculate the annual energy consumption of buildings.

5. Characterizing the effect of an increase in the urban albedo on urban climate and air
quality
There is a gap in previous studiaghat the effect of heat emission from buildifgsnot been
considered. | use the coupg of BEM-UCM to WRFCHEM for evaluathg anincrease in the
reflectivity of urban surfaces. The online coupling of WRHEM would result in a realistic
interaction betweethe chemistry part of WRF and meteorological simigias. By performing
simulations, 1 would be able to quantify the magnitude of the effect of the albedo enhancement in

cold climates.
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Chapter Three: Methodology

The methods and algorithms of accomplishing each resetapare discussed separately imsth
chaptey which provides detad of the urban climate simulation basics aamal introduction to
modifications ofmodelsdiscussedn following chaptersin Section3.1, the mesoscale model, its
governing equations, and parameterizatians introduced.The urban canmy model as the
major contributor tany research is discussed in Section A Zummary of the methodology of
urban climate and air quality modeling basaa my simulation framework is presented in
Section 3.3.

3.1. Simulation tool

Various advancednodels have been developed for climate and air quality modeling of urban
areas(Skamarock et al., 2008; Met Office, 201 8ome of the worldwide accepted models and
restrictions in utilizing them for urban climate and air quality simulatiese reviewed by

Ching (2013) The quality of handling some critical shortcomings in previous generation models
(e.g., MM5, CSUMM) was my main concern in selecting the appropriate tool. fgne
resolution of a domain and detailed input data for urban canopy is threissae in urban
climate simulationgChing, 2013; Wyngaard, 2004Moreover, capability obnline coupling
betweerthe meteorological model and chemical transport mbaesl beemmy serious concern to
achieve the research objectives. Availabilityaofariety of physical parameterizations within the
mesoscale model is another desired feature. Flexibility of selecting different physical models
would provide a possibility of proposing a more accurate approach for urban climate simulation
in cold regions. Findy, | aminterested in a mesoscale model that can provide all three types of
urban canopy models. Based on these critesiglectedhe Weather Research and Forecasting

(WRF) model to characterize increasing albedo in urban areas

The ARW solver of WRFincludes different physical models, which makesdrecomplicated
than the NMM?® solver (Mass et al., 2006) ARWb6s nesting capability

8 Advanced Research WRF
° Non-hydrostatic Mesoscale Model
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attractive for researchers who are studying urban climate. Simultaneously, it is applicable to
different research topic®.g.,regional climate research, coupled models, etc.) and for domain
ranges from meters to thousands of kilometers. WRF is written in FORTRAN and the interfaces
are in C programming languagés efficient parallel computing abilitys stateof-the-art There

are some challenges in using WRF which come from the complexity of climate simulation
problems. For instance, the software design is unintuitive for physics sciemtigts produces

huge input/output files (mainly in netCDF foat). On the other hanthoughit can take hours to

perform a simulatiojrecompiling is not normally needed.

The WRF modeling system needs appropriate inputs to definbdbhadary condition¢BCs)
and initial condition (IC). Then, it uses WRF Preprocess System to digest these data and
prepare them for the initialization prograime(, Real. The Real program, as a parttbé WRF
model, sets the BCs and IC for the simulation periblde ARW solver includes different
parameterizations to numericallylge the problem. Finally, a peptocessing programe(q.,
NCL) is used to visualize the resulBgure 21 illustrates the complete procedure thase in
my simulations. A complete description thle WRF model and its components can be found in
the ARW user guidg2012)

Version3.x of WRF consists ofhe Noah Land Surface Modekhich can be coupled with some
Planetary Boundary LayéPBL) schemes, to characterize surface propef@éenandDudhia,

2001) Detailed surface properties can providesgsgde and latent heat fluxes in urban areas.
WRF can simulate the effect of urban areas based on the slab urban canopy model by using the
Noah LSM option. Fora more detaid estimation of the heat fluxes and skin tempe® of

urban surfaces a singlayer UCM option can be coupled with WRF. And the most sophisticated
option combines Building Environment Parameterization aride building energy model
(BEP+BEM), which is aailable by enablingnulti-layer UCM. In order to use these options
downscaling of ta meteorological parameters should be performed. There are some challenges
in using urbanized WRFsuch as initialization (data is not available in the scale of a city) and
parameter specificatioAppendix A provides more details tife WRF solver.

“NCAR Command Language
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WRF Post-

o) ;:-’g:‘:r'c ° Pre-Processing WRF Model Processing &
System Visualization
Vd ™~
WRF . .
Terrestial |€ Terrain, albedo, land use, vegetation, roughness, etc.
Data

e

WPS — REAL NCL

\ Simulation domains, Interpolating terrestrial and
weather data

Gridded Data:
NAM. GFS.
RUC, NNRP,

AGRME T(soil

\ Temperature, pressure, relative humidity, wind, etc.

Figure 3-1. Flowchart of WRF modeling system for urban climate simulation (modified from (ARW user guide,
2012)

3.1.1. Parameterizations
Parameterization is a simple way of representing physioakpses such as cloud formatard

precipitation. Here, the parameeizations used in ARYWRF (microphysics, cumulus, planetary
boundary layer, radiation, larglirface, UCM) are describedMany subroutines are
implemented within the ARW solvewhich provides different physical model options. These
models define the soce and sink values of RHI® governing equations and hold tendencies
fixed during RungeKutta stepsof time marching Physical models are separated frome
dynamic solversome of themare calculatel before the dynamic solveand the rest of them
after that. In this case velocities are alscstieggered and exerted into proper physical models

(See Appendix A on parameterizations of WRF)

3.1.1.1. Microphysics
Microphysics models determine the process of transforming water from one form (rain, snow,

graupel, vapqretc.) to another form. In general, water vapor creates cloud water and cloud ice to
shape snow, rain and other types of precipitatfidre nain equations goveimg the processes
are conservation of momentum, energy, and mass of vegte3-2) in the claid, rain, snowand
other precipitation Terminal velocity of precipitation particles can be calculated from the
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governing equationsthe main challenge othe microphysics model is predictinfe different

conversion process of water in cold clouds.

3.1.1.2. Cumulus
Cumulus parameterizatioreonsiderthe effect of convective air movement outsdeuds on

updrafting and dowadfrafting of clouds. Inclusion ahe cumulus model affestthe vertical heat
and moisture fluxes in a column of air above individual grid addition, some models are able
to predict the cloud and precipitation tendencik. WRF options estimate the convective
component of surface rainfalln general the models have three parts; 1) trigger function to
identify the convection, 2) flux eqtians for mass and/or momentum and/or energy, 3) the

closure assumptions.

3.1.1.3. Planetary boundary laye(PBL)
Planetary boundary layer (PBlg responsible for vertical flux exchangetive whole column of

air in a grid cell. PBL quantifies the influence @homentum,heat and moisture fluxes in the
vertical subgrid terms.In mesoscale model®BL is divided into three sulayers.The vscous
layergoesfrom the ground to the height of surface roughness where fluxes of heat, moisture, and
other constituents amxperimentally estimated based e von Karman constant and friction
velocity. The surface layer and transition layer aree two other parts of PBL and they can be
estimated as a function of height (Pielke, 2002). Urban surfaces are heterogeneoes andac

the parameterization is based on more complex methods.

3.1.1.4. Radiation
Radiation parameterization determines the energy balance of the ddrmaimurface of the

domain é.g.,urban surface) can receive shortwave energy fileesun or longwave energy
from the sky. Urban surfaces absorb part of thergpeand reflect the rest, whilemitting
longwave radiation. The amount of enetbatstrikes the surface is a function of sky condition
and zenith angle. The energy exchange on the surface is well désdysseu (1980) anda
different algorithm witha different level of complexity has been developed to quantify
(ASHRAE, 200Db; Duffie and Beckman, 2006; Igbal, 1983)ncoming solar radiation and
emitted longwaveradiation from the ground varies throhgdifferent mechanisms in the
atmosphere. In a clear sky, part of the sunlight energy on top of the atmoisphleserbedy
differenttracergases €.g.,0zone, water vapor, etc.) and the rest reaches the ground. However,
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cloudy and polluted sky increasg¢he absorption by increasing the normal optical thickness of
the air layer (Liou, 1980)The part of the radiatiomeflectedfrom the ground goes through the
same process. Longwave radiation frtm surface of the earth and gases are absorbed by the
atmosphere or transmitted.

3.1.1.5. Land-Surface
A Land-Surface Model (LSM) provides information ofomentumheat and moisture fluxes on

land points and sea ice by using atmospheric feedback of other schemes in a simulation (it can be
considered as a boundary cdiat for the model). All options in the ARW solver are migtiel

models that provide the lower boundary for PBL. LSM updates surface varigbpsthe

ground temperature, soil temperature profile, soil moisture profile, snow cover, and canopy

propertes) in each iteration step as independent variables.

Using Urban Canopy ModelsUCMs) is essential for the urban climate simulation and,
consequentlyUnified Noah LSM should be used as the main L8Me to WRF limitations
Noah LSM is a developed versiami Oregon State University LSM, described by Chen and
Dudhia (2001) to which further modificatiols were applied I{iu et al., 2006;Tewari et al.,
2004) Section A.4.4 describesaghand surface model in detail

To calculate the skin temperatudlCMs, WRF simplifies the heterogeneity of urban surfaces

into a single classf@n impervious surface and usg.3-1.
Yy QY P Q VY (3-1)
WRF assumes the thermal roughness length of the grassland over impervious surfaces.

3.2.Urban Canopy Models

Urban Canopy Models (UCMs) can provide more accurate feedbaatoah areas for surface
layer and PBLschems. There are three types of UCM#&hin WRF: slab (bulk), singldayer,
and multtlayer.Here, a general formulation for the UCMs and my modifications are presented; a

complete set of egtions for singldayer and multrlayer UCMs are discussed in Section A.6).

3.2.1. Slab Model
Slab models are ordimensional UCM that consider buildings as an increased roughimess

urban areas. These models are simple and they do not need the detailed information of the
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desired regios. Consequently, simulating the urban climate with a coupled mesgtaale
model is fast. Inthe slab modelcoupled to WRFMonin-Obokhov lengthscale (Monin and
Obukhov, 1954)epresents thmixing lengthand calculations are performed within LSEhen

and Dudhia, 2001)In this model, background albedo of the surface is constant during the day
with a slight modification for radiation trapping. Additionally, thermal capacity and conductivity

of the soil isgreaterthanthat ofurban areas.

3.2.2. Single-Layer UCM
Singlelayer UCM calculates the mukHieflection effect (radiation trapping) according to the

urban geometryKusaka et al., 2001)t also provides a more accurate estimation for sensible
heat by assuming a wind distribution in the canopy. In most c#seshorizontalwind is
vertically distributedas a combination of logarithmic and exponentiainction The model
considergawo-dimensional approximation for streets (very long streets) with a single orientation.

The surface properties could be averagedifferent orientations of streets.

3.2.3. Multi -Layer UCM
More accurate urban parameterizatiadhan with the slab and Sl UCM models,is needed to

better understand the effect of a complex surface like urbanaithatheir vertical mixing The
multi-layer UCM developed by Martilli et al. (2002) has been integrated in WRF (Chen et al.,
2011) and validated for different cities (Hamdi and Schayes, 2007AU®M divides the urban
canopy into separate units and calcultéhe urban surface parameters (wall anafro
temperature, heat fluxes, etc.) related to each unit. This type of model usually predicts the
vertical exchange of momentum, heat, and moisture more accufiéiielyther two modelslo

not includethe conservation equation for Turbulence Kinetic EnefddE). Building heighs in

the model arenot constant and their shading is estimated by the n{omteh constant building

width and road width)Based omy estimation, this model increases the time of simulation up to

35% compared to the slab model.

3.2.3.1. Building EnergyModel
A further step to provide feedback frahe urban structur¢o its climate isto studythe effect of

the heat emission fronbuildings on heat flux from the canopyJsing heating and cooling
systens in buildings can increase the outdoair temperature while regulating the indoor
comfort. Modeling the energy consumption of buildings is a complicated process that uses
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different weather parametems.g.,solar radiation, wind speed, etcThe Building Energy Model
(BEM) can be coupled with Blding Environment Parameterization (BE# the ML-UCM) to
predict the energy consumption of buildings. Results can determine the effect of heat generation

of buildings on urban climate.

The BEM that can be coupled to WRkasdevebped by Salamanca dt £010a,2010b). BEM

treats buildings as boxes and calcudaensible and latent heats separatehe BEM calculates

the cooling and heating energy demand for the air conditioning system of buildings as well as
heat emission to the canopy. The inp@t<BEM are air temperature, wind velocity, humidity,

and the shortwave and longwave radiations from the mesoscale model. An algorithm is designed
for energy consumption of the air conditioning systaatcan consider the comfort temperature

(with its rangg as well as heating and cooling capacity of the HVAC sysfEme. energy
consumption of HYAGsystemsand heat emission of buildings aralculatedrom eqgs. 32 and

3-3, respectively.

é- _ HoutEu . (3-2)
f Ec = coP for cooling

! Houw+ E

T —_ out out

f Ec = h for heating

{gQC = E.(COR,qimg+1) for cooling (3-3)
i Q. =h.E. for heating

3.3. Simulations and analysis of outputs

Different versions of WRF with the same governing equations but added capabilities are
introduced. | utilized computational developmentsof WRF througlout my research for

example solving online coupéd BEM-UCM with cluster computing become availalreversion

3.5 since 2012. Stelpy-step development of the model to characterize the effect of increasing
urban albedo started with selection of UCMs. Meanwhile, the first estimation eff¢élciveness

of albedo enhancement is tested by increasing the roof albedo and observing the change in the air
temperature. Thereafter, a complete set of model ensembles based on the available options in
version 4 of WRF is tested to evaluate differeargmeterizations of physical processes.
Building on the model and to increase accuracy, detailed information of the greater Montreal

area (the case study) is analyzed and appropriate parameters are gathered. In addition, an
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algorithmis proposed for furttremodification of theUCM. Though the increase in albedo is
potentially beneficial in summertime, the seasonal effect should be quantified. Hence, an
algorithm is developed to assess the change in the air temperature throughout a year. In spite of
correctons applied to the simple BEM, resng energy consumption of HVAC systerss not

accurae. A detailed BEM thatonsiders the dynamics of the HVAC system is used to calculate
savings and penalties in the net energy consumption of commercial building8y, Fihe
developed platform is coupled to the chemical transport part of WRF to study the effect of
increasing urban albedo on the air quality.

3.3.1. Selection of the urban canopy model
As discussed in Section 3.2, WRF haseth UCM options and they resuh different air

temperature distributianin urban areas. Six sets of simulations arelistadd;three for the case
without any change in the urban albedo (hereafter CTRL) and three for the case with an increase
in the roof albedo (hereafter ALBEDO). The a@mperature and wind speed in CTRL is
compared to measure data from weather statorevaluatdJCMs, accordingly. In the second

set of simulations, the roof albedo is increased to calculate the change in air temperature and skin
(or surface) temperaturé®ther physical models are not altered and they have been selected

based on previous studi€3etailed methodology an@sults are presented in Chapter Four.

3.3.2. Sensitivity experiment on fhysical parameterizations
In Chapter Five, theotal of 20 simulatios is performed with different model ensembles

(combination of different physical parameterizations) for a summer pehiodemperature,

wind speed, moisture content of the air, and precipitation are selected to measure their sensitivity
to parameterizatins. Simulated values for the parameters are compared to measured data from
weather stations through the domain. Then, a model ensemble with the least mean average error
(MAE) in predictingthe selected parameters and with timely manner computation isrchars

further investigations.

3.3.3. Modifications to UCM
The detailed information of the urban morphology of Montreal is gathered and its effect on

determining the UHI is tested. The MICM coupled to the BEM is activated in WRF to
consider the heat emissiomifn buildings. Modifications to the UCM are applied, and change in
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the intensity of UHI and the air temperature is evaluatbdtailed discussion on the

methodology is provided in Chapter Six.

3.3.4. Seasonal assessment of albedo enhancement
Since urban climate adleling for a long periode(g.,a year) with a higltesolution grid sizei .,

blocks of buildings) is not computationally feasible, an algorithm is proposed to select a day
representing a monthin addition, some corrections are applied to the BEM rhggrthe
calculation for energy consumption of HVAC systeffise total of 24 simulations (CTRL and
ALBEDO for 12 months) is performed and the difference of air temperature and energy
consumption of HVAC systems between CTRL and ALBEDO is calculated. IDetathe
algorithm and the correction to the BEM are discussed in Chapter Seven.

3.3.5. Detailed building energy evaluation
Building energy calculations deal witophisticated dynamics of HVAC systems that cannot be

reported by a simple BEM designed fbe scde of blocks of buildingsg few hundred meters).

Even adding to the sophistication of the BEM may not increase the accuracy of calculations
because of the variability in type of systems in a grid cell of mesoscale meteorological models.
Hence, a comprehsive BEM that has been widely used by the scientific community and has
been tested with variety of experimental data is employed for quantification of direct (less heat
absorption by the buildingand indirect (change in the ambient condition; air teaupee,

relative humidity, etc.) effects. Results are presented in Chapter Eight.

3.3.6. Air quality modeling
Chapter Nine is dedicated to the couplinghe chemical model to WRF with an active UGM

BEM option.Using WRFCHEM imposes additional limitations on abes of parameterizations
(e.g.,only two microphysics options are available for chemical modeling). Moreover, available
anthropogenic emission data and tools within WRF are other factors to restrict the choice of
chemical mechanism and aerosol schemeidBssthe same procedure is used for CTRL and
ALBEDO, andthedifferencsof pol | ut ant s of meteorologeahparanaeteis ar@a a n d

calculated.
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Chapter Four: The choice of urban canopy model for climate modeling

The Weather Research and Foreaagtmodel (WRF) is coupled to UCMs for urban climate
simulation. The slab model implemented within WRF is based on Chen et al. (2001) araf some
its urban properties are modified with respect to Liu et al. (2006)USM of WRF was
developed and validatday Kusaka et al. (200 2004). The widely used MUCM coupled to
WREF is ased orresearch by Martilli et al. (2002). WRF is evaluated for the continental United
States in different studies (Zhang et al., 20dillstein et al., 2011).

4.1. Methodology of selecing an UCM and characterizing climatic effect d an

increase in roof albedo

The Greater Montreal and Toronto areas are selected for this study. Thlegramst populated

cities in Canadawith more than 9 million inhabitants (about 30% of the populatbrthe
country; Statistics Canada, @0). The heatwaves in the cities can have viral impacts on
vulnerable group of people €.g., seniors). The cities have distinct climate characteristics
(Environment Canada, 28]l due to their geographical locations. Mieal has a lower
temperature than Toronto because of the higher latitude. Meanwhile, the wind speed and
precipitation in Montreal is higher. However, both cities experiences UHI during summer. Since
proposing a mitigation strategyd., the albedo enhaement) can affect lives of a large number

of people, it should be intensively evaluated by numerical weather prediction models. We
evaluate different UCMs for simulating a summer period in the selected cities as the base case.
Then, the air temperature aiige by an urbascale increase in roof albedo is compared to the
base case to determine the performance of the selected mitigation strategy on reducing the UHI
intensity. As a result, the UHI intensity and effect of the albedo enhancement under various

asumptions for the physical processes in urban areas is quantified.

4.1.1. Simulation
Weather Research and Forecasting (WR#sion 34 (nextgeneration nofydrostatic model)

is used for the urban climate simulation (ARW user guide, 2012; Skamarock et al., P0©8)
Greater Montreal modeling domain is 100x100 km centered at ~45.5° N and ~73.6° W with

333x333 m grid cells [Figurd-1 shows the areas of interest]. The Greater Toronto domain is
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also 100x100 km (grid size 333x333 m) and the domain is centered.@® N4and ~79.3° W.

For both cities 5IETA vertical levels are telescopically definedThe simulationperiod starts

from 11-July-2005 1200 UTC [14July-2005 0800 LST] to 1:-3uly-2005 1200 UTC [13uly-

2005 0800 LST]The first16 hours igisregardeds aspinup time and outputs dhe next 24

hours of simulations are anagd [12 July LST]. The sky conditionnthe selected dayas clear

in Montreal and cloudy in Torontb.amaware of the deficiency of numerical weather prediction
models in forecastinghe cloud formation but the selected day happened toho¢ and humid

day, which increased the chance of heat island occurrence in Toronto. Additionally, it was one of
a few summer days with clear sky in Montreal. It should be mentioned that cloudsaealyn
distributed above the regions and the cloud cohangesiuring the day. As a result, a clear day
does not necesshr mean there is no cloud at all or a cloudy day does not mean that there is no
clear sky during the day.

- fricie RrER 7980 783" 7880

Figure 4-1. Simulation (dao)main of (a) the Greater Montreal and (b) the Greategtglgc(mmd/maps.google.()a
TheNoah NCEP,Oregon State UniversityAir Force,and NWSOffice of Hydro.) landsurface
model (Cheret al, 2001) s coupled with the three UCMs to provide heat and moisture fluxes
for the lower boundary. NoalbSM calculates the ground temperature, soil temperature profile,
soil moisture profile, snow cover, and other surface variables in each iteration step. émteracti
between the LSM and planetary boundary layer (PBL) is managed by the saycenodel.
Here, ETA similarity theory (Janjic, 2002) connects feedback of the LSM to PBL. The vertical
flux of heat and moisture in the whole column of air above a griétesrishined bythe Mellor-
YamadaJanjic scheme (Janjic, 1891994) as the PBlscheme The Grell-Devenyi ensemble

cumulus model (Grekt al, 2002) estimates the effect of cloud convection in a grid.
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WRF calculates shortwave radiation and longwave radiatith separate models. A new rapid
radiative transfer model (named ARRTMGO) by C
longwave radiation. Additionallythe Goddard scheme (Chaat al, 1994), which considers the

effect of ozone and cloud, is seted as the shortwave radiation model. Different forms of water

and the transformation in the atmosphere is estimated by microphysics models. The Lin scheme
(Lin et al, 1983),comprisingsix classes of hydrometeors (rain, snow, graupel, vapor, vapor.

cloud, and ice cloud), is used for the simulations.

The sl ab model considers the albedo of -0.15 f
UCM and ML-UCM assume 0.2 reflectivity for all urban surfaces in CTR&ansidering mult

reflection between urbasurfaces drops the total albedo of the urban area to a number close to
0.15 that changes by the solar positieom 0.14 through 0.16). In another scenario
(AALBEDOO) al bedo of roofs is incrUCKSMiI- t o O.
UCM, cdculations are based on the reflectivity of 0.8 (an increase of 0.6) for rodfse $tab

model, albedo of urban areas increased by 0.2 @56 a 0.2); whereroofs are considered to

cover 35% of the urban aréaln SL-UCM and ML-UCM, the albedo of roofs is considered as

an independent parameter. Simulations were performed for all three UCMs to compare their
performance in characterizing the machtion of the urban surface. In ICM, both selected
citiesareassumed to have the same anthropogenic heat emission distribution during the summer

episode. In slab and MUCM, the anthropogenic heat emission is not considered.

4.1.2. Input data
Standard 24atgory USGS implemented within WRF categorized the Land Use Land Cover

properties of the regions (Figu#e2). Initial and boundary conditions for weather data are
extracted from dhourly, high resolution 32 km, North America Regional Reanalysis (NARR)
data(Mesinger et al., 2006). Background albedo of the domains is based on the Advanced Very
High Resolution Radiometer (AVHRR) measurements on a polar orbiting satellite (&iakar
1999). A uniform urban class is considered with the default characemdtWRF, excepfor

the street orientation. The street orientationToronto is O and 90 from the north and in
Montreal is 48 and 138 from the north.

" This value is good for highensity residential areas; for combination of {densityand highdensity residential areas, 25%
might be a better estimation of roof cover.
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(b)
Figure 4-2. Land Use Land Cover (LULC) of (a) the Greater Montreal and (b) the &r&atonto extracted from
USGS dataset. (Black regions are urban areas)

4.1.3. Evaluation method
Measured Zn air temperature and 4@ wind speedfrom all weather stations located in the

selected domains are compared to the modeled values of relatedAdimdsted number of the

stations reported weather data on hourly basis. The Greater Montreal area has 12 weather
stations that record both air temperature amtd speedand one of them is in the urban area
(Figure4-3). Fourweather stations located in the Gezaloronto area, as shown in Fig48,

recorded the air temperature and three of them providedititespeeddata (the urban station

did not have wind dataBoth urban stations are located in residential area and buildings around
the weather stationaffect measurements. Measurement instruments are placed in parks above
grass.The weather stations are categorized as urban or rural based on the USGS data that has

been used in simulations (Figute?).

For statistical analysis of the UCMs the first aiit@ for comparison is mean absolute error
(MAE), which is calculated usingg. 4-1.

24
_a,_error|

MAE = (4-1)
24

Individual errors are the difference between observed and modetedi2temperature of the
weather stationslwo other measures to evaluéte UCMs are root mean square error (RMSE)
and mean bias error (MBE). RMSE and MBE are reported egisi@d-2 and4-3, respectively.
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a :error (“3)

Although these two measures are not as clear and naturahBsWillmott et al, 2005), they
have been used ithe literature. The correlation between the observed and the modeled air

temperatures is also calculated.

4.2.Results of simulations for Montreal and Toronto

The method described in Section 4.1 is used tocsdéhe appropriate urban canopy model
(UCM) in Weather Research and Forecasting (WRF) software. -hin@i2 temperature andi@

wind speedof simulations using the three UCMs is compared to the observational data. MBE,
MAE, and RMSE are calculated for easleather station for the whole simulation period. The
correlation between the observational air temperature and simulated air temperature is calculated.
The three UCMs are used to investigate temporal distribution and spatial pattern of UHI in
selected cies. Then, temporal and spatial distribution of the differencerof &@r temperature

(DT,) and skin temperaturen{,) in ALBEDO and CTRL are analyzed to quantify the

performance of increasing the albedo in thecietecities.

4.2.1. Air temperature
In the Greater Montreal the simulatedrair temperatusewith all UCMs are well correlated

with the observational data Y@ 0.97). As shown in Table-#, the MBE, MAE and RMSE of

the UCMs are the samequal to 0.2 °C, 1 °Cand 1.3 °C, respectively. In the urban area, the
correlation of 2m air temperature is the same (a negligible increase of about 0.01). Additionally,
other statistical criteria (MBE, MAE and RMSE) are improved by 0.2 °C when using®\,

in the urban a® The UCMs have a tendency to overestimate the air temperature in the

simulation domain and the overestimation is magnified in the urban areas.
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Figure 4-3. Location of weather stations in (a) Greater Montreal and (b) Greater Tohtipid/haps.google.ga
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Table 4-1. Correlation (R) of 2-m air temperature, MBE, MAE, and RMSE of observed and modetechi2

temperature in Montreal

Montreal R? MBE (°C) MAE (°C) RMSE (°C)
Station name ML SL Slab | ML SL Slab ML SL Slab | ML SL Slab
McTavish* 0.98| 0.97| 0.98 1.1 1.3 1.3 1.1 1.3 1.3 1.3 1.5 1.5
P. E. T. INTL Airport 0.98( 0.99| 0.99| -0.9( -0.7 -0.8 0.9 0.7 0.7 1.2 0.9 1.0
St-Hubert 0.98| 0.97| 0.97 0.5 0.5 0.5 0.8 0.8 0.8 1.2 1.2 1.2
Ste Anne De Bellevue| 0.96| 0.96| 0.96 0.8 0.7 0.8 0.9 0.9 1.0 1.4 1.3 1.4
Varennes 0.98| 0.98| 0.98 1.0 0.9 0.9 1.1 1.1 1.0 1.5 1.5 1.4
L'Acadie 0.96( 0.96| 0.97 -0.4 -04 -0.5 1.2 1.1 1.0 1.5 1.4 1.2
Mirabel INTL Airport 0.98| 0.98| 0.98 -0.8 -1.1 -1.1 1.1 1.1 1.1 1.2 1.3 1.3
L'Assomption 097 097 0.97| -05( -0.6 -0.6 1.2 1.1 1.1 1.3 1.3 1.3
STE-CLOTHIDE 0.93| 0.95| 0.95 1.1 0.6 1.0 1.5 1.5 1.4 2.2 1.8 2.0
Montreal -Est 0.96( 0.97| 0.97 -0.4 -0.4 -0.4 0.7 0.7 0.7 1.1 1.0 1.1
Beauharnois 0.95| 0.93| 0.93 0.2 0.2 0.1 0.9 1.0 1.0 1.0 1.1 1.1
St-Constant 0.94( 0.95| 0.95 1.2 1.1 1.1 1.2 1.2 1.1 1.7 1.5 1.5
Average 096 0.97| 0.97 0.2 0.2 0.2 1.0 1.0 1.0 1.4 1.3 1.3

*The weather station in the urban area

In Toronto, the correlation @R between simulated and observedh2air temperatures is about
0.93 for all UCMs (Tablet-2). The MAE of using MEUCM, SL_UCM, and slab model are 0.9
°C, 1.7°C, and 1.5°C, respectively. Similarly, RMSE of the MUCM (1.5°C) is lower than
that of other UCMs. In the urban area 8ICM estimates the air temperature maceurately
with a MAE of about TC.

Table 4-2. Correlation (R) of 2-m air temperature, MBE, MAE, and RMSE of observed and modetechi2

temperature in Toronto

Toronto R? MBE (°C) MAE (°C) RMSE (°C)
Station name ML | SL [ Slab| ML | SL [ Slab| ML | SL | Slab | ML | SL | Slab
City* 093| 093] 093| -14| 06 | 07 | 1.7 | 10 | 1.1 | 20 | 1.3 | 1.4
Pearson INTL Airport 094 092] 093 25| 26 | 26 | 26 | 26 | 26 | 32 | 32 | 3.2
Island 097| 094] 09| 05| 05 | 00 | 1.4 | 09 | 1.0 | 1.7 | 1.1 | 1.3
Buttonville 097| 092] 095 -11 | 11| 01| o1 | 1.2 | 15 | 12 | 16 | 1.7
Average 095 093] 094 -14 | 14| 07 | 09 | 1.7 | 15 | 15 | 21 | 1.8

*The weather station in the urban area
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Figure4-4 illustrates the 2n air temperature variation in the weather station located in the urban
area and the simulatedn2 air tempeature using three UCMs. In Montreal, the maximum
difference occurred at the sunrise and sunset. The difference between the simulated and
measured air temperatures is positive during the day. In Toronto, except for a few hours in the
evening, the UCMs hava tendency to underestimate the air temperature. There are two peaks
between the difference of observed and simulated air tempe¢att@eand 3 °Chy using ML-

UCM in early morning and late nighthe large differences occur when there is a sharp change

in the observed hourly temperatuféne 2m temperature of SUCM and slab model hagmost

the same pattern.

The anthropogenic heat emission added to th&/6GM resulted in a better estimation of then2
air temperature. However, as Salamaatal (2011, 2012) stated, adding other sophisticated
models such athe building energy model will potentially improve the predicted UHI intensity
by ML-UCM.
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Figure 4-4. Hourly observed and simulatedn? air temperature (°C) [left] and the difference between modeled and
observed temperatures [right] in the urban areas of Montreal [top] and Toronto [bottom]uty-PP05 observed
data and results of simulations using the three UCMs. Obs., ML, SL,andeshote observation, MUCM, SL-

UCM, and the slab model, respectively.
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4.2.2.

Wind speed

All UCMs underestimate the 12 wind speedaveraged in the entire domain) in the Greater
Montreal area (Tabl@-3). In the urban area (areas colored black in Figugy ML-UCM
underestimates and other UCMs overestimate the wind velociyU®IM has the largest MAE

and RMSE in the domain and the smallest MAE and RMSE in the urban area, respectively. The

average MAE and RMSE of UCMs in the domain is almost the same laé thieria are

significantly improved in urban areas by using MMICM. The correlation betweenind speed

of different UCMs and measured data was poor.

Table 4-3. MBE, MAE, and RMSE of obseed and modeled 1t wind speed itMontreal

Montreal MBE (m/s) MA E (m/s) RMSE (m/s)

Station name ML SL Slab ML SL Slab ML SL Slab
McTavish* -1.5 1.8 2.2 24 3.8 4.6 34 4.3 5.1
P. E. T. INTL Airport -4.5 -3.3 -3.6 5.9 5.2 5.2 6.8 6.0 6.0
St-Hubert -1.1 -0.7 -0.8 3.6 3.3 3.6 4.6 41 4.2
Ste Anne De Bellevue -2.6 -0.5 -0.7 4.1 2.8 2.9 4.8 33 3.4
Varennes 0.2 0.9 0.5 3.7 3.9 4.3 4.7 4.6 5.0
L'Acadie -0.2 0.1 0.1 34 2.7 2.9 4.2 3.1 34
Mirabel INTL Airport -1.4 0.0 -0.7 4.6 4.2 4.0 5.8 54 5.5
L'Assomption -1.5 -0.8 -0.6 4.4 3.7 3.6 4.8 4.2 3.9
STE-CLOTHIDE 0.4 15 1.0 3.7 3.6 3.3 4.1 4.3 4.0
Montreal -Est -0.1 -0.7 -0.2 3.3 3.3 2.7 4.1 3.9 3.0
Beauharnois -3.5 -3.6 -3.3 4.1 4.5 4.3 5.1 5%3 5.1
St-Constant -0.9 0.0 -0.2 3.5 3.3 3.0 4.3 4.1 3.8
Average -1.4 -0.4 -0.5 3.9 3.7 3.7 4.7 4.4 4.4

*The weather statiom the urban area

In Toronto, thewind speed irthe urban area was not recorded, Isoannot comment on the

performance of UCMs in reproducing the wind field on the selected cloudy day.4Féalsleows

the result of simulations for other stations in tbgion where the three UCMs overestimate the

wind velocity. ML-UCM improved the accuracy of the model by reducing the MAE and RMSE

of the summer day.

43



Table 4-4. MBE, MAE, and RMSE of obseed and modeled 1t wind speedn Toronto

Toronto MBE (m/s) MAE (m/s) RMSE (m/s)
Station name ML SL Slab ML SL Slab ML SL Slab
Pearson INTL Airport 3.8 4.2 4.0 4.7 4.7 4.4 5.6 5.5 5.2
Island -1.6 2.4 3.0 3.2 3.9 4.4 3.7 4.8 5.3
Buttonville -1.0 4.5 4.8 3.0 5.6 5.8 3.5 6.7 7.3
Average 0.4 3.7 3.9 3.6 4.7 4.9 4.2 5.7 5.9

*The weather station in the urban area

4.2.3. Temporal UHI
The difference betweenr? air temperatures ianurban area and its surroundings is considered

as UHI intensity. Figure-5 illustrates the 2n air temperature in the urban and rural areas of
both cities during the simulation day. The observational data are from weather stations in urban
areas (McTavish [Montreal] and City [Toronto]) and selected weather statioaral areas (St
Hubert [Montreal] and Pearson Intl. Airport [Toronto]). In Montreddservation shows that the
nocturnal UHI is intensive, starting in the evening. Slab ardUSEM have a better estimation of

UHI intensity comparéto the ML-UCM, which underestimates the UHI intensity. However, in

Toronto, the MEUCM gives a more accuprediction of UHI, while other UCMs overestiraat
it during the nighttime.

The UHI intensity of Toronto in cloudy weather (solar irradiance is smaller than a clear day in
some hours) is well predicted by the MUCM without considering the anthropogeniea
emission. On the other hand, in Montreal where the sky is aietnie simulated day, MVHUCM
underestimates the UHI intensity during the night. Adding heat emission from buildings
increases the air temperature of the urban areas (as investigatedaimargalet al, 2011)
mainly during the night (anthropogenic heat emission is much smaller than the solar radiation

during the day)resultingin a better estimation of nocturnal UHI intensity in Montreal.
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Figure 4-5. Temporal variion of 2m air temperature (°C) difference between urban area and rural area of Greater
Montreal [left] and Greater Toronto [right] in 4®ily-2005 using three UCMs. Obs., ML, SL, and slab denote
observation, MEUCM, SL-UCM, and the slab model, respectixe

4.2.4. Spatial UHI
Historically, atmospheric UHI intensity is defined as the difference between the air temperature

of urban areas and their surroundings. In some research an index based on skin temperature is
considered as the indicator of UHI intensity (J@012; Gupta,2012) In WRF, the air
temperature is a function gkin temperature and sensible heat fla&lculated in langurface

model. In principle, the air temperature varies due to the changeninemperaturevhile it
considers the effect of owection On the other hand, the skiemperature is strongly depended

only on the urban fabric

Here, to show the spatial distribution of the skin and air temperaturdgu24 daytime, and
nighttime averages are calculated. Fig&t@ shows the air teperature averages (Montraal

the left column and Torontim the right column). Peak air temperature occurred at the center of
the urban area of Montreal in all time periods. There are also some hot spots in the southern and
western parts of the domainused by the type of land use there (forest) that can store latent
heat.Lake Ontariohas a significant effect on regulating the temperature of Toronto during the
cloudy day, especially during the daytime. As shown in Figu8enear the water body, even i

the daytime, the temperature is lower thhahe other regions. For both cities atmospheric UHI

is magnified duringhenight.
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Skin temperature of the cities well represented the urban boundaries (Eigurdt can be
concluded that skin temperatusemostly related to the urban fabric. Skin UHI is captured well
in both cities and againin Toronto skin temperature near the lake is lower. In Monttbkal,

center of the urban area has the maximum skin temperature during all time periods.
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Figure 4-6. 24- hour (a), daytime (b), and nighttime (c) averaged air temperature (°C) of Greater Montreal and

Toronto in 12July-2005 [CTRL case] using MuHiayer UCM [similar to (Touchaei et al., 2013)]
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Figure 4-7.24- hour (a), daytime (b), and nighttime (c) averaged skin temperature (°C) of Greater Montreal and

Toronto in 12July-2005 [CTRL case] using Multiayer UCM [similar to (Touchaei et al., 2013)

4.2.5. Effect of increasing the roof albedo
To determine the heat island reduction of urban areas the air temperature diff@®ncand

skin temperature differenceDf,) are calculated. Spatial average of air temperalifference

(CTRL-ALBEDO) and skin temperature difference (CTIRLBEDO) of Montreal and Toronto
on 12July-2005 LST are shown in Figur&8 and Figure4-9, respectively. Comparison of
observed and simulated temperatures in secddhd and4.2.3indicae that ML-=UCM has the
smallest MAE; hence, the temporal distribution of temperature trmslab model and SL

UCM is compared to results by using MICM. In both cities, the daytimeoT, is well

predicted by the slab model compared tb-MCM. The air temperature difference of -8ICM

is close to the air temperature difference of-MCM during the nighttime.

In Montreal, the air temperature differenceT() is negligible at the beginning of the day
(Figure4-8). DT, is increased td °C (maximum differengein the morning at 0800 LST. At

sunsetDT, of CTRL and ALBEDO is about 8C and after that the air temperature difference
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risesabout 0.2C. The skin temperature differend&Y) betweerthetwo considered scenarios is

also negligible after the midnight and it starts to increase at about 0400 LST. The maximum
value of DT, is about C from 0700 LST to 1100 LST, whereT, gradually startslecreasing.

The slabmodel has a good estimation Dff, during the daytime, and SUCM is appropriate

for capturingthe nocturnal effect of increasing albedo. During the whole dayJSM predicts

DT, better thartheslab model.
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Figure 4-8. Hourly variation of (a) 2m air temperature difference and (b) skin temperature difference between

CTRL case and ALBEDO case in Montreal using different UCMs

The variation of air and skin temperature differences in Atorduring12 July2005 (Figuret-9)

is qualitatively similar to the case of Montreal. Nocturpal, is small and the maximurpr, is

about 1 °C in the morning. Skin temperature difference starts from sunrise andxitheuma

DT, is5 °C.

The 24hour, daytime, and nighttime averaged value®of and DT, for Montreal and Toronto

using different UCMs are summarizedTiable4-5. Increasing the roof albedo in Montreal and
Toronto decreas the air temperatuley a daily averaged value of about ®€ and 0.5 °C,

respectively. In Montreal and Toront@r, is about 2.£C and 2.2°C, respectively. During the
day, results othe slab model are close to the variationmf, predicted by MEUCM, for both
cities. AlthoughDT, is not well estimated by SUCM andthe slab model during the nighthe

averaged values of SUCM is closer to the results of MUCM.
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Figure 4-9. Houry variation of (a) 2m air temperature difference and (b) skin temperature difference between

CTRL and ALBEDO in Toronto using different UCMs

In Toronto the maximum mitigation of UHI oceed at midday (the peak incoming shortwave

radiationreachingthe gound). However, in MontrealpT, had its maximumvalue during the

morning and the difference decreased during the simulation day. The main reason for closer air
temperature in CTRL and ALBEDO in Montreal is an increase in wind speedl@umdl cover.

The incoming solar irradiance is inversely proportional to the cloud camdras discussed in
(Krayenhoffet al, 2010) the effect of convection on the air temperature is notable.

Table 4-5. 24-hour averaged, daytime averaged, and righé averaged-n air temperature and skin temperature

calculated for Montreal and Toronto by coupling MICM, SL-UCM, and slab model to the mesoscale model

Montreal Toronto

2-m air temperature®C) skin temperatureC) 2-m air temperature®C) skin temrature {C)

ML- SL- olab | ML- SL- slab | ML- SL- slab | ML- SL- slab

UCM | UCM UCM | UCM UCM | UCM UCM | UCM
24-hour | 4 08 | 07 | 24 24 | 20| 05 11 | 10 | 22 25 | 24
averaged
Daytime | 4 g 10 | 0.8 | 38 36 | 28| 08 15 | 11| 35 3.7 | 32
averaged
Nighttime | 54 | o5 | 05 | 04 07 | 10| 01 05 | 07| 03 07 | 11
averaged

4.2.6. Spatial distribution of temperature difference from the albedo

increase

Mean daily temperature {2 air temperature and skin temperature) differences betieen
CTRL case andhe ALBEDO case for Montreal and Tortmare illustrated in Figurd-10 and
Figure4-11, respectively. Increasing the roof albedo by 0.6 decreases air and skin temperatures
of both cities using all different types of UCM. In both cities, the minimum air temperature

difference is predicted by MUCM and the maximum air temperature difference is estimated by
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SL-UCM. The decrease in air temperatureYd ) of the urban areas results in a decrease in
Y4 of their surroundingdue to advection. The skin temperature difference is directly correlated
to the urban fabric. The variation of skin temperati¥ee Y according to the increase of albedo is
more tharthat ofthe air temperature. In Montreal4 of the urban area is similar when using
SL-UCM and ML-UCM, whereas the slab model results in a lo¥dr. The maximum d&
averaged¥4 in the domain is as high as @6, 1.2°C, and 0.9 € using ML-=UCM, SL-UCM,

and slab model, respectively.
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Figure 4-10. Mean daily 2m air temperature (°C) and mean skin temperature (°C) difference between CTRL and

ALBEDO of Greater Montreal on 12uly-2005. (a) Multilayer UCM, (b) Singldayer UCM, and (c) slab model.
(White regions are water bodies)
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In Toronto, Y'Y of the urban area is the lowest when using-WMILM, whereas the SUCM
resulted in the highest'Y. ML-UCM, SL-UCM, andthe slab model predicted the mean daily
Y"Y with the highest value of 0.7, 1.4, and 1.2 °C, respectively.
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Figure 4-11. Mean daily 2m air temperature (°C) and mean skin temperature (°C) difference between CTRL and
ALBEDO of Greater Toronto on 12uly-2005. (a) Multilayer UCM, (b) Singd-layer UCM, and (c) slab model.

(White regions are water bodies)

4.2.7. Clear day of Toronto
The selected day was a cloudy day in Toronto and the effect of albedo enhancement on air

temperature might be different in a clear day. Therefore, we simiataly, which hada clear
sky butwith amaximum temperature 5 °C less tr@n12July. In addition, the average wind
speed durind.5 Julywasgreater thaon 12July, whichpotentially decreases the temperature
difference between CTRL and ALBEDO. TherRair tempeature difference between the urban
and rural areas is as high as 2.8 °C, 2.2 °C, and 1.2 °C using sial¢;I8].and ML-UCM at 3
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p.m, respectivelfFigure4-12). Increasing the roof albedo from 0.2 to 0.8 decreasesrthai?

temperature bg maximum 0f0.8 °C, 1.0 °C, and 0.4 °C using slab-8CM, and ML-:UCM.

(Figure4-13). ML-UCM well estimated the nocturnal effect of albedo enhancement on air

temperature and skin temperatureagreement with Let al.(2014). On the other hand, slab and

SL-UCM overestimated the air and skin temperature differences during the night.

3

2-m air temperature difference (¢!C)

Skin temperature difference ¢C)

-ean e L

\ R .. / 'ﬂs-\ a
% D 7 -
. ~ S~ , AN
‘e, Ve =" S
~ ."-...' '
N R /
\\\ )
V’
N N ) NI o S S

o eS| eeeecee slab

(@)

10

8

”> Y ..
£ N
,° .,
=~ ¥ D
* \
.. .
4 ' [N
~ J ~
-
QQ QQ QQ QQ N\ QQ QQ QB

-ean e L

- e S|

(b)

eeeeee slab

Figure 4-12. hourly variation of (a) Zn air temperature difference and (b) skin temperature difference between
urban area and rural area onJilly-2005 in Toronto using fferent UCMs ML, SL, and slab denote MUCM,
SL-UCM, and the slab model, respectively.
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Figure 4-13. hourly variation of (a) Zn air temperature difference and (b) skin temperature difference between
CTRL and ALBEDO on 15uly-2005 in Toron using different UCMs. ML, SL, and slab denote,MCM, SL-
UCM, and the slab model, respectively.
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4.3.Discussion

4.3.1. Characterization of UHI
The daily averaged difference between the skin temperature calculated -bjCMLand Sl

UCM (or the slab model) is less thd °C (Figure4-14). Moreover, the -2n air temperature,

which is estimated based on the skin temperature and the heat flux from the urban areas, is
changed within the range of the change in the skin temperature (less than 1 °C). The air and skin
temperatees of the Greater Toronto area predicted by-MMIM are lower than SIUCM and

the slab model witla maximum of about 1 °C (Figu#-15). Since the difference between ML

UCM and the other UCMs falls into the order of their accuracy (based on MAE presented i
Table4-1 and Tabled-2), either of the models can be used for urban climate simulation of the
domain. However, based on the results presented in SetBoML-UCM can increase the
accuracy of calculating air temperature and UHI intensity. Consequentlyevaluation of
surface modification strategies requires more sophisticated mogel$1(-UCM) to consider

the effect of turbulence on vertical flux of momentum, heat, and moisture.
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Figure 4-14. 2-m air temperature and skin temperature difference (°C) between (a)ld4atiUCM and Single

layer UCM, and (b) Multlayer UCM and slab model of Greater Montreal inJL®-2005. White color re@sents

water bodies.
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(a) (b)

-1 -0g -08 -07 -0E -0.5 -04 -03 -0z -0 0
Figure 4-15. 2-m air temperature difference (°C) between (a) Malyier UCM and Singldayer UCM, and (b)

Multi-layer UCM and slab model of Greater Toronto inJ1®-2005. White color represents water bodies

The difference between MUCM and other UCMs is calculated from the predicted skin
temperature and the predicted sensible heat flux from urban areagh8skib model and SL
UCM underestimate the heat flux fnothe urban area (Figur#el16). Hencejn some parts of
Montreal €.g.,the western part) the difference between air temperature irU@M and the
slab model is more than the difference in the skin temperature. The slab modeld@iMSire

not ascapableas ML-UCM of accurately accounting for the heat flux of the candpyng the
day, aghey do not consider the turbulence.

@ o )

o] 10 20 30 40 50
Figure 4-16. 24-hour averaged heat flux difference (W/m2) between (a)0@M and slab model (Mislab), and

(b) ML-UCM and SI-UCM (ML-SL) of Greater Montreal in 22uly-2005. Light blue color represents water

bodies.
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Running the model for selected cities with MICM increases the computation timei 830%
compared to the time needed fthre slab model andSL-UCM. Therefore, if the climate
prediction is the only purpose of the modelling, the slab model will have acceptable results in a

shorter time for numerical calculations.

4.3.2. Effect of increasing the roof albedo
The ML-UCM predicts the lowest decrease irethir temperature because it considers the

turbulence within the canopy. Therefore, the heat exchange from the canopy to the planetary
boundary layer increases (Figut€l6). Meanwhile, SLHUCM considers the sensible heat flux

from the urban canopy only asfunction of the horizontal wind. So, SICM underestimates

the vertical heat flux from urban areasnd consequently overestimates the temperature
difference from increasing the albedo. The slab model and@&\W result in more temperature
difference betwen CTRL and ALBEDOQsincethe vertical momentum and heat fluxes from the

canopy are not considered.

Simulations are performed for a clear day of summer in Montreal with a low wind speed (~6
km/h at McTavish weather station) to investigate the ultimat®imeance of the reflective roofs

in the region. In Toronto, during the cloudy (solar radiation is more diffused) and stable weather
(wind speed of about 5 km/h at Island weather station), the albedo enhancement is not as
effective ason a clear day in Moimeal. The clear day in Toronteada high wind speed (~22

km/h at Island weather statignyvhich also reduced the expected change in tha 2ir
temperature. Both Montreal and Toronto are located in cold climates and the magnitude of the
effect of an inaease in the urban albedo is deemed to be negligible (Cé¢sdn2010; Taha H.,

1997). Current results confirm that the episodic effect of an increase in the roof albedo of cold

urban areas during summer can be as significant@ser climates.

The UHI is an indication of the possible difference in the urbartemperaturdecause of the
change in the land uselowever, the main intention of increasing the albedo is to decrease the
air temperature only in urban areasd mostly during the daytim&he albedo enhancement is

an effective strategy when the solar radiation is available and the air temperature has a greater
value (despite the chance of lower UHIdditionally, the mitigation strategy is less effective

during hours with lower air tempaiures (despite having higher UHII).

55



4.3.3. Limitations
There are some limitations in simulating urban climate and investigating heat island filseag

resolution approach. The main issue is to intensively aaagrial images to characterize the
urban morphalgy and also collect appropriate data to identify properties of building envelopes.
In addition, the PBL options in WRF are not able to resolveksulprocesses.€., small eddy
generation) by using fineesolution grids that affect calculation of the Ulttensity.
Additionally, comparison of single point data measured at weather station with treevaraged
output of simulations is another source of inaccufdeytaglioneet al., 2005)

4.3.3.1. Microphysics and PBL parameterizations
The cloud formation prass has beena critical issue for scientists to effectively utilize

numerical weather prediction (NWP) models (Brooks et al., 1991; Rajeevan et al., 2010; Zhang
et al., 2013). The calculated solar radiation striking the surface is highly dependent on the
predicted cloud cover, which is highly affected by the deficiency of current microphysics
schemes (Cullather et al., 1997). The temperature of the surface and heat transferred to the air
from the surface is directly related to the solar radiation strikivg dround. Therefore,
prediction of temperature fluctuations (temporal and spatial) is coherent with the treatment of
hydrometeors (Liu et al., 2003). in addition, PBL parameterizations can profoundly affect cloud
formation processes considered in micrapby models (Xie et al., 2012). A comparison of
different PBL and microphysics parameterizations in WRF with field measurements and satellite
observations revealed large uncertainties of current NWP models (Cintineo et al., 2014). As a
result, poor treatmrd of hydrometeors and PBL is an influential factor in simulations. The fine
resolution approach was chosen to evaluate the preliminary result of coupling UCMs and WRF.
Using a fine-resolution approach withotlhe nesting option of WRF has some negativiees

on cumulus modeilg. Cumulus models need a large horizontal grid size to predict the
convection of cloudsntroducing errors fothe grid size selected in this stualy theorder ofthe
neighborhood (333%333 m).

4.3.3.2. Urban morphology and building charaetistics
Fineresolution grid size in NWP models helps the policymakers to give priority to different

neighborhoodg$or implementing mitigation strategies. Howevire fine-resolution approach is
challenging because of some shortcomings in controllingri@g¢Arnold et al., 2012). Among
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them, (1) the deficiency of PBL parameterization to resolve horizontal diffusion, and (2) limited

resources for high resolution land datasets, ars important issues.

Fineresolution grids in NWP models are not wellsidmed for areas with complex terrain
(Holden et al., 2011) wherthe PBL scheme plays an important role in predicting the air
temperature (Raby et al., 2012). WRF has shown a better performance in predicting
meteorological parameters compate Mesoscaldodel V5 (MM53 a wellaccepted model by

the scientific community) in complex terrains usthg fine-resolution approach (Horvath et al.,
2012). However, WRF has still some stability issues for-fesmlution grids and it produces
some rolitype temperate patterns (known as Smagorinsky waves). Three solutions have been
proposed to maintain the stability of WRF in a domain with-lgubgrids: (1) to decrease the
time steps (Bornstein et al., 2012), (2) to use a constant horizontal diffusion of 2400 m

(Sdamanca et al., 2012), and (3) usa@-order horizontal diffusion scheme (Xue, 2000).

The time increment of the ARW solver to maintain stability is 6 times more than the horizontal

grid spacing (6dx) of the domain. However, for very small grid size,fabtor should be

decreased tedx to control the stability of the model. To decrease the computation time, we used

the time increment ofdx, and the Smagorinsky waves (Bornsteiral., 2012) are observéar a

few hours of the day. We applied anple averaging filter to remove the effect of virtual

heatwaves.

WRF has the capability of considering three urban classes to improve calculation®J{@®NSL

and ML-UCM (Salamanca et al., 2011). A detailed map of a region of interest is needed to
categorze urban classes (ARW user gui@12). Sucla detailed map of L&. cities is available

to the public throughthe NUDAPT dataset (Ching et al., 2009). In Canada, some reports
(Leroyeret al.,2011, 2014) used detailed maps but those datasets are nosiateesus. Hence,

we use the classical USGS-8lass dataset that considers only one urban category.

4.3.3.3. Selecting the weather stations
For evaluation of UCMs, extensive weather data in different regions of a city is needed and there

are specific protocol$or that purpose (WMO, 2008; Stewart, 2011); here, without having

extensive data inside urban areas, we use measured data from all weather stations around the
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cities. We are aware of the issue that experimental evaluation of UHI intensity requireted detai
specification of instruments in data reportibgt the current gathered data are limited to weather

stations fronthe Environment Canada databagétyy://climate.weather.gc.galhich isthe only

publicly available data. There are some resources available for Montreal and Vancouver

(www.epicc.ca but they are not publicly available.

4.4.Conclusionon the choice of UCM and the effect of an increase in roof albedo

| compared tree UCMs inthe weather research and forecasting model (WRF) for urban climate
simulation of Montreal and Toronto (Canada) in a summer episod@u(§:2005 LST) using the
fine-resolution grid size (333x333 m). All three models.(multi-layer, singlelayer, and slab
model) have the same performance in predicting threa2r temperature and 48 wind speedf

the selected cities. The accuracy of the UCMs differs in two carms$ shows a strong
dependence on the sky condition (clear vs. cloudy). Theagedrair temperature of the model
and observed air temperature in all weather stations are well correlated(®5). The mean
absolute error of -2n air temperature in Montreal and Toronto was abodCland 1.6°C,
respectively. Similarly, the mean alh#e error ofwind speed inMontreal and Toronto was in

the range of 313.9 m/s and 3i6t.9 m/s, respectively. In the clear sky, midiyer UCM
improved the air temperature calculations, while, in the cloudy sky, deyge UCM predicted

the air tempeature more accuratelyThe urbanheat island (UHI) in Toronto is well
characterized by muftayer UCM. On the other hand, in Montreal, all UCMs overestimate the
UHI during the day and underestimate the nocturnal UHI, which is mainly because in current
simulations variation of anthropogenic heat emissiem.(heat emission from buildings) with

air temperatte is only considered in singlayer UCM. The intensity of the UHI in Montreal
was stronger than Toron{gloudy sky, located near the lakeyly anaysis indicated that the
slab model is reliable for the purpose of climate simulatbor for evaluation of UHI intensity

and mitigation strategiesnore sophisticated models, which account for the anthropogenic heat

emission, turbulence, and multi reflect in the urban canopy, should be used.

The effectof increasing the albedo of roofs by 0.6 is also investigated. Air temperatdne24
averaged) is decreased by the values of 0.4 °C and 0.5 °C in Montreal and Toronto, respectively.

In Montreal and Tarnto the maximum decrease of the air temperature is about 1 °C at 0800 LST
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and 1100 LST, respectively. Results of midiyer UCM are considered the most compatible
ones with observational datand the outcome of using singlayer and slab models are
conmpared to them. According to the results of mlasier UCM, slab and singayer UCMs
overestimate the difference in air and skin temperature of urban areas. Diurnal prediction of the
change in air temperature usitiige slab model is acceptable. Skin temgiare difference can be

well calculated using singlayer UCM.
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Chapter Five: Sensitivity Analysis of Physical Parameterizations in WRF

Microphysics, radiation, landurface, and planetary boundary layer physical procestsasct

with the atmospheresome of them can be chosen based on the requirefentban climate
modeling (inclusion of MEUCM and BEM) andhe fine-resolution approach. The rest of the
physical processes are chosen based on the sensitivity analysis. These models should be
customize based on the available options in the WRF solver. Additionally, some options are
restricted by capability of coupling with UCMs.{.,the choice of LSM). The main limitation of
proposing an accurate approach is the number of implemented physical paatiens within
models.While thereare many papermiscussinghe validation of WRF€.g.,Zhang et al.2009

and Millstein and Mengn2011), noneof them discussed urban areas in cold climdteisea

variety of WRF options to find the sensitivity aif temperature and wind spefed the choice of

the model ensemble.

A microphysics model determines the presence of water in different phases, in addition to water
vapor, cloud, and precipitation processes. Options avittixed phase process should [zed to
prevent resolving updrafts in small grid size domains. Moreover, options aogsisore than

three variables are able to provide more dewilphysical processe€onvective or shallow
cumulus affects vertical moisture and heat transfer imich where introduced microphysics
models are not able to capture them. -8tid scale precipitation and cloud tendencies are also
necessary for urban climate simulati@md it needs shallow cumulus parameterization (ARW
user guide, 2012). A Lan8urfaceModel (LSM) provides informatioron heat and moisture
fluxes on land points and sea ice by using atmospheric feedback of other schemes in a simulation
(it can be considered as a boundary condition for the m8#almarock et al., 2008). ALISM

options inthe ARW solver are muHevel models that provide the lower boundary for the
Planetary Boundary Layer (PBL). LSM updates surface variablgs the ground temperature,

soil temperature profile, soil moisture profile, snow cover, and canopy propertiesch
iteration step, as independent variables. Using UCM is essential for the urban climate simulation
and, consequentlynified Noah LSM should be used as the main LSM in WRF. Three types of
UCMs are implemented in the solver and they should be esdlesing real case simulation. The

rest of the physical processes are going to be selected by sensitivity analysis of the air

temperature to their variation.
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A selected model ensemble would account for the climate variability (both internally and
externaly induced). The radiation model calculate the variation in the incoming and outgoing
radiations (shortwave and longwavé&)ther physical parameterizations estimate the internal
interactions between climate components. Also, performing simulations for episddes
ensures the validity of the boundary conditions and initial condition. Consequently, the mpdel
ensemble can be used to simulate the effect of a surface tredimeatbedo modification in

this caseithout urealisticcontribution ofnaturalvariability.

5.1. Methodology of sensitivity analysis of model ensembles within WRF

| have selected 20 different model ensemB84-S20)to evaluate the performance of WRF in
predicting2-m air temperatur¢hereafter, air temperaturaijnd 10-m wind speedherafter, wind
speed)in Montreal (Table5-1). Air temperature and wind speed in 10 weather stations
(MCTAVISH, PIERRE ELLIOTT TRUDEAU INTL, STHUBERT, STEANNE-DE-BELLEVUE,
VARENNES, L'ACADIE, MIRABEL, L'ASSOMPTION, andSTECLOTHIDE; like weather stations

in Figure 43) through the domain is compared with the output of simulatBased on USGS
land categorizatioMCTAVISH is located in the urban are@he selectedgimulationperiod is
from 09-Aug-2009 through 1JAug-2009, starting with a clear sky conditi@nd ending with a
heavy rain period. Theummerdays are selected becausanm ultimately using the platform for
evaluating the effect of increasing albedo, which is more effentiveitigating the urban heat
island during summertime and clear sky cdiwhs The heavy rain period also evaluates the
weakest part ofthe numerical weather prediction model to simulate clouds and different

hydraulic processes.

The simulation platform is similar to the one presented in Sedtibh and the same version of
WREF is usedl used the same method as discussed in SettloBfor evaluation of the model
ensemblesUnified NoahLSM coupled with MI:=UCM is used to parameterize fluxes from the
land-surface. The only difference is the size of domains and activatibmosfvay nesting to
reduce the computation time. The coarse domain (Domain 1) is abokin7®@00km with the

grid size of 1km x 10km. The first nest (Domain 2) is about 1&@® x 150km, with the grid

size of about &m x 3km, that has the urban domajDomain 3) with grid size of about 60®

x 600m. All options for all domains are the same, except the cumulus model that is not activated

for Domain 3 and the MAUCM that is only activated for Domain(8imilar to Figure 71).
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Mean Bias Error (MBE) ishe indication of underestimation (negative value) or overestimation
(positive value) of the predicted meteorological variable condparéhe measured data. Mean
AbsoluteError (MAE) represents the absolute error in simulateord it is known as a natural
metric to evaluate the performance of a model (Walcott, 2005). Root Mean Square Error

(RMSE) is a more rigorous indicator for model assessmbith is used in all similar studies.

Table 5-1. Simulation seups with different options on parameterizati@fisnicrophysics, cumulus, PBL, and

radiation
Microphysics Cumulus PBL Radiation
so1 WDM (16)" Simplified ArakawaSchubert (4) MYJ (2)° RRTMG (4)
S02 WDM (16) BettsMiller-Janjic (2§ MYJ (2) RRTMG (4)
S03 WDM (16) Grell 3D (5% BouLac PBL (8) | RRTMG (4)
S04 WDM (16) Grell 3D (5) MYJ (2) Dudhia(1)°
S05 Eta (5Y Grell 3D (5) MYJ (2) RRTMG (4)
S06 WDM (16) Grell 3D (5) MYJ (2) RRTMG (4)
S07 WDM (16) Grell-Freitas (3)° MYJ (2) RRTMG (4)
S08 Goddard(7)" Grell 3D (5) MYJ (2) RRTMG (4)
S09 WDM (16) Kain-Fritsch(1)™ MYJ (2) RRTMG (4)
S10 Lin (2)™ Grell 3D (5) MYJ (2) RRTMG (4)
S11 Milbrandt-Yau (2)* Grell 3D (5) MYJ (2) RRTMG (4)
S12 Morrison (10)" Grell 3D (5) MYJ (2) RRTMG (4)
S13 NSSL (17}° Grell 3D (5) MYJ (2) RRTMG (4)
S14 NSSL with GCN (18) Grell 3D (5) MYJ (2) RRTMG (4)
s15 WDM (16) New Simplified Arakawa MYJ (2) RRTMG (4)
Schubert (14)
S16 SBU-YLin (13)™ Grell 3D (5) MYJ (2) RRTMG (4)
S17 Thompson (8Y Grell 3D (5) MYJ (2) RRTMG (4)
S18 WDM (16) Tiedtke (65" MYJ (2) RRTMG (4)
S19 WSM (16Y" Grell 3D (5) MYJ (2) RRTMG (4)
S20 WDM (16) ZhangMcFarlane (7)22 MYJ (2) RRTMG (4)

! Lim and Hong, (2010), Pan and Wu., (1995),Janjic (1994) lacono et al. (2008} Janjic (1994)° Grell (1993),
and Grell and Devenyi (20026,Bougeault and Lacarrere, (198§Dudhia (1989), and Mlawer et al. (1999),
NOAA, (2001),%° Grell and Freitas (2014}! Tao et al. (1989)} Kain (2004),% Lin (1983),2* Milbrandt and Yau,
(2005), and Milbrandt and Yau, (200%§,Morrison et al. 2009),16 Mansellet al. (2010)1,7 Han and Pan (2011])5,3
Lin and Colle (2011)%9 Thompson et al. (2008§fJ Tiedtke (1989), and Zhang et al. (2012_L])Hong and Lim, (2006),
22

Zhang and McFarlane, (1995),
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5.2.Resultsand discussion®n air temperature, wind speed, relative humidity, and

precipitation in Montreal

Comparing the output of a numerical model with observations is an accepted method to evaluate
a model.However, there are some limitations for extensive analysis of getiding the
measurement struments, reported data accuracy, missing data, and comparison of the point data
(from weather stations) to areaeraged data (from simulations). Accepting the limitations, data
from EnvironmentCanada(2013) is used for current evaluation efiair tenperature, 14m

wind speed, 2n relative humidity, and surface precipitation.

5.2.1. Air temperature
Almost all model ensembles underestimate time @r temperature (TableZ both in urban and

rural areasThe arerage of the calculated MBEs shows half of theleh@nsembles (S01, S02,

S03, S04, S08, S09, S15, S18, S19, and S20) underestimatmthie ®emperature by the MBE

of less than1°C. MBE of the predicted air temperature tbe urban station is similar (9 model
ensemblesinderestimated the-a air tenperature by the MBE of less thah°C). The main
reason for the underestimation of the air temperature is the exclus@amttmopogenic heat
emission in urban areas. The anthropogenic heat emission can significantly contribute to an

increase in the air teperature of urban areas (by up t&€2Salamanca et al., 2014).

MilbrandtYau (S11) and NSSL (S13) produced the least MAE (1.5 °C) followed by S14 (1.6
°C), S16 (1.6 °C), S06 (1.7 °C), S10 (1.7 °C), and S17 (1.7 °C) through Domain 3 (I3ble 5

the uban weather station, the MAE is minimized (1.4 °C), using S03 and S06 ensembles. The
choices of PBL (MYJ an8oulLac; coupled to MIWCM) shows a good agreement in predicting

the 2m air temperature in the urban area. In rural areas, the MAE of the madehlde using

the MYJ scheme was 0.3 °C less than the MAE of S03 using the BoulLac scheme. Skin
temperature is sensitive to shortwave radiation; consequently, -theal temperature is
sensitive to the selected options for radiation parameterization. ThMM&Rarameterization is

more accurate than the combination of the Dudhia scheme for shortwave and RRTM scheme for
longwave radiation (MAE difference of 1.8 °C). The Goddard and WSM microphysics schemes,
and Tiedtke and Ka#fritsch cumulus parameterizatgrestimate an unrealistic air temperature

in both rural and urban areas. The main reason for large errors is the implementation of models
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that are designed for very coarse grid cells, to resolv@sdlprocesses, in a domain with a grid

size of 3 km x Xm (Domain 2).

Table 54 shows the RMSE of the simulations and accuracy of models based on this metric are
similar to their MAE results (S14 and S16 have the least RSME of 2 °C through Domain 3; S03
and S06 have the RMSE of 1.7 °C in the urban area).

Table 52. MBE in predicted 2m air temperature (°C) with different WRF settings

= ! &) =

2| 2 |BSSE|2| 383 |2 |&| & | 3% |65
g (*mE || 5B |S|3] = |S% o |~

S01 -15 -3.2 -1.2 -3.9 -1.8 | -1.2 -2.8 -1.9 -0.7 | -2.0
S02 -15 3.4 -1.2 -3.5 -1.7 | -0.5 -2.9 -1.9 -0.5 | -1.9
S03 -0.6 -2.2 -0.2 -3.1 -0.7 | -0.4 -2.2 -0.9 0.7 |-11
S04 -1.1 -1.7 -0.7 -1.6 -0.7 | -0.8 -1.6 -1.0 00 |-1.0
S05 -0.5 -0.9 -0.6 -0.5 -04 | -04 -0.1 -0.3 1.0 | -0.3
S06 -0.9 -1.4 -0.6 -1.4 -0.8 | -0.6 -1.3 -0.9 0.7 |-0.8
S07 -0.5 -1.7 -0.4 -2.1 -09 | -0.4 -1.7 -1.1 1.1 | -0.8
S08 -1.9 -4.3 -1.8 -4.1 2.4 | -1.7 -3.2 -2.3 -1.4 | -2.6
S09 -1.5 -3.4 -1.0 -3.5 -1.7 | -0.6 -3.0 -1.9 -0.7 | -1.9
S10 -0.6 -0.9 -0.5 -0.6 -0.5 | -0.2 -0.5 -0.5 12 | -03
S11 -0.2 -0.5 -0.1 -0.4 -0.2 | -0.1 -0.1 -0.3 14 |-0.1
S12 -0.4 -0.8 -0.2 -0.6 -0.3 | -0.1 -0.2 -0.2 1.0 | -0.2
S13 0.1 -0.3 0.1 -0.1 0.0 0.0 0.0 -0.2 1.5 0.1
S14 -0.2 -0.5 -0.1 -0.2 -0.2 | -0.1 -0.2 -0.2 1.5 0.0
S15 -2.0 -4.2 -3.2 4.1 -29 | -1.7 -3.7 -3.1 -1.6 | -2.9
S16 0.0 -0.5 0.1 -0.1 -0.1 | 0.0 -0.1 -0.1 1.6 0.1
S17 -0.3 -0.6 -0.2 -0.5 -0.2 | -0.1 -0.1 -0.2 1.2 | -0.1
S18 -1.3 -2.7 -1.3 -3.5 -14 | -11 -3.1 -2.0 -0.5 | -1.9
S19 -1.5 -3.4 -1.0 -3.5 -1.7 | -0.6 -2.9 -1.9 -0.6 | -1.9
S20 -1.0 -2.7 -0.9 -3.3 -1.3 | -04 -2.4 -1.6 01 |-15
Avg -0.9 -2.0 -0.8 -2.0 -1.0 | -0.5 -1.6 -1.1 04 |-11
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Table 5-3. MAE in predicted 2m air temperature (°C) with different WRF settings

= - 0 -

S| £ |B35E| 2| F62 |2|3| £ |g%°|65|¢
S |FEZE |5 | B B | S|3| 5 |2 g |

S01 2.2 3.7 2.0 4.4 27 | 1.8 3.6 2.9 2.8 29
S02 2.4 3.9 2.1 4.1 26 | 1.2 3.8 2.8 3.0 2.9
S03 1.4 2.5 1.3 3.5 16 | 1.2 2.7 1.8 2.3 2.0
S04 3.0 3.4 3.3 3.9 3.6 | 3.2 3.7 3.4 4.2 3.5
S05 1.9 2.0 2.0 21 1.7 | 1.5 1.7 1.8 2.3 1.9
S06 1.4 1.7 1.4 2.0 1.7 | 1.5 2.0 1.8 1.8 1.7
S07 1.6 2.3 1.5 3.2 19 [ 14 2.7 2.2 2.0 2.1
S08 2.8 4.9 2.5 4.8 32 | 24 3.9 3.2 3.3 3.5
S09 2.4 3.9 1.9 4.2 25 | 1.3 3.8 2.7 3.1 29
S10 1.6 1.7 1.5 2.0 1.7 | 1.2 1.9 1.8 2.0 1.7
S11 1.4 1.3 1.3 1.8 14 | 1.0 1.4 1.6 1.8 1.5
S12 1.8 1.7 1.6 21 18 | 1.3 1.6 1.8 21 1.8
S13 15 1.4 1.3 1.9 14 ( 1.0 15 1.7 1.9 1.5
S14 1.6 1.4 1.4 1.8 17 | 11 15 1.8 2.0 1.6
S15 2.9 4.5 3.7 4.5 3.6 | 25 4.2 3.8 3.2 3.7
S16 1.6 1.4 1.4 1.9 16 | 1.1 1.6 1.8 2.0 1.6
S17 1.6 1.6 15 2.0 1.7 | 11 1.6 1.8 2.0 1.7
S18 3.4 4.1 4.0 4.5 41 | 3.8 4.4 4.3 3.3 4.0
S19 2.4 3.9 1.9 4.2 25 | 1.2 3.8 2.7 3.1 29
S20 1.8 3.1 15 4.1 21 | 11 3.1 2.4 2.3 2.4
Avg 2.0 2.7 2.0 3.2 23 | 1.6 2.7 2.4 2.5 2.4
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Table 54. RMSE in predicted 2n air temperature (°Gyith different WRF settings

bl B lwez | & 28 |2 w| 2 |E | 8]
2 > |zoBe| 38| Zud | | ] 2 0% | EZ | §
4 = wao=| I Nl 4 < x = | o =
e |fmE | £ | 5 B | £|3| = < o

S01 2.7 4.4 25 54 3.4 2.6 4.3 3.5 3.8 3.6
S02 2.9 4.9 2.8 51 3.3 1.6 4.6 3.6 4.0 3.6
S 1.7 2.9 1.6 4.3 2.0 1.5 3.3 2.2 2.8 25
S04 3.8 4.2 4.0 4.7 4.3 3.9 4.5 4.1 4.9 4.3
S05 2.3 2.4 2.6 2.6 2.1 2.1 2.4 2.3 2.8 2.4
S06 1.7 2.2 1.9 25 2.1 1.9 2.4 2.2 2.2 2.1
SO07 1.9 3.1 1.9 3.8 2.3 1.8 3.3 2.8 2.4 2.6
S08 3.4 5.6 3.1 5.6 3.9 3.2 4.7 4.0 4.4 4.2
S09 2.8 4.8 2.4 51 3.1 1.6 4.7 3.4 4.1 3.5
S10 1.9 2.1 1.9 2.4 2.1 1.5 2.3 2.1 25 2.1
S11 1.8 1.7 1.8 2.3 1.7 1.3 1.9 2.1 2.4 1.9
S12 2.2 2.1 2.1 25 2.1 1.6 2.1 2.3 2.7 2.2
S13 2.0 1.9 1.7 2.3 1.8 1.3 2.0 2.1 2.5 1.9
S14 2.0 1.8 1.8 2.2 2.0 1.4 2.0 2.3 2.6 2.0
S15 3.5 55 4.5 5.6 4.6 3.4 51 4.8 4.5 4.6
S16 2.0 1.9 1.9 2.2 2.0 1.4 2.0 2.2 2.6 2.0
S17 2.0 2.1 2.0 25 2.0 1.4 2.1 2.3 2.6 2.1
S18 3.8 4.7 4.7 54 4.8 4.7 5.2 5.2 4.3 4.8
S19 2.8 4.8 2.3 51 3.0 1.6 4.7 3.4 4.1 35
S20 2.1 3.7 2.0 4.9 25 1.4 3.9 3.1 3.0 3.0
Avg 25 3.3 25 3.8 2.8 2.1 3.4 3.0 3.3 3.0

5.2.2. Wind speed
Wind speed plays an important role in calculation of air temperature from skin temperature

calculatel in LSM. The transient effect of wind speed on air tempgeais complicated; an
increase in wind speed increasle convection heat transfer that reduces the skin temperature,
which simultaneously causes a decrease in convection heat transfer. The wind speed is typically
measurd at a 10-m height from the grouh) so,| analyze the 10n wind speed forcurrent
analysis. All model ensembles underestimate the wind speed through rural and urban areas
(except MIRABEL). Assuming an underestimation of-n2 wind speed as a result of

underestimated 1t wind speed, the nmaijustification for underestimation of-r& air
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temperature is inaccuracy of predicting wind speed by BBtions PBL options with the

coupling capability to UCMs are not well designed for very-fiesolution grids.

The wind speed is highly variable withe measurement location. There are large MBE and
MAE in predicted wind speed related to many of the weather stqfiafe 55 and Table 5).

On the other handhe predicted wind speed in the urban weather station (MCTAVISH) has the
least MAE (2.1 m/s)sincethe MBE of 1.7 m/sMicrophysics and cumulus parameterizations
that introduce higher inaccuracy in predictingnZair temperature have high MBE {3.5 m/s),
which shows the high dependency of the calculated air temperature on wind speed.

Table 5-5. MBE in predicted wind speed (m/s) with different WRF settings

5 olwe2 |8 L8 | S el g [T |.8]¢
vee |z |gS8E| S| 4% |5 |3| 2 |38 |LE|E

c |sgES| | &2 ||| & |2 |”9]|z%

= = % n o > | - < O
S01 -2.0 -6.1 -6.9 -2.9 -4.1 | -5.7 0.8 -3.5 -1.3 | -3.5
S02 -1.8 -6.4 -6.8 -3.4 -4.1 | -4.6 0.2 -3.6 -1.0 | -35
S03 -1.7 -5.8 -6.3 -3.3 -3.8 | 4.9 0.6 -3.0 -0.8 | -3.2
S04 -1.8 -5.3 -5.7 -1.7 -2.0 | -3.4 1.2 -1.6 09 |[-22
S05 -1.5 -5.3 -6.0 -2.5 -3.0 | -4.6 1.3 -2.8 -0.1 | -2.7
S06 -1.7 -5.5 -6.2 -3.1 -3.3 | -5.0 0.5 -2.9 -0.8 | -3.1
S07 -1.7 -5.9 -6.3 -3.0 -3.8 | 4.6 0.5 -3.3 -0.6 | -3.2
S08 -1.9 -6.5 -6.7 -3.5 -4.2 | -53 0.2 -3.6 -0.8 | -3.6
S09 -1.8 -6.3 -6.7 -3.3 -4.2 | -4.9 0.2 -3.5 -09 | -35
S10 -1.7 -5.5 -6.2 -2.6 -3.2 | 4.4 1.1 -2.9 -0.3 | -29
S11 -1.6 -5.5 -6.2 -2.8 -3.3 | -4.2 1.2 -2.9 -0.2 | -2.8
S12 -1.5 -5.3 -6.2 -2.5 -3.4 | 4.2 1.2 -2.9 -04 | -28
S13 -1.6 -5.3 -6.1 -2.5 -34 | 43 1.3 -3.0 -0.3 | -2.8
S14 -1.5 -5.3 -6.1 -2.4 -3.3 | -4.3 1.3 -2.8 -0.1 | -2.7
S15 2.1 -6.6 -7.6 -3.6 -4.6 | -5.3 0.0 -4.0 -1.2 | -39
S16 -1.5 -5.5 -6.2 -2.5 -34 | 4.3 11 -2.8 -0.3 | -2.8
S17 -1.6 -5.3 -6.1 -2.5 -3.2 | 43 1.3 -3.0 -0.5 | -2.8
S18 -1.9 -6.2 -7.0 -3.3 -3.7 | -54 0.6 -3.2 -1.2 | -35
S19 -1.9 -6.7 -6.8 -3.8 -4.4 | -5.0 -0.1 -3.7 -1.1 | -3.7
S20 -1.3 -5.5 -6.4 -2.6 -41 | -53 14 -3.1 -09 [ -31
Avg -1.7 -5.8 -6.4 -2.9 -3.6 | -4.7 0.8 -3.1 -06 | -3.1
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The predicted wind speed in the urban areadmMAE of about 2 m/slike that of the air
temperaturg adding the anthropogenic heat emission can decrease the MBE and potentially
increase the accuracgf the model (smaller MAE). The average performance of model
ensembles through the simulation domain based on MAE is almost the same (about 4 m/s).

Table 56. MAE in predicted wind speed (m/s) with different WRF settings

MAE| = |ESSE| 2| 383 | B |3| £ |88 |BE|c¢

g |*EE |5 | B B | S|3] 5 < o |~
S01 2.4 6.5 7.5 3.9 50 | 6.3 3.5 4.6 3.7 4.8
S02 2.2 6.6 7.2 3.9 49 | 55 3.3 4.5 3.6 4.6
S03 2.2 6.0 6.7 3.8 4.7 | 5.7 3.2 4.1 3.7 4.5
S04 2.1 5.6 6.2 3.3 38 | 5.3 4.0 3.6 4.3 4.2
S05 2.0 5.7 6.5 3.5 39 | 54 3.3 3.6 3.4 4.1
S06 2.1 5.8 6.6 3.7 42 | 5.6 3.2 3.7 3.8 4.3
S07 2.1 6.1 6.7 3.6 46 | 55 3.4 4.2 3.8 4.4
S08 2.1 6.7 7.1 4.0 49 | 59 3.4 4.4 3.9 4.7
S09 2.2 6.6 7.1 3.8 49 | 5.6 3.3 4.4 3.6 4.6
S10 2.0 5.8 6.6 3.4 41 | 5.3 3.1 3.9 3.6 4.2
S11 1.9 5.8 6.6 3.5 41 | 5.2 3.0 3.7 3.4 4.1
S12 1.9 5.7 6.6 3.3 41 | 5.3 3.2 3.6 3.8 4.2
S13 1.8 5.6 6.5 3.3 40 | 5.3 3.1 3.6 3.7 4.1
S14 1.9 5.6 6.5 3.1 42 | 53 3.1 3.6 3.6 4.1
S15 2.4 6.8 7.9 4.1 53 | 6.0 3.4 4.7 3.7 4.9
S16 1.9 5.8 6.6 3.3 41 | 54 3.2 3.6 3.7 4.2
S17 1.9 5.6 6.6 3.3 40 | 54 3.2 3.7 3.9 4.2
S18 2.3 6.6 7.4 4.2 4.7 | 6.3 3.6 4.6 3.9 4.8
S19 2.4 6.8 7.2 4.2 50 | 5.7 3.3 4.3 3.5 4.7
S20 1.7 5.9 6.9 3.6 4.7 | 6.5 3.6 3.9 3.7 4.5
Avg 2.1 6.1 6.9 3.6 45 | 5.6 3.3 4.0 3.7 4.4

Table 57 provides the resutig RMSE for the weather stations and the selected model
ensembles. The results are in accordance with analysis for the MAE. The main purpose of
providing Table 57 is to have sufficient data for future coarson of models in other studies

(proving all output data would occupy 300 pages).
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Table 57. RMSE in predicted wind speed (m/s) with different WRF settings

é = % =) > : 5 I 3 2 | w -

RMSE| < |E38E| 2| 8% |8 |S| £ | 35 |55
¢ |®EE 5| 5B |s|3| = |5 | 3"

S01 2.8 8.3 9.3 5.1 6.6 | 8.5 4.1 6.4 4.5 6.2
S02 2.5 8.5 9.1 5.0 65 | 7.7 3.8 6.2 4.4 6.0
S03 2.7 7.7 8.7 4.9 6.2 | 7.9 3.9 55 4.5 5.8
S04 2.6 7.3 8.4 4.2 47 | 7.1 4.9 4.8 5.0 5.4
S05 2.3 7.4 8.5 4.4 50 | 74 4.2 4.8 4.1 5.3
S06 2.5 7.4 8.6 5.0 53 | 7.9 3.9 4.9 4.6 5.6
S07 2.4 8.0 8.6 4.8 6.0 | 7.6 3.9 5.8 4.6 5.8
S08 2.5 8.5 9.1 51 6.6 | 8.2 3.9 6.3 4.6 6.1
S09 2.6 8.3 8.9 4.9 6.6 | 7.7 3.8 6.1 4.4 5.9
S10 2.4 7.4 8.6 4.4 53 1|74 3.9 51 4.4 54
S11 2.2 7.3 8.6 4.5 52 | 7.3 3.8 5.0 4.1 53
S12 2.2 7.4 8.5 4.4 53 | 7.3 3.9 4.7 4.5 54
S13 2.2 7.2 8.4 4.4 53 | 74 3.9 4.9 4.4 5.3
S14 2.3 7.2 8.5 4.2 53 | 7.3 3.8 4.9 4.3 5.3
S15 2.8 8.5 10.1 5.2 6.9 | 8.2 3.9 6.4 4.5 6.3
S16 2.2 7.4 8.6 4.4 53 |75 3.9 4.8 4.3 5.4
S17 2.3 7.2 8.6 4.3 52 | 7.3 4.0 4.9 4.5 54
S18 2.7 8.3 9.6 5.6 6.6 | 8.9 4.3 6.1 4.9 6.3
S19 2.9 8.7 9.5 5.6 6.6 | 8.1 3.9 6.1 4.4 6.2
S20 2.2 7.8 9.2 4.9 6.6 | 9.1 4.4 57 4.7 6.1
Avg 2.5 7.8 8.9 4.8 59 | 7.8 4.0 55 4.5 5.7

5.2.3. Relative humidity
Relative humidity isa function of moisture content, air temperature, and surface pressure.

Therefore, it carries part of the error fraheinaccuracy in predicting the air temperatusece
data provided by Environment Canada (2013) are linilecome weather stationkd STE
ANNE-DE-BELLEVUE, the pressurelatais missing),l have calculated the relative humidity
(relative humidity is not a standard output of WREhe 2-m height

The relative humidity at-2n height is overestimated through Domain 3 by all model eblesm
(MBE rangedrom -2% to 24%) Table5-8]. The least MBE is observed in the urban area (MBE
rangesfrom -2% to 11%). Half of the model ensembles providedMAE of less than 10% in
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the urban areawhile the S11 model ensemble usitige MilbrandtYau microphysics scheme
performed well in both urbararea(MAE = 7%) and through the domain (MAE9%). Model
ensembles have the same performance by means of their RMSE (T@pblith the least
average RMSE of 13% in urban areas. The predicted relative hymidiite urban aresis more
accurate compageo rural areas because of the lack of moisture in urban regions (both moisture
content of the air and moisture flux from the ground are IdMQdels with large MAE in

predicting the Zm air temperature haverge MAE in predicting the relative humidity as well.

Table 5-8. MBE in predicted relative humidity (%) atr& height with different WRF settings

3 lwp2 || 208 [ B uw|l 2 |E | #]g
wee | % |ECcBe| 8| 24d |Z|8| 2 |33 |&Z|¢
G |agES|E| & @ | 22| & |2 |"9|<
= = 0 n o > - = O
S01 9 18 20 12 10 18 10 11 13
S02 8 17 9 19 12 9 18 10 12
S03 5 13 5 18 9 16 7 10
S04 4 24 19 23 20 19 25 19 16 19
S05 3 7 9 9 7
S06 7 11 8 13 9 10 13 7 4
S07 3 10 5 14 8 8 14 7
S08 10 20 12 20 15 14 19 12 11 15
S09 9 17 8 18 12 10 17 9 12
S10 4 8 7 10 8 7 10 6 7
S11 1 6 5 6 7 7 5 -1 5
S12 3 8 5 7 8 9 5 1 6
S13 1 7 4 6 6 7 4 -1 5
S14 4 9 6 7 8 9 6 0 6
S15 11 20 14 20 16 13 20 14 12 16
S16 2 8 4 7 5 0 6
S17 6 5 1
S18 -2 11 2 14 4 5 12 4 1
S19 8 17 8 16 12 10 16 9 7 12
S20 6 15 7 18 10 7 17 8 5 10
Avg 5 13 8 14 10 9 14 8 5 9
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Table 59. MAE in predicted relative humidity (%) ati2 height with different WRF settings
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Table 510.RMSE in predicted relative humidity (%) a2 height with different WRF settings

I D E wow 4 w 1 Ig L o
2 |zEg.l¥g| 2.3 | 2|5 g 3 218
RMSE | 2 rOQE| 5 | FdL | g | < 2 53z [FE| &
C |E@ES|E| £Td |22 £ |8 |°9|<

= = n n o > =l 5 @)
so1 14 22 14 25 18 [ 15[ 24 17 | 22 [ 19
S02 15 23 15 25 18 | 15 24 17 | 22 | 19
S03 12 17 11 23 15 (13| 21 14 | 18 | 16
S04 18 30 26 30 26 | 25 31 25 | 26 | 27
S05 11 12 13 14 12 | 14 14 12 | 15 |13
S06 11 14 12 17 14 | 15 17 14 | 15 | 14
07 11 15 12 21 14 [13] 20 15 | 15 | 15
S08 15 25 17 25 20 | 19 24 19 | 23 |21
S09 15 22 14 24 18 [ 15| 23 17 | 22 [ 19
510 10 12 12 15 12 | 12 15 11 | 13 [ 13
s11 9 10 11 14 1 | 11 12 12 [ 13 [ 11
S12 10 12 12 15 12 | 13 14 12 | 15 | 13
s13 10 11 10 15 1 | 11 13 12 | 13 | 12
s14 11 12 11 14 12 | 11 14 13 | 14 | 12
s15 18 25 19 25 22 | 19 25 22 | 23 |22
516 10 11 10 14 1 | 11 13 12 | 13 | 12
s17 10 11 12 15 12 | 12 14 12 | 14 |12
s18 25 21 23 21 20 | 21 21 21 | 20 |21
519 17 29 16 26 20 | 17 26 23 | 20 | 22
520 13 20 13 25 16 | 12 22 16 | 21 | 18
Avg 13 18 14 20 16 | 15 19 6 | 18 | 17

5.2.4. Precipitation
| am awareof the weakness of numerical weather prediction nsitesimulating clouds and

water processes. This comparison provides a qualitative assessment of the prediction of
precipitation by these model ensembles. UshigETA microphysics scheme performed ($05

well in determining the surface rain underestimation of akbutm and4 mm in the urban area

and in Domain 3, respective{yable 511). The MAE of S05 in the urban area is 9 mm and the
average through the domain is 7 mm, which is by far the mosoapge model ensemble for
prediction of precipitation using fireesolution grid siz€Table 512). However,simulation time

for SO5 was approximatelpur times longer tharior the other ensembles. In the urban area,
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MAE of the predicted precipitation byther model ensembles (not S05) was almost the same
(rangingfrom 12mm to 15mm). The S10 ensemble usirthe Lin microphysics scheme has the
least MAE (6mm) in the rural area3'he MAE of all models through Domain 3 is less than 10
mm, except for S13 ah S18 usingthe NSSL microphysics scheme and Tiedtke cumulus
parameterization. As mentioned, the issue of -fesolution grid cells affectshe cloud
convection process. Table-13 provides the calculated RMSE tfe model ensemble in

predicting theainfall episode during the simulation period.

Table 511. MBE in predicted precipitation (mm) with different WRF settings

VBl E 5385 | 2 | 88 | 3| 85 | 55 | ¢

2 "wE | 5| 58 | 3] 2 5 | °

n —

S01 -15 -12 -14 -14 4 7 5 -8
S02 -15 -14 -16 -15 -4 -6 5 -9
S03 -15 -11 -12 -11 -7 8 -6
S04 -14 -12 -14 -12 5 -8 7 -7
S05 -8 -8 -9 -11 1 3 -4
S06 -12 -12 -15 -12 6 -6 8 -6
S07 -15 -13 -16 -14 -3 -4 2 -9
S08 -13 -11 -11 -11 1 -6 3 -7
S09 -15 -13 -12 -14 -4 -5 5 -8
S10 -12 -9 -10 -13 il =il 1 -6
S11 -12 -10 -10 -12 -6 -7 1 -8
S12 -13 -12 -13 -11 -4 -9 3 -8
S13 -12 £ -13 -13 4 -4 18 -4
S14 -11 -3 -12 -9 =i -6 10 -5
S15 -16 -13 -14 -14 1 -9 5 £
S16 -13 -12 -14 -14 -8 -5 2 -9
S17 -13 -13 -14 -12 -4 -7 1 -9
S18 -15 -13 -16 -11 -11 -9 1 -11
S19 -15 -14 -12 -14 -4 -7 4 g
S20 -14 -14 -15 -15 il L 2 -9
Avg -14 -11 -13 -13 N -6 5 -4
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Table 512. MAE in predicted precipitation (mm) with different WRF settings
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Table 513.RMSE in predicted precipitation (mm) with different WRF settings

_ . o
5 W2 e = L n a 3
RMSE > Fohg e Z i 2 3z T | 8
5 ag2- | I R 79| 2

= e 0 » o = < 3]

-

so1 26 20 24 25 7 12 18
S02 27 23 27 25 7 10 8 18
S03 25 18 21 19 13 12 14 18
S04 24 21 24 22 8 15 12 18
S05 15 14 16 19 7 2 5 11
S06 21 19 25 20 11 11 14 17
S07 26 22 27 25 5 7 3 17
S08 22 19 20 20 1 10 5 14
S09 26 22 20 24 7 8 9 17
S10 20 14 18 22 2 2 2 12
S11 21 17 18 21 10 13 1 14
S12 23 20 22 19 7 15 5 16
S13 23 15 22 23 6 7 30 18
S14 21 5 21 17 2 11 16 13
S15 27 22 25 24 1 15 9 18
S16 23 22 24 24 14 9 3 17
S17 24 22 24 22 8 13 3 17
S18 27 23 28 26 22 16 10 22
S19 26 23 20 25 7 12 6 17
S20 24 23 25 25 2 15 3 17
Avg 24 19 23 23 8 11 8 16

5.3. Conclusionon the appropriate model ensemble

Several options of WRF are combinddr(a total of 20 model ensembles) to evaluate their
performance for reproducindié measured data-(@ air temperature, th wind speed, 2n

relative humidity, and precipitation). A period of three days in AugusiA@$2009 to 11Aug-

2009) is selected, mainly for the clear skythe firsttwo days and a heavy rain period the

third day. Two domains(3 km x 3km; 600m x 600m) are telescopically nested into a coarse
domain to cover the Greater Montreal area. Model ensembles generally underestimate the air
temperature, wind speed and precipitation, whereas relative humidity istoveted by almost

all model ensemble3he combination of WDM (Lim and Hong, 2010), Grell 3D (Grell, 1993;
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Grell and Devenyi, 2002), MYJ (Janjic, 1994), and RRTMG (lacono et al., 2868)
microphysics, cumulus, planetary boundary layer, and radiatioansd) respectively, is the
most accurate model ensemble. The mean average error (MAE) ofriteer2emperature in the
urban area is 1.4C compared to the measured dated through the domain the value incrsase

to 1.7°C. The selected ensemble predidtthe wind speed, relative humidity, and precipitation
with MAE of 2.1 m/s, 9%, and 12 mm, respectively, in the urban area. In addition, the MAE of
the predicted wind speed, relative humidity, and precipitation by the ensemble through the

smallest domairsi4.3 m/s, 12%, and 10 mm, respectively.
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Chapter Six: Characterization of Urban Morphology of Montreal

Collecting and analyzing data needs a detailed analysis of an urban area selected as the case
study.l chose thd&sreater MontreaRAreaasmy case studyn this research. UCM coupled with
mesoscale model needs firesolution surface data. Surface data comprise the estimation of
urban area and the urban categarg.(low intensity, medium intensity, and high intensity),
fraction of roofs and pavementsuilding height distribution in different urban categoriasd
emissivity of urban surfaces. The Montreal Municipality provided a detailed ah#épe city

(City of Montreal, 209). Simulation of energy consumption in the buildings needs data related
to the building properties and their HVAC system. Building properties include the size of the
buildings, the conductivity of building surfaces, glazing properties, and convective heat transfer
coefficients of building surfaces. In this researchijll use the standard provided bySKHRAE
(20073).

The uban canopy model is responsible gosmaller region compageto the mesoscale model.
Feedbacks of UCM on mesoscale (upscaling) are not significant, so many simplifications may
apply to the UCMs. However, effest of atmospheric parameters on the variables of UCM
(downscaling) are huge. In order to have an accurate WgdIphenomena should be quantified
precisely radiation trapping and circulation in the canopy. For the first part, a radiation model
will be devdoped to consider the multipleeflectionsbetween urban surfaces. Both sunlight
(shortwave) and longwave (emitted from the surfaces and the sky) trapping will be considered.
Isotropic and fully diffused reflection from all surfaces is an important assumpt the
calculationsThe secongbart of completing UCM i$o estimae the sensitivity of air temperature

to momentum and heat exchange coefficients. Different exchange coefficients have been
proposed for different purposes bonly a few researchehawe investigated exchange
coefficientsd effect on urban <c¢l i mate. Ther e

characterize the boundary layer in the canopy.

6.1. Methodology of simulations

For this part, first,| analyze the urban data d&bur different reighborhoods in Montreal
(Canada). Thenl simulate the urban heat island (UHI) in Montreal using the typical urban
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characteristics (Chen et al., 2011 evaluatefour methods to represent urban morphology and
compare street SVF values for the case ssuididMartilli (2009) andor Montreal.Like Martilli

(2009),1 am not addressing the effect of urban morphology on wind pattern inside the canopy.
Three sets of simulations are performed to investigate the effect of (1) modified urban geometry,
(2) modified SVF (using statistical modet for parameterization), and (3) modified urban
geometry and modified SVF on urban heat island intensity (UHII). The objectives are twofold:
(1) to quantify the difference in UHII of Montreal between typical and accuratanurb
morphologieson a summer day, (2) to modify the SVF of reaohd to test the modified SVF by

calculating UHIIL.To achieve the objectives, the following steps are taken:

Step 1Aerial images of selected neighborhoods are collected and building heiglesteacted
from the database of Montreal Municipality (City of Montre&009). From the data, mean
building height and deviation of building heights are calculated. Line drawings of the
neighborhoods are provided to identify actual plan area densitiyandl area density. The plan
area density is the fraction of number of pixels with buildings to total number of pixelsifeom
top view. The frontal area densitytlee mean of fractions of pixels with buildings fraimur side
views (north, east, wesind south) to total number of pixels frahetop view.The averagef
calculated parameters is considered as the characteristic of the city.

Step 2.The building energy model (BEM) calculates energy consumption and heat emission of
buildings. The BEM (8lamanca and Matrtilli, 20H) calculates the energy demand of the
building that keeps the indoor air temperature and the indoor moisture content in the comfort
range. The accuracy of BEM is restricted the dynamics of HVAC systems and by
characteristicsof building envelopes. HVAC systems of buildings are diverse and their
efficiency/performance is highly dependent on required load -{padt ratio). Building
envelopes are also different in terms of materials properties such as reflectance, insutition, an
emittance. In an idealized urban structure all buildings and their HVAC systems have the same
characteristics. A simple method is used to find the average efficiency of heating systems and
COP of cooling systems. The share of each energy system inetwedy consumption for
cooling or heating in Quebec is calculated from the data providethébfznergy Use Dat

Handbook (Behidj et al., 2018ffice of Energy Efficiency2011, and references therein). Then,
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the weighted average of performance of the ggnsystems is calculated to represent efficiency

of heating systems and COP of cooling systems.

Step 3.The air temperature of Montreal is simulated using version 3tbeokeather research
and forecasting model (WRF). The platform for mesoscale modaliegplained in Section
4.1.1 The fineresolution grids (500nx 500m) provide more detailed informatiom different
neighborhoods in Montrealat the cost of poor accuracy because of the deficiency of
microphysics parameterizations. For modified morpgicial parameters only URBPARM.TBL

is updategand for the modified sky view factor the source code for UCM is altered.

Step 4.A SVF parameterization is proposed by statistical analysis of hypothetical urban
configurations. A set of urban geometry withaamly distributed building heights is developed

to find the relation between the actual SVF and the estimated SVF using different techniques. A
simple UCM code is developed with MATLAB 2012R to numerically calculate view factors of

different surfaces andhe¢ total absorbed energy by the canopy using numerical methods.

The sky view factor (SVF) of streein idealized urban structures (London, Toulouse, Berlin,
Salt Lake City, Los Angeles, and neighborhoods in Montreal) is determined and a new
parameterizatin for SVF is calculated. The actual SVB () is compared with calculated SVFs

('O to investigate the accuracy of different methods. Actual SVFs of five cities are collected
from the previous study (Martilli, 2009). ENVinet software (Bruse dnFleer, 1998) is used to
calculate SVF of the neighborhoods in Montremid the average is used for the city. Nine
receptors are placed in each neighborhood, in the middle of streets, to calculate tAd&VF.
ENVI-met model is capable of separating tB€F calculationaccounting forthe effect of

buildings and vegetation. TH@ is calculated by averagirige SVFs observed in 9 receptors.

Step 5.The urban heat island intensity in simulations is calculated by subtracting the spatially
averaged 2n air temperature of rural areas from the spatiallgraged 2Zn air temperatre of

the urban area, canhourly basis. In the simulation domain (~50 k80 km), the total number

of grids is 3 times more thatne number ofgrids considered as urban. The actual UHII is
identified by subtracting the measured temperature in a westttean located in the rural area
(Mirabel Airport weather station) from the measured temperature inside the urban area
(McTavish weather station).
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6.1.1. Selected parameterizations
The Weather Research and Forecasting (WRF) model version 3.5 (ARW user 2lide

Skamarocket al.,2008) is coupled to a mullayer urban canopy model (UCM) and a building
energy model (BEM) for urban climate simulations. The UCM (Mastllal.,2002) incorporates

the urban grids into mesoscale grids and calculates the heatogstdre fluxes from urban areas

to the vertical layers of the mesoscale model. The BEM (Salametneh, 2010a, 2010b)
determines the heat emission from the buildings to the canopy. WRF has two, soldetise

ARW solver isappropriatefor urban climateresearch (Yuet al., 2012). The ARW solver
comprises several parameterizations for microphysics, cloud convection, shortwave and
longwave radiations, larsurface, surface layer, and planetary boundary layer. The mesoscale
model has been evaluated in difnt studies (Zhargf al.,2009; Millstein and Menar2011).

The doublemoment WRF microphysics parameterization (Hoetg al., 2004) is used to
determine the water content of the air and the type of hydrometeors. The convection of the
cloudsis not congdered for Domain 3, whereas for other domains the Grell 3D ensemble scheme
(Grell and Devenyi2002) is used. The CAM shortwave and longwave schemes (Cellils,

2004) determine the shortwave and longwave radiation eféext their interactions witthe
atmosphere in all domains. The lasuiface model (LSM) calculates the ground temperature,
soil temperature profile, soil moisture profile, snow cover, and other surface varidig®$oah

LSM (NCEP,Oregon State UniversityAir Force, NWS Office oHydro) proposed by Chen et

al. (2001) is used to calculate ground variables as a part of inputs to the UCM. Thelaygace
model determines thiateractionsbetween the LSM and planetary boundary layer (PBhg

ETA model (Janjic 2002) is used to incporate the NoahSM variables into the Meller
YamadaJanjic PBL model (Janjjc1990,1994). The initial and boundacpnditions of the
simulations araletermined using different datasetfie NARR dataset (Mesinget al.,2006)

and the USGS (U.S. CensusrBau, Geography Divisior2011) are used for the weather data
and theterrestrialdata, respectively.

6.2.Urban characteristics

A detailed analysis of urban characteristics including the morphology and HVAC systems of
buildings is essential for urban climatenslations. However, determining those parameters is

not feasible because of urban expansion and dynamics of HVAC systems in the urban scale.
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Therefore, a statistical method is developed to estimate dimension of buildings and the average

efficiency/perfornance of HVAC systems.

6.2.1. Urban morphology
Four neighborhoods in Montreal are selected as a sample population of buildings @Qure

Concordia with dense highrise buildings UQAM, with dense mediumise buildings Joliette

with row-house buildingsand a fourth neighborhood with detachdtbuse buildings. Street
orientation and urban fraction are calculated using the full aerial image of the city
(www.maps.google.cojn Street orientation of Montreal is calculdteby averaging the
orientation of main streets. There are two main angles (approximately 30 aledj@@srom

north) to represent the street orientation. Additionally, about 20% of the urban area is considered
to be vegetated. Building heights are exddrom the data provided by Montreal Municipality
(City of Montrea) 2009).

Figure6-2 shows the number of buildings sorted by their height, roundeghtetér increments,

in the selected neighborhoods. The probability distribution of building hegnéxjuired as the

input to the multlayer UCM in WRF to calculate heat emission from buildings to the canopy
and energy consumption of HVAC systems. Since the building distribution is random (with a
known probability distribution), in each simulation aique heat flux from the ground to the
atmosphere is calculated; however, the differences are negligible. Buildings with the height of 5
m and 10 m are most probable building heights in Montreal with 45% and 42% chance,
respectively. The percentage of higbe buildings is about 8%which isgreater than the actual
value, since the linear average of building heights in different neighborhooeindggised. For a

better estimation of morphological parametexsveighted average of the valuesuld better
represent the city nonethelessgdoing so requires duge amount of resources and effort.
Moreover, WRF has the option to have up to three urban categories when the detailed map of the

area of interest is available.
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Average building heights, standard deviation of the height, plan area density, frontal area

density, width of buildings, and width of the street four neighborhoods in Mongal are
analyzed (Tabl&-1). Data of five cities are also collected (Ratti et2002; Matrtilli, 2009) and

the average of those parameters is considered for the city. Additionally, width of buildings, width

of the road in 2D model, width of the road3B model, sky view factor of streetndsize of the

grid are estimated.

Table 6-1. The characteristics (average height of buildings, standard deviation of the height, plan area density,

frontal area density, width of buildings, width of the road in 2etowidth of the road in 3D model, sky view

factor of street, size of the grid) of selected urban areas and the regions in Montreal

Qm , (m _ _om 0 (m 0O (m O dx
London 13.6 5 055 0.32 234 19.1 8.1 0.53 250
Toulouse | 15.3 6.1 04 032 191 287 11.1 0.65 250
Berlin 18.6 4.3 035 023 283 526 19.5 0.72 250
Salt Lake | 16.3 14.1 0.22 0.11 326 1156 36.9 0.87 400
City
Los Angeles| 51.3 51.5 0.28 0.45 319 821 28.4 0.60 400
Monweal__|113 __ 7.30 __039 024 191 304 ___ 110 ___072 300 |
UQAM 11.8 50 0.44 0.21 24.5 31.4 125 0.69 300
Concordia 22.9 20.9 0.55 0.53 23.5 19.6 8.3 0.47 300
Joliette 7.3 2.4 0.26 0.15 12.1 35.3 122 0.84 300
Snowdon 3.1 0.8 0.32 0.12 8.2 17.8 12.7 0.87 300
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6.2.2. Efficiency/performance of energy systems in buildings
The collected data (Behidj et al., Z010ffice of Energy Efficiency 2011, and references

therein) considers two cooling systemoom and central, which have the same performance. For
heating, various types of systenmre aonsidered with their respective efficiency or performance
(e.g., for heat pumps)l used the energy consumption data of Quebec to find the average
efficiency/performance of energy systems in Montreal, since thdatdt#ontreal is not publicly
availabbe. More than half of the population of Quebec Province lives in the Greater Montreal
area (Statistics Canad2007). Hence, the provided data are likelymell represent the energy
consumption pattern in Montreakhere the main energy supply is elecity. Wood and oll

systems for heating are rarely used and electric baseboard heaters are the predominant heating

source.

The COP is calculated from EER and SEER usigy 6-1 and6-2. Then, the weighted average

of efficiency and COP is calculated (Tal8€?). In my simulations,| considered the heating
efficiency to be 1 and the COP of cooling equal to 2.5. The calculation of efficiency and COP is
performed by the Residential Etubse Model (Office of Energy Efficiengy009) using a fairly
complicated telenique. The model comparehe end use energy with the usage profile of
households and the type of equipment for heating and cooling to estimate the performance of
HVAC systems.

O0Y YOOY® wX¢8towTt (6-1)
600 O0YTR wo (6-2)
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Table 6-2. Energy use for space cooling and heating in Quebec by equipment type and their stock efficiency in 2005
(Behidj et al., 2012, Office of Energy Efficiency 2011, and referencesither

Energy | Share | Efficiency/ | Weighted average

System type use (PJ)| (%) performance| efficiency/performancy

Cooling Room 2.0 404 | 2.6 26

Central 3.0 59.6 2.6
He'at'lng Oili Normal 00 0.0 06
Efficiency
He-at-lng Oili Medium 8.7 130 |07
Efficiency
Heating Oili High Efficiency | 0.0 0.0 0.8
Na'tu'ral Gag Normal 101 46 06
Efficiency
Na_tu_ral Gas Medium 59 13 08

. Efficiency

Heating "Natural Gas High Efficiency | 5.0 23 |09 0.9

Electric 92.5 41.9 1.0
Heat Pump 5.8 2.7 1.9%
Other 1.0 0.5 0.5
Wood 8.7 3.9 0.5
Wood/Electric 425 19.3 [ 0.7
Wood/Heating Oll 10.4 4.7 0.6
Natural Gas/Electric 15 0.7 0.9
Heating Oil/Electric 11.4 5.2 0.8

6.3.Urban heat island and urban cool island in summer

The urban heat island is a sogtitated phenomenon depending on synoptic weather condition
and anthropogenic heat emission, simultaneously. During the day solar emevigesthe
major contribution to heat island; however, sometioues island might be experienced because
of the dens cloud coverl used the simulation platform @hy former study (Touchaei and
Akbari, 2014) to simulate the urban climate of Montreal. As shown in Fi§Bethe UHI is
observed at midnight as a result of absorbed heat during the day and heat enussion fr
buildings during the evening. After midnight UHI is attenuated and-iinea temperature starts

to increase during the sunrise. The UHII is evidentat®and it is more pronounced in the east
(Centreville, Le PlateatMont-Royal, MontrealNord neghborhoods and Longueil). At noon,

the temperature of the whole region is increased th 23C and the difference between urban

12The COP of the heat pump is normally higher than the value reported. The reason for the low COP might be because of the
very low temperature in Quebec during the winbervery low temperatures heat pumps are not working properly and the electric
heater replaces the heating cycle. Hence the annual performance decreases by the low performance of electric heater.
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and rural areas is negligible. In early afternoon, the dense cloud cover reduces the solar radiation
striking the ground in # urban area angbol island is noticeablbecause of two main reasons:

(1) an increase in the latent heat flux from water bodies around the city, and (2) a decrease in the
solar radiation striking the urban area due to denser cldis nocturnal UHI aga stars to

appear during the evening and contmdaring the night. In simulations, urban grids have the
same characteristics and there is no difference between neighboribed®wntown area of
Montreal and part of Longueil (on the east bank of ihery experienced the highest temperature
duringthe 24-hourperiod.

Historically, in many hours of a day urban areas experience higher tempeithametheir
surroundings, which is loosely defined adbanheat island. On the other hand, cold climates
might experiencet he fAcool i s | =ored ftequenmthy.e Foro anatyn ldkken Montreal
embedded in rivers, the latent heat flux is higher than the sensible heat flux compared to its
surrounding. Therefore, a chance of UHI might decrease but the neacsudmperature is still

high. Here,l used UHIlI as the general term to represent the difference between the air

temperature in an urban area and its surroundings.
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Figure 6-3. 2-m air temperature (°C) in different hours of July 14th, 2005 (the dashed line is the urban border and

dark blue color represents rivers)
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6.4. Methods of calculatng sky view factor for a canopy

Sky view factor (SVF) of urban surfaces plays an important role in cafml#te energy

balance of the canopy. The SVF is highly dependent on the structure of the urban tanopy.

considerfour types of idealized urban canopy structure: (1) 2D model randomly distributed
height of building rows, (2) 2D model with constant heighbuildings, (3) 3D model, and (4)
2D model with randomly distributed height of buildings (FigbH4).

Figure 6-4. Schematic of the arrays of buildings considered as the urban morphology, (a) 2D model randomly
distributed haght of building rows, (b) 2D model with constant height of buildings, (c) 3D model, and (d) 2D model
with randomly distributed height of buildings

The SVF of the street in the canopy with randomly distributed height of building &vis the

sum of sreetto-wall view factors & ) subtracted from unity (Siegel and Howell, 2001).
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0 p O: O (6-3a)
0 -p ® Wp & (6-3b)
O — (6-3c)

where "Qis the wall height and is the street widit.

For constant height of building rows, the street S&F) (Byrd, 1993) is calculated from Eq.-(6
4).

0 S Pa ©8P O L ea: —2 . oo omo: —0 (6-4a)
OWC p O @ Vp & Mp w

o — (6-4b)
H — (6-4c)
where Q cand’Q represents grid size and height of buildings, respectively.

Kanda (2005) proposeat]. 6-5 to estimate the street SVF 8D canopy.

O 0w w (6-5a)
® OEDOE — ¢ -00E OEDOE — (6-5b)
w e _ T8 Yp THIC WY TBOU X (6-5¢)

In 2D UCM with randomly distributed building height, the street SVF is calculated simigr to

6-4, except the& is the summation of the stretwall view factors of all buildings in the

canopy.
0 p O (6-6a)
0 BO; (6-6b)

Finally, | propose the following parameterization for the street SVF based on statistical analysis
of different urban configuration.

0 0 c_ (6-7)
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The street SVF of selected areas are calculated with tledoged tool and results are shown in
Table3. The proposed parameterization shows a better estimation of the actual SVF ddampare

other methods.

Table 6-3. View factors of the selected cities and region in Montreal using different urban morphology

0 0 0 0 0 0
London 0.53 0.55 0.35 0.52 0.51 0.53
Toulouse 0.65 0.62 0.43 0.61 0.60 0.63
Berlin 0.72 0.70 0.56 0.71 0.70 0.72
Salt Lake City 0.87 0.84 0.79 0.87 0.87 0.87
Los Angeles 0.60 0.53 0.38 0.58 0.55 0.63
Montreal 0.72 0.73 0.53 0.69 0.68 0.69

"""" UQAM | 069 072 054 070 069 069

Concordia 0.47 0.56 0.23 0.42 0.37 0.43
Joliette 0.84 0.80 0.71 0.82 0.82 0.82
Snowdon 0.87 0.83 0.84 0.74 0.83 0.83

6.5. UHI simulation with modified data

Four ses of simulations have beeperformed: (1) CTR& using the default characteristics of
urban areas within WRK2) Morphd the morphological characteristics and building properties
are updated with the provided data in this reseg@hVF0 implementing the proposed SVF
parameterizatio in CTRL (4) VF_mod implementing the proposed SVF parameterization in
Morph. The 2m air temperature of the urban area for simulation cases is compared with the
observational data gathered at McTavish weather station (Environment Canada, 2014). All cases
reproduced the nocturnal urban temperature well compared to diurnal temperature, which is
underestimated (Figuré-5). The underestimation mainly resulted from the deficiency of the
microphysics parameterization to predict the cloud cover, whias been overestimated.
Shortwave solar radiation is inversely proportional to the cloud cover. The underestimation of
the nocturnal air temperature reported in previous research (Touchaei and Akbari, 2013) is
corrected by using BEM. VF_mod increaske accuracy fopredicting the 2m air temperature
almost all day. The view factor of urban surfaces is an important factor even during the
nighttime, since the longwave radiation becomes dominant. The mean average error of the CTRL
is about 2.6°C, which hasbeen redued by 0.7°C using the modified urban morphology and

SVF parameterization (VF_mod).
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Using the multlayer UCM well replicated the diurnal cool island but it underestimates the
nocturnal UHI even by coupling it to BEM (Figure6h The difference of about D°C in UHI

is estimated from modifying the urban morphology and building characteristics. The observed
temperature difference between the urban and rural areas in simulations is the difference between
spatially averaged temperaturésit the measured dafare point data of two weather stations

(McTavish in urban area and Mirabel in rural area).
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Figure 6-5. 2-m temperature observed at McTavish weather station and reproduced by considering different cases
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Figure 6-6. Urban heat island intensity from sdrved data (the difference between air temperature measured at

urban area [McTavish], and rural area [Mirabel Airport]) and simulated cases

Another major interest of urban climate simulation in the neighborhood scale is to predict the

effect of applying &JHI mitigation strategy on energy consumption of buildingsalculated the
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energy consumption of HVAC systems in Montreal following the framework of an earlier study
(Touchaei and Akbari, 2014). The total spatially averaged energy consumption in Calstiuis

3.2 kWh/100m of roof area whichis 1% lower than the value predicted by VF. Additionally,
updating the urban morphology and building characteristics significantly increased the estimated
energy consumption to 9.5 kWh/108r€urrent modifications ecreased the generated error but
further improvement to the code should be made to give a more reliable prediction of air
temperature. Estimating air temperature and energy consumption of HVAC systems requires

extra data and computational time.

6.6. Conclusionon the importance of urban morphology in characterizing UHI

The urban heat islandn a summer day of Montreal is simulated using the urbanized weather
research and forecasting model. Basic simulation suggested an elevated nocturnal air temperature
in the urban area and lower urban air temperature during the day because of the clouds. The
urban morphology and HVAC system performance of buildings is modified by statistically
analyzing aerial pictures and collected data for energy systems in the city. Aaltitiahe

current methods for calculating the sky view factor of the street are tested against a new
parameterization. Comparing the empirical values collected from other staidsom aset of
randomly generated urban configuration, with values fobfierent methods suggests that the

new parameterization can improve the energy calculation for urban surfaces. Three simulations
havebeenperformed to investigate the effect of updating the urban and buildings characteristic.
Modifying the urban morpholyy improved the mean average error in estimating the &r
temperature by 0.4C, and the estimated energy consumption increased by the average of 6.3
kWh/100nf. The view factor modification has a negligible effect on estimating the energy
consumption buit increased the accuracy of the model in calculating the &r temperature

and urban heat island intensity. The best performance of the model resulted from modification of
both urban morphology and view factor. For the latter, the mean average fettner 2m air
temperature decreased by 0, andthat ofthe nocturnal urban heat island intensity by about
0.6°C. Results suggest that the urban morphology plays an important role in simulating regional

climate and updated methods and data should bd tsimprove the accuracy.
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Chapter Seven:Effect of IncreasingAlbedo on Urban Climate and Energy

Consumption of Buildings in Montreal

Increasing the albedo of urban surfaces is a promising heat island mitigation strategy in tropical
and moderate climas. Increasing the albedo reduces the heat absorption by roof and walls;
hence, it reduces the cooling energy demand in summer and may increase the heating energy
demand in winter. In this paper, effect of increasing the albedo of urban surfaces in Montrea
(Canada), a cold climate region, is investigated. An algorithm is developed to select a monthly
typical meteorological day to represent each month of a year. Episodic simulations are performed
for the typical meteorological day of each month in 2005. Whather research and forecasting
(WRF) model is coupled with a mulayer urban canopy model and a building energy model to
accurately simulate the urban climate and energy consumption of air conditioning systems. The

albedo of rodd, walls, and roaslis increased from 0.2 to 0.65, 0.6, and 0.45, respectively.

7.1. Methodology of evaluating seasonal performance of an increase in urban albedo

The Weather Research and Forecasting (WRF) model version 3.5 (ARW user 2fliide
Skamarocket al.,2008) is coupledo a multilayer urban canopy model (UCM) and a building

energy model (BEM) with the parameterizations usesimulations ofChapter 9.

7.1.1. Monthly Typical Meteorological Days
The monthly typical meteorological day (MTMD) is generated to represent each wfoath

selected year with a single day. The method for selecting MTMDs is similar to the procedure
developed by Sandia National Laboratories (ldakl.,1978). In thissmpiricalmethod all days

of a month are examined aadabthé MTIVMP of that monthtThep i ¢ a |
most typical day can be selected using different petensy depending on the objective of the
analysis. For example, in order to use the MTMDs in modeling energy systems and buildings,
solar irradiance, air temperature wdeemperatureand wind speed are main indices to consider.
Likewise, theconcentrations of air pollutants ardluential paraneters for airquality modeling.

The following steps describe the selection procedure:

Step 1 The data for the selected parametere gathered from a weather station (or aguatity
monitoringstation). In many cities, measured parameters in the weather station laceityd
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airportsarereliable and hee been used in TMY datasets. Similarly, in this studyse data from

the weather station of Pierre Elliot Trudeau International Airport in Montreal.

Step 2 The data are analyzed to identify controling parameters. As an example, maxima and
minima of the air temperature are important as well as the mean air temperaturararheters
selected for TMY3 (Wilcox and Marigr2008) are used here. Those parameters are maximum
dry bulb temperature, minimum dry bulb temperature, mean dry bulb temperature, maximum
dew point temperature, minimum dew point temperature, mean dew pongerure,
maximum wind velocity, mean wind velocity, and global solar radiation. Other parameters such

as UHI intensity and pollution concentrations can be added.

Step 3Theabsolute differece between the daily values and the mon#vgraged values are

calculated
o =x - %] -1

Step 4 Absolute differences are multiplied by weighting factors and summed. Weighting factors
shall be selected based on the purpose of a resem@n example, the solar radiation might
have a greater valueah other meteorological parameters when evaluating energy systems is the
main objective. Here| used the same weighting factors proposed for TMY3 (Wilcox and
Marion, 2008): 1/24 (maximum dry bulb temperature), 1/24 (minimum dry bulb temperature),
2/24 (mean dry bulb temperature), 1/24 (maximum dew point temperature), 1/24 (minimum dew
point temperature), 2/24 (mean dew point temperature), 2/24 (maximum wind velocity), 2/24

(mean wind velocity), and 12/24 (global solar radiation).

s,=awd 2
i=1

nis the number of parameters.

Step 5The day with the smallest difference is selected as the MTMD of a month

MTMD, = min{s ,} (7-3)

j=1.m
k represents a month andis the number of days in that month.
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Based on this method, the following days adeded for urban climate simulation: 16 January,

14 February, 15 March, 17 April, 16 May, 6 June, 14 July, 16 August, 16 September, 16
October, 17 November, and 22 Decemi#dr. MTMDs are aboutat mid-month because of the

high weighting factor for the saf radiation except for June and December that the solar

radiation changes smoothly during those months.

7.1.2. Episodesand domains of simulations
The episodic simulations are performed for two days of each month in a samplieeye2005).

The start time bthe simulations is 1200 UTC on a day before the selected MTMD of each
month and the simulations terminate at 0600 UTC on a day after the MTMD. The first 17 hours
are considered as the spip time, and only the output on MTMDs is analyzed. As shown in
Figure 7-1, fineresolution grids (~40& 400 m), for the domain that contains the urban area
(Domain 3), are nested into the larger grids (Domain 1x 10 km and Domain 2: 2 km).

The twoway nesting option enables the data transfer between therdsiglation domain of
interest and parent domains. According to the stability condition criteria for the numerical
solution the time step of 0.75 second is selected for Domain 3. For all three domains the terrain
following coordinat&® has 51 vertical layersvith the upper pressure of 10 kPa. Domain 3
contains 115 grids from west to east and 65 grids from south to north centered atN4&ris#t
73.68 W.

Domain 1 Domain 2 Domain 3
Figure 7-1. Three domains of simulations (Domain 1: grid size of 10x10xomain 2: grid size of 2x2 km, and

Domain 3: grid size of 0.4x0.4 km) Orange lines represents the border of urban areas based on USGS (U.S. Census

Bureau, Geography Division, 2011) and the light blue areas with black lines represents rivers in the domain

3In this coordinate system the vertical axis is the hsi@itic pressure at each level normalized by the hydrostatic
pressure at the surface and at the top of the dorgain (P~ Prop ),

ph,surface- ph,top
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7.1.3. Urban parameters
The urban area is considered to be highsity residential categot§y/The input data used here is

considered typicaior specification of urban areas (Chenal.,2011) with a slight modification

for urban morphology and efficiency af @onditioning system. The urban fraction is considered

to bethe 80% that does not have natural vegetation. The roughness length of the ground
assumed to be 10 cm. The UCM considers the height of the buildings to vary randomly and the
roof level range between 5 mnd20 m. The width of buildings and roads is asstditeebe 19 m

and 30 m, respectively. The conductivity of the roof and walls of a buildingnsidered to be

0.067 (W/mK). The air conditioning system with the gas heating system thaheaisermal
efficiency of 0.8(which for the sake o$implicity | considered to be 1, and COP of 2 for codling
maintains the temperature of about2238 °C (cooling above 24C and heating below 1&).

The indoor moisture content ofi53 g/kg is targetedor buildings. For calculating the sensible

and latent heat required by the buildings, BEM accounts for the AC system energy demand to
keep the indoor moisture and temperature at an acceptable range, which in turn depends on the

number of occupants, thkitkness of layers of a building enveloped other variables.

7.1.4. Scenarios
Two scenarios are defined to study the effect of increasing the albedo of urban sidaces (

roof, wall, or road). Irthe control scenario (CTRL), the albedo of all surfaisssonsidered to be
0.2 representing the current situation.tte albedo scenario (ALBEDO), the albedo of roofs,

walls and roaslis increased to 0.65, 0.6, and 0.45, respectively.

7.1.5. Analysis
The difference of an air temperature and the difference of energysamption betweethetwo

scenarios are calculated. The decreasermd&r temperature represents the mitigation of UHI.
The change in energy consumption of buildings is the indication of energy savings or penalty of
increasing the albedo. The energy agonption is calculated per unit area of roofs. The synoptic
weather condition of the selected days has a significant effect on the variation of the air

temperature and the energy consumption of buildings.

! UrbanizedWRF has the capability of considering three urban catagories: (1) commercial, (2) high density
residental, and (3) lowdensity residential, where the detailed map of the region is available.
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7.2.Simulation results

First, the effect of increasinthpe albedo of urban surfaces on the 12 days (representing each
month of 2005) in the whole domain is analyzed. The dgustiallyaveraged differens®f 2-m

air temperature, energy consumption for air conditioning, sensible heat flux from the ground,
downward shortwave radiation on the ground, and PBL height in the urban area are calculated.
Then, the spatial distribution ofr® air temperature at 0900, 1500, and 2100 LST and the daily

energy consumption of buildings is discussed.

The albedo enhancemaeatdtects the air temperature of the urban area as well as its surroundings
because of a change in the wind distribution and moisture content in the atmosphere. To
determine the effestof increasing the albedo in the urban area, the daubtially average

values of variables in the 12 days of simulatiare calculated (Table 1). The-& air
temperature is decreased by up to°@1lin rural areas and by up to 0@ in urban areas. The 2

m air temperature of the urban area is decreaseergead. |t shoud be noticed thathe multt

layer UCM cannot consider the effect of snow in urban areas; hence, the urban heat island

intensity in winter is overestimated.

The dailyaveraged energy penalty during the winter is negligible and the aleehaged energy
savngs is between Bnd8% during the summer. The increase of the albedo has a relatively large
impact on the sensible heat flux from the ground, as the measure of UHI, which is decreased by
anaverage of 33 Wh/frfrom the 60 Wh/maverage heat flux in thehan area. In contrast, the
incoming solar shortwave radiation striking the ground is increaseergaad. The downward

solar radiation striking the surface is inversely proportional to the cloud,canveérsince the
cloud cover is decreased, amplificatiof the solar radiation is observed. When the albedo is
increased, the dailgveraged PBL height is 495 r48 m change to CTRL, maximum decrease)

in August and it is 276 m (7 m change to CTRL, maximum increase) in September. In August,
the effect of sudce temperature decrease is more pronounced cainpatiee change in wind
speed and the PBL heigl# decreased. However, in September, the change in wind speed is

dominant and the PBL height is increased.
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Table 7-1. Daily-spatiallyaveraged 2n air temrature (°C), energy consumption for air conditioning (WAym
sensible heat flux from the ground (W/m2), downward shortwave radiation on the grount),(3wanPBL height
(m) in CTRL and (CTRL ALBEDO) for Montreal (Canada) on the MTMD of each month i@20

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Temperature 84 -56 -1.6 127 105 197 224 217 167 105 25 -10.2
| Heat flux 20 53 92 110 117 52 8 131 15 14 18 14
& | Shortwave 103 150 221 303 353 357 349 309 228 162 107 85
© | PBL height 368 616 677 573 472 470 373 543 269 1199 691 426
Energy consumptiorl 4.46 3.93 2.93 0.74 026 059 159 1.30 0.15 060 1.79 4.57
Temperature 01 -02 -02 -04 -03 -02 -01 -03 00 00 -01 -02
o | Heat flux 45 32 47 73 49 14 29 74 5  -10 -28 -17
@E Shortwave 2 2 4 5 5 6 6 5 4 2 2 1
= 1 PBL height 67 -7 19 -45 -40 20 -9 48 7 0o -6 22
Energy consumptiorl 0.02 0.03 0.02 -0.02 -0.00 -0.05 -0.12 -0.08 -0.03 0.02 0.02 0.02

7.2.1. Urban heatisland mitigation
The UHI intensity is calculately the difference of the air temperature in the urban area and the

rest of Domair. The spatidy averaged 2our, diurnal, nocturnal, and peak urban intensity is
presented in Table 2. The nocturnal UHI is higher than diurnal UHltlam@84-hour average
UHI intensity in winter (~0.9C) is higher than in summer (~0Q). In my simulations, the d&j
averaged albedo of an urban grid is increased by 0.46, wherenulti reflectiorabsorption
effect in the canopy decreases the total increase of the albadban areas. As a result, the
temperature is reduced yeaund. Additionally, the UHI intensity can be decreaaeduallyby

the estimated average of 0Q when increasing the albedo by 0.37.

The differences between then? air temperature in CTRL andLBEDO in the morning (9

a.m), afternoon (3p.m), and evening (9.m) are shown in Figure/-2, 7-3, and 7-4,
respectively. The largest decrease in the UHI intensity is observed in the populated regions of
Montreal (Centreville, Le PlateatMont-Royal, MontreatNord neighborhoods) as well as
Longueuil on east bank of the Salmurent River. The hourly effect of increasing the albedo in

January, October, and November is negligible.

In the morning, the -2n air temperature decrease of 01°G °C is obsared. However, in May,
July, and September, part of the urban area experiences an increase in the air temperature
because the surrounding area receives more incoming solar shortwave radiation as a consequence

of a decrease in the cloud cover of the dom@is event is attenuated in the rest of the day.
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Although albedo enhancement has shown a tendency to reduce the air temperature of the east
part of greater Montreal, distribution of the air temperature is highly sensitive to the incoming
solar radiation onthe ground and the wind pattern. The incoming solar radiation on the surface
increases the skin temperature that transfers heat to the air above through convection. The
convection heat transfer coefficient is a function of the wind speed and has @anjmffect on

the performance of albedo enhancement in decreasing the air temperature by up to 80% [1 °C to
0.2 °C] (Krayenhoff and Voogt, 2010).

In the afternoon, cityvide decrease in therd air temperature is only observed in July when the

air temperture is decreased by 0 C2 °C. Considering all climatic variations, the effect of
albedo enhancement on the air temperature is more pronounced in the morning and in the
afternoon. At 9 p.m., in May, the Montre@buth neighborhood experiences a smaltéase in

the air temperature. During the evening in June, July, and Augustyidigyreduction in air
temperature is more noticeable compared to the other months of the year. The wind pattern and
the change in the incoming solar radiation play an importae in the noruniform temperature
variation in the urban area. Although the daily averaged &r temperature is decreased in the

urban areas, it is increased in some of the surrounding areas.

Table 7-2. 24-hour, diurnal, nocturnal, and peak UHIlénsity and the performance of albedo enhancement to
mitigate the UHI in the MTMD of each months
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

24-hour 06 08 09 17 02 -01 -03 09 -03 03 04 12
2 | Diurnal 04 06 08 14 01 -02 -06 06 -05 03 02 08
@
g’ Nocturnal 607 09 10 20 03 01 01 14 -01 03 05 15
% Peak 117 16 16 30 11 06 11 26 07 05 13 23

24-hour -01 01 -01 -03 -02 -01 -01 -02 -01 0.0 -01 -01
'é Diurnal -0.2 -02 -03 -05 -03 -02 -02 -04 -01 -0.1 -02 -0.2
é Nocturnal 00 00 00 01 -01 00 -01 00 -01 00 00 0.0
% Peak -03 -04 -03 -0 -05 -05 -05 -08 -02 -01 -03 -04
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Figure 7-2. The 2m air temperature difference (°C) in ALBEDO and CTRL on MTMD of all months of a year at 9
a.m. (simulation from 0002300 UTC for each daypashed lines represents the border of urban areas based on
USGS (U.S. Census Bureau, Geography Division, 2011) and bold lines represents rivers in the domain (as shown in
Figure 71.c).A small increase in the air temperature in some part of the citysereed because of the change in

the wind pattern and an increase in the incoming solar radiation when the urban albedo is increased.
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Figure 7-3. The 2m air temperature difference (°C) in ALBEDO and CTRL on MTMD of all months of a year at 3
p.m. (simulation from 0002300 UTC for each day). Dashed lines represents the borddvaf areas based on

USGS (U.S. Census Bureau, Geography Division, 2011) and bold lines represents rivers in the domain (as shown in
Figure 7#1.c).A small increase in the air temperature in some part of the city is observed because of the change in

the wind pattern and an increase in the incoming solar radiation when the urban albedo is increased.
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Figure 7-4. The 2m air temperature difference (°C) in ALBEDO and CTRL on MTMD of all months of a year at 9
p.m. (simulation from 0002300 UTC for each day). Dashed lines represents the border of urban areas based on
USGS (U.S. CensusuBeau, Geography Division, 2011) and bold lines represents rivers in the domain (as shown in
Figure 71.c).A small increase in the air temperature in some part of the city is observed because of the change in

the wind pattern and an increase in the inecgngolar radiation when the urban albedo is increased.
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7.2.2. Energy consumption of buildings
Figure 7-5 showsthe daily energy consumption difference in MTMD of summer months of the

year byimplementingreflective surfaces. The seasonal effect of increasinglitbedo on the

energy consumption of AC systems is small.

The maximum daily energy savings is about 0.29 Wtfihe roof area in July. The maximum
heating penalty is as high as 0.15 WhimFebruary The energy penaltguring thewinter and

swing seasors negligible and the energy savings during the summer are evident. The net annual
energy consumption difference in the urban area is att60tWh/nf (~10 kWh/100rf savings)

without considering the snow on the roof.
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Figure 7-5. The dailytotal energy consumption difference (WAhRin ALBEDO and CTRL on MTMD of summer

months of 2005 (simulation from 00&B00 UTC for each day). Dashed lines represents the border of urban areas
based on USGS (U.S. Census Bureanp@aphy Division, 2011) and bold lines represents rivers in the domain (as

shown in Figure 1.c).

As shown in Table 3, the predicted expenditure for electricity and natural gdsedting
contributesto the total air conditioning cost gpproximately53%, which is in conformance

with the 52% figure reported by Zmeureanu (199%imilarly, the heating contribution to the

total energy consumption (~79%) is in agreement with Zmeureanu (18#5heamount of

cooling and heatingare underestimated by tHactor of 4. The underestimation of energy
consumption using the current BEM comphi@ a wellevaluated modeh ame |l v A Edbner gy P
was addressed by Bueno et al. (2011). The annual savings of 1 $/0predicted and the

value would be increased by up 4 $/100mM considering the underestimation of the BEM.

Based on the calculated energy consumption, as long as the electricity price ($/kWh) is at least
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three times more expensive than the natural gas price ($/kWh) the increase in albedo is
beneficial. Inthis calculation, the effect of snow on the roof is not considered, which potentially

decreases the heating penalty during the winter (Hosseini and AXbb4i)

The maximum hourly cooling energy decrease is about 3 kWhA 08hile the maximum
increasen hourly heating energy is about 0.6 kWh/160@etermining the RMS of the energy
consumption difference shows that the maximum increase and decrease occurs in the region at

the east of the urban area (the regmhgrethe air temperature has the maximdetrease).

Table 7-3. Annual, winter, and summer energy consumption and expenditure of buildings in CTRL, energy
savings/penalty and money savings/penalty in ALBEDO. The gas price is 4.4 $/GJ (Gaz Metro 2014) and the
electricity price is 0.056 $/kWh (Hyd Quebec 2014)

Heating Cooling

Year Winter  Summer | Year Winter ~ Summer
Energy consumption (kWh/100%n 1327 800 0 341 0 258
Eqr;)ergy savings-) or penalty (+) (kwh/100 12 4 0 22 0 18
Expenditure ($/100 fi 21 13 0 19 0 14
Money savings-j or penalty (+) ($/100 rf) 0 0 0 -1 0 -1

Using BEM without a weather modedne cannot consider the climatic effect of changing the
albedo of roofsl coupled the BEM and the weather moded.(WRF) to investigate the direct
(decreasing the energy absorptimnurban surfaces) and indirect (decreasing the air temperature
of the urban canopy) effect on the energy consumption of buildings. Hosseini @0&#)
estimated the expenditure penalty of using cool roofs to be about 2 $/(@@yncalculating the
direct effect by using comprehensive BEM); whilg results show the expenditure saving of

about 1 $/100M(the indirect effect is considered without using comprehensive BEM).

7.3. Discussionon the predicted air temperature and energy consumption of HVAC

systems

Urban climate simulation using firresolution methods is a computationally expensive process.

Hence, episodic simulation is selected as a technique to capture the urban heat island and

determinethe effect of mitigation strategies. This method treatsdle of a month the same as

the one selected day, without considering climate variability. As a result, some of the crucial
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information might be missedor example, in a month might have cooling in some days and
heating in some other daysut in thismethod all days are considered to be the same as a
selected day. Also, investigating the accurate effect of mitigation strategies in cold climates is
even more challenging becausereis some heating days in summeérnsed the same model
ensemble for simating the urban climate othe 21* of each month to compare the effect of

selecting appropriate episodes on the calculated energy consumption of buildings.

Increasing the albedo of urban areasdrasffect on thée air temperature as well #sat of heir
surrounding. To determine the effect of increasing the albeddDomain 3, the average,
maximum, and minimum of the variables in the 12 days of simulations is calculated (Table 2).
The daily averaged-th air temperature is decreased by @lin thewhole domain and by 0.7

°C in some grid cells, while in some grid cells it is increased up t6@.9he daily average
energy consumption is increased by 0.01 W/Rne maximum and minimum change of the daily
average energy consumption is about 0.6 Wihe sensible heat flux from the ground, as the
measure of urban heat island, is decrédsean averageof 9.2 W/nf. On the average the cloud
fraction, the downward shortwave radiation (directly related to cloud fraction), and the PBL
height are not chandesignificantly. However, in some grid points the cloud fraction, the
downward shortwave radiation, and the PBL heighty by as muclas 30%, 115.2 W/fm and

440 m, respectively.

Table 7-4. Average, maximum, and minimum of the difference of daily aver@gedair temperature (°C), Energy
consumption for air conditioning (WA) Sensible heat flux from the ground (WjDownward shortwave
radiation on the ground (W/) Cloud fraction (%), and PBL height (m) in ALBEDO case and CTRL case for
Montreal (Canad) on 21st of each month in 2005.

Parameter Average Max Min
2-m air temperature (°C) -0.1 0.5 -0.7
Energy consumption for air conditioning (WAm 0.01 0.64 -0.60
Sensible heat flux from the ground (Wjm -9.2 51.6 -105.7
Downward shortwave radiation dne ground (W/rf) 1.2 115.2 101.9
Cloud fraction (%) 0 30 -32
PBL height (m) -3.6 440.9 -318.7
7.3.1. Air temperature

The daily averaged-th air temperature has the tendency to be decreased in the urban areas,
while it is increased in some of the surroundargas. The effect of increasing the albedo was

more significant during the summer (June, July, and Augtst)effect in winter (January,
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February, and December) is negligible. As illustrated in Figudeonly in Mayis the increase

of the temperaturim rural areas noticeable.

In the morning (at @.m.LST), the maximum air temperature decrease @ioufuly up to 3°C.
In all months the morning air temperature is decreased almost in the whole domain, except in
May where the air temperature of thealuareas is increased. In the months of the swing season

the air temperature variation is not consistent.

In the afternoon (at .m.LST), the 2m air temperature difference is negligible in winter. In
summer in most pasbf the urban area the air termaeire is decreased by’C. In May, the 2m

air temperature of some grid cells is decreased t9,2vhilein some other# is increased by
the same magnitude. In the evening (ap.t. LST), the 2m air temperature difference in

March, April, and May isioticeable (changing by £Z).

7.3.2. Energy consumptionof buildings
The effect of increasing the albedo in summer and winter is small except for the month of June,

where the heating energy is needed to maintain the desired temperature (Hyure July he
energy consumption is changed by as much as 0.3Wawever, in swing season the energy
consumption is changed more significantly. The maximum and minimum value for the energy
consumption by the AC system is 0.6 \/im May. The maximum increase d@fet total energy
consumption in the whole domain (not in the number of grid cells) appears to occur in March.
On the other hand, in April, the decrease of the total energy consumption is maximal (about 2.5
W/m?). In general, increasing the albedo resultsipenalty in terms of energy consumption
(considering the price of heating and cooling is important forlsesefit analysis, which is not
discussed in this paperyhe energy consumption of HVAC systems of buildirggsalculated

using different meteotogical parameters such as air temperature, solar radiation, and wind
speed. Therefore, the air temperature does not necessardyated with energy consutigm of

HVAC systems. For example, more energy consumption is observed"af 2pril than othe

months of the yeatespite a smaller decrease in the air temperature.

The net annual energy consumption difference in the urban area is about +9G {&h/m
kWh/100nf) without snow on the roof. The maximum hourly cooling energy decrease is about 4

Wh/n?, while the maximum increase in hourly heating energy is about 2 ¥WHhe peak

106



energy reduction in that area is estimated to be 1.4 Whtuosseini et al. (2014) used a
comprehensive BEM (i.e., DGE) to calculate the energy consumption of buildings (wahkd

and cool roofs) by considering snow on the roof. In that study, the annual energy penalty of
using cool roofs was estimated to be 200 kwh/10QIr& $/100m conditioning expenditure in a

year where the electricity price was 0.089 $/kWh) when the snatweoroof is not considered.

The annual energy savings of about 190 kWh/T0QI# $/100m conditioning expenditure in a

year) was calculated by considering the snow on the roof. Here, the energy calculation of the
buildings in the urban area for the’2df each month is performed without considering the snow

on the roof; the annual energy penalty of using cool roofs is estimated to be 9 kWh(800m

$/100nf conditioning expenditure in a year).

7.3.3. Limitations
The BEM coupled with WRF is a simplified modelngpared to other complex models, in terms

of dynamic operation of HVAC systems. The BEM has shown a very good performance in
predicting the heat emission from buildings to the canopy in different studies (Salamanca et al.,
2010a; Bueno et al., 2011) in spibf rough estimation of energy consumption of buildings. On

the other hand, analyzing the average performance of HVAC systems of buildings in an urban
area has not been evaluated in any of the previous research, owing to the large detailed data
needs.

Ladly, the flat rates for utilities are considered without including the peak price of the electricity,
which is much higher than the regular rate. Moreover, tax and other charges that might be added
by the government of Quebec are also neglected. Sinceebetigy and expenditure savings
result from albedo enhancement, taking peak demand price, tax, and other charges into account
may increase the total savings.
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Figure 7-6. Difference of the daily averagedm air temperature (°C) in ALBEDO and CTRL cases on 21st day of

all months of a year (simulation from 002800 UTC for each day). Orange lines represents the bordebanf
areas based on USGS (U.S. Census Bureau, Geography Division, 2011) and the light blue areas with black lines

represents rivers in the domain (as shown in Figttey
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