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Abstract

Urban green spaces are an important space for physical and social activities in cites. However,
people’s willingness to stay in urban green spaces will decrease with increasing air temperature in
summer. It is necessary to find strategies to reduce air temperature in urban green spaces. Irrigating
vegetation in urban green spaces is a promising cooling strategy. Irrigation can be a sustainable
cooling strategy when non-potable water is collected for irrigation through stormwater harvesting and
wastewater treatment. Yet, there is a lack of experimental evidence for the cooling effects of irrigating
vegetation in urban green spaces. Also, little is known about how much environmental and
management factors can influence the cooling effects of irrigation. This thesis identified and
quantified the impacts of four environmental and management factors (background climate, daily
irrigation amount, irrigation scheduling and weather) that influence the cooling effects of irrigation
using field experiments and a computer model. A meta-analysis of the literature and a stepwise
multiple linear regression was used to identify the background climate variables that significantly
influenced the cooling effects of irrigation. The final regression model suggested that the cooling
effect of irrigating vegetation in summer strengthened with increasing background air temperature
and weakened with increasing rainfall. A field experiment was conducted in Melbourne, Australia to
measure the impacts of irrigating turfgrass with three different irrigation amounts (2, 4 and 7 mm d-
1) on the surface energy balance and microclimate of a small green space (36 m?). The differences in
the impacts of the three different irrigation amounts were small because a large rainfall brought the
soil moisture contents to the same level. Irrigation significantly reduced daytime air temperature and
turf surface temperature, but it did not reduce human heat stress. The measured impacts of irrigation
on the surface energy balance were small. Another field experiment was conducted in Melbourne,
Australia to measure the impacts of three different irrigation schedules (single night-time, single
daytime, and multiple daytime irrigation) on microclimate using the same amount of water (4 mm d-
1) in a small green space (36 m?). The afternoon mean cooling effects of the multiple daytime
irrigation on air temperature and turf surface temperature were significantly stronger than the single
night-time and single daytime irrigation. The afternoon cooling effects were measured to strengthen
with increasing air temperature, vapour pressure deficit and incoming shortwave radiation. Moreover,
the data from this field experiment were used to assess the performance of an urban ecohydrological
model, UT&C, in predicting the microclimate of unirrigated and irrigated turfgrass. UT&C was then
used to predict the impacts of different daily irrigation amounts (2-30 mm d!) on the cooling effect
of irrigation on air temperature. The cooling effect only strengthened significantly as irrigation

amount increased from 2 to 4 mm d™!. This thesis demonstrated that irrigating urban green spaces is



an effective strategy to reduce daytime air temperature and turf surface temperature in summer.
However, more cooling strategies, e.g., shading, are necessary to reduce human heat stress in urban

green spaces in summer.



Declaration

This is to certify that:

(1) the thesis comprises only their original work towards the Doctor of Philosophy except where

indicated in the preface;
(i1) due acknowledgement has been made in the text to all other material used; and

(ii1) the thesis is fewer than the maximum word limit in length, exclusive of tables, maps,

bibliographies and appendices.

Pui Kwan Cheung

August 2023



Preface

The publication status and author contribution of each of the chapters of this thesis are as

follows:
Chapter 1

Publication status:

Unpublished material not submitted for publication.

Author contribution:

I contributed solely to this chapter.

Chapter 2

Publication status:

Published by Environmental Research: Climate on 28 June 2022

Cheung, PK., Nice, K.A., Livesley, S.J., 2022b. Irrigating urban green space for cooling benefits: the
mechanisms — and  management  considerations.  Environ. Res. Clim. 1, 015001.

https://doi.org/10.1088/2752-5295/ac6e7c

Author contribution:

Pui Kwan Cheung (90%): Conceptualisation, Methodology, Software, Formal analysis, Investigation,

Data Curation, Writing — Original Draft, Writing — Review and Editing, Visualisation
Kerry Nice (3%): Writing — Review and Editing, Supervision

Stephen Livesley (7%): Writing — Review and Editing, Supervision, Project administration, Funding

acquisition

Chapter 3

Publication status:

Published by Sustainable Cities and Society on 29 April 2021


https://doi.org/10.1088/2752-5295/ac6e7c

Cheung, PK., Livesley, S.J., Nice, K.A., 2021. Estimating the cooling potential of irrigating green
spaces in 100 global cities with arid, temperate or continental climates. Sustain. Cities Soc. 71,

102974. https.//doi.org/10.1016/].scs.2021.102974

Author contribution:

Pui Kwan Cheung (90%): Conceptualisation, Methodology, Software, Formal analysis, Investigation,

Data Curation, Writing — Original Draft, Writing — Review and Editing, Visualisation

Stephen Livesley (7%): Writing — Review and Editing, Supervision, Project administration, Funding

acquisition

Kerry Nice (3%): Methodology, Writing — Review and Editing, Supervision

Chapter 4

Publication status:

Published by Urban Climate on 6 October 2022

Cheung, PK., Jim, C.Y, Tapper, N., Nice, K.A., Livesley, S.J., 2022. Daytime irrigation leads to
significantly  cooler  private  backyards in  summer. Urban  Clim. 46, 101310.
https.//doi.org/10.1016/j.uclim.2022.101310

Author contribution:

Pui Kwan Cheung (88%): Conceptualisation, Methodology, Formal analysis, Investigation, Data
Curation, Writing — Original Draft, Writing — Review & Editing, Visualisation.

Chi Yung Jim (1%): Resources, Writing — Review & Editing, Funding acquisition
Nigel Tapper (1%): Resources, Writing — Review & Editing, Funding acquisition
Kerry Nice (2%): Writing — Review and Editing, Supervision

Stephen Livesley (8%): Conceptualisation, Resources, Writing — Review & Editing, Supervision,

Project administration, Funding acquisition

Chapter 5


https://doi.org/10.1016/j.scs.2021.102974
https://doi.org/10.1016/j.uclim.2022.101310

Publication status:

Submitted to Landscape and Urban Planning on 16 November 2023. It is under review at the time of

thesis submission.

Author contribution:

Pui Kwan Cheung (90%): Conceptualisation, Methodology, Software, Formal analysis, Investigation,

Data Curation, Writing — Original Draft, Writing — Review and Editing, Visualisation
Kerry Nice (2%): Writing — Review and Editing, Supervision

Stephen Livesley (8%): Conceptualisation, Methodology, Resources, Writing — Review & Editing,

Supervision, Project administration, Funding acquisition

Chapter 6

Publication status:

Submitted to Urban Climate on 16 June 2023. It is under review at the time of thesis submission.

Author contribution:

Pui Kwan Cheung (89%): Conceptualisation, Methodology, Software, Formal analysis, Investigation,

Data Curation, Writing — Original Draft, Writing — Review and Editing, Visualisation
Naika Meili (5%): Methodology, Software, Investigation, Writing — Review and Editing
Kerry Nice (3%): Methodology, Writing — Review and Editing, Supervision

Stephen Livesley (3%): Writing — Review and Editing, Supervision, Project administration, Funding

acquisition

No work in this thesis has been submitted for other qualifications. No work in this thesis was
carried out prior to my enrolment in the degree. The only third-party editorial assistance provided in
preparation of this thesis were the anonymous reviewers of the three published chapters (Chapters 2—

5).

Research funding was provided by the Commonwealth of Australia through the Cooperative
Research Centres program. My studies were supported by the Australian Government Research

Training Program Scholarship, the Cooperative Research Centre for Water Sensitive Cities,



Madeleine Selwyn-Smith Memorial Scholarships and the Rowden White Scholarship. Kerry Nice
was supported by NHMRC/UKRI grant (1194959). The work in Chapters 4 and 5 was additionally
supported by the Research Matching Grant Scheme of the University Grants Council of Hong Kong.
The work in Chapter 6 was additionally supported by National University of Singapore through the
project 'Bridging scales from below: The role of heterogeneities in the global water and carbon

budgets', Award No. 22- 3637- A00O1.

Chapter 7

Publication status:

Unpublished material not submitted for publication.

Author contribution:

I contributed solely to this chapter.



Acknowledgements

To my supervisors, Stephen Livesley and Kerry Nice, thank you for the academic knowledge
and skills that you have shared with me and the time that you spent on helping me to complete this
thesis. What’s more important is the exceptional personal qualities that you showed me. Steve, thank
you for being professional, empathetic, and caring. Kerry, thank you for being generous, supportive,
and easy-going. The consistent acts of kindness of both of you have strongly influenced me and

encouraged me to do better.

To the staff members at Burnley Campus, Sascha Andrusiak, Rowan Berry, Andrew Smith
and Lisa Wittick, thank you for helping me with my experiments in the field station and
accommodating my requests and mistakes. | truly appreciate the generous support that you have

provided me throughout my studies and the professionalism that you have demonstrated.

To my industry research partners, David Bergmann and Jamie Ewert, thank you for providing
an opportunity for me to get involved in the research at Aquarevo. To my co-workers, Ninad
Dharmadhikari and Kai James, thank you for working with me and making the experiments happen

amid the lockdowns.

To my academic research partners, Professor CY Jim and Professor Nigel Tapper, thank you
for overcoming many hassles and lending the instruments to support my experiments at Burnley. To
another research partner, Dr Naika Meili, thank you for demonstrating a very high standard of

research from which I have learned a lot.

To my fellow Burnley colleagues, thank you for broadening my horizons through sharing

your cultures and perspectives with me.

To my friends whom I met at the University of Melbourne, Christie Lau, Jonas Chow, Kristy

Chung and Junran Yang, thank you for your friendship during this amazing period of time in university.

To my beloved parents and sisters, thank you for your unconditional love and support
throughout my life. What you do and say to me is always nourishing and heartwarming. You have
nurtured a person who is healed by his childhood and family forever. To my niece, thank you for
bringing simple happiness to our family and inspiring me to “see” the past and the future of our family
through the present. To my partner Chloe, thank you for staying with me, making me a better and

happier person and assuring me that my philosophy is important.



Tables of contents

F N o113 2T TP UR TP PTOTROPRRURTPPN 2
DIECLATATION ...ttt b e h et bR R et b b e e R e e arr e reene e 4
PIOIACE ...ttt bbb e nE et n e e ne e 5
ACKNOWIEAZEIMENLS ...ttt ettt b e s bt e s e e e s st s bt e beenbeesbe e abeeenneanneen 9
TADIES OF COMEEIES ... eeieiiiiieti ettt ettt sb e s bt st e et e e b e e s b e e b e e sbneenneenneens 10
LSt OF tADIES 1.ttt e et b et e b e e e neere e 15
LSt OF FIGUTES ...ttt r bRt ne e b nr e r e n e nneenn e 18
Chapter 1 — INErOAUCTION ..o.vveuiiiiiiie ittt sr e sr e sr e nr e e nne e 29

Chapter 2 — Irrigating urban greenspace for cooling benefits: the mechanisms and management

COMSTACTALIONS ..ttt sttt ettt et e st e st e st s e e st e e e be e sb e e e b e e esb e et e e be e sbe e sbeesb b e s b b e e n ke enbeebeesbeenbeeebbesnbeentaens 34
0 I 6415 0T LT 5 ) s W PP P O RTOPR TSRS 35
2.2. Impacts of irrigation on soil moisture content, surface energy fluxes and local climate ....... 37

2.2.1. S01l MOIStUTE CONEEIL......eviivieiriiiiee it 38
2.2.2. Ground heat fTUX () ...veeieriieeiieiee ettt sbee e 39
2.2.3. Latent heat flux (Qg) and sensible heat fIuX (QH) .vvevvvvrerireerieeiiiee e 40
2.2.4. Ground surface temMpPerature (Tsfe) ... oevvereerriiiieiienie e 40
2.2.5. AIr temMPErature (Ta) «veeeereeeeierieiestisee sttt bbbt re e e nre e nnes 41
2.2.6. Vapour pressure (VP) or RUMIdity........ccoooviiiiiiiiiciiieie s 42
2.2.7. HUmMan thermal SITESS ........ccueiriiieiiitiiie sttt sttt st re e 42
2.3. Theoretical framework of irrigation cooling effect............ccooiiiiiiiiiiiiiic e 43
2.3.1. Surface energy DAlANCE..........cccovieiiiiiie i e e 43
2.3.2. HUMAN theTMal SIIESS ....ccuuiiuriiiieiie ittt ettt sbe e e 45
2.4. Environmental and management factors that influence irrigation cooling effect................... 46
2.4.1. Background ClIMALE. .........cccverriiiieiiiiee s 47
2.4.2. Seasonality and WEAthET ..........ccooveviiiiieiiiece s 48



2.4.3. VEZELAtION LYPC ...veervireeiresresiees s et s e sresre e e st st e sr e e r et enr e reen e nreer e nesreenenreannenns 49

2.4.4. Trrigation SChedUuling ...........ccooiiiiiiii s 50
2.4.5. Daily i1Tigation amMOUNL ............coiveiiiiree e nre e s 51
2.4.6. Duration of cooling after irriation ............cccueriuieiieiieiii e 51
2.5. Decision framework for using UGS irrigation for urban cooling at a local scale.................. 52
2.5.1. Background CHIMALE...........coouiiiieiie e 53
2.5.2. Irrigation water supply and irrigation TEZIMES ........ccuervrrvrriieeieesie e 55
2.5.3. Urban green space management CONSIAEIAtIONS......c..ueivrreirieeiieesiesieesre e sresieeseeeseeas 56
2.0, COMNCIUSION. 1.ttt sttt ettt sttt ettt sttt et e be e sbe e she e sb b e sa b e en e e be e beenbeesbeesbbeenbeenbeens 57

Chapter 3 — Estimating the cooling potential of irrigating green spaces in 100 global cities with arid,

temperate or CONtINENtAl CHIMALES.........veviiiiieiiiiee e ne s 59
T N 6415 o L1 1 o ) s WP P O OPR TSRS 60
3.2. Systematic search for irrigation studies that report air temperature impacts .............ccoceenene 63
3.3  MEtNOMS ..o s 65

3.3.1. Regression model of air temperature change and background climate conditions ......... 65

3.3.2. Predicting the potential cooling benefit of irrigating urban green space in 100 global cities

................................................................................................................................................... 66
B4 RESULLS ..ttt bt bttt b e b et e et e e nneene e 67
3.5, DESCUSSION ..tttk sttt ettt sttt e b ekt hb e et e e bt e sbe e she e sh b e e n bt et e e beesbeeabeeenneenneen 74
IO 07 T3 L1 T:) 1o o OSSP OTR TSRS 77
3.7. Supplementary MAtEIIALS .........civrieiirieii ittt bbb 79

Chapter 4 — Daytime irrigation leads to significantly cooler private backyards in summer ............. 84
T I Y (o e L To1 o) o PRSP 85

41,1, BACKEIOUNA ...ttt ettt 85

4.1.2. Theoretical framework and study hypotheses ...........cccveviriiiinici e 86
4.2. Methods and MAterials .........coeiiiiiiieiieie bbb 88

4.2.1. Study area and CHIMALE ..........ccovriiiiiiree e 88

11



4.2.2. Experimental design and irrigation SYSTEII ........eceerireeeineneenreseere s nnes 89

4.2.3. Soil and microclimate MEASUTCIMENLS .........ciuuiiuirrieiieesieesiee et seeesieesree e seesbeesbeeseeeseeas 90
42,4, STUAY PETIOA ...ttt 94
4.2.5. Definitions for daytime and night-time periods ..........c.ccvvvrriieiieniie i, 94
4.3 RESULLS 1.ttt 95
4.3.1. Initial responses of s0il MOIStUTe tO ITTIZAtION .......ueeiveiiiiriiiriieie e 95

4.3.2. Impacts of irrigation on daily mean soil moisture content, microclimate and soil heat flux

................................................................................................................................................... 98
4.4, DISCUSSION 1veuviitiesttestteasteeteesteesteesteeastessteesbeesbeesbeesabesabeasbe e beeabeesbeesbeeabbeesbeebeenbeesbeeseeenanennne 104
4.4.1. Impacts of irrigation on daytime microCliMAte ...........ccveereeriiriiiriiinieeie e 104
4.4.2. Impacts of irrigation on night-time MiCroClimate ..........ccccererrieriiinieeie e 107
4.4.3. Impacts of irrigation on latent and sensible heat fIuXes ........cccocvvvviiiiiie i 107
4.4.4. Irrigation as an urban COOlING SIAtEZY ........eervereeriiirieerie e 108
4.4.5. Suggestions for fUture StUAIES ..........covvveiiiieiiri e 109
4.5, CONCIUSIONS ...ttt ettt ettt h e bttt et e e st e e ket sb et et e e e st e e b e e nbeenbeesreesanennne 110

Chapter 5 — Short and frequent daytime irrigation increases the cooling benefits of urban green space

1Irrigation WithOUt USING MOTE WALET .......ceiviiitiiiiiiiiieie et siee sttt sttt sb e sae e saeesene e 112
5.1 INETOAUCTION ...t r e 113
5.2. Methods and Materials ..........coveriiiiiiiiiie e s 115

5.2.1. Study area and CIIMALE ...........cereeiriiieiiii e e 115
5.2.2. EXPerimental deSIZN ........uiueiiiieiieniieiesie ettt s 115
5.2.3. Weather conditions of the study period.............ccooeriiiiiiiiiieiine e 118
5.2.4. DAta ANALYSIS .veeuviviriieiiitieiie sttt sttt ettt ettt b et bbb nh e bt n e 118
5.3  RESUILS ..t 121
5.3.1. Changes in soil moisture content in the study period.........ccccccorvriirininiininienneee 121

12



5.3.2. Impacts of irrigation scheduling on afternoon mean soil moisture content and cooling

3 (<101 ST PR PT PP 122
5.3.3. Relationships between afternoon mean cooling effects and weather conditions .......... 125
5.4, DIESCUSSION ...veettiiteeiteetee bt e stee ettt ste e ste e sbe e sbeeshbesabeea bt et e e b e e ebe e eh b e e s bt e be e sbe e saeesaeesnbeanbeenbeenbeenneas 127

................................................................................................................................................. 127
5.4.2. Relationships between afternoon mean cooling effects and weather conditions .......... 131
5.4.3. Practical implications for using irrigation to cool urban green spaces............ccocervene. 132
5.5, CONCIUSION. ...ttt e sr e e r e ar e s 134
5.6. Supplementary Materials ..........ccoeiieiieiiieiie e 135

Chapter 6 — Identifying the mechanisms by which irrigation can cool urban green spaces in summer

......................................................................................................................................................... 136
L0 IO 6150 76 11035 (o ) W 137
LI LY, (510 600 16 K3z 0 0 La 150 4 L= <) o 12 139

................................................................................................................................................. 139
6.2.2. MOl AESCIIPLION. .....eeuviitiiieiie st sttt b e e sb e e b e enn e 142
6.2.3. Model set up for this irrigation STUAY ........cceriririiiiiiee e 143
6.2.4. MOdel @VAIUALION ... ..ccueiiiiiiieiietie ettt sb e 144

PTOCESSES .uvveerureranreessreeesmeeessreeessseeasseeaseeesabe e e sme e e asme e e R e e e amRe e e aR R e e amn e e e Ee e e anRe e e e ne e e nnn e e nne e e nnreeenee s 144
6.2.6. Modelling the impacts of different daily irrigation amounts on cooling benefits.......... 145
0.3 RESUILS ... s 146
6.3.1. Model @Valuation........c.vieiieiiieee e e 146

6.3.2. Modelling the impacts of irrigating turf on surface energy balance and evapotranspiration

PTOCESSES .vvteruritiittieiree s bt e sttt skt s bt e bt s e e e sb e s h e e e bt o e e e s R b e e s h b e e s R e e e e R 153
6.3.3. Modelling the impacts of different daily irrigation amounts on cooling benefits.......... 154
LY B TTe N 1) 1o o PRSP 157

13



6.4.1. Impacts of irrigating turf on surface energy balance and evapotranspiration processes 157

6.4.2. Impacts of different daily irrigation amount on cooling benefits............ccocvvevervrvennn 160
6.4.3. Implications for using irrigation to cool urban green SPaces ........ccecvervveereereereerinennns 161

6.5, CONCIUSION. ...ttt ettt b e sb e s be e sae e snn e s bt e b e e nreenneas 161
6.6. Supplementary Materials ..........ccveiiiiieiiiiie s 163
Chapter 7 — SYNRESIS .. .eitieiieiie et sneesen e 173

7.1. Predicting the potential air temperature reductions from irrigating urban green spaces during

heatwaves in MelbOUINE. ..o 173
7.1.1. Multiple linear regression MOdel...........cocviiiiiieiiiiii i 173
7.1.2. Air temperature reductions during heatWaves ..........ccccceovvveeiininie s 174

7.2. Contributions of the thesis to the advances in knowledge ..........ccocoveniiiniininienienee, 176

7.2.1. Impacts of irrigating urban green spaces on surface energy balance, microclimate and

RUMAN NEAL STTESS .iieieiie e 176

7.2.2. Environmental and management factors that influence the cooling effect of irrigating

UTDAN ZICEIL SPACES ....veuveereereasressesseessesseesseasesseeseesseessesbeaseeanesseesreabeesnesreereenenreesnenresseenneareennens 177

7.3. Future 1€Search dir€CtiONS .......ccvvivereeriiiieeie st seesre et 180
7.3.1. Cooling effect of irrigating urban green spaces on the neighbourhood scale................ 180
7.3.2. Contribution of the increase in leaf area index to irrigation cooling effect.................. 181

T4 CONCIUSION. ....eiveeeiiite ettt et r e e e r e nre e r e nre e nr e nns 182
RETETEIICES ... vt 184

14



List of tables

Table 2.1. List of studies that reported the impacts of irrigation on daily mean soil moisture content,

surface energy fluxes and local CliMate. ..........ccoociiiieiiiiiiii e 38

Table 2.2. List of studies that modelled or measured the impacts of environmental or management

factors on irrigation COOINE EfECE. .....vcviiiiiii e 47

Table 3.1. Characteristics of the 17 studies (N = 19; one study with three study areas) that are included
this study. The key inclusion criteria are that the study has reported the irrigation-induced change in
mean air temperature and the comparison between the irrigated and non-irrigated sites did not involve

a land cover or land use change (see Methods for detailed criteria). .......coccovvveenienieniininenie e 70

Table 3.2. Results of the stepwise multiple linear regression model on irrigated-induced change in

IMEAN AT LEIMPETALUTE. .....euveeuteetiesteeeteeeiteesteesteesteesteesaseasbeesbeebeesbeeabeeebseesseebeesbeesbeesbeesnbesnbeenbeenbeenbeas 71

Table 3.3. Estimated irrigation-induced change in mean air temperature of the 100 global cities by

Koppen—Geiger climate classifiCation. ..........cccvvieriiiiieiisiee e 73

Table S3.1. List of 57 excluded irrigation cooling studies and the exclusion reasons. DATE: study
period was not reported. LCC: land cover change was involved along with irrigation such that the
impact of irrigation cannot be isolated. LOMC: lack of a meaningful control. LTA: irrigation-induced
change in mean air temperature (ATmean) Was not reported because the study focused on the long-term
analysis of air temperature change between irrigated and non-irrigated areas. OTM: other air
temperature measures were used, such as daily maximum air temperature difference (ATmax) and

maximum instantaneous air temperature difference (ATimax). . e overeerrreeriierieerieeniie e 79

Table S3.2. Koppen—Geiger climate classification and the estimated irrigation-induced change in

mean air temperature (ATmean) 0f the 100 global CItIES. ..vovvviiviiieiie i 81

Table 4.1. Specifications of the instruments used in this StUAY. ......ccccovrveriniricni e 91

15



Table 4.2. Symbol, unit and description of the variables used in the Bowen-ratio energy balance

Table 4.3. Impacts of irrigation on daily mean soil moisture content, soil heat flux and eight
microclimate variables in the study period. The impact of irrigation is calculated as the difference

between the irrigated and unirrigated plots (A = irrigated — unirrigated). ........ccccoeveiiieiiiineeneennn, 97

Table 5.1. Specifications of the microclimate and soil instruments used in this study and their

installation height/depth. ..o 117

Table 6.1. Specifications of the climate and Soil INSLIUMENES. .......cvevvieiiiiiiiiiie e 141

Table 6.2. The performance of UT&C in predicting the daytime (10:00—16:59) and night-time (21:00—
05:59) hourly mean air temperature, vapour pressure, turf surface temperature and soil temperature
of the irrigated scenario and unirrigated scenario, as well as the differences between the irrigated and
unirrigated scenarios. The model performance is evaluated by coefficient of determination (R?), mean
bias error (MBE) and root mean square error (RMSE). The evaluation period was from 2022-01-28
£0 2022-03-06 (912 NOULS)...euveuverierierieiisiisiesieste sttt se et e et sesbe st sbesbe b e e eneasenne e 148

Table 6.3. The measured and modelled impacts of irrigating turf on daytime (10:00-16:59) and night-
time (21:00-05:59) mean air temperature, vapour pressure, turf surface temperature and soil

10000013 €2 1111 PR PR 149

Table 6.4. Modelled mean daily total evaporation from canopy interception, evaporation from soil
surface, evaporation from ponding surface water, transpiration and total evapotranspiration of the
unirrigated and irrigated scenarios, and the difference between them. The data from the model

evaluation period (2022-01-28 t0 2022-03-00) Were USEd. ......cvvuerruirrieeriieriieriiiniieieeseee e sieesene e 153

Table S6.1. Urban Geometry, radiation, and conductive heat flux parameters used for simulation.

Table S6.2. Vegetation parameters used for the simulation. Separate parameters for roof vegetation

[fvee], ground vegetation [gveg], and trees [uee] are specified in this order..........ccoceviiiiiiiiiinns 169

16



Table S6.3. Soil, interception, and runoff parameters used for the simulation..............coccvevevvrinnnn. 170

Table S6.4. Location and measurement parameters, and anthropogenic heat used for the simulation.

Table S6.5. Root mean square errors of modelled air temperature difference between the irrigated and
unirrigated scenarios for six model parameters at four different levels. These six parameters are site-
specific and therefore a testing is conducted to find out the level that generate the lowest root mean
square errors for each parameter using 2021's data. The level with the smallest root mean square error

of each parameter iS 1N DOLd. ......cocuiiiiiiiii e 172

17



List of figures

Fig. 2.1. A theoretical cooling mechanism of urban green space (UGS) irrigation based on the
differences in surface energy fluxes between an unirrigated and an irrigated UGS in the daytime and
nighttime in summer. The direction and relative strength of the energy fluxes are indicated by the
coloured arrows. The black upward and downward arrows for the climate variables compare the
magnitudes of the variables between the irrigated and unirrigated UGS at the same time of the day.
In the daytime, UGS irrigation increases soil moisture content and evapotranspiration, which
promotes latent heat flux (Qg) and reduces sensible heat flux (Qg). This in turn reduces air temperature
(Ta), ground surface temperature (Tsi) and human heat stress. The wetter soil in the irrigated UGS
increases the downward ground heat flux (G) and ground heat storage. The increased
evapotranspiration raises vapour pressure (VP), offsetting part of the cooling benefit. However, a net
reduction in human heat stress is expected. In the nighttime, the higher soil moisture content in the
irrigated UGS increases Qg. The increased ground heat storage in the irrigated UGS increases upward
G and T, which raises Qu. The resultant impacts of irrigation on nighttime T, and human thermal
stress are unclear because the increased Qg tends to reduce T, and thermal stress while the increased

G and Qpu tend t0 INCTEASE thEIM. ........iiiiiiiiiieiie ittt 44

Fig. 2.2. The sequence of the impacts of irrigation. The impacts of irrigation begin with an increase
in soil moisture content. The higher soil moisture modifies the partitioning of surface energy fluxes
(sensible heat flux (Qu), latent heat flux (Qg) and ground heat flux (G)) by allowing more
evapotranspiration. The increase in evapotranspiration generally leads to a smaller Qu and a larger
Qe and G (see Section 2 for details). The changes in the three energy fluxes are expected to lead to a
cooling in ground surface temperature (Tsw) and air temperature (T,). The increased Qg is also
associated with a higher VP. Human thermal stress is eventually affected by the changes in Tsz, Ta
ANA VP, e b E Rt e be bt e abe e naeenteente e 46
Fig. 2.3. A three-stage decision support framework for city managers and private property owners to
decide whether or not to use UGS irrigation for cooling on a local scale. Background climate is the
first issue to consider because the cooling potential of UGS irrigation is higher in cities with a warm
and dry season; cities without a warm and dry season should consider other cooling strategies. If UGS
irrigation is adopted, the next issue to consider is irrigation water supply. With the aim of maximising
the cooling effect of UGS irrigation, cities with abundant irrigation water supply can practice a soil

moisture-controlled irrigation regime, while those with limited irrigation water supply can practice a
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temperature-controlled irrigation regime. In both irrigation regimes, some management issues need
to be considered: soil properties, fauna and flora ecology and types of amenity use. ...........cc.cevene 53
Fig. 2.4. The background mean air temperature, rainfall and cooling potential from irrigation in (a)
Hong Kong, (b) Melbourne and (c) Phoenix, in December—February (DJF), March—-May (MAM),
June—August (JJA) and September—November (SON). The cooling potential is the difference between
an irrigated and an unirrigated UGS in daily mean air temperature. A negative difference represents
cooling and a positive one warming. The regression model in Cheung et al. (2021) is used to estimate
the cooling potentials from the 30-year mean air temperature and rainfall. Data source: Hong Kong

(Hong Kong Observatory, https://www.hko.gov.hk/en/index.html); Melbourne (Bureau of

Meteorology, http://www.bom.gov.au/); Phoenix (National Oceanic and Atmospheric Administration,

https://www.ncdc.noaa.gov/cdo-web/datatoo]S/NOIINALS). ...cevrreeieeeeee et eeeee e e e e e e s eeereeasseeeeees 54

Fig. 3.1. Research procedures of this study. This study began with a literature search using Google
Scholar. We screened 1000 papers and identified 17 of them that reported ATmean and their study area
and period. We then developed a regression model to predict ATmean from background air temperature
and rainfall. Finally, the cooling potential of irrigation was predicted for 100 global cities using the
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Fig. 3.2. 30-year (1981-2010) (a) near surface mean air temperature and (b) mean rainfall in JJA
(northern hemisphere) and DJF (southern hemisphere). Tropical and Polar regions in the updated
Koppen-Geiger climate classification are greyed out and denoted by ‘No data’. Data were retrieved

from the GLDAS (Rodell et al., 2004). ......coouiiiiiiiiiiiiie et ne e 66

Fig. 3.3. Simplified Koppen-Geiger climate map of the world. Regions are grouped into five broad
climate zones: A: Tropical, B: Arid, C: Temperate, D: Continental and E: Polar. Redrawn based on

Peel €t @l. (2007). coriiiiiiietiie bRt b e nr R e r e 68

Fig. 3.4. Scatter plot of irrigation-induced change in mean air temperature against the (a) near surface
mean air temperature, and (b) mean rainfall. Both variables are the means of the study period. The
dataset consists of 17 studies (N = 19; one study with three study areas) that reported the irrigation-
induced change in mean air temperature. The mean background air temperature and rainfall data are
retrieved from the GLDAS (Rodell et al., 2004). The dotted lines surrounding the linear regression

line represent the 95% confidence INtETVal. .........ccciiiiiiiiiiiie e 69
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Fig. 3.5. Estimated irrigation-induced change in mean air temperature (ATmen) in JJA (northern
hemisphere) and DJF (southern hemisphere). ATnean are calculated from the 30-year (1981-2010)
near surface mean air temperature and rainfall (Fig. 3.2) using the regression model in Table 3.1.
Tropical and polar regions in the updated Koppen-Geiger climate classification are greyed out and
denoted by ‘No data’. The locations of the 100 cities selected for further analysis (Tables S3.2) are
TNATKEA DY (). ctteitie ittt ettt b e b b r e r e reennees 72

Fig. 3.6. Box-whisker plot of the estimated irrigation-induced change in mean air temperature of 100
global cities, grouped by three broad climate zones (B: Arid; C: Temperate; D: Continental). The

black dots within the boxes indicate the Mean. ...........ooovviiiiiiii 73

Fig. 4.1. Theoretical framework describing the key daytime and night-time energetic processes that
are induced by irrigating turf and the likely impacts on soil moisture, microclimate and surface energy
fluxes. Changed font colour indicates irrigations impact on a key property or process such as soil
moisture, microclimate or surface energy fluxes. The greater than and less than symbols indicate the
direction of impact from irrigation. During the day, irrigating turf increases soil moisture content,
which increases evapotranspiration and latent heat flux while reducing sensible heat flux. The
increased evapotranspiration decreases soil temperature, turf surface temperature, outgoing longwave
radiation and air temperature, but can increase vapour pressure. Due to irrigation, the lower albedo of
wet soil surfaces and lusher grass reduces outgoing shortwave radiation. In contrast, the higher
thermal conductivity and specific heat of moist soils increase downward soil heat flux and soil heat
storage. These changes in microclimate cause a net reduction in UTCI. During the night, the irrigated
turf has a higher soil temperature due to increased daytime heat storage to induce upward soil heat
flux. More soil heat release leads to a higher turf surface temperature, and in turn, higher air

temperature and UTCLL........cooiiiiiiiiie bbbt sresreene s 87

Fig. 4.2. An aerial photo showing the experimental site (Burnley Campus, the University of
Melbourne) and the design of the experiment (left), and a ground photo showing one of the
experimental plots (right). The experiment consisted of four 6 m x 6 m plots that received four
different daily irrigation amounts: (1) 0 mm (unirrigated), (2) 2 mm, (3) 4 mm and (4) 7 mm. Each
plot was surrounded by a 1.8-m tall 70% shade cloth (SOLARSHADE™) to mimic a backyard

environment and reduce air mixing between the plots and with the surrounding environment. In each
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plot, irrigation was applied at the corners at 13:00 local time every day through one Hunter Rotator
MP1000-360 at the centre and four Hunter Rotator MP1000-90. Kikuyu (Pennisetum clandestinum)
was the dominant grass species. One climate station was installed at the centre of each plot and a

reference climate station was installed approximately 8 m southwest of the 2-mm plot................... 90

Fig. 4.3. Variations of (a) air temperature and rainfall, and (b) relative humidity and wind speed at the
reference climate station in the study period. The study period is from the 8™ to 42" day (2™ to 6™
week) after starting irrigation. The first seven days after irrigation started were excluded from the

analysis because of iINCOMPlete data...........cooveiiiieiiiiie e 94

Fig. 4.4. Diurnal variations of the hourly mean differences between the irrigated plot and the
unirrigated plot (A = irrigated — unirrigated) in (a) soil temperature, (b) turf surface temperature, (c)
air temperature, (d) mean radiant temperature, (¢) UTCI and (f) incoming shortwave radiation. Tree
shade potentially impacted the incoming shortwave radiation received at the four plots at 06:00 and
17:00, causing sharp changes in various temperature metrics. Therefore, the daytime and night-time
periods are defined as 10:00-16:00 and 21:00-05:00 local time, respectively. The mean radiant

temperature and UTCI data in the 7-mm plot were missing due to instrument failure. .................... 95

Fig. 4.5. Hourly variations in soil moisture content and rainfall from three days before irrigation
started to 42 days after irrigation had begun in the four plots. The period between Day 8 and 42 was
the study period. Before irrigation started, soil moisture content in all four plots decreased gradually
at a similar rate. After irrigation started, the soil moisture content increased sharply in the 4-mm and
7-mm plots, whereas the soil moisture content in the 2-mm plot was maintained at the pre-irrigation
level while the unirrigated plot continued the decreasing trend. The rainfall events on Days 6 and 9
increased the soil moisture content to >35% in the three irrigated plots and maintained above that
level since then. From Day 10, the differences in soil moisture content between the unirrigated and

the irrigated plots gradually increased as the soils in the unirrigated plot dried up. .........ccccoeevueennee. 96

Fig. 4.6. Impacts of irrigation on daytime (10:00—16:00) mean (a) soil temperature, (b) turf surface
temperature, (¢) air temperature, (d) UTCI, (e) soil moisture content, (f) outgoing longwave radiation,
(g) outgoing shortwave radiation (h) soil heat flux and (i) vapour pressure. The impact of irrigation

is calculated as the difference between the irrigated and unirrigated plots (A= irrigated — unirrigated).
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The solid lines are the weekly means and the error bars are the 95% confidence intervals. The faint
lines are the daily means. Open circles represent significant differences (p<0.05, t-test) in the weekly
means between the irrigated and the unirrigated plots and closed circles represent insignificant
differences. Significant differences (p<0.05, AONVA) in the weekly means between the three
irrigated plots are represented by “*” and insignificant differences by “NS”. The UTCI data of the 7-

mm plot were missing due to SeNSOr fAllUre. ..........coiviiiiiiieiie e 99

Fig. 4.7. A correlation matrix showing the Pearson’s Correlation Coefficients between soil moisture
content difference (ASMC), soil temperature difference (ATsoi), turf surface temperature difference
(ATsg), outgoing longwave radiation difference (ALW,u), air temperature difference (AT.), vapour
pressure difference (AVP), outgoing shortwave radiation difference (ASWu), soil heat flux difference
(AG) and UTCI difference (AUTCI). The differences are the daytime (10:00—16:00) mean differences
between the irrigated and unirrigated plots (A = irrigated — unirrigated). Data from all three irrigated

plots are pooled. Only the statistically significant (p<0.05, t-test) correlations are shown............. 100

Fig. 4.8. Impacts of irrigation on night-time (21:00-05:00) mean (a) soil temperature, (b) turf surface
temperature, (c) air temperature, (d) UTCI, (e) soil moisture content, (f) outgoing longwave radiation,
(g) outgoing shortwave radiation (h) soil heat flux and (i) vapour pressure. The impact of irrigation
is calculated as the difference between the irrigated and unirrigated plots (A= irrigated — unirrigated).
The solid lines are the weekly means and the error bars are the 95% confidence intervals. The faint
lines are the daily means. Open circles represent significant differences (p<0.05, t-test) in the weekly
means between the irrigated and the unirrigated plots and closed circles represent insignificant
differences. Significant differences (p<0.05, AONVA) in the weekly means between the three
irrigated plots are represented by “*” and insignificant differences by “NS”. The UTCI data of the 7-

mm plot were missing due to SeNnSOT fAIIUIE. .........cccciriiiiiiiiic e 102

Fig. 4.9. A correlation matrix showing the Pearson’s Correlation Coefficients between soil moisture
content difference (ASMC), soil temperature difference (ATsoi), turf surface temperature difference
(ATst), outgoing longwave radiation difference (ALWu), air temperature difference (AT,), vapour
pressure difference (AVP), outgoing shortwave radiation difference (ASWoy), night-time soil heat
flux difference (AGnignt), UTCI difference (AUTCI) and daytime soil heat flux difference (AGuday).
Except specified, the differences are the night-time (21:00-05:00) mean differences between the
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irrigated and unirrigated plots (A = irrigated — unirrigated). Data from all three irrigated plots are

pooled. Only the statistically significant (p<0.05) correlations are ShOWN. ..........ccccervreeiereenenn 103

Fig. 4.10. Diurnal variations of the hourly mean latent heat flux and sensible heat flux................ 104

Fig. 5.1. (a) Ground view and (b) bird-eye view of a plot. The experiment consisted of twelve identical
plots (four treatments x three replicates). The four treatments were: unirrigated (UO), irrigated at
01:00 (N1), irrigated at 13:00 (D1), irrigated at 12:00, 13:24, 14:00 and 15:00 (D4). The daily total
irrigation amount of the three irrigated plots was the same except that they were irrigated at different
times of the day. Each plot was 6 m x 6 m and was enclosed by 1.8-m tall 70% shade cloth
(SOLARSHADE™). A climate station was installed at the centre of each plot, measuring soil
temperature (—0.05 m), soil moisture content (—0.05 m), air temperature (1.1 m), vapour pressure (1.1
m), turf surface temperature (1.5 m), and incoming and outgoing shortwave and longwave radiation
(1.5 m). A reference climate station was installed at the centre of the experimental site, measuring air

temperature (1.1 m), vapour pressure (1.1 m), rainfall (2.0 m) and wind speed (2.0 m). ............... 116

Fig. 5.2. Daily total rainfall, daily maximum, mean and minimum air temperatures, daily mean vapour
pressure deficit, daily mean wind speed and daily mean incoming shortwave radiation of the study

period (2022-01-18 t0 2022-03-00).......cccirrirreriireererierenrese e 119

Fig. 5.3. Changes in daily mean soil moisture content of plot UO (unirrigated), plot N1 (irrigated 2 or
4 mm d ! at 01:00), plot D1 (irrigated 2 or 4 mm™! at 13:00) and plot D4 (irrigated 0.5 or 1 mm at
12:00, 13:48, 14:00 and 15:00 = 2 or 4 mm d!), and rainfall at the reference climate station. Each

plot had three replicates and the mean of the three replicates was used. .........cccooveerveiiiiiiiiiienens 121

Fig. 5.4. Average cycles (1-minute) of soil moisture content, air temperature, vapour pressure, turf
surface temperature, mean radiant temperature and universal thermal climate index (UTCI) of plot
U0 (unirrigated), plot N1 (irrigated 4 mm d! at 01:00), plot D1 (irrigated 4 mm d!' at 13:00), plot D4
(irrigated 1.0 mmat 12:00, 13:48, 14:00 and 15:00 = 4 mm d™!) from 10:00 to 15:59. .......ccccceuees 123

Fig. 5.5. Average impacts (1-minute) of irrigation on soil moisture content, air temperature, vapour

pressure, turf surface temperature, mean radiant temperature and universal thermal climate index
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(UTCI) for plot N1 (irrigated 4 mm d™' at 01:00), plot D1 (irrigated 4 mm d ' at 13:00) and plot D4
(irrigated 0.5 mm d'at 12:00, 13:48, 14:00 and 15:00, respectively) from 10:00 to 15:59. The impacts
were measured as the differences between the irrigated and unirrigated plots (A = irrigated —
unirrigated). The horizontal dashed lines represent the afternoon (12:00-15:59) mean impacts. The
letters, ‘a’, ‘b’ and ‘c’, indicate the significance of differences between the three irrigated plots in
their afternoon (12:00-15:59) mean cooling effects. The pairs that do not have the same letter are
significantly different from each other (p < 0.05, Tukey’s Honesty Significant Difference test). The
presence of the symbol, “*’, indicates that the afternoon (12:00-15:59) mean cooling effect is

SIZNIFICANE (D < 0.05, £ TEST). 1eerveiriiiiiieie ettt ettt sb e s sar e et nbeesneas 124

Fig. 5.6. Scatter plots of the afternoon (12:00—15:59) mean cooling effect of irrigation (A = irrigated
— unirrigated) in air temperature against background (a) air temperature, (b) vapour pressure deficit,
(c) wind speed and (d) incoming shortwave radiation. Linear regression models were used for
background air temperature, vapour pressure and incoming shortwave radiation, and Gaussian
regression models for wind speed. Only the models with a significant slope/parameter estimate were
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Fig. 5.7. Scatter plots of the afternoon (12:00-15:59) mean cooling effect of irrigation (A = irrigated
— unirrigated) in turf surface temperature against background (a) air temperature, (b) vapour pressure
deficit, (c) wind speed and (d) incoming shortwave radiation. Linear regression models were used for
background air temperature, vapour pressure and incoming shortwave radiation, and Gaussian
regression models for wind speed. Only the models with a significant slope/parameter estimate were
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Fig. 5.8. A conceptual diagram that explains the impact of different irrigation schedules on
evapotranspiration processes in turfgrass in the afternoon. In (a), when the turfgrass is unirrigated,
the evapotranspiration consists of a small amount of soil evaporation and transpiration. In (b), when
the turfgrass is subject to a single night-time irrigation, the evapotranspiration consists of a larger
amount of soil evaporation and transpiration. In (c), when the turfgrass is subject to a single midday
irrigation, the evapotranspiration consists of soil evaporation, transpiration, droplet evaporation and
canopy evaporation. In (d), when the turfgrass is subject to four afternoon irrigation events, the total

evapotranspiration increases due to an increase in droplet evaporation and canopy evaporation... 129
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Fig. S5.1. Average diurnal cycles of the three replicated plots for each variable and irrigation treatment.

Fig. 6.1. Six identical plots (6x6 m) were set up at the Burnley Campus of the University of
Melbourne. Three were unirrigated and three received 4 mm of irrigation at 13:00 every day. Each
plot was surrounded by 1.8-m tall 70% shade cloth (SOLARSHADE™) and a climate station was
installed at the centre of each plot to continuously monitor the microclimate, soil temperature and soil
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Fig. 6.2. Daily minimum, mean and maximum air temperatures and rainfall of the model evaluation

period (2022-01-28 to 2022-03-06, 38 dAYS). ..ecvreerririeiiiriiie e 141

Fig. 6.3. Workflow of this study. The 2021 experimental data were used to test the UT&C model and
identify the best-fit parameters, which were used in subsequent simulations of 2022. The 2022
experimental data were used for model evaluation for air temperature, vapour pressure, turf surface
temperature and soil temperature. From the model evaluation dataset, the irrigation impacts on surface
energy balance and evapotranspiration processes were examined. In a separate simulation using the

2022’s forcing data, we examined the impacts of different irrigation amounts on cooling benefits.

Fig. 6.4. Comparison of modelled (first soil layer, 0-0.10 m below ground) and measured (0.05 m
below ground) daily mean soil moisture content in the model evaluation period (2022-01-28 to 2022-
03-06, 38 days). The turf was irrigated 2 mm d' from 2022-01-28 to 2022-02-07 and 4 mm d"' from
2022-02-08 to 2022-03-06 at 13:00 local time. In the experiment, the 2-mm irrigation occurred from
13:00 to 13:11, and the 4-mm occurred from 13:00 to 13:23. In the simulation, both 2 and 4 mm were
applied to the 13:00—13:59 tiMe SLEP. ...eovervieiiiriiieiiisieeie sttt 146

Fig. 6.5. Model evaluation that compared the modelled and the measured (a—c) air temperature, (d—f)
vapour pressure (g—i) turf surface temperature, (j—1) soil temperature of the irrigated scenario (plot).
The modelled and measured data were compared in terms of their average diurnal cycles (left column),

daytime and night-time daily means (middle column) and scatter plot of hourly means (right column).
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In the middle column, the broken lines were a time series split into daytime (10:00—16:59, white
panels) and night-time (21:00-05:59, grey panels). The model evaluation period was from 2022-01-
28 10 2022-03-00. ...c.eeeeeeeeeieeie ettt ettt e te ettt e tenreere e teareeneenreeneenes 150

Fig. 6.6. Model evaluation that compared the modelled and the measured (a—c) air temperature, (d—f)
vapour pressure (g—i) turf surface temperature, (j—1) soil temperature of the unirrigated scenario (plot).
The modelled and measured data were compared in terms of their average diurnal cycles (left column),
daytime and night-time daily means (middle column) and scatter plot of hourly means (right column).
In the middle column, the broken lines were a time series split into daytime (10:00—16:59, white
panels) and night-time (21:00-05:59, grey panels). The model evaluation period was from 2022-01-
28 10 2022-03-00. ...c.eveeeeieiieeie sttt E ettt e tenre et e e te e e eenreeneenrs 151

Fig. 6.7. Model evaluation that compared the modelled differences between the irrigated and
unirrigated scenarios (A = irrigated — unirrigated) and the measured differences between the irrigated
and unirrigated plots in (a—c) air temperature, (d—f) vapour pressure (g—i) turf surface temperature,
(G-1) soil temperature. The modelled and measured data were compared in terms of their average
diurnal cycles (left column), daytime and night-time daily means (middle column) and scatter plot of
hourly means (right column). In the middle column, the broken lines were a time series split into
daytime (10:00-16:59, white panels) and night-time (21:00-05:59, grey panels). The model
evaluation period was from 2022-01-28 t0 2022-03-06..........c.ceccerruiirierienieeiienieeie e see e 152

Fig. 6.8. The average diurnal cycle of modelled latent heat flux, sensible heat flux and ground heat
flux of the irrigated and unirrigated scenarios. Irrigation was applied at 13:00, which increased latent
heat flux and ground heat flux from 14:00 to 15:59. The data from the model evaluation period (2022-
01-28 10 2022-03-00) WETE USEA. ....eeiuveeeiieeiiieiiieeiieeeeeestae e st e ssaeeseeeenteeesbeeesseeesseeeanseeesnneeanseees 154

Fig. 6.9. The average diurnal cycle of modelled mean (a) evaporation from canopy interception, (b)
evaporation from soil surface, (c¢) transpiration, and (d) total evapotranspiration. The evaporation
from surface water was not plotted because it was always closed to zero. The data from the model

evaluation period (2022-01-28 t0 2022-03-06) Were USEd. ......cccviruvrrieerieiiriirsiieieeseeeseesieesne e 155
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Fig. 6.10. The average diurnal cycle of modelled (a) depth of water intercepted by leaf, (b) leaf-to-air
vapour pressure deficit, and (c) turf surface temperature of the irrigated and unirrigated scenarios.
Irrigation was applied at 13:00, which reduced transpiration from 14:00 to 15:59 because transpiration
did not occur on the leaf surface with intercepted water in UT&C. Irrigation also reduced transpiration
in other times of the day because it reduced leaf-to-air vapour pressure deficit due to reduced leaf
temperature (=turf surface temperature in UT&C). The data from the model evaluation period (2022-

01-28 t0 2022-03-00) WETE USEA. .vvieiuriiiiiiiiiieiiiie st siee e stre e s sbe et sb e sba e e srbessbae s srbeeebeees 156

Fig. 6.11. Modelled impacts of different daily irrigation amount (2, 4, 6, 8, 15 and 30 mm) on (a) air
temperature, (b) vapour pressure, (c) turf surface temperature, and (d) soil temperature. The impacts
were calculated as the difference between the irrigated and unirrigated scenarios (A = irrigated —
unirrigated). The circles represented the mean impacts in the simulation period. An open circle
represented a significant impact (p < 0.05, #-test) while a closed circle an insignificant impact (p >
0.05, t-test). The error bars represent the 95% confident intervals. The overlapping of two error bars
is indicative of an insignificant difference (p > 0.05) between the two means. The forcing data of the

model evaluation period (2022-01-28 to 2022-03-06, 38 days) was used in this simulation.......... 157

Fig. S6.1. Daily minimum, mean and maximum air temperatures and total rainfall of the model testing
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Fig. S6.2. The average diurnal cycle of measured (a) air temperature, (b) vapour pressure, and (c) soil
temperature of the three replicated plots with irrigation. The measurement period was from 2022-01-
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Fig. S6.3. The average diurnal cycle of measured (a) air temperature, (b) vapour pressure, and (c) soil
temperature of the three replicated plots without irrigation. The measurement period was from 2022-
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Fig. S6.4. Convergence issues of the unirrigated scenario. The energy balance of ground vegetated
surface (EBGroundVeg) failed to converge in a number of time steps in the simulation. Those time
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Fig. S6.5. Convergence issues of the irrigated scenario. The energy balance of ground vegetated
surface (EBGroundVeg) failed to converge in a number of time steps in the simulation. Those time
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Fig. 7.1. The daily mean air temperature, daily total incoming shortwave radiation and potential
afternoon (12:00-15:59) mean air temperature reductions from irrigating urban green spaces on air
temperature during the heatwave periods in Melbourne in (a) 2009, (b) 2013 and (c) 2014. The
potential cooling effects were predicted by a multiple linear regression model using daily mean air

temperature and daily total incoming shortwave radiation as the explanatory variables. ............... 175

Fig. 7.2. Revised theoretical framework about the daytime and nigh-time impacts of irrigating urban
green spaces on surface energy balance, microclimate and human heat stress. This theoretical
framework was revised from the original framework (Fig. 2.1) based on the findings from the field

experiments and microclimate simulations in Chapters 4—06. ..........ccocverieriiiiiiniiiie e 176

Fig. 7.3. Summary of the findings from Chapter 2 to Chapter 6. Chapter 2 identified the factors that
influence the cooling effects of irrigating urban green spaces. In Chapters 3, 4, 5 and 6, the influences
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Fig. 7.4. An example of an older (left) and a newer (right) suburb in Melbourne. In an older suburb,
the houses typically have large, vegetated backyards and front yards relative to the building footprint.
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Chapter 1 — Introduction

Chapter 1 — Introduction

More than half of the world's population is living in urban areas (The World Bank, 2023).
Urbanisation is characterised by the reduction in vegetated surfaces and the increase in impervious
surfaces, as well as the changes in urban geometry and materials. These characteristics contribute to
increase urban temperatures (Oke, 1982). The reduction of vegetation and the dominance of
impervious surfaces substantially reduce soil moisture content and evapotranspiration in urban areas,
leading to a reduction of latent heat flux and an increase in sensible heat flux. Urban canyons are a
common type of urban geometry. Urban canyons allow multiple reflections of radiation to occur
between the building surfaces, thus reducing the effectiveness of radiative cooling. The construction
materials in urban areas often have a high thermal admittance, which increases the heat storage in
urban areas. Global climate change can further increase urban air temperature (McCarthy et al., 2010).
High urban air temperature can negatively impact cities and their inhabitants in different ways. High
urban air temperature can directly increase electricity demand (Santamouris et al., 2015), increase
elderly mortality and morbidity (Bunker et al., 2016), and increase the health impacts of air pollution
(Anenberg et al., 2020). High urban air temperature can also undermine people’s well-being by
reducing their willingness to visit urban green spaces to engage in physical and social activities,

particularly in summer (Cheung and Jim, 2018a).

There is clear evidence that people who visit urban green spaces more frequently have better
physical (Twohig-Bennett and Jones, 2018) and mental health (Van den Berg et al., 2016). It is
believed that the health benefits are delivered through people’s engagement in physical and social
activities in urban green spaces (Groenewegen et al., 2006). Therefore, it is important to ensure that
urban green spaces are thermally comfortable for people to engage in different activities. Cooling
strategies are needed to reduce the air temperature in urban green spaces in summer to ensure that the
health benefits of urban green spaces can be delivered through people’s active use of urban green
spaces. Increasing the tree canopy cover in urban green spaces is an effective strategy to reduce air
temperatures in urban green spaces (Cheung and Jim, 2019a; Li et al., 2021). However, tree planting
may not be suitable for small urban green spaces and those focused on sports activities. Alternative

cooling strategies are needed for these urban green spaces.

Irrigating vegetation is a promising cooling strategy for different types of urban green spaces
because it can be applied at different spatial scales (Coutts et al., 2013; Livesley et al., 2021).
Irrigating vegetation for cooling urban green spaces is different from irrigating vegetation for

maintaining plant health. Irrigation for cooling should aim to increase or maximise evapotranspiration
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processes, whereas irrigation for vegetation health should aim to meet but not exceed plant water
requirements. The practical differences between the two are that irrigation for cooling may occur
during the day to increase or maximise evaporation processes, whereas irrigation for vegetation tends
to irrigate at night to minimise evaporation. Irrigating vegetation for cooling might suggest that a
larger amount of water is required to maximise evapotranspiration, but this may not be necessary if
timing and frequency (scheduling) of irrigation can achieve an increase in cooling benefit.
Furthermore, irrigation can be a sustainable and feasible cooling strategy for urban green spaces when
non-potable water is available for irrigation. Cities can collect non-potable water for irrigation
through stormwater harvesting and wastewater treatment. These technologies and measures are
increasingly being adopted in different parts of the world such as Australia (Wong, 2006) and the UK
(Ashley et al., 2013).

Irrigation has been predicted to reduce air temperature in many modelling studies. Broadbent
et al. (2018a) predicted that irrigating all pervious surfaces during a heatwave could reduce the daily
mean air temperature by 2.3°C in Mawson Lake, Adelaide, Australia. Gao et al. (2020) predicted that
irrigating all surfaces could reduce the summer mean air temperature by 0.5°C in metropolitan Sydney,
Australia. Wang et al. (2019) predicted that irrigating all vegetated surfaces could reduce the summer
mean air temperature by 2.0°C in the contiguous USA. However, there have also been modelling
studies that predicted limited cooling effects from irrigation (Chen et al., 2017) or even a warming
effect (Vahmani and Ban-Weiss, 2016). Such inconsistencies suggest that it is necessary to conduct a
comprehensive literature review to understand the physical and energetic mechanisms of the cooling
or warming effect of irrigation. This review will help us understand why and when irrigation is an
effective cooling strategy for urban green spaces and why and when it is not. Moreover, there is
evidence that background climate (Kueppers et al., 2007), seasonality and weather (Geerts, 2002),
vegetation type (Ozdogan et al., 2010), irrigation time of day (Valmassoi et al., 2020) and irrigation
amount (Broadbent et al., 2018a) can impact on the cooling effects of irrigation. It is important to
consider these environmental and management factors when using irrigation as a cooling strategy for
urban green spaces. In Chapter 2, I reviewed the cooling mechanisms of irrigating urban green spaces

and discuss the management considerations.

Among the environmental and management factors that were identified to have impacts on
the cooling effects of irrigation in Chapter 2, background climate plays a fundamental role because it
influences the evaporative demand of the atmosphere and the precipitation inputs to the soils of a
geographical region. For regions with a high evaporative demand and a low soil moisture level due

to low rainfall, the impacts of irrigation should be larger because the extra soil moisture may
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substantially increase evapotranspiration, which then modifies the microclimate. In contrast, for the
regions with a low evaporative demand and a high soil moisture level due to high rainfall, the impacts
of irrigation should be smaller because there is already enough soil moisture from rainfall to meet the
evaporative demand of the atmosphere. Consequently, the summer mean air temperature reduction
from irrigation can vary from 0.2°C in Eastern Europe to 1.0°C in northern India due to the differences
in background climate (Thiery et al., 2017). Given that a number of agricultural and urban studies
have reported the air temperature reductions from irrigation for a specific geographical location and
time, it is possible to identify the empirical relationship between the air temperature reduction from
irrigation and background climate. In Chapter 3, I conducted a meta-analysis of global irrigation
studies to establish an empirical multiple linear regression model that can predict the mean summer
air temperature reduction from irrigation under a range background mean air temperatures and rainfall
amounts. The model was then used to predict the potential mean summer air temperature reduction

from irrigation for one hundred cities around the world in 17 climate regions.

Most of the existing studies that have investigated the cooling effects of irrigating urban green
spaces were modelling studies (Broadbent et al., 2018a; Gao et al., 2020; Valmassoi et al., 2020; Wang
et al., 2019). There is a severe lack of empirical studies that measure the cooling effects of irrigating
urban green spaces. One exception is an observational study conducted by Lam et al. (2020). Lam et
al. (2020) measured the cooling effects of irrigation by comparing the air temperatures of the
unirrigated and irrigated sites in an urban park in Melbourne, Australia. However, the authors stated
that the results were likely influenced by the differences in ground cover, sky view factor, soil
conditions and vegetation types between the paired irrigated and the unirrigated sites. Controlled
experiments are needed to isolate and directly measure the cooling effects of irrigating urban green
spaces. In Chapter 4, I designed and undertook a field experiment to measure the impacts of irrigating
turfgrass on microclimate and surface energy balance in a small green space that mimics private
backyards. Private green spaces are an important type of urban green space because they contribute
to a substantial proportion of urban green spaces in many cities, such as >50% in Dunedin, New
Zealand (Mathieu et al., 2007) and >30% in Brisbane, Australia (Rupprecht and Byrne, 2014). It is
therefore important to study the cooling effects of irrigating small private urban green spaces. This
experiment aimed to investigate how different irrigation amounts (2, 4 and 7 mm d!) influenced the

cooling effects and how irrigating turfgrass changed the surface energy balance.

Apart from irrigation amount, irrigation scheduling is an important practical issue when using
irrigation to cool urban green spaces. Irrigation scheduling can refer to the frequency of irrigation

within a week or in a month, or the time of day when irrigation is applied. Irrigation scheduling is
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defined as the time of day when irrigation is applied in this thesis unless otherwise specified. Irrigation
traditionally is applied at night to reduce evaporation from canopy and soil surface because such
evaporation does not contribute to plant water uptake (Playan et al., 2005). However, increased
evaporation is beneficial when irrigation is used to cool urban green spaces because increased
evaporation can reduce sensible heat flux and air temperature (Chen et al., 2018). Broadbent et al.
(2018a) suggested that optimising irrigation scheduling could potentially strengthen the cooling
effects of irrigation for certain periods of time in a day. Yang and Wang (2015) predicted that irrigating
multiple times a day could strengthen the daily mean cooling effect of irrigation. Since people use
urban green spaces frequently in the afternoon, it is important to investigate whether optimising
irrigation scheduling can strengthen the cooling effects of irrigation without using more water. In
Chapter 5, I designed and undertook another controlled and replicated field experiment to measure
the impacts of three different irrigation schedules, namely single night-time, single daytime and
multiple daytime irrigation. The impact I measured centred upon the afternoon (12:00-15:59) mean
cooling effects of irrigating turfgrass in a small urban green space. The cooling effects were measured
in air temperature, turf surface temperature, mean radiant temperature and universal thermal climate
index. The three irrigation schedules used the same total amount of water (4 mm d!). Moreover, the
relationships between the measured afternoon mean cooling effects of irrigating turfgrass and
background weather conditions (air temperature, vapour pressure deficit, wind speed and incoming
shortwave radiation) were investigated. The relationships can help understand under what weather
conditions irrigating turfgrass is a more effective cooling strategy and under what weather conditions

it is not.

During a heatwave, the daily mean air temperature reductions of irrigating urban green spaces
have been predicted to increase from 0.5 to 2.3°C as simulated irrigation amounts increased from 5
to 30 mm d' (Broadbent et al., 2018a). However, it is unknown whether such relationship between
the cooling effect and daily irrigation amount can hold under non-heatwave conditions. In Chapter 6,
I used the experimental data from Chapter 5 to assess the performance of an ecohydrological model,
UT&C (Urban Tethys-Chloris), in predicting the microclimate of irrigated and unirrigated turfgrass
during summer months. After validating the performance of UT&C, I used it to predict the impacts
of increasing irrigation amount (2-30 mm d') on the daily, daytime and night-time mean cooling
effects of irrigating turfgrass. The impacts of irrigating a reasonable amount (4 mm d!) on the surface
energy balance and evapotranspiration processes were assessed using the model outputs. Such
assessments are important to further understand the physical and energetic mechanisms of irrigation

cooling effect and to identify the potential weaknesses of the model.
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In Chapter 7, the final chapter of this thesis, I used the findings of the previous chapters to
predict the potential cooling effect of irrigating urban green spaces during the 2009, 2013 and 2014
heatwaves in Melbourne using the historical background weather conditions. I discussed the

contributions of the thesis to the advances in knowledge and suggested future research directions.
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Chapter 2 — Irrigating urban greenspace for cooling benefits: the

mechanisms and management considerations
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Abstract

Evapotranspiration is an important cooling mechanism in urban greenspace (UGS). Irrigating
vegetated surfaces with potable water, collected stormwater or recycled sewage water has the
potential to increase the cooling effect of UGS by increasing evapotranspiration. Such cooling effect
may not always be strong because evapotranspiration is dependent on local and regional factors such
as background climate, seasonality and vegetation type. When using irrigation for cooling, city
managers also need to consider management issues such as irrigation water supply and amenity use
of the UGS. This study aims to develop a theoretical framework that explains the physical and
energetic mechanisms of irrigation cooling effect and a framework to assist city managers to make
decision about the use of irrigation for urban cooling. This is achieved by reviewing the impacts of
irrigation on local climate reported in the literature and identifying the environmental and
management factors that influence irrigation cooling effect in warm seasons. The literature suggests
that irrigation can potentially reduce daily maximum air temperature and ground surface temperature
by approximately 2.5 and 4.9°C, respectively, depending on weather conditions and irrigation amount.
Background climate is an important factor that influences the cooling potentials of irrigation. Cities
with dry and warm climates have the highest cooling potentials from irrigation. The cooling potentials
are also influenced by seasonality and weather, vegetation type, irrigation time of day and irrigation
amount. Cities with a dry and warm season can consider using irrigation to mitigate urban heat within
UGS because such climatic conditions can increase cooling potentials. To maximise irrigation cooling
effect, cities with abundant irrigation water supply can use a soil moisture-controlled irrigation regime
while those with limited supply can use a temperature-controlled regime. More studies are required

to understand the cooling potentials of irrigating small, individual UGS.
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2.1. Introduction

Urban greenspace (UGS) is an important landscape in cities because it offers a variety of
ecosystem services (Derkzen et al., 2015; Livesley et al., 2016). One of the key ecosystem services
that UGS provides is cooling effect in warm seasons (Masoudi et al., 2021). A systematic review
study has shown that UGS is, on average, 0.94°C cooler in air temperature than its surrounding areas
(Bowler et al., 2010). Shading and increased evapotranspiration are the two main cooling mechanisms
of UGS (Oke et al., 1989; Tan et al., 2018). The vegetation canopy in UGS, particularly trees, is
effective in reducing the amount of solar radiation reaching the ground surface (Konarska et al., 2014),
and thereby reducing the air temperature within the UGS (Cheung and Jim, 2018b).
Evapotranspirative cooling is also enhanced in UGS because of the presence of vegetation (Qiu et al.,
2017) and the increase in infiltration and soil moisture storage from rainfall (Yang et al., 2015; Yao

etal., 2015).

There are many factors that can influence the cooling potentials of UGS, such as its size,
shape, vegetation composition, fraction of impervious surface and whether it is irrigated. The cooling
potential of UGS generally increases with its size (Chang et al., 2007; Cheung and Jim, 2019a) and
its irregularity in shape (Shah et al., 2021; Shih, 2017). Tree and shrub covers have higher cooling
potentials than grass cover (Cheung and Jim, 2019b). A lower fraction of impervious surface is also
conducive to higher cooling potentials of UGS (Qiu and Jia, 2020). The impact of irrigation on the
cooling potentials of UGS is under-researched, but the existing evidence shows that the irrigated part
of a UGS tend to be cooler than the unirrigated part because the extra soil moisture supplied by
irrigation can support a stronger evapotranspirative cooling effect (Spronken-Smith and Oke, 1998).
Irrigation thus offers an opportunity for unirrigated and under-irrigated UGS to increase their cooling

potentials by increasing evapotranspiration.

The impact of irrigation on the microclimate of grass-covered areas in UGS is strong because
evapotranspiration is the sole cooling mechanism in the absence of shading. Soil moisture status
therefore has a direct impact on the microclimate because it supports evapotranspiration and the
impact is particularly strong in the dry climate regions (Pearlmutter et al., 2007). The daytime surface
temperature of the irrigated grass-covered area in a park in Vancouver, Canada, was only 16°C,
whereas that of the unirrigated was 34°C (Spronken-Smith and Oke, 1998). Such cooling effect
originates from the increase in latent heat flux and modifications of other surface energy fluxes and
storage of the surface energy balance. Briefly, the addition of soil moisture through irrigation allows

more available energy at the ground surface to be transformed into latent heat flux instead of sensible
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heat flux, causing a reduction in air temperature and ground surface temperature (Spronken-Smith et
al., 2000).

Irrigation has been principally used to support the growth and health of turfgrass in urban
areas because the evapotranspiration from turfgrass in summer months often exceeds rainfall received
(Awal et al., 2019; Litvak and Pataki, 2016; Nouri et al., 2013). The growth of urban vegetation can
be further hampered by insufficient soil volume and excessive pavement (Jim, 2019), which limits
their access to soil water. Therefore, irrigation is necessary to maintain a healthy and actively-
transpiring layer of turfgrass. Moreover, other urban vegetation such as shrubs and trees may also
need supplementary water irrigation to support their health (Connellan, 2002), particularly during
heatwaves. Urban trees may lose up to 50% of their leaves during heatwaves (Sanusi and Livesley,
2020) due to high air temperature and low soil moisture content (Tyree et al., 1993). The loss of leaves
in trees significantly reduces their cooling effects through shading and evapotranspiration. Irrigation
may help urban trees to retain their leaves during heatwaves and thus enhancing their shade and

transpiration cooling effects.

UGS irrigation has been proposed as an urban cooling strategy (Coutts et al., 2013; Daniel et
al., 2018; Livesley et al., 2021). However, the physical and energetic mechanisms of such irrigation
cooling effect have not been well-established with the support of the findings from the literature. It is
important to develop a theoretical framework that provides the mechanistic basis of irrigation cooling
effect by considering the storage and fluxes of the surface energy balance in order to justify the
application of irrigation for urban cooling. Moreover, since irrigation cooling effect is dependent on
evapotranspiration, its effectiveness is in turn dependent on other factors that influence
evapotranspiration such as background climate, seasonality, vegetation type, irrigation time of day
and soil moisture achieved (irrigation amount). It is necessary to consider these factors when making
a decision about using UGS irrigation to mitigate urban heat in cities around the world. Decisions
regarding UGS irrigation should also consider issues such as irrigation water supply and UGS

characteristics such as soil properties, ecological values and amenity use.

This study aims to develop a theoretical framework that explains the physical and energy
mechanism of irrigation cooling effect, and a decision framework that assists city managers to make
decision about the use of irrigation for urban cooling. This is achieved by reviewing the impacts of
irrigation on climate and surface energy balance reported in the literature and identifying the
environmental and management factors that influence irrigation cooling effect in warm seasons. A
comprehensive literature review was conducted to search for studies that can support the above-

mentioned study aims. We began the search on Google Scholar (Google Scholar, 2020) using the
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Boolean search terms: (‘watering’” OR ‘irrigation’) AND (‘effect” OR ‘impact’) AND ‘air
temperature’). We screened the titles and abstracts of the first 1000 results sorted by relevance. Only
peer-reviewed journal articles written in English language were included in this study. We identified
41 studies that provided relevant evidence to support the study aims (Tables 2.1 and 2.2). The
selection criteria were that the study has reported the mean impacts of irrigation on air temperature
over the study period and investigated the impacts of one of the environmental and management
factors on irrigation cooling effect, namely background climate, seasonality, weather, vegetation type,
irrigation time of day and daily irrigation amounts (Table 2.2). Section 2.2 will review the impacts of
irrigation on soil moisture content, surface energy fluxes (ground heat flux, latent heat flux and
sensible heat flux) and local climate (ground surface temperature, air temperature, vapour pressure
and human thermal stress). Section 2.3 will construct theoretical framework about the impacts of
irrigating urban green spaces on daytime and night-time microclimate. Section 2.4 will discuss the
environmental and management factors that influence the cooling effect of irrigation. Five key factors
were discussed, namely background climate, seasonality and weather, vegetation type, irrigation time
of day and daily irrigation amounts. The duration of cooling effect after irrigation will also be
discussed. After understanding the impacts of irrigation on local climate and the factors that influence
those impacts, section 2.5 will develop a decision framework to assist city managers to decide whether

or not to use UGS irrigation as an urban cooling strategy.

2.2. Impacts of irrigation on soil moisture content, surface energy fluxes and local climate

This section will review the impacts of irrigation on soil moisture, three surface energy fluxes
(G, Qe and Qp), three climate variables (Tst, Ta and VP) and human thermal stress (Table 1).
Understanding the impacts of irrigation on these variables are necessary for the development of the
theoretical framework of irrigation cooling effect in section 3. Unless specified, we report the mean
changes in these eight variables over the summer (northern hemisphere: June—August; southern
hemisphere: December—February) because the findings are most relevant to UGS irrigation in

summer when cooling effect is needed most.
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Table 2.1. List of studies that reported the impacts of irrigation on daily mean soil moisture content,
surface energy fluxes and local climate.

Variable Impact References
Soil moisture + (Gao and Santamouris, 2019; Harding and Snyder, 2012; Kanamaru
content and Kanamitsu, 2008; Lobell et al., 2009; Yang et al., 2016; Yang and
Wang, 2015; Zou et al., 2014)
Ground heat + (Kanamaru and Kanamitsu, 2008; Vahmani and Ban-Weiss, 2016;
flux (into soil) Wang et al., 2019; Yang et al., 2016)
Not (Chen et al., 2017; Huber et al., 2014; Ozdogan et al., 2010)
specified
Latent heat + (Adegoke et al., 2003; Broadbent et al., 2018a; Chen et al., 2018,
flux and 2017; Cook et al., 2015; Daniel et al., 2018; Gao et al., 2020; Harding
sensible heat and Snyder, 2012; Huber et al., 2014; Lobell et al., 2009; Ozdogan et
flux al., 2010; Sacks et al., 2009; Sugimoto et al., 2019; Thiery et al., 2017;
Vahmani and Hogue, 2015; Wang et al., 2019; Yang et al., 2016; Zou
etal., 2014)
Ground - (Boucher et al., 2004; Gao et al., 2020; Thiery et al., 2017; Vahmani
surface and Ban-Weiss, 2016; Wang et al., 2019; Yang and Wang, 2015)
temperature
Air + (Vahmani and Ban-Weiss, 2016)
temperature
- (Adegoke et al., 2003; Broadbent et al., 2019, 2018a; Chen et al.,
2018; Cook et al., 2015; Gao et al., 2020; Geerts, 2002; Hancock et
al., 2015; Harding and Snyder, 2012; Huber et al., 2014; Lobell et al.,
2009; Puma and Cook, 2010; Sacks et al., 2009; Sorooshian et al.,
2011; Thiery et al., 2017; Valmassoi et al., 2020; Wang et al., 2019;
Wen and Jin, 2012; Yang et al., 2016, 2017; Yang and Wang, 2015;
Zou et al., 2014)
No (Chen et al., 2017; Kanamaru and Kanamitsu, 2008)
change
Vapour + (Boucher et al., 2004; Chen et al., 2018; Geerts, 2002; Huber et al.,
pressure 2014; Sorooshian et al., 2011; Yang et al., 2017)
Human — (Broadbent et al., 2018a; Shashua-Bar et al., 2009; Yang and Wang,

thermal stress

2015)

2.2.1. Soil moisture content

Lobell et al. (2009) modelled the impacts of irrigation on climate in eight major irrigated

regions in the world using the Community Atmosphere Model 3.3. They set the soil moisture to 40%

(fraction of saturation point) every half an hour if the soil moisture dropped below 40%. The soil

moisture in all eight regions increased except northeast China, which had a high initial soil moisture.

The increase in soil moisture varied between 2.3% (fraction of saturation point) in Indo-Gangetic

Plains to 20.7% (fraction of saturation point) in Aral Sea Basin. The differences reflected the

variations in soil type and rainfall regime (consequently initial soil moisture) between the regions; a

more significant change was detected in drier regions. Yang and Wang (2015) modelled the impact of
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irrigation on the climate in mesic residential landscapes in Phoenix, USA. They applied 1.4 mm of
irrigation to the top soil layer whenever the soil moisture dropped below 24% (v/v). The mean soil
moisture increased from 10.7% (v/v) without irrigation to 27.6% (v/v) with irrigation. Other
modelling studies have also predicted an increase in mean soil moisture with irrigation, ranging from
1.4% (v/v) (Harding and Snyder, 2012; Zou et al., 2014), 11.1% (v/v) (Kanamaru and Kanamitsu,
2008) to 17.1% (v/v) (Gao et al., 2020). None of the four observational or experimental studies
identified in this review has reported the impacts of irrigation on soil moisture. It is difficult to make
a meaningful comparison between studies because changes in soil moisture from irrigation is
dependent on multiple factors, such as the interception loss from the vegetation canopy (in the case
of sprinkler irrigation), soil type, initial soil moisture, atmospheric demand for evapotranspiration and
irrigation amount. The differences in the impact of irrigation upon soil moisture reflect the variation
in soil moisture conditions before irrigation, and unsurprisingly there are more significant changes
(increase) in soil moisture in drier regions. This is very much related to the underlying soil type of a

location and local rainfall inputs and potential evaporative outputs.
2.2.2. Ground heat flux (G)

All reviewed studies reported a net storage of heat into the ground, i.e. a positive G (Chen et
al., 2017; Kanamaru and Kanamitsu, 2008; Wang et al., 2019). The common findings of these studies
were that irrigation did not reverse the direction of mean G over the study period and the changes in
magnitude were usually small (<5 W/m?). However, it is still helpful to analyse the impacts of
irrigation separately on daytime and nighttime G, as measures of daily mean G can hide significant
and dynamic changes in the diurnal pattern of G. In two modeling studies (Kanamaru and Kanamitsu,
2008; Vahmani and Ban-Weiss, 2016), it was predicted that irrigation would increase soil thermal
conductivity because of an increase in soil moisture, which thereby would increase storage (positive
G) during the day and subsequent release (negative G) of that heat at night. Vahmani & Ban-Weiss
(2016) also predicted from their model that this would lead to a significant increase in nighttime T,
resulting in a net increase in daily mean T, despite the important reduction in daytime T.. Kanamaru
& Kanamitsu (2008) also predicted from their modelling a similar diurnal variation in G , but they
predicted a small reduction in daily mean T,. The uncertainties in the predictions of G were attributed
to the lack of detailed observational data regarding the response of soil thermal conductivity to the

changes in soil moisture from irrigation (Kanamaru and Kanamitsu, 2008).
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2.2.3. Latent heat flux (Qr) and sensible heat flux (QOn)

There is a general consensus in the literature that irrigating vegetated surfaces can lead to an
increase in Qg and a concurrent reduction in Qu. Using the Regional Atmospheric Modelling System,
Adegoke et al. (2003) simulated the effect of irrigation in Nebraska, USA, by keeping the upper 0.2
m of soil saturated. They estimated that mean Qg would increase from 74.5 to 98.2 W/m?, while Qu
would decrease from 86.9 to 79.8 W/m?2. Chen et al. (2017) initiated irrigation in their modelling study
only when the root-zone soil moisture availability dropped below 50% during the growing season.
The root-zone soil moisture availability was defined as the ratio of the difference between the current
root-zone soil moisture and the wilting point and the difference between field capacity and wilting
point. Simulated irrigation led to a daily mean increase in Qg of 2.4 W/m? and a reduction in Qu of
2.1 W/m?2. Broadbent et al. (2018a) studied a range of daily irrigation amounts from 5 up to 30 mm
in their modelling study in a North Adelaide suburb. At 3 pm local time, the model predicted that with
daily irrigation of 30 mm all the available energy was consumed in evapotranspiration (Q" = Qg)
because of the nearly unlimited soil moisture supply. This evaporation from the land surface caused

the Tyt to drop below the T,, resulting in a negative Qu (—40 W/m?).

This shift in the partitioning of surface energy fluxes is confirmed by a 12-year experimental
study, which measured Qg and Qu over maize-soybean rotation fields using eddy-covariance flux
tower systems in Nebraska, USA (Chen et al., 2018). They measured a mean increase in Qg in irrigated
maize fields of approximately 20 W/m? and a reduction in Qu of 25 W/m?. However, the changes in
the partitioning of surface energy fluxes were more subdued in the soybean fields. As such, the
measured cooling effect in terms of T, was greater in the irrigated maize fields than in the irrigated
soybean fields. This comparison between maize and soybean suggests that type of vegetation that is

irrigated has an important impact on surface energy balance and the cooling effect of irrigation.
2.2.4. Ground surface temperature (Ts)

Most modelling studies predicted a reduction in daily mean Tsg with irrigation. Vahmani &
Ban-Weiss (2016) modelled the climate impacts of irrigating xeric landscapes in Los Angeles, USA.
Although they predicted an increase in daily mean T, with irrigation, because of the increased release
of ground heat storage at night, their model predicted a small reduction (0.2°C) in mean Ti.
Kanamaru & Kanamitsu (2008) modelled the hourly differences in Tse between the irrigated and
unirrigated crops in the California Central Valley, USA and noted that irrigation decreased the daily
maximum T by 5.1°C at 3 pm, but increased the daily minimum T by 3.1°C at 5 am. A small daily

mean reduction in Ts (0.5°C) was achieved despite the irrigation causing an extended warming
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period (8 pm—6 am). Using an urban canopy model, Yang & Wang (2015) predicted a decrease of
4.6°C in the Tt of a mesic residential landscape in Phoenix, USA when applying a daily irrigation
amount of 1.4 mm. Other regional modelling studies, using the Weather Research and Forecasting
model, predicted that irrigation would lead to a reduction in mean daily Tt of between 1 and 2°C
(Gao et al., 2020; Wang et al., 2019). Irrigation is likely to reduce daily mean and daytime T
although nighttime T may increase due to the increased ground heat storage during the day and

subsequent release at night.
2.2.5. Air temperature (T,)

In terms of daily mean T,, the vast majority of studies reported a cooling effect from irrigating
vegetated surfaces. Broadbent et al. (2018a) modelled an increase in cooling effect from —0.5°C for
5 mm/day of irrigation to —2.3°C for 30 mm/day during a heatwave in Mawson Lake, North Adelaide,
Australia. There was a diminishing cooling efficiency as the daily irrigation amount increased because
the surface soil became saturated and the evapotranspiration rate was limited by the atmospheric
demand. Chen et al. (2018) measured the cooling effect from irrigating a soybean field and from a
maize field in Nebraska, USA. The cooling effect was much higher in the maize field (—0.43 °C) than
the soybean field (-0.09 °C); the difference was confirmed by the contrast in surface energy fluxes
between the two crops (see section 4.3). The authors explained the stronger cooling effect of the maize
field by crop phenology such as plant height and LAI In a recent observational study, the irrigation
cooling effect measured in two urban parks in Melbourne, Australia was —2 to —1°C during a non-
heatwave period, and the effect strengthened to —4 to —2°C during the heatwave period (Lam et al.,
2020). However, the authors noted that the differences in surface type and other environmental
characteristics between the irrigated and unirrigated sites were not controlled for, meaning that these

uncontrolled factors might have contributed to the T, differences in addition to irrigation.

Vahmani & Ban-Weiss (2016) used the Weather and Regional Forecasting model to predict
that irrigation would lead to an increase in the daily mean T, because of increased ground heat storage
during the day; the storage would release at night, offsetting the smaller cooling benefit by day.
Several other modelling studies have similarly predicted an increase in the daily minimum T,, again
as a result of stored heat releasing at night (Broadbent et al., 2018a; Kanamaru and Kanamitsu, 2008;
Valmassoi et al., 2020). However, not all modelling studies have reported a nighttime warming in

response to irrigation (Gao et al., 2020; Sorooshian et al., 2011).

The impact of irrigation on the daily maximum T, is more consistent amongst modelling

studies as most have predicted a reduction in the daily maximum T, with irrigation (Gao et al., 2020;
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Kanamaru and Kanamitsu, 2008; Sorooshian et al., 2011). The reduction in the daily maximum T,
seems to be associated with the magnitude of the daily maximum T,.. For example, Gao et al. (2020)
predicted a small reduction of 0.4°C when the maximum T, in the unirrigated scenario was 27.9°C,
whereas Kanamaru and Kanamitsu (2008) modelled a larger reduction of 2.1°C when the maximum
T was 34.6°C, and Sorooshian et al. (2011) modelled a 5.1°C reduction from irrigation when the
maximum T, was 38.0°C. Weather conditions are clearly an important factor in determining the

strength of the cooling effect from irrigation (see detailed discussion in section 4.2).
2.2.6. Vapour pressure (VP) or humidity

As expected, research literature unanimously indicates there will be an increase in VP or other
air humidity indices with irrigation. A controlled experiment in maize-soybean rotation fields in
Nebraska, USA, measured irrigation increased the mean mixing ratio by 0.52 g/kg (~4%) over a 12-
year study period (Chen et al., 2018). Geerts (2002) compared specific air humidity inside and outside
of the Murrumbidgee-Coeambally-Murray irrigation area in Australia using historic data (1968—1996)
from 28 weather stations. They observed that irrigation increased the mean specific humidity inside
the irrigated areas by 0.9 g/kg. Similar humidity increases were predicted in other agricultural
modelling studies (Sorooshian et al., 2011; Yang et al., 2017). For example, Harding & Snyder (2012)
modelled the impacts of irrigation on climate in the Great Plains, USA by keeping soil moisture in

the top 2 m at saturation. They predicted a 0.19 g/kg (~2%) rise in mixing ratio over the irrigated area.
2.2.7. Human thermal stress

Only a few studies have considered the impact of irrigation on human thermal stress.
Broadbent et al. (2018a) modelled the impact of irrigation on human thermal stress in North Adelaide,
Australia using the humidex index. Humidex integrates the effect of T. and VP on human thermal
stress into a single index. It is the dry T. (with a negligible moisture content) at which its
corresponding thermal stress level equates to that of a given combination of T, and VP (Masterton
and Richardson, 1979). The “comfortable” Humidex range is between 20 and 29°C, while the
“varying degrees of discomfort” range is between 30 and 39°C. Their model predicted that irrigation
reduced Humidex from 36.9 to 34.6°C at 3pm for a daily irrigation amount of 20 mm, suggesting a
mitigation of heat stress on humans. They noted that the background humidity in North Adelaide was
so low that the rise in humidity from irrigation would barely increase human heat stress. Yang &
Wang (2015) modelled the impacts of irrigation on human thermal stress using the Index of Thermal
Stress. The Index of Thermal Stress measures the rate of heat dissipation that the human body needs

to achieve through sweating in order to maintain thermal equilibrium with the surrounding
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environment (Givoni, 1963). An Index of Thermal Stress above 400 W indicates a “very hot”
condition. They modelled that irrigation reduced the Index of Thermal Stress in all but one month of
the year, and the greatest thermal stress reduction would be 32.5 W in June. In a controlled experiment,
Shashua-Bar et al. (2011) measured the Index of Thermal Stress in an exposed area with irrigated
grass to that in an exposed area with bare soil. The irrigation kept the thermal stress level in the lawn
at “warm” for most of the day, whereas the “hot” and “very hot” levels persisted in the area with bare
soil. However, this comparison did not only reflect the impact of irrigation because the surface type

and albedo of the two sites were different.
2.3. Theoretical framework of irrigation cooling effect

In this section, we develop a theoretical framework to explain the physical and energetic

mechanisms of irrigation cooling effect with the support of the findings in the previous section.
2.3.1. Surface energy balance

UGS irrigation has the potential to induce a cooling effect by modifying the urban surface
energy balance. Assuming that the net horizontal advective heat flux and the anthropogenic heat flux

are negligible, the urban surface energy balance for a grass-covered surface can be expressed as:

Q =0Qg+0Qy+AQ0;(Wm™3) (1.1)

where Q" is the net all-wave radiation, Qg the latent heat flux, Qu the sensible heat flux and AQs the
net storage heat flux (Oke, 1988). The partitioning of Q" into Qg, Qu and AQs is primarily dependent
on surface type and soil moisture status (Williams and Torn, 2015). In the case of grass, soil moisture

becomes the sole factor in the partitioning.
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Fig. 2.1. A theoretical cooling mechanism of urban green space (UGS) irrigation based on the
differences in surface energy fluxes between an unirrigated and an irrigated UGS in the daytime and
nighttime in summer. The direction and relative strength of the energy fluxes are indicated by the
coloured arrows. The black upward and downward arrows for the climate variables compare the
magnitudes of the variables between the irrigated and unirrigated UGS at the same time of the day.
In the daytime, UGS irrigation increases soil moisture content and evapotranspiration, which
promotes latent heat flux (Qg) and reduces sensible heat flux (Qg). This in turn reduces air temperature
(Ta), ground surface temperature (Tsw) and human heat stress. The wetter soil in the irrigated UGS
increases the downward ground heat flux (G) and ground heat storage. The increased
evapotranspiration raises vapour pressure (VP), offsetting part of the cooling benefit. However, a net
reduction in human heat stress is expected. In the nighttime, the higher soil moisture content in the
irrigated UGS increases Qe. The increased ground heat storage in the irrigated UGS increases upward
G and Tsf, which raises Qu. The resultant impacts of irrigation on nighttime T, and human thermal
stress are unclear because the increased Qg tends to reduce T, and thermal stress while the increased
G and Qg tend to increase them.

The theoretical cooling mechanism of UGS irrigation is depicted in Fig. 2.1. The figure
describes the differences in soil moisture, surface energy fluxes and some climate variables between
an unirrigated and an irrigated UGS in the daytime and nighttime in summer. In the daytime, irrigation
increases soil moisture and promotes evapotranspiration in the irrigated UGS (Chen et al., 2018).
More energy is converted to Qg and less to Qu, resulting in a lower air temperature (T,), surface
temperature (Tsr) and human thermal stress (Broadbent et al., 2018a). Downward G may slightly
increase because a higher soil moisture is associated with a higher soil thermal conductivity, which

increases the heat conduction into the soil (Kanamaru and Kanamitsu, 2008). However, G is usually
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one order of magnitude smaller than Qg and Qg during the day (Spronken-Smith et al., 2000), making
it less influential on the daytime T.. Direct evaporation of water from the soil surface increases,
leading to a lower T (Lobell et al., 2009). Irrigation may also support a lusher growth of grass,
which further promotes Qg by transpiration (Valmassoi et al., 2020). The enhanced evapotranspiration
from the irrigated surface also raises vapour pressure (VP) (Sorooshian et al., 2011). In contrast, the
unirrigated UGS lacks evapotranspiration and Qg, causing a higher Qu (Chen et al., 2018). The
resultant effects are a higher T, and Tit., but a lower VP (Gao et al., 2020). In the nighttime, Qg and
VP remain higher in the irrigated UGS than the unirrigated UGS because of the higher soil moisture
(Valmassoi et al., 2020). The increased ground heat storage in the irrigated UGS from the daytime
promotes the upward G at night, leading to a higher T and Qu (Vahmani and Ban-Weiss, 2016).
However, it is unclear whether the T, and human thermal stress in the irrigated UGS are higher or
lower than that in the unirrigated UGS because the increased Qg tends to reduce T, and thermal stress

while the increased G and Qg tend to increase them.

2.3.2. Human thermal stress

In addition to metabolic rate and clothing insulation, human thermal stress is determined by
four climate variables, namely T., VP, mean radiant temperature and wind speed (Brode et al., 2012;
Fanger, 1970; Hoppe, 1999). The theoretical cooling mechanism suggests that human thermal stress
can be reduced by UGS irrigation (Fig. 2.2). The impacts of irrigation on human thermal stress begin
with increasing soil moisture, which then modifies the partitioning of surface energy fluxes (Qu, Q&
and G) by allowing more evapotranspiration. The increased evapotranspiration is generally associated
with a smaller Qu and a larger Qg and G. The changes in these three energy fluxes are expected induce
areduction in T and T,. The larger Qg also inevitably increases VP. Eventually, the changes in T,
T, and VP affect human thermal stress. The lower T, directly reduces human thermal stress, while the
lower T reduces the stress by reducing the mean radiant temperature. The enhanced
evapotranspiration from irrigation can increase VP and offset part of the cooling benefit, but irrigation
is likely to cause a net reduction in thermal stress (Broadbent et al., 2018a). Different human thermal
indices have been developed to integrate the effects of some of the four essential climatic variables
e.g. Humidex (Masterton and Richardson, 1979), or all of them, e.g. Index of Thermal Stress (Givoni,
1963) and UTCI (Brode et al., 2012). The impacts of irrigation on human thermal stress are best

assessed by these thermal indices.
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Fig. 2.2. The sequence of the impacts of irrigation. The impacts of irrigation begin with an increase
in soil moisture content. The higher soil moisture modifies the partitioning of surface energy fluxes
(sensible heat flux (Qu), latent heat flux (Qg) and ground heat flux (G)) by allowing more
evapotranspiration. The increase in evapotranspiration generally leads to a smaller Qg and a larger
Qe and G (see Section 2 for details). The changes in the three energy fluxes are expected to lead to a
cooling in ground surface temperature (Tsi) and air temperature (T,). The increased Qg is also
associated with a higher VP. Human thermal stress is eventually affected by the changes in Tsz, Ta
and VP.

2.4. Environmental and management factors that influence irrigation cooling effect

This section will review the impacts of six environmental and management factors on
irrigation cooling effect in terms of air temperature. The six factors include background climate,
seasonality and weather, vegetation type, irrigation time of day, daily irrigation amount and duration
of cooling after irrigation (Table 2.2). These factors are pertinent to the development of the decision

framework for using UGS irrigation for urban cooling in section 2.5.
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Table 2.2. List of studies that modelled or measured the impacts of environmental or management

factors on irrigation cooling effect.

Reference

Factor Irrigation cooling effect
Background Stronger in warm and dry regions
climate

Seasonality ~ Stronger in the warm and dry

and weather seasons

Stronger during heatwaves

Vegetation Stronger in maize than soybean
type Stronger in densely vegetated
areas
Weaker when vegetation types are
classified in detail
Stronger in trees than grass
Irrigation No significant impact
scheduling
Stronger when irrigation does not
limit evapotranspiration
Significantly  stronger = when
irrigated at noon than at night
Highly variable
Daily Stronger when irrigates more
irrigation
amount

Stronger when irrigates more but

additional cooling diminishes

Stronger when irrigates more but
limited by atmospheric demand

Duration of A few hours after irrigation
cooling after A few days after irrigation
irrigation A few months after irrigation

(Cheung et al., 2021; Cook et al., 2015; Gao et
al., 2020; Kueppers et al., 2007; Li et al., 2020;
Lobell et al., 2009; Ozdogan et al., 2010; Puma
and Cook, 2010; Sacks et al., 2009; Thiery et
al., 2017; Wang et al., 2019)

(Bonfils and Lobell, 2007; Chen et al., 2018;
Cook et al., 2015; Geerts, 2002; Kueppers et
al., 2007; Li et al., 2020; Lobell et al., 2009;
Lobell and Bonfils, 2008; Nocco et al., 2019;
Ozdogan et al., 2010; Puma and Cook, 2010;
Thiery et al., 2020, 2017; Wang et al., 2019;
Yang et al., 2016; Yang and Wang, 2015; Zou
etal., 2014)

(Gao et al., 2020; Lam et al., 2020)

(Chen et al., 2018)

(Lam et al., 2020)

(Ozdogan et al., 2010)

(Shashua-Bar et al., 2009)

(Broadbent et al., 2018a; Gao et al., 2020;
Yang and Wang, 2015)

(Lobell et al., 2009; Puma and Cook, 2010)

(Sacks et al., 2009)

(Valmassoi et al., 2020)

(Daniel et al, 2018; Kanamaru and
Kanamitsu, 2008; Nocco et al, 2019;
Sorooshian et al., 2011; Zou et al., 2014)
(Broadbent et al., 2018a; Gober et al., 2010)

(Lobell et al., 2009; Wang et al., 2019)

(Lam et al., 2020)
(Chen et al., 2018)
(Sorooshian et al., 2011; Yang et al., 2016)

Note: not all reviewed studies are discussed in the text due to word limit.

2.4.1. Background climate

Background climate is the average weather conditions of a specific region over multiple
decades. Both global (Sacks et al., 2009; Thiery et al., 2017) and regional (Gao et al., 2020) modelling

studies have agreed that background T, and rainfall are important controls of irrigation cooling effect.
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From their global modelling results, Sacks et al. (2009) developed a simple linear relationship
between irrigation cooling effect and daily irrigation amount separately for areas with a higher rainfall
(>2.43 mm/day) and for those with a lower rainfall (<2.43 mm/day). They predicted that, for a 1
mm/day increase in irrigation, the additional cooling effect in the drier areas was —0.7°C stronger than
the wetter areas. Thiery et al. (2017) modelled the irrigation cooling effect in seven heavily irrigated
regions in the world. Given a similar irrigation amount, they predicted a mean cooling effect of <—
1°C in Tt in western North America and central North America in summer, and no cooling effect in
Southeast Asia and East Asia. The main reason is that Western North America and central North
America have a drier climate than Southeast Asia and East Asia. Irrigation in drier regions will induce
a stronger evapotranspirative cooling effect because evapotranspiration is dependent on the
availability of soil moisture (Koster et al., 2006). A similar conclusion was drawn by a regional
modelling study (Gao et al., 2020). Their model predicted an increasing irrigation cooling effect from
the coast towards the inland area in metropolitan Sydney, which coincided with the increasing

background T, gradient.

The quantitative relationship between irrigation cooling effect and background climate was
established by a systematic review study (Cheung et al., 2021). Cheung et al. (2021) reviewed 17
studies that have reported the summertime mean irrigation cooling effect. They established a multiple
linear regression model to predict irrigation cooling effect by background climate variables, namely
T,, rainfall, specific humidity, wind speed and net radiation. Only T, and rainfall were the statistically
significant variables that remained in the regression model after a stepwise elimination procedure.
The model predicted that the irrigation cooling effect can strengthen by approximately —0.1°C for
every 1°C increase in background mean T, or 10 mm/month reduction in rainfall. In principle, this
regression model corroborated with the findings in the literature because it suggested that background

T, and rainfall are the main factors that influence irrigation cooling effect.
2.4.2. Seasonality and weather

Notable seasonal variations in the magnitude of irrigation cooling effect have been reported
by two modelling studies which applied a constant daily irrigation amount throughout the year. Lobell
et al. (2009) modelled the monthly irrigation cooling effect in eight major irrigated regions in the
northern hemisphere to be —5°C in the dry season, while the cooling effect was hardly noticeable in
the wet season. Zou et al. (2014) modelled the monthly irrigation cooling effect in Haihe River Basin,
China. They predicted a strengthening cooling effect from —2°C in April to —4°C in July as
background T, increased. They also predicted a warming effect up to 4°C in the winter months

because of the constant irrigation throughout the year.
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Day-to-day variations in irrigation cooling effect were also evident in an observational study
in two urban parks in Melbourne, Australia (Lam et al., 2020). Compared to the non-heatwave period,
the irrigation cooling effect in several lawn areas was —4 to —2°C stronger during heatwaves. Similar
to background climate, warmer weather can increase irrigation cooling effect on a seasonal and daily

basis because it provides more energy for evapotranspiration and increases vapour pressure deficit.
2.4.3. Vegetation type

In an experimental study, the daily mean irrigation cooling effect in maize fields (—0.43°C)
in Nebraska, USA was significantly higher than that in soybean fields (—0.09°C) (Chen et al., 2018).
The cooling effect from irrigation correlated with a decrease in sensible heat flux in the maize fields,
whereas irrigation induced little change in sensible heat flux in the soybean fields. The difference in
the cooling effect between maize and soybean may be attributed to their differences in plant height
and leaf area index which affect the transport of heat. There is a paucity of studies that compare
irrigation cooling effects among vegetation types, partly because the majority of the current land
surface models do not account for different vegetation types (Ozdogan et al., 2010). One exception is
a modelling study that compared the latent heat flux between a scenario where only one generic crop
type was used and a scenario where the crop types where classified in detail (Ozdogan et al., 2010).
The latent heat flux of the scenario with only one generic crop type was approximately 5 W/m? higher,

indicating a stronger cooling effect.

Different vegetation types can influence irrigation cooling effect because of their differences
in water demand and physical characteristics. For example, cool-season grasses generally have a
higher crop factor (~0.65) than warm-season grasses (~0.25) (Handreck and Black, 2001). Trees and
shrubs can have a crop factor >0.7 (Connellan, 2002). Crop factor is the proportion of water used by
the plant in comparison to the water evaporated from a evaporation pan (Doorenbos and Pruitt, 1977).
Cool-season grasses, trees and shrubs may therefore induce a stronger irrigation cooling effect than

warm-season grasses with irrigation because they transpire more water per unit area.

Turfgrasses, shrubs and trees are common urban vegetation types that provide cooling
benefits to UGS visitors by reducing air temperature. Their cooling effect is dependent upon their
ability to transpire and shade (Rahman et al., 2019), as well as their impacts on aerodynamic
roughness (Meili et al., 2021) and wind speed (Xing et al., 2019). In comparison tall shrubs and trees,
turfgrasses do not provide overhead shading and therefore their cooling effect is mainly dependent
upon their transpiration rate and albedo, which is further dependent upon their species, root system

and plant area index. Short shrubs (<1 m) behave similarly to turfgrasses because they are not tall
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enough to provide shade for humans or nearby dark impervious surfaces. Appropriate irrigation can
support the growth and health of both turfgrasses and shrubs, increasing their plant area index. A
vigorously-growing turfgrass can have a crop factor of 0.7, whereas a moderately-growing turfgrass
may only have a crop factor of 0.25 (Handreck and Black, 2001), meaning that a vigorously-growing
grass transpires more water per unit area and induces a stronger cooling effect. Turfgrasses and shrubs
with a higher plant area index also have a higher albedo, which further reduces air temperature by
reducing the amount of radiation absorbed and later released by the ground surface (Shiflett et al.,
2017). The impacts of turfgrasses and short shrubs on aerodynamic roughness and wind speed are
smaller than those of trees and therefore their cooling benefits may be easily diluted by near-surface
turbulent mixing and advection (Spronken-Smith and Oke, 1998). Nevertheless, the advected cool air

can benefit the urban areas downwind (Sugawara et al., 2016).

In the case of tall shrubs and trees, shading may contribute approximately 70% of their
cooling effect and transpiration the rest 30% (Tan et al., 2018). Appropriate irrigation can support the
growth and health of tall shrubs and trees, increasing their plant area index. Tall shrubs and trees with
a higher plant area index can induce a stronger cooling effect from increasing overhead shading for
humans and dark impervious surfaces, as well as increasing overall transpiration (de Abreu-Harbich
et al., 2015; Sanusi et al., 2017). Moreover, the presence of tall shrubs and trees in UGS can reduce
wind speed at the pedestrian level (Xing et al., 2019) and therefore retain the cool air within the UGS
for longer. The impact of irrigation on the cooling effect of tall shrubs and trees are more complex
than turfgrasses and short shrubs. Most urban green spaces have a combination of turfgrass areas with
and without trees and shrubs, such that their impacts upon the energy balance and therefore cooling
effects are complex. Urban green spaces will often contain vegetation with high and low transpiration
rates, high and low leaf area indices, taller vegetation will shade lower vegetation and taller vegetation
will change wind speed, aerodynamic roughness and turbulent exchange (Kent et al., 2017). More
studies are required to understand the complex interactions between irrigation, plant area index and

cooling effect of these common urban vegetation types.
2.4.4. Irrigation scheduling

Irrigation scheduling refers to the time in 24-h diurnal period when irrigation is applied. Only
a limited number of studies have examined the impact of irrigation time. Broadbent et al. (2018a)
modelled a negligible (<0.2°C) difference in the daily mean cooling effect between daytime (11 am—
5 pm) and nighttime (11 pm—5 pm) irrigation in Mawson Lake, North Adelaide, Australia; however,
the diurnal variation of the cooling effect was not reported. Valmassoi et al. (2020) modelled the

diurnal variations in the irrigation cooling effect of nighttime (5 UTC), midday (12 UTC) and
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afternoon (15 UTC) irrigation with sprinklers in Po Valley, Italy. The nighttime irrigation regime
would induce a cooling effect of >—0.4°C after two hours from the starting time and it would have
almost no impact on T in the rest of the day. The midday irrigation regime would induce a cooling
effect of >-0.2°C at 15 UTC and a warming of a similar magnitude at night. The afternoon irrigation
would induce a cooling effect of >—0.7°C which sustained for most of the time at night. Although the
daily mean cooling effect was not explicitly reported, nighttime and afternoon irrigation seemed to

induce a stronger daily mean cooling effect than midday irrigation.
2.4.5. Daily irrigation amount

Studies that modelled two levels of daily irrigation generally predicted an increase in cooling
effect with increased irrigation amount (Kanamaru and Kanamitsu, 2008; Sorooshian et al., 2011;
Zou et al., 2014). However, the results were mixed for studies that modelled the cooling effects from
more than two levels of daily irrigation (Broadbent et al., 2018a; Lobell et al., 2009; Wang et al.,
2019). In a global modelling study, Lobell et al. (2009) predicted that the cooling effect would be
almost the same for keeping soil moistures at 30, 40 and 90% of saturation, because energy would
become the greatest limiting factor upon evapotranspiration and latent heat flux, when soil moisture
exceeds 30%. In a local-scale modelling study, however, daily irrigation amounts of 5, 15 and 30
mm/day would lead to mean daily cooling effects of —0.5, —1.5 to —2.3°C, respectively (Broadbent et
al., 2018a). This local-scale model predicted a non-linear or ‘diminishing return’ in cooling effect
with increasing daily irrigation amount. A direct comparison between these two studies is impossible
because the equivalent daily irrigation amounts of keeping soil moisture at 30, 40 and 90% are
unknown and dependent upon factors such as soil type, regional climate and vegetation type. This
concept of diminishing cooling effect with increasing irrigation amount is supported by Wang et al.
(2019), who modelled the irrigation cooling effects at four irrigation amounts in the contiguous USA.
They predicted that the evapotranspiration and latent heat flux can be enhanced with large daily
irrigation amounts only in the semi-arid and arid regions because of the large vapour pressure deficit
in these regions, and only up to an amount of 10 mm/day. Background regional climate appears to be
an important factor in determining how much cooling effect is possible with increasing daily irrigation

amounts.
2.4.6. Duration of cooling after irrigation

Irrigation cooling effect can persist after irrigation stops as water continues to evaporate from
the soil surface and plants continue to transpire. Experimental and observational studies have

provided evidence that the cooling effect after irrigation can last for hours (Lam et al., 2020) and days
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(Chen et al., 2018), while modelling studies predicted that it would last for months after continuous,
daily irrigation in the warm season (Sorooshian et al., 2011; Yang et al., 2016). The cooling effect of
evening and nighttime irrigation (8 pm—7 am) in Melbourne Gardens, Melbourne, Australia persisted
for several hours into the morning (Lam et al., 2020). The cooling effect from irrigating maize fields
in an experimental farmland in Nebraska, USA was <—0.5°C in the first six days after irrigation and

was still evident (<—0.2°C) 11 days after irrigation (Chen et al., 2018).

The cooling effect of irrigation applied from May to August in the Central Valley, California,
USA, was modelled (NCAR/Penn State MM5) to persist into September (—1.1°C) and October (—
0.3°C) (Sorooshian et al., 2011). Yang et al. (2016) modelled the climate impacts of springtime
(March-April-May) irrigation in the Huang-Huai-Hai Plain, China. The latent heat flux in the irrigated
scenario was predicted to reduce significantly in the three months (June-July-August) after irrigation
stopped, with only a minor reduction in T, (0.1°C). Modelling studies reported a much longer duration
of cooling after irrigation than experimental and observation studies mainly because they tracked the
impacts of irrigation for a much longer period (a few months) after irrigation stopped. In comparison,
the experimental study only measured the duration of cooling after irrigation up to 11 days because
the irrigation was designed to applied every 4—11 days (Chen et al., 2018). The cooling effect might

have lasted longer than 11 days, but the experimental design did not measure it.

2.5. Decision framework for using UGS irrigation for urban cooling at a local scale

To assist city managers and private property owners to make decisions about the use of UGS
irrigation for local cooling, we present a three-stage decision support framework that steps through a
sequence of practical issues (Fig. 2.3). Background climate is the first issue to consider because the
cooling potential of UGS irrigation is higher in cities with a warm and dry season. Cities without a
warm and dry season are unlikely to benefit greatly from UGS irrigation and should consider other
cooling strategies or combination. If a city manager of a private property owner decides that UGS
irrigation is suitable for their climate, the next issue to consider is irrigation water supply. The
abundance of irrigation water is not restricted to potable water because bore water, recycled
wastewater and stored stormwater are suitable for UGS irrigation too. Cities with an abundant water
supply, preferably an alternative to potable water, can practice soil moisture-controlled irrigation
throughout the warm, dry season, whereas those cities with a limited water supply can practice

temperature-controlled irrigation to restrict irrigation to hotter days only. Under both irrigation-
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control regimes, there are three major management issues to consider: soil properties, fauna and flora

ecology and types of amenity use.

Soil moisture-
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irrigation regime Other UGS
Supply>Demand management
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Fig. 2.3. A three-stage decision support framework for city managers and private property owners to
decide whether or not to use UGS irrigation for cooling on a local scale. Background climate is the
first issue to consider because the cooling potential of UGS irrigation is higher in cities with a warm
and dry season; cities without a warm and dry season should consider other cooling strategies. If UGS
irrigation is adopted, the next issue to consider is irrigation water supply. With the aim of maximising
the cooling effect of UGS irrigation, cities with abundant irrigation water supply can practice a soil
moisture-controlled irrigation regime, while those with limited irrigation water supply can practice a
temperature-controlled irrigation regime. In both irrigation regimes, some management issues need
to be considered: soil properties, fauna and flora ecology and types of amenity use.

2.5.1. Background climate

The background climate of a city, primarily background mean T, and rainfall, determines
whether UGS irrigation is an effective cooling strategy. A higher background T, and lower rainfall
will increase the cooling potential of irrigation, and vice versa. To demonstrate the impact of
background climate we use the simple regression model developed by Cheung et al. (2021), to
estimate the cooling potential of UGS irrigation in three global cities of contrasting climate: Hong
Kong, Melbourne and Phoenix. This regression model predicts the cooling potential of UGS irrigation
as the difference in daily mean T, between an irrigated and an unirrigated UGS. The cooling potential
of irrigation is presented for four seasonal periods: December—February (DJF), March-May (MAM),
June—August (JJA) and September—November (SON) (Fig. 2.4).
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Fig. 2.4. The background mean air temperature, rainfall and cooling potential from irrigation in (a)
Hong Kong, (b) Melbourne and (c) Phoenix, in December—February (DJF), March-May (MAM),
June—August (JJA) and September—November (SON). The cooling potential is the difference between
an irrigated and an unirrigated UGS in daily mean air temperature. A negative difference represents
cooling and a positive one warming. The regression model in Cheung et al. (2021) is used to estimate
the cooling potentials from the 30-year mean air temperature and rainfall. Data source: Hong Kong
(Hong Kong Observatory, https://www.hko.gov.hk/en/index.html); Melbourne (Bureau of
Meteorology, http://www.bom.gov.au/); Phoenix (National Oceanic and Atmospheric Administration,
https://www.ncdc.noaa.gov/cdo-web/datatools/normals).

Hong Kong has a dry-winter humid subtropical climate (Koppen—Geiger climate
classification: Cwa). It is a city without a warm and dry season (Fig. 2.3). The winter (DJF) in Hong
Kong is dry (mean rainfall = 30 mm/month) but not warm (mean T, = 17.3°C) (Fig. 2.4a); the other
three seasons are warm (mean T,>22.9°C) but not dry (mean rainfall >160 mm/month). As a result,
the impact of UGS irrigation in the four seasons in Hong Kong is positive (warming) except in DJF
(Fig. 2.4a). This warming is likely due to the increased soil thermal conductivity of wet soil after
irrigation (Kanamaru and Kanamitsu, 2008). This leads to an increased ground heat storage during
the day and released during the night, causing a substantial nighttime warming which outweighs the
daytime cooling effect. Other urban cooling strategies such as urban greening and canopy shade
(Cheung and Jim, 2018b), improving urban ventilation (Tan et al., 2017) and increasing albedo of

impervious surfaces (Akbari et al., 2012) should be considered.

Melbourne has an oceanic climate (Képpen—Geiger climate classification: Cfb). It is a city
with at least one warm and dry season (Fig. 2.3). The summer (JJA) in Melbourne is warm (mean T,
= 17.3°C) and dry (mean rainfall = 43 mm/month) (Fig. 2.4b). The estimated cooling potential of
UGS irrigation under these summer climate conditions is —0.6°C, whereas the irrigation impact in the

other three seasons is neutral. Since the cooling potential of irrigation in this simple model is the daily
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mean difference in T, the cooling effect during the middle of the day is likely to be <-0.6°C,

suggesting that USG irrigation can be considered an effective cooling strategy to reduce daytime T..

Phoenix has an arid, hot desert climate (K6ppen—Geiger climate classification: BWh). It is a
city with more than one warm and dry season (Fig. 2.3). The background mean T, and rainfall in
MAM, JJA and SON are >23.0 °C and <18 mm/month, respectively (Fig. 2.4). Under such warm and
dry climate conditions, the estimated cooling potential of UGS irrigation in these three warm, dry
seasons are —1.4, —2.3 and —1.5 °C, respectively. UGS irrigation is a very effective cooling strategy

for Phoenix.

As global climate change progresses, many cities are likely to become warmer with more
variable rainfall patterns (Darmanto et al., 2019; Peck et al., 2012). Urban expansion is also likely to
increase the intensity of urban heat islands because of reduced evapotranspiration and increased heat
stored in urban structures and released as sensible heat (Argiieso et al., 2014). Thus, this decision
framework may be used to consider the projected climate of a city to determine whether or when

UGS irrigation will become an effective urban cooling strategy in the future.
2.5.2. Irrigation water supply and irrigation regimes

After determining the cooling potentials of UGS irrigation in a city based on its background
climate, the next decision step is to consider irrigation water supply (Fig. 2.3). Although potable water
remains the most common source of irrigation water supply in global cities, alternative water sources
are being developed in many forward-thinking cities to support UGS irrigation and to reduce potable
water consumption (Grant et al., 2012). Cities can increase their irrigation water supply by harvesting
stormwater and roof water runoff (Hamlyn-Harris et al., 2018) and storing this in ponds or above-
ground or below-ground (Livesley et al., 2021). Stormwater harvesting schemes in new developments
in Melbourne, Australia can increase the city’s non-potable water supply by seven times (9.8% of
municipal water consumption) until 2050 (Environment and Natural Resources Committee, 2009).
Irrigation water supply can also be enhanced by treating municipal sewage using conventional and
advanced techniques (Leverenz et al., 2011). The majority of Israel’s municipal sewage (73%) is

treated and reused for agricultural irrigation (5% of national-wide water consumption) (Tal, 2006).
2.5.2.1. Soil moisture-controlled irrigation

For cities with abundant irrigation water supply which exceeds their water demand during
warm and dry seasons, the soil moisture-controlled irrigation regime can be used to keep soil moisture

high (Yang and Wang, 2015) to ensure that evapotranspiration is only limited by the atmospheric
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demand and the transpiration rate of vegetation. Keeping the soil moisture at or just below field
capacity of soil by irrigation is likely sufficient to ensure that evapotranspiration rate and Qg are
always at their maxima to achieve the strongest cooling effect. Field capacity is the soil moisture
content when all macropores have emptied under gravity, whereas saturation is the moisture content
when all pores (micro-, meso- and macro-) are filled with water. There are two ways to determine the
amount of irrigation required to restore soil moisture to field capacity: (1) direct sensor measurement
of soil moisture (Haley and Dukes, 2012), and (2) estimation from daily reference evapotranspiration
data from the local meteorological bureau (Allen et al., 1998). Applying the estimated amount of
irrigation during the day is likely to induce a stronger cooling effect than nighttime irrigation
(Valmassoi et al., 2020), because the greater vapour pressure deficit during the day will promote direct
evaporation as the irrigation water passes through the air, and a greater proportion of irrigation water
can be evaporated from the surface of vegetation and the soil, before it infiltrates and contributes to

soil moisture content.
2.5.2.2. Temperature-controlled irrigation regime

For cities with limited irrigation water supply which just meets their demand during warm
and dry seasons, the temperature-controlled irrigation regime can be used to trigger irrigation when
Ta, or other human thermal stress indices, exceeds a certain level, e.g. 30°C (Yang and Wang, 2015).
As discussed in section 4.2, irrigation can induce a stronger cooling effect when the weather is warmer.
A temperature-controlled irrigation regime can ensure that the limited water supply is only used when
human heat stress is greatest. Irrigation may be applied whenever the human heat stress exceeds a
certain threshold. This threshold to thermal stress can be determined by local questionnaire surveys

within the UGS or the city itself (Cheung and Jim, 2019¢; Lam and Lau, 2018).
2.5.3. Urban green space management considerations
2.5.3.1. Soil properties

Under both irrigation regimes, the field capacity of the soil needs to be considered to
determine the irrigation amount and the frequency with which irrigation can be applied to support
evapotranspiration without exceeding infiltration capacity and thereby surface ponding of water or
excessive runoff. Direct soil moisture monitoring can prevent irrigation exceeding soil field capacity
or the predefined level (Haley and Dukes, 2012) under both irrigation regimes. If the UGS is actively
used for recreational or sports activities, soil compaction is an additional issue to be considered
because the susceptibility of soils to compaction increases greatly at high soil moisture contents

(Mosaddeghi et al., 2000), particularly for fine-textured soils (Kolka et al., 2012).
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2.5.3.2. Fauna and flora ecology

Applying irrigation for cooling in UGS may keep the soil moisture at a relatively high level
for an extended period of time, especially in the soil moisture-controlled irrigation regime. Wet soils
may suppress the establishment and growth of the desired vegetation species in the UGS (Fay and
Schultz, 2009; Gonzalez-Muioz et al., 2011) and promote the establishment of unwanted invasive
species (Fay and Schultz, 2009). On the other hand, the cooling effect from UGS irrigation can reduce
maximum T, and provide cool refuge to vulnerable flora (McCarthy and Pataki, 2010) and fauna
(Nowakowski et al., 2018; Tanner et al., 2017), especially during heatwaves. UGS managers and
owners have to carefully weigh up the cooling effect against the potential ecological impacts (positive

or negative) upon flora and fauna that use the UGS as habitat.
2.5.3.3. Types of amenity use

The soil moisture-controlled irrigation regime tends to maintain the soil moisture content in
the UGS at a relatively high level, which can make recreational and sports activities difficult as the
soils be more susceptible to compaction, and may lead to users getting wet from sitting or lying on
the ground, or from direct water spray during daytime irrigation events. Moreover, the temperature-
controlled irrigation regime may frequently interrupt the usage of the UGS on hot days because
irrigation may be triggered multiple times. Similar to the management concerns in ecology, irrigation

can reduce human heat stress in the UGS but at the same time cause inconvenience to UGS users.

2.6. Conclusion

Irrigation inarguably increases soil moisture content, which leads to an increase in daytime
latent heat flux and a decrease in sensible heat flux. The resultant effect is a reduction in daytime T,
and Ts. However, the increase in soil moisture content also increases daytime ground heat storage,
causing a greater release of heat from the soil at night and a possible nighttime warming effect in T,
and Tsg. Overall, irrigation can reduce daily mean human thermal stress despite the increase in VP or

humidity from evapotranspiration.

The cooling effect of UGS irrigation in T, and Ts can be influenced by a number of
environmental and management factors, with background climate being the most important factor.
Dry and warm climates are most conducive to a strong irrigation cooling effect. Moreover, irrigation
cooling effect is strongest in the warm season and on warm days. Vegetation type has a measurable

impact on cooling effect but very few studies have examined this factor. Irrigation scheduling mainly
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changes the diurnal temperature patterns and its impact on daily mean cooling effect remains
unexplored. Increasing daily irrigation amount can strengthen cooling effect but a diminishing

cooling impact can be expected as irrigation amount increases.

Based on the environmental and management factors that influence irrigation cooling effect,
a three-stage decision framework was developed in this study to assist city managers and private
property owners to make decisions about the use of UGS irrigation for local cooling. First, cities with
a warm and dry season have a higher potential to use irrigation to mitigate urban heat on a local scale.
Second, cities with abundant irrigation water supply can use a soil moisture-controlled irrigation
regime to maximise the cooling effect and those with limited supply can use a temperature-controlled
irrigation regime to achieve the same goal. Third, these two irrigation regimes can be adjusted for

each UGS, taking into account its soil type, ecology and usage.

USG irrigation is an emerging urban cooling strategy and there remains many important

knowledge gaps. We suggest that future studies should:

e Measure the cooling effect from irrigation in different climate regions and use the empirical
data to validate the predictions from climate models.

e Model the cooling effect from irrigating a small, individual UGS instead of irrigating all the
pervious surfaces in the whole city because the cooling effect from irrigation is likely to be
highly localised (Coutts et al., 2013).

e Use more realistic irrigation schemes (Lobell et al., 2009) and more specific vegetation
parameters (Ozdogan et al., 2010) to model the cooling effect from irrigation.

e Quantify the benefits of UGS irrigation in human thermal comfort using advanced thermal
indices such as PET (Matzarakis et al., 1999), mPET (Lin et al., 2019) and UTCI (Brode et

al., 2012).

58



Chapter 3 — Estimating the cooling potential of irrigating green spaces in 100 global cities

Chapter 3 — Estimating the cooling potential of irrigating green
spaces in 100 global cities with arid, temperate or continental

climates

A version of this chapter was published by Sustainable Cities and Society on 29 April 2021

Cheung, PK., Livesley, S.J., Nice, K.A., 2021. Estimating the cooling potential of irrigating green
spaces in 100 global cities with arid, temperate or continental climates. Sustain. Cities Soc. 71,

102974. https://doi.org/10.1016/j.s¢s.2021.102974

Abstract

Modern agricultural irrigation can produce extensive cooling that is strong enough to mask the current
effect of global climate change. Irrigating urban green spaces therefore has the potential to mitigate
heat stress in cities. However, the cooling potentials of irrigating urban green space in different
climate regions of the world have never been estimated. Here we conducted a systematic literature
review to determine air temperature reductions in past experimental, observational and modelling
studies (N =17). We developed an empirical model with the irrigation cooling effect as the dependent
variable and background air temperature and rainfall of the study area as the independent variables.
The model was subsequently used to estimate the cooling potential of irrigating green spaces in 100
global cities with arid, temperate and continental climates. We predict that 91 of the 100 cities will
receive a cooling benefit from irrigating urban green space (mean =—1.09 °C), whereas the remaining
nine cities will experience a slight warming effect (mean = +0.76 °C). The cooling potential of

irrigating urban green space is greatest in arid cities (mean = —1.65 °C).
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3.1. Introduction

The superimposing effect of global climate change (Matzarakis and Amelung, 2008),
heatwaves (He et al., 2021) and urban heat islands (Tan et al., 2010) is expected to exacerbate heat
stress in cities around the world and threaten human health (Basu and Samet, 2002). Heat stress in
urban areas is stronger than rural areas because urban materials and morphology are conducive to
heat accumulation (Oke, 1982) and the dominance of dry impervious surface favours the release of
heat in the form of sensible heat over latent heat (Li et al., 2015). In response to the growing threat of
heat stress, different strategies have been proposed to cool the urban environment (Ronchi et al., 2020;
Santamouris et al., 2017), such as urban greening (Bowler et al., 2010; Coccolo et al., 2018), the use
of reflective materials (Al-Obaidi et al., 2014; Santamouris et al., 2017), urban design for shading
and ventilation (Arnfield, 1990; He et al., 2020; Unal Cilek and Cilek, 2021), and irrigating urban
green space (Gao and Santamouris, 2019; Livesley et al., 2021).

Urban vegetation plays an important role in moderating urban climate. The cooling effect of
urban vegetation is achieved mainly through the interception of solar radiation and evapotranspiration
(Tan et al., 2018; Zheng et al., 2021). Urban greenery can be part of the city landscape such as parks
and roadside trees; it can also be integrated into the exterior of the buildings, forming green roofs and
green walls (Norton et al., 2015). Different forms of urban greenery can cool different parts of the
city (Yang et al., 2021). Tree planting is a highly effective measure to mitigate heat stress in urban
parks and open spaces (Rahman et al., 2020; Wu et al., 2019). Direct solar radiation is the key factor
that contributes to outdoor heat stress, particular in tropical and subtropical regions (Emmanuel et al.,
2007; Lin et al., 2010). A single tree with dense foliage can reduce the air temperature under its canopy
by up to 2.1 °C in the humid subtropical climate (Cheung and Jim, 2018b). Urban parks can create a
cool sanctuary from the heat stress in urban areas and they have the potential to cool their surrounding
areas. A systematic literature review has showed that urban parks are on average 0.91 °C cooler than
the surrounding built-up (Bowler et al., 2010). Under certain conditions, the cool air inside the parks
can spill over to the surrounding areas, a phenomenon known as ‘park cool island’ effect (PCI)
(Spronken-Smith and Oke, 1998). The PCI effect can extend to a distance about the same as the width
of the park (Jauregui, 1990) at a notable magnitude (~ 1 °C in mean air temperature) (Doick et al.,

2014).

The cooling effect of urban vegetation is heavily dependent on background climate (Yu et al.,
2018) and irrigation (Spronken-Smith and Oke, 1998). Yu et al. (2018) compared the cooling effect
of urban vegetation in the-temperate monsoon climate and Mediterranean climates. The study found

that the cooling effect of tree covered green spaces is positively correlated to background land surface
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temperature in the temperate monsoon climate, whereas there is only a weak correlation in the
Mediterranean climate. Moreover, a higher wind speed can enhance the cooling effect of trees in the
Mediterranean climate but not in the temperate monsoon climate. A higher precipitation can increase
the cooling effect of grass covered green spaces in both climate regions. The results suggest that
background climate is an important factor to consider when designing urban vegetation for mitigating
urban heat stress. Spronken-Smith and Oke (1998) investigated the thermal environment in the urban
parks in Vancouver, Canada and Sacramento, US. They found that the surface temperature of irrigated
grass (22-26 °C) was much lower than the dry grass (30-36 °C) within a park. In terms of air
temperature, the daytime mean PCI of two parks with irrigated grass (2.2 °C) was somewhat stronger
than those with unirrigated grass (1.4 °C). These studies indicated that irrigation has the potential to
enhance the cooling effect of urban vegetation, particularly grass, and that the level of enhancement

may be dependent on the background climate.

Irrigating urban green space for cooling is an emerging and promising heat mitigation
strategy (Coutts et al., 2013; Livesley et al., 2021). In urban areas, the soil moisture can be limited on
pervious surface because traditional stormwater infrastructure generally prioritise the quick removal
of stormwater from cities to avoid flooding over soil infiltration. The high coverage of impervious
surface also restricts the recharge of soil moisture in rainfall events, which forces more energy to be
converted to sensible heat in the dry urban landscape. Urban irrigation can provide the moisture
required for evapotranspiration and allow more energy to be converted to latent heat instead of
sensible heat (Williams and Torn, 2015), thereby reducing air and surface temperatures, as well as
heat stress. The cooling effect of irrigation is mainly achieved through direct evaporation from the
vegetation and soil surface, and enhanced transpiration from vegetation, both leading to increased
latent heat flux. This study will focus on the potentials of irrigating urban green spaces to cool cities

and communities.

Although some urban studies have monitored the microclimate of irrigated urban green
spaces (Potchter et al., 2006; Spronken-Smith and Oke, 1998), those studies did not focus on the
measuring the cooling effect of irrigation. Irrigation has a long history of practice in agriculture.
Insights can be borrowed from agricultural irrigation studies to understand the climate impacts of
irrigating vegetated surfaces. On regional and global scales, the impacts of modern agricultural
irrigation on near-surface air temperature have been extensively studied using observational data
(Bonfils and Lobell, 2007; Shi et al., 2014; Yoshida et al., 2012) and climate models (Cook et al.,
2011; Qian et al., 2013; Sacks et al., 2009). Irrigation has been estimated to reduce mean air

temperature by up to 3 °C in certain parts of the world, such as northern India (Puma and Cook, 2010).
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Globally, it has been estimated that the collective impact of current irrigation reduces mean air
temperature by 0.21 °C (Cook et al., 2015). Although the reported magnitudes of cooling vary
between different global climate models (Puma and Cook, 2010) and model sensitivity (Thiery et al.,
2017), it is clear that the air temperature reduction is significant and can partially mask regional and
global warming trends (Cook et al., 2015; Kueppers et al., 2007; Puma and Cook, 2010). In recent
years, there has been more evidence that irrigating urban green spaces can induce a noticeable cooling
effect. A modelling study has predicted that the mean daily air temperature can be reduced by up to
2.3 °C from irrigating all pervious surfaces in a suburb in Adelaide, Australia (Broadbent et al., 2018a).
It was also estimated irrigating all urban green spaces can completely offset the urban heat island
effect during the heatwaves in Paris, France (Daniel et al., 2018). Given that the cooling effect of
irrigation is particularly strong within irrigated areas (Cook et al., 2015; Yang et al., 2016), it can be
hypothesised that irrigating urban green spaces has the potential to mitigate urban heat stress in global

cities.

Since the rate of evapotranspiration depends on the immediate meteorological conditions,
when water availability is not limiting, the cooling effect of irrigation can change notably with the
background climate of the region (Cook et al., 2015; Puma and Cook, 2010; Thiery et al., 2017).
Therefore, it is necessary to examine the relationship between cooling magnitude and background
climate before using irrigation for climate change adaptation. Although the concept of irrigation
cooling effect has been discussed in several original research and review papers (Broadbent et al.,
2018a; Coutts et al., 2013; Daniel et al., 2018; Gao et al., 2020; Gao and Santamouris, 2019), these
studies did not consider the relationship between background climate and the potential cooling effect
of irrigation. There have been few studies, either experimental, observational or modelling,
specifically focused on the cooling impact of irrigating urban green space (Broadbent et al., 2018a;
Chen et al., 2018). Since irrigation has been dominated by agriculture throughout the 20" century,
studies that have assessed the cooling effect of irrigation globally, have only considered areas that
have historically been irrigated for agriculture, and as such have not included major urban areas (Cook
et al., 2011; Sacks et al., 2009; Thiery et al., 2017). Furthermore, studies that have quantified the
cooling effect of irrigation in cities and regions have neglected the influence of background climate
(Broadbent et al., 2018a; Kanamaru and Kanamitsu, 2008; Yang and Wang, 2015) as they mostly
focused on a single climate region. These studies of irrigation in cities and regions have actually
provided a unique opportunity for a retrospective analysis of the relationship between background
climate and irrigation cooling effect. This study is believed to be the first to use a retrospective

analysis to determine such a relationship.

62



Chapter 3 — Estimating the cooling potential of irrigating green spaces in 100 global cities

In this study, we used a systematic review to identify regional, city-scale and experimental
studies that report the difference in mean air temperature between irrigated and non-irrigated
scenarios or sites. The magnitude of irrigation cooling in these studies was then related to background
climate conditions of that region and for the study time period using a global historical climate
database, the Global Land Data Assimilation System (GLDAS). From these data a simple, multiple-
linear regression model was developed to predict irrigation cooling effect according to background
climate conditions for arid, temperate and continental regions. The aims of this study are to: (1)
develop a model from the relationships between background climate and the effect of irrigation on
air temperature, and (2) use that model to assess the cooling potential of irrigating green spaces in
arid, temperate and continental climate regions and 100 cities in these regions based on their

background climate.

3.2. Systematic search for irrigation studies that report air temperature impacts

To collect the published data on the cooling effect of irrigating green spaces or other pervious
surfaces, a literature search without time period limits was conducted with Google Scholar (Google
Scholar, 2020) using the Boolean search terms: (‘watering” OR ‘irrigation’) AND (‘effect” OR
‘impact’) AND “air temperature’) (Fig. 3.1). The titles and abstracts of the first 1000 results sorted by
relevance were screened to identify studies that measured or modeled near ground-level air
temperature at irrigated and non-irrigated sites. Non peer-reviewed and non-English language journal
articles were excluded. Also, global studies were excluded because the effect of a specific climate on
irrigation cooling cannot be assessed. To allow a robust analysis of the relationship between irrigation-
induced cooling effect and background climate, four additional inclusion criteria were applied : (1)
the study area and time period were reported; (2) a non-irrigated site (control) was clearly identified
and described; (3) the comparison between irrigated and non-irrigated sites did not involve a change
in land cover or vegetation type; and (4) the impact of irrigation could be reported as a difference in
mean air temperature over the whole study period (ATmen). We further applied a non-parametric
outlier test to remove studies that reported data that fell outside the range of the median £ 1.5 x the
inter-quartile range (Jung et al., 2010). We identified 17 studies that met the above criteria (N = 19;
one study with three study areas). We identified another 57 peer-reviewed irrigation studies that did

not meet the four above-mentioned inclusion criteria and were excluded (Table S3.1).
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Literature search

Keywords

‘watering’ OR ‘irrigation’
AND

‘effect’ OR ‘impact’
AND

‘air temperature’

!

Screening (n = 1000)

Selection criteria

1. Reported time and area of study.

2. Non-irrigated site/scenario clearly
identified.

3. No change in land cover;

4. Reported irrigation impact in
mean air temperature difference

(ATmean) .

Regression (n = 17)

Multiple linear regression with

stepwise elimination
Dependent variable from papers:

1. ATmean

Independent variables from GLDAS
(background weather of the study
area in the study period):

1. Air temperature (T)

2. Rainfall (R)

4—\Wind-speed

Einal regression model

AT pean = —0.1T + 0.11R + 26.71

!

Prediction of cooling potential

Global climate data from GLDAS

1. TandR

2. Period: 1981 — 2010

3. Spatial resolution: 0.5°

4. Temporal resolution: 3 h

Predict AT, from regression model

Results: Fig. 3

Extract AT, .., from 100 cities

1. Draw circular buffer with a size
equivalent to the built-up area.

2. Compute the mean AT ean in the
buffer.

Fig. 3.1. Research procedures of this study. This study began with a literature search using Google
Scholar. We screened 1000 papers and identified 17 of them that reported ATmean and their study area
and period. We then developed a regression model to predict ATmean from background air temperature
and rainfall. Finally, the cooling potential of irrigation was predicted for 100 global cities using the
regression model.
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3.3. Methods
3.3.1. Regression model of air temperature change and background climate conditions

To estimate the cooling potential of irrigating green space in cities in the three climate regions
covered by the 17 study datasets (arid, temperate and continental), the relationship between ATmean
and background climate conditions was determined using stepwise multiple linear regression. The
ATmean was directly collected in some of the 17 studies, and in the others it was extracted from the
Figs presented using Imagel] analysis (Schneider et al., 2012). If a study reported a monthly ATmean in
summer, then the mean background climate conditions of June, July and August (JJA) were used for
studies in the northern hemisphere and the mean of December, January and February (DJF) for the
southern hemisphere. Historical climate data were retrieved from GLDAS, developed by the National
Aeronautics and Space Administration (NASA) and Atmospheric Administration (NOAA) (Rodell et
al., 2004). GLDAS data was accessed through the Giovanni portal for the necessary spatial extent
and time period of each of the 19 study sites. GLDAS provides gridded global climate data at a spatial
resolution of 0.25 © and a temporal resolution of 3 h. Five background climate conditions were
extracted: mean near-surface air temperature, specific air humidity, wind speed, net radiation and
rainfall data. These five meteorological variables can influence evapotranspiration within a vegetated

landscape (Jung et al., 2010).

A multiple linear regression model was first constructed with the ATmen data as dependent
variable and the five background climate conditions as independent variables. A bi-directional
stepwise elimination procedure was then applied to add or remove the independent variables one at a
time from the full model until the Akaike Information Criterion (AIC) of the model was minimised
(Hastie and Pregibon, 1992). AIC is a measure of the quality of a model and the best model is the one
with the smallest AIC (Akaike, 1974). The above analysis was conducted in R Studio 1.3.959 (R Core
Team, 2023).
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Fig. 3.2. 30-year (1981-2010) (a) near surface mean air temperature and (b) mean rainfall in JJA
(northern hemisphere) and DJF (southern hemisphere). Tropical and Polar regions in the updated
Koppen-Geiger climate classification are greyed out and denoted by ‘No data’. Data were retrieved
from the GLDAS (Rodell et al., 2004).

3.3.2. Predicting the potential cooling benefit of irrigating urban green space in 100 global cities

Using the regression model, a global map of estimated irrigation cooling potentials was
produced based on the gridded 30-year (1981-2010) mean air temperature and rainfall data from the
GLDAS (Rodell et al., 2004) (Fig. 3.2). The climate data in JJA and DJF were used for the northern

66



Chapter 3 — Estimating the cooling potential of irrigating green spaces in 100 global cities

and southern hemispheres, respectively. The tropical and polar regions in the updated Koppen-Geiger
climate classification were excluded because the 17 studies only covered the arid, temperate and
continental climates. To estimate the irrigation cooling potentials in cities, 100 populous cities were
selected from the arid, temperate and continental climates. The built-up areas of the cities were
retrieved from Demographia (Demographia, 2020), local government statistics or satellite images. A
circular buffer with a size equivalent to the built-up area was drawn around each city and the area-
weighted ATmen of that city was extracted from the global map. When the cooling or warming

potential is mentioned in this study, negative values imply cooling and positive values imply warming.

3.4. Results

We have identified 17 studies that reported ATmean in the literature (Table 3.1). We have a
total of 19 cases because one of the studies reported the ATmean in three study areas. The USA was the
most common study area in terms of country (8 cases), followed by China (6 cases). The dataset
covered arid (B), temperate (C) and continental (D) climate zones and nine sub-climate regions (BSk,
BWh, BWk, Cfa, Csa, Cwa, Dfa and Dwa) in the updated Koppen-Geiger climate classification
scheme (Fig. 3.3) (Peel et al., 2007). Four cases were experimental or observational studies and the
rest were modelling studies. The models used in these studies included WRF, RegCM4, SCAM,
SURFEX, RSM, NCAR/Penn STAT MMS5 and RAMS. The study sites varied from highly
homogenous experimental farmlands, complex city landscapes to large regional lands. Only seven
studies reported irrigation rate, which ranged from 0.4 to 15 mm/day with a mean of 4.5 mm/day. The
ATmean reported in the 19 cases ranged from -2.67 °C (Yang and Wang, 2015) to 0.00 °C (Chen et al.,
2017) with a mean of -0.77 °C.
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Fig. 3.3. Simplified Koppen-Geiger climate map of the world. Regions are grouped into five broad
climate zones: A: Tropical, B: Arid, C: Temperate, D: Continental and E: Polar. Redrawn based on
Peel et al. (2007).

The strongest multiple linear regression model contained the independent variables of air
temperature and rainfall (Table 3.2), which explained 15.2% and 32.9% of the variability in ATmean,
respectively. This model was statistically significant (F-statistic: 7.397 on 2 and 16 DF, p<0.01, R*=
48.0%). The model indicated that, for every 1 °C increase in background mean air temperature and a
constant rainfall, ATmen Will decrease by 0.10 °C. Moreover, for every 10 mm/month increase in
rainfall and a constant background mean air temperature, ATmean Will increase 0.11 °C. There did not
appear to be any obvious trend according to whether data were sourced from experimental or
modelling studies, or from arid, temperate or continental climate regions (Fig. 3.4). In other words,
the research method and climate region did not directly determine ATmean. However, ATmean showed
a decreasing trend with increasing mean air temperature (Fig. 3.4a) and an increasing trend with

increasing rainfall (Fig. 3.4b).
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Fig. 3.4. Scatter plot of irrigation-induced change in mean air temperature against the (a) near surface
mean air temperature, and (b) mean rainfall. Both variables are the means of the study period. The
dataset consists of 17 studies (N = 19; one study with three study areas) that reported the irrigation-
induced change in mean air temperature. The mean background air temperature and rainfall data are
retrieved from the GLDAS (Rodell et al., 2004). The dotted lines surrounding the linear regression
line represent the 95% confidence interval.
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Table 3.1. Characteristics of the 17 studies (N = 19; one study with three study areas) that are included this study. The key inclusion criteria are that the study has reported the
irrigation-induced change in mean air temperature and the comparison between the irrigated and non-irrigated sites did not involve a land cover or land use change (see Methods for
detailed criteria).

Climate Irrigated Irrigation rate AT mean (°C)
Year  Location classification Approach Model Environment surface (mm/day) Citation
WRF and —0.10
2017  Yellow River Basin, China BSk Modelling Noah LSM Regional scale Crop NA (Chen et al., 2017)
Murrumbidgee-Coleambally- -1.40
2002  Murray Irrigation Areas, Australia ~ BSk Observational ~NA Regional scale Crop NA (Geerts, 2002)
RegCM4  and -0.34
2014  Haihe River Basin, China BSk Modelling CLM Regional scale Crop 0.4 (Zou et al., 2014)
Experimental -1.00
2015  Gezira, Sudan BWh Observational ~NA farmland NA NA (Alter et al., 2015)
-2.67 (Yang and Wang,
2015  Phoenix, USA BWh Modelling UuCM City Mesic 39 2015)
WRF and 0.00
2017  Yellow River Basin, China BWk Modelling Noah LSM Regional scale Crop NA (Chen et al., 2017)
SCAM and -1.42 (Wen and Jin,
2012 Zhangye, China BWk Modelling CLM City Vegetation NA 2012)
Toowoomba, Queensland, Experimental —0.43  (Hancock et al.,
2015  Australia Cfa Observational ~NA farmland Crop NA 2015)
WRF and  Experimental -0.16  (Harding and
2012 The Great Plains, USA Cfa Modelling Noah LSM farmland Crop NA Snyder, 2012)
WRF and  Experimental -1.00
2014  The Great Plains, USA Cfa Modelling Noah LSM farmland Crop NA (Huber et al., 2014)
-1.17  (Valmassoi et al.,
2020  Po Valley, Italy Cfa Modelling WRF-ARW Regional scale Crop 5.7 2020)
SURFEX —-1.50
Mawson Lakes, Adelaide, (TEB-SBL, Pervious (Broadbent et al.,
2018  Australia Csa Modelling TEB-Veg) City surface 15.0 2018b)
—0.02  (Kanamaru and
2008  California Central Valley, USA Csa Modelling RSM and OSU  Regional scale NA NA Kanamitsu, 2008)
NCAR/Penn —2.10  (Sorooshian et al.,
2011  California Central Valley, USA Csa Modelling State MMS5 Regional scale NA NA 2011)
WRF and -1.11
2017  California Central Valley, USA Csa Modelling Noah LSM Regional scale Crop 3.6 (Yang et al., 2017)
WRF and -0.10
2017  Yellow River Basin, China Cwa Modelling Noah LSM Regional scale Crop NA (Chen et al., 2017)
RAMS  and —0.60 (Adegoke et al.,
2003  Nebraska, USA Dfa Modelling LEAF-2 Regional scale Crop NA 2003)
Experimental —0.26
2018  Mead, Nebraska, USA Dfa Experimental ~ NA farmland Maize 2.6 (Chen et al., 2018)
WRF and -0.23
2016  Huang-Huai-Hai Plain, China Dwa Modelling Noah LSM Regional scale Crop 0.4 (Yang et al., 2016)
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Table 3.2. Results of the stepwise multiple linear regression model on irrigated-induced change in
mean air temperature.

Variable Unit of comparison  Estimate SE t p R?2
(Intercept) NA 26.71 11.46 2.3 <0.05 NA
Air temperature 1 °C -0.10 0.04 -2.5 <0.05 15.2%
Rainfall 10 mm/month 0.11 0.03 3.4 <0.01 32.9%
F-statistic: 7.397 on 2 and 16 DF, p<0.01, R? = 48.0%.

Note: The full model consists of five dependent variables of the background climate (air

temperature, specific humidity, wind speed, net radiation and rainfall) with the irrigation-induced
change in mean air temperature being the independent variable. Specific humidity, wind speed and
net radiation are removed from the full model in the bi-directional stepwise elimination procedure to
optimise the quality of the model.

The cooling potentials of irrigation are more apparent in the arid climate region than
temperate and continental regions (Fig. 3.5). North Africa, the Middle East and north India have the
highest irrigation cooling potentials (-3 to —2 °C), and these geographic areas have high mean air
temperature (>30 °C) (Fig. 3.2a) and low rainfall (<50 mm/month) (Fig. 3.2b). An irrigation cooling
potential between —2 and —1 °C is also predicted for central Asia, east and south China, mid-west and
south-west USA, northern Mexico, southern Africa and southern and western Australia. These regions
have moderate mean air temperature (15-30 °C) and low monthly rainfall (<50 mm). The majority of
Europe, Russia, Canada, Argentina and east coast of Australia have an estimated cooling potential
between —1 and 0 °C. Irrigation is predicted to cause warming of up to 3 °C along the east coast of
North America, south Peru, southeast Brazil, Zambia, Madagascar, the UK, Tibet, and New Zealand.
These regions have relatively high rainfall (> 100 mm) (Fig. 3.2b).

The majority of the 100 cities (91) are estimated to benefit from irrigation cooling of their
urban green space (Table S3.2). Nine cities could potentially cool their urban green spaces by between
—3.00 and -2.01 °C, 33 cities between —2.00 and —1.01 °C, and 49 cities between —1.00 and 0.00 °C.
The three cities with the strongest estimated cooling benefit from irrigating urban green space are
Kuwait (-2.60 °C), Doha (-2.55 °C) and Riyadh (-2.53 °C). The summer climate of these cities is
very hot (mean air temperature > 35 °C) and dry (mean rainfall < 50 mm/month) (Fig. 3.2). The mean
estimated cooling effect of irrigating urban green space in arid region cities (N = 27) is —1.65 °C,
which is greater than that from irrigating urban green space in temperate region cities (N = 49, —0.50

°C) and continental region cities (N =23, -0.97 °C) (Fig. 3.6).
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Fig. 3.5. Estimated irrigation-induced change in mean air temperature (ATmean) in JJA (northern
hemisphere) and DJF (southern hemisphere). ATmen are calculated from the 30-year (1981-2010)
near surface mean air temperature and rainfall (Fig. 3.2) using the regression model in Table 3.1.
Tropical and polar regions in the updated Koppen-Geiger climate classification are greyed out and
denoted by ‘No data’. The locations of the 100 cities selected for further analysis (Tables S3.2) are
marked by (x).

Urban green spaces in nine cities are predicted to experience a warming effect (mean =+0.76
°C) induced by irrigation (Table S3.2). The three cities with the strongest warming potentials from
green space irrigation are Pasto (+1.47 °C), Vancouver (+1.41 °C) and Glasgow (+1.31 °C) and these
cities have cool summer climates (air temperature: ~15 °C) with moderate rainfall (monthly rainfall:
~60 mm). Based on the estimated cooling potentials of the 100 cities, the three climate regions with
the strongest irrigation cooling potential are BWh (-2.32 °C), BWk (-1.59 °C) and Dwa (-1.48 °C)
(Table 3.3). The three climate regions with the weakest irrigation cooling potentials are Ctb (-0.10
°C), Csc (-0.02 °C) and Csb (+0.30°C).
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Fig. 3.6. Box-whisker plot of the estimated irrigation-induced change in mean air temperature of 100
global cities, grouped by three broad climate zones (B: Arid; C: Temperate; D: Continental). The
black dots within the boxes indicate the mean.

Table 3.3. Estimated irrigation-induced change in mean air temperature of the 100 global cities by
Koéppen—Geiger climate classification.

Koppen—Geiger climate classification N Mean SD Min. Max
BWh: Arid hot desert 8 -2.32 0.27 -2.60 -2.15
BWk: Arid cold desert 7 -1.59 0.51 -2.29 -1.25
Dwa: Hot—summer dry—winter continental 4 -1.48 0.19 -1.76 -1.39
BSh: Semi-arid hot steppe 6 -1.32 0.60 -2.16 —0.96
Dsa: Hot—dry summer continental 2 -1.20 0.29 -1.40 -1.10
BSk: Semi-—arid cold steppe 6 -1.16 0.33 -1.78 -0.94
Cwa: Dry—winter humid subtropical 8 -1.04 1.16 -2.17 -0.79
Dfa: Hot—summer continental 6 -0.97 0.26 -1.38 —0.80
Dwb: Warm—summer dry—winter continental 3 -0.92 0.26 -1.14 —0.81
Dsb: Warm—dry summer continental 1 -0.82 NA -0.82 -0.82
Cfa: Humid subtropical 9 —0.80 0.35 -1.33 -0.61
Csa: Mediterranean dry—hot summer 7 -0.73 0.31 —-1.06 -0.51
Dfb: Warm—-summer continental 8 -0.70 0.18 -1.01 —0.58
Cwb: Dry—winter subtropical highland 6 -0.62 0.32 -1.07 -0.50
Cfb: Oceanic 14 —-0.10 0.70 -0.91 —-0.05
Csc: Mediterranean dry—cold summer 1 -0.02 NA —-0.02 -0.02
Csb: Mediterranean dry—warm summer 4 +0.30 0.97 -0.90 0.68
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3.5. Discussion

While the cooling effect of irrigation has been extensively researched from the perspective
of global and regional climate change (Puma and Cook, 2010; Sugimoto et al., 2019; Thiery et al.,
2017), the potential to use irrigation to mitigate heat stress in cities has yet to be evaluated in relation
to the background climate of those cities. Four global studies have estimated the spatial variability of
the cooling effect of agricultural irrigation (Cook et al., 2011; Puma and Cook, 2010; Sacks et al.,
2009; Thiery et al., 2017) (Fig. 3.6). It is only possible to qualitatively compare the findings of these
four global studies with our study, because they used complex climate models, whereas we used a
simple regression model. In general, their findings corroborate our predictions in two irrigated regions.
First, these four global studies indicate that north India and the Middle East have experienced the
strongest cooling effect from agriculture irrigation (Fig. 4d in Sacks et al. (2009), Fig. 5 in Puma and
Cook (2010), Fig. 6a in Cook et al. (2015) and Fig. 4a in Thiery et al. (2017)). Second, a weaker
cooling effect from agriculture irrigation was predicted by these global studies for east China and the
United States (same Figs as above). The consistency between our modelling results and those in the
literature suggested that our simple model can broadly capture the impact of background climate on
irrigation cooling effect. Compared to the more complex and mechanistic models used in the literature,
an important advantage of our model is that it was simple enough to estimate the cooling potentials
for arid, continental and temperate regions using only background air temperature and rainfall data.

These two types of climate data are available in every global town and city.

Background air temperature and rainfall were the only climate variables that remained in our
model, as specific humidity, wind speed and net radiation did not have a significant relationship with
air temperature reduction in this dataset of 17 irrigation studies. A significant correlation between
irrigation cooling effect and background air temperature was also confirmed in a recent modelling
study (Gao et al., 2020). Our model is supported by classic hydrological theory about the constraints
of evapotranspiration being a function of soil moisture and energy (Budyko, 1974; Koster et al., 2009;
Seneviratne et al., 2010), with soil moisture being strongly linked to rainfall and air temperature being

a strong component of vapour pressure deficit which provides the ‘energy’ for evapotranspiration.

Frequent visits to urban green space are known to be associated with better physical and
psychological health (Maas et al., 2006a). Irrigating urban green spaces can improve the thermal
comfort conditions, which may lead to a greater usage of the green spaces (Lin et al., 2013). However,
the increase in humidity after irrigation may partially offset the air cooling benefit because a high
humidity level can promote thermal discomfort (Ma et al., 2018). The overall effect of irrigation on

thermal comfort is likely to also be heavily dependent on the background climate, for example the
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negative effect of increased humidity may be less important in dry climate regions compared to moist
ones. Although tree canopy shade in urban green spaces is likely to provide a stronger and more
consistent cooling effect than intermittent irrigation, there are certain places in cities where tree
planting is infeasible, such as sports fields and small backyards. Therefore, it is necessary to consider
using irrigation for heat mitigation in these places. Moreover, a certain level of irrigation is sometimes
required for maintaining a healthy tree canopy. The potentially synergy between tree canopy shade

and irrigation in urban green spaces is worthy of future research attention.

As opposed to agriculture, in which irrigation is applied regularly to meet the growth
requirement of crops, irrigation of urban green spaces to provide cooling is most needed when the
heat stress is strong, particularly during heatwaves. The cooling potentials predicted in this study are
only representative of the mean cooling in summer (JJA for northern hemisphere or DJF for southern
hemisphere). The cooling benefits of urban green space irrigation during heatwaves are yet to be
determined, but there is preliminary evidence that irrigation can induce an even stronger cooling
benefit during heatwaves as compared to during non-heatwave periods (Gao et al., 2020). The
landscape and surface characteristics of urban green spaces are often more complex than in
agricultural landscapes as they can possess multiple vegetation layers, and as such the microclimatic
response of irrigating urban green spaces may also be different. A well recognised cooling benefit
provided by urban green spaces is the shade cast by urban trees as well as their transpiration, and
irrigation or misting are likely to enhance these existing cooling benefits (Crum and Jenerette, 2017;
Santamouris et al., 2018). An urban green space with turfgrass, shrubs and tall trees will have greater
aerodynamic roughness and lower reflectance to shortwave radiation (Allen et al., 2005). The
presence of trees in urban green space can provide a significant cooling effect because of shading
(Brown et al., 2015; Shashua-Bar et al., 2009) and the increased surface roughness can enhance the
convective cooling efficiency (Gunawardena et al., 2017). Nevertheless, irrigation of urban green
spaces has been recognised as an important factor in mitigating urban heat stress and promoting the
park cool island effect (Bowler et al., 2010; Crum and Jenerette, 2017; Ziter et al., 2019). Furthermore,
since urban trees can experience significant leaf loss during a heatwave or drought (Sanusi and
Livesley, 2020), leading to a reduced shading and cooling effect (Rahman et al., 2020), irrigating
urban green space may create a synergistic cooling benefit by maintaining tree canopy cover and

grass cover whilst promoting evapotranspiration cooling benefits of both.

The cooling and health benefits of green space irrigation are dependent on the available area
of green space in these cities as well as the accessibility and ownership of those green spaces. The

proportion of a city that is green space can vary from 11% in Birmingham, UK (Angold et al., 2006),
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to 34% in Beijing, China (Yao et al., 2015) and to nearly 50% in Stockholm and some other European
cities (Fuller and Gaston, 2009). The ownership of urban green space dictates the potential for
irrigation and who the beneficiaries of the irrigation cooling benefits are likely to be. For example,
the fraction of open space that is privately-owned in Hong Kong is 15% (Jim and Chan, 2016), while
60% of the green space in Brisbane, Australia, is private (Rupprecht and Byrne, 2014).

The cultural practice of irrigation also determines the feasibility of the promotion and
expansion of green space irrigation. Although we predicted that the cooling benefits of green space
irrigation would be the highest in arid cities, e.g. Kuwait, Doha and Riyadh, these cities are already
irrigating many urban green spaces to support the survival of the vegetation in these arid cities. The
cooling benefits from urban green space irrigation predicted by our model assume that these urban
green spaces are not currently irrigated, which will apply to many cities in temperature and continental
regions, as well as lower socio-economic cities in arid regions. Ultimately, the feasibility, benefits
and costs of urban green space irrigation will depend on the actual conditions of individual cities. In
a world with increasingly limited freshwater supply (Rodell et al., 2018) and a need to protect and
conserve drinking water for potable uses only, integrated water management in modern cities can
increase irrigation water supply through rainwater and stormwater collection, greywater use and
recycling of sewage (Griggs, 2013; Howells et al., 2013; Wong and Brown, 2009). It was estimated
that over 600 kL/year/ha of stormwater can be collected from a 42 % impervious catchment in
Melbourne for a storage capacity of 20 kL/ha (Mitchell et al., 2007). The collected stormwater will
allow an additional 0.16 mm/day of irrigation for the same area, assuming that the water is applied
evenly across that area. The additional water may be enough to meet the water demand for all

vegetated area because not all surfaces are vegetated and require irrigation.

If irrigation is infeasible due to limited water availability, other heat mitigation strategies,
such as expanding the size of urban green spaces and changing the vegetation composition, may be
considered. Xiao et al. (2018) measured the air temperature in small (< 4 ha) and large (> 10 ha) parks
in a humid subtropical region (Koppen climate classification: Cfa) in China. They found that the
cooling effect of large parks (3.32 °C) was much higher than the small ones (1.75 °C). Cheung and
Jim (2019a) measured the air temperature impacts of three different types of vegetation (tree, shrub
and grass) in a similar climate region (Cwa). They showed that an 50 % increase in tree cover can
lead to a reduction in daytime mean air temperature by 0.4 °C, whereas the same increase in shrub
cover can only lead to a 0.2 °C reduction and the impact of grass on air temperature is insignificant.
However, similar to irrigating urban green space, the cooling potentials of these strategies are likely

to be dependent on background climate. A recent review study showed that urban greening is more
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effective in reducing air temperature in arid climate (monthly rainfall < 80 mm) than humid climate
(monthly rainfall > 80 mm) (Lai et al., 2019). More studies are needed to compare the cooling effect
of different strategies in different climate regions. Although our predictions of cooling effect using a
simple model are somewhat consistent with the results from more complex earth system models, such
simplification has several major limitations. First, we were unable to include irrigation rate as an
independent variable in the model because only seven cases have reported their irrigation rates (Table
3.1). This severely restricts the implications of the model as we do not know how much water is
required to achieve the predicted cooling potentials. We estimate that the required irrigation rate
should be comparable to the median (3.6 mm/day) or mean (4.5 mm/day) of the seven reported
irrigation rates in the dataset, assuming that the unreported irrigation rates followed a similar
distribution as the reported ones. Second, the spatial and climatic coverage of the dataset were highly
limited. All but four studies were undertaken in China or the United States (Table 3.1). The small
variability of the dataset prevents us from predicting the cooling potential in the tropics, where cooling
is much appreciated (Matzarakis and Amelung, 2008). The accuracy of the model is also uncertain
due to the limited sample size (N = 19). Third, the linear assumption of this simple model may
generate somewhat unrealistic predictions, particularly in regions with large amounts of rainfall. The
model predicted that irrigation would produce a warming effect of over 2 °C in south Peru and
Madagascar mainly because of their high rainfall (>200 mm/month). However, a global modelling
study showed that historic irrigation in these regions did not induce a notable warming (<0.5 °C) in
air temperature (Puma and Cook, 2010). It is unlikely that the addition of a few more millimeters of

moisture through irrigation will result in a strong warming effect in these relatively wet climates.
3.6. Conclusion

We showed that background climate, namely air temperature and rainfall, had a strong impact
on irrigation cooling potentials in arid, temperate and continental climates. The cooling potentials
were greatest in the Middle East and north India; an apparent irrigation cooling effect was also
plausible for most areas in Australia, China, Europe and the United States. The cooling potentials in
arid climates were much higher than temperate and continental climates, because irrigation can
unleash the huge evaporative cooling potentials in soils that are otherwise moisture-limited. Our
model predicted that irrigation would help mitigate heat stress in green spaces in the majority cities

in the arid, temperate and continental climates.

This study has assessed the impact of irrigation on air temperature in different climate regions.
The results can be useful for identifying and prioritising urban heat mitigation strategies. In contrast

to urban greening, the impact of irrigating urban green spaces on air temperature has rarely been
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investigated explicitly (Broadbent et al., 2018a; Daniel et al., 2018; Yang and Wang, 2015). While
urban greening strategies, particularly tree planting, are often limited by the availability of space (Jim
and Chan, 2016), irrigation can enhance the cooling effect of existing urban green space in both the
public and private realm. Sufficient irrigation is also beneficial for the health of urban vegetation and
the sustained delivery of their ecosystem services. Although irrigation water supply may be restricted
in the dry regions, innovative water sensitive urban design can be used to increase irrigation water
supply by harvesting stormwater, with subsequent irrigation and redistribution to enhance soil
moisture (Coutts et al., 2013). Such water sensitive urban designs can support cities to develop climate
sensitive urban design (Oke et al., 2017) to mediate extreme urban climates in a warming world.
However, more irrigation studies are required across those climate zones where few or no studies
have been performed, to assess the cooling potentials of irrigating green spaces in cities across a wider
range of climate zones more accurately. In addition, more city-scale studies are also needed to assess
the irrigation cooling potentials of specific cities according to their urban configuration, climate and

water supply.
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3.7. Supplementary materials

Table S3.1. List of 57 excluded irrigation cooling studies and the exclusion reasons. DATE: study
period was not reported. LCC: land cover change was involved along with irrigation such that the
impact of irrigation cannot be isolated. LOMC: lack of a meaningful control. LTA: irrigation-induced
change in mean air temperature (ATmen) Was not reported because the study focused on the long-term
analysis of air temperature change between irrigated and non-irrigated areas. OTM: other air
temperature measures were used, such as daily maximum air temperature difference (ATmax) and
maximum instantaneous air temperature difference (ATimax).

Air temperature measure used (for

Reason OTM studies) Citation

DATE NA (Thompson et al., 1993)
LCC NA (Chase et al., 1999)

LCC NA (De Ridder & Gallée, 1998)
LCC NA (Jiang et al., 2014)

LCC NA (Jin & Miller, 2011)

LCC NA (Kueppers et al., 2007)
LCC NA (Kueppers et al., 2008)
LCC NA (Lobell, Bonfils, Kueppers, et al., 2008)
LCC NA (Marcella & Eltahir, 2014)
LCC NA (Mueller & Day, 2005)
LCC NA (Stohlgren et al., 1998)
LCC NA (Ter Maat et al., 2006)
LCC NA (Weare & Du, 2008)
LOMC NA (Fowler & State, 1974)
LOMC NA (Hobbs, 1973)

LOMC NA (Lakatos et al., 2010)
LOMC NA (Lakatos & Zyromski, 2012)
LOMC NA (Liu & Kang, 2006)

LOMC NA (Lomas & Mandel, 1973)
LOMC NA (Mahmood et al., 2006)
LOMC NA (Mahmood et al., 2013)
LOMC NA (Steiner et al., 1983)
LOMC NA (Wang et al., 2015)

O™ AT/decade (Biggs et al., 2008)

OTM ATimax (Bonan, 2000)

O™ AT/decade (Bonfils & Lobell, 2007)
O™ Daytime and nighttime ATimax (Broadbent et al., 2019)
O™ AT/decade (Chen & Jeong, 2018)
O™ AT/decade (Christy et al., 2006)

O™ Daytime and nighttime ATimax (Daniel et al., 2018)

OT™™ ATmax (Dussi et al., 1997)

O™ Unclear (Evans et al., 1995)

OTM Unclear (Grossman-Clarke et al., 2010)
O™ AT/decade (Han & Yang, 2013)

OT™M ATmax (Huang & Ullrich, 2016)
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O™
OT™™
O™
O™
OT™™
O™
O™
OT™™
O™
O™
OT™™
O™
O™
O™
O™
O™
O™

O™
O™
O™
O™
O™

ATimax

ATimax

Unclear

ATimax

Daytime AT
AT/decade
ATimax

ATmax and ATmin
AT/decade
ATimax

AT max

AT max

A range of AT
AT not reported
AT/decade
ATmax

Mode of AT
Daytime and nighttime instantaneous
maximum AT
ATmax and ATimax
AT/decade
Median AT
AT/decade

(Iglesias et al., 2002)

(Iglesias et al., 2005)

(Kemp et al., 1974)

(Kohl & Wright, 1974)

(Lawston et al., 2015)

(Lee et al., 2009)

(Lee etal., 2011)

(Lobell & Bonfils, 2008)
(Lobell, Bonfils, & Faures, 2008)
(Nainanayake et al., 2008)
(Nocco et al., 2019)
(Parchomchuk & Meheriuk, 1996)
(Qian et al., 2013)

(Saeed et al., 2009)

(Shi et al., 2014)

(Sridhar, 2013)

(Sugimoto et al., 2019)

(Vahmani & Ban-Weiss, 2016)
(Vahmani & Hogue, 2015)
(Yoshida et al., 2012)

(Zhang et al., 2017)

(Zhu et al., 2012)
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Table S3.2. Koppen—Geiger climate classification and the estimated irrigation-induced change in
mean air temperature (ATmen) of the 100 global cities.

Koppen—Geiger Estimated
Rank City Country/region climate classification ~ ATmean (°C)
1 Kuwait Kuwait BWh -2.60
2 Doha Qatar BWh -2.55
3 Riyadh Saudi Arabia BWh -2.53
4 Dubai United Arab Emirates BWh —2.44
5 Baghdad Iraq BWh -2.36
6 Turpan China BWk -2.29
7 Karachi Pakistan BWh -2.22
8 Delhi India Cwa -2.17
9 Niamey Niger BSh -2.16
10 Phoenix United States of America BWh -1.96
11 Ashgabat Turkmenistan BWk -1.91
12 Cairo Egypt BWh -1.89
13 Hanoi Vietnam Cwa —-1.85
14 Nukus Uzbekistan BWk -1.84
15 Monterrey Mexico BSh —-1.80
16 El Paso United States of America BWk -1.79
17 Tianjin China BSk -1.78
18 Beijing China Dwa -1.76
19 Chengdu China Cwa —-1.65
20 Hong Kong Hong Kong S.A.R. Cwa -1.48
21 Islamabad Pakistan Cwa -1.45
22 Seoul South Korea Dwa -1.41
23 Bishkek Kyrgyzstan Dsa —-1.40
24 North Platte United States of America Dwa —1.40
25 Walvis Bay Namibia BWk -1.39
26 Volgograd Russia Dfa —-1.38
27 Harbin China Dwa —1.35
28 Dallas United States of America Cfa -1.33
29 Yerevan Armenia BSh -1.32
30 Luanda Angola BSh -1.28
31 Shanghai China Cfa -1.26
32 Kathmandu Nepal Cwa -1.26
33 Bucharest Romania Dfa -1.19
34 Zaragoza Spain BSk -1.17
35 Denver United States of America BSk -1.16
36 Heihe China Dwb -1.14
37 Asmara Eritrea BSk -1.13
38 Lima Peru BWk —1.11
39 Kunming China Cwb -1.07
40 Adelaide Australia Csa -1.06
41 Dushanbe Tajikistan Csa -1.02
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Abstract

Backyards play important roles for individual households because they provide a private and safe
green space for social and environmental interactions, relaxation, gardening and children’s activities.
The use of backyards is highly dependent on their thermal conditions. Turf is a common surface type
in backyards but unirrigated turf can be as warm as pavement, bringing thermal discomfort and
discouraging people from using them. Under certain conditions, turf irrigation provides an
opportunity to reduce thermal stress by increasing evapotranspiration. This study aims to measure the
impacts of turf irrigation on microclimate in a backyard environment in the warm season in
Melbourne, Australia. The experiment consisted of four 6 m x 6 m turf-covered plots. Daily irrigation
was applied at four amounts: 0, 2, 4 and 7 mm for six weeks. In Week 6, the 4-mm irrigation reduced
daytime soil temperature, turf surface temperature, air temperature and universal thermal climate
index by 1.7, 2.3, 0.6 and 0.4°C, respectively. All daytime impacts were significant (p<0.05, t-test).
Irrigation has the potential to significantly improve the thermal conditions of backyards in

combination with the use of tree shade.
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4.1. Introduction
4.1.1. Background

Urban green spaces offer a wide range of benefits to urban dwellers, such as climate
regulation (Lin et al., 2016), noise reduction (Koprowska et al., 2018) and provision of space for
physical and social activities (Jennings and Bamkole, 2019). Most studies have focused on public
urban green spaces (Dewaelheyns et al., 2018). Private green spaces deserve more attention because
they can constitute a large proportion of urban green space in many cities. For example, >30% in
Brisbane, Australia (Rupprecht and Byrne, 2014), >35% in the UK cities (Loram et al., 2007) and
>50% in Dunedin, New Zealand (Mathieu et al., 2007). Private greens spaces may be commercially
owned and used by members of, or visitors to, that organisation; or they may small private residential
green spaces used by individuals of a household. Private residential backyards have distinct roles for
individual households because they provide a safe and enclosed green space for social gatherings,

relaxation, gardening and children’s activities (Hall, 2015).

The frequency of use of outdoor green spaces in summer is dependent upon the microclimate of
the space (Cheung and Jim, 2018a). Intense summer heat can prevent people from using outdoor
green spaces, including private backyards. In a turfed green space, the microclimate can be strongly
influenced by soil moisture availability because it directly affects evapotranspiration. The daytime
surface temperature of unirrigated turf can be as high as pavement, whereas that of irrigated turf in
summer can be 10°C lower (Spronken-Smith and Oke, 1998) due principally to evapotranspiration.
This highlights the potential role of turf irrigation in moderating the summer microclimate of private

backyards to reduce air temperature and human heat stress.

Most studies in the literature used computer models to estimate the impact of irrigation on urban
climate at a large spatial scale (Cheung et al., 2022b). Using the Weather Research and Forecasting
model, Gao and Santamouris (2020) predicted that irrigating both vegetated and impervious surfaces
in Metropolitan Sydney, Australia (~800 km?) can reduce daily mean air temperature by 0.5°C. Using
the SURFEX model, Broadbent et al. (2018a) predicted that irrigating all the vegetated surfaces in a
suburb of Adelaide, Australia (~7 km?) can reduce the daily mean air temperature by 2.3°C. Although
other modelling studies also predicted a cooling effect from irrigation (Daniel et al., 2018; Li et al.,
2015; Wang et al., 2019), there is a lack of experimental studies that directly measure the cooling
benefits of irrigation. Moreover, most existing modelling studies have been undertaken at scales no
more detailed than the city or regional scales. The impacts of small-scale irrigation on microclimate

in the backyard environment are poorly understood. With the increasing availability of alternative
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irrigation water supplies, such as collected stormwater and recycled grey water (Coutts et al., 2013),
irrigating private green spaces offers a unique and sustainable opportunity to enhance the climate
resilience and well-being of cities (Livesley et al., 2021; Tapper, 2021). Thus, it is important to

understand the potential cooling benefits of irrigating small private green spaces.

In view of the lack of empirical evidence for the cooling potential of irrigation in cities, this
study aims to measure the microclimatic impacts of turf irrigation in a field experiment. With the
support of the literature, section 4.1.2 will present a theoretical framework that explains the key
daytime and night-time processes induced by irrigating turf and the likely impacts on soil moisture,
microclimate and surface energy fluxes. This study will test seven hypotheses derived from the

theoretical framework.

4.1.2. Theoretical framework and study hypotheses

The theoretical framework underpinning this study is based upon literature and energy-balance
understanding from irrigation studies in agricultural and urban landscapes. This theoretical
framework represents the key daytime and night-time processes induced by irrigating turf and the
likely impacts on soil moisture, microclimate and surface energy fluxes (Fig. 4.1). During the day,
irrigated turf has a higher soil moisture content, which induces three simultaneous effects. First,
evapotranspiration increases, which increases latent heat flux and reduces sensible heat flux (Chen et
al., 2018; Gao et al., 2020). The change in energy partitioning reduces soil temperature, turf surface
temperature and air temperature (Broadbent et al., 2018a) but increases vapour pressure (Harding and
Snyder, 2012). The lower turf surface temperature reduces outgoing longwave radiation. Second, the
albedo of irrigated turf is lower because of lusher grass and darker soils, causing a reduction in
outgoing shortwave radiation (Roxy et al., 2010). Third, the wet soils have higher thermal
conductivity and specific heat, causing an increase in downward soil heat flux and soil heat storage
(Kanamaru and Kanamitsu, 2008). These changes in microclimate and surface energy fluxes cause a
net reduction in UTCI (Daniel et al., 2018). During the night, in the absence of incoming solar
radiation, the microclimate in a turf area is mainly determined by a strong radiative deficit and soil
heat release (Kanamaru and Kanamitsu, 2008). Due to increased daytime storage, soil heat storage in
an irrigated turf area is higher than that in an unirrigated area. At night-time, the warm soil releases
more heat, i.e., an increase in heat flux out of the soils to raise turf surface temperature (Vahmani and
Ban-Weiss, 2016). Higher turf surface temperature leads to a higher air temperature. These cascading

changes in microclimate can cause a noticeable increase in UTCI in night-time.
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Fig. 4.1. Theoretical framework describing the key daytime and night-time energetic processes that
are induced by irrigating turf and the likely impacts on soil moisture, microclimate and surface energy
fluxes. Changed font colour indicates irrigations impact on a key property or process such as soil
moisture, microclimate or surface energy fluxes. The greater than and less than symbols indicate the
direction of impact from irrigation. During the day, irrigating turf increases soil moisture content,
which increases evapotranspiration and latent heat flux while reducing sensible heat flux. The
increased evapotranspiration decreases soil temperature, turf surface temperature, outgoing longwave
radiation and air temperature, but can increase vapour pressure. Due to irrigation, the lower albedo of
wet soil surfaces and lusher grass reduces outgoing shortwave radiation. In contrast, the higher
thermal conductivity and specific heat of moist soils increase downward soil heat flux and soil heat
storage. These changes in microclimate cause a net reduction in UTCI. During the night, the irrigated
turf has a higher soil temperature due to increased daytime heat storage to induce upward soil heat
flux. More soil heat release leads to a higher turf surface temperature, and in turn, higher air
temperature and UTCI.
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This study will measure the microclimate in four 6 m x 6 m plots (one unirrigated and three
irrigated at 2 mm/day, 4 mm/day and 7 mm/day). Based on the above theoretical framework, seven

hypotheses will be tested in this study:

(1) Turf irrigation will induce daytime cooling effects in soil temperature, turf surface temperature,

air temperature and UTCI,;

(i1) The daytime cooling effect will strengthen with the increase in daily irrigation amount from

2 mm to 4 mm to 7 mm,;

(ii1)) The daytime cooling effects are correlated with the differences in soil moisture content

between the irrigated and the unirrigated plots;

(iv) Turf irrigation will induce night-time warming effects in soil temperature, turf surface

temperature, air temperature and UTCI;

(v) The night-time warming effects will strengthen with the increase in daily irrigation amount

from 2 mm to 4 mm to 7 mm;

(vi) The night-time warming effects are correlated with the difference in night-time upward soil

heat flux between the irrigated and the unirrigated plots;

(vii) Irrigated plots will have a higher daytime latent heat flux and a lower sensible heat flux than
the unirrigated plot, while the night-time latent heat flux and sensible heat flux will be similar in the

four plots.

4.2. Methods and materials
4.2.1. Study area and climate

The study area was located at the Burnley Campus of the University of Melbourne, Australia.
Melbourne has a temperate oceanic climate (Koppen climate classification: Cfb) (Peel et al., 2007).
It has a warm and dry summer (Dec—Feb) with a mean daily maximum air temperature of
approximately 26.2°C and a mean total rainfall of 155.3 mm (Bureau of Meteorology, 2023a). The
highest air temperature ever recorded in Melbourne was 46.4°C during a heatwave in 2009 (Bureau
of Meteorology, 2009). The intensity, frequency and duration of heatwaves in Australia have
increased consistently in the past few decades (Trancoso et al., 2020). Melbourne is expected to

experience sixteen days in a year with maximum air temperature >35°C in 2050, five days more than
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the present (City of Melbourne, 2022). Irrigation is likely to be an effective cooling strategy because
of Melbourne's warm and dry summer climate (Cheung et al., 2021). This study was conducted from
January to March 2020 to measure the impacts of turf irrigation on the microclimate of a small
enclosed private green space in Melbourne’s summer. The mean reference crop evapotranspiration
rate between January and March in Melbourne is approximately 4 mm/day (Bureau of Meteorology,

2023b).

4.2.2. Experimental design and irrigation system

The experiment in this study consisted of four 6 m x 6 m plots that are 2 m apart on a level surface
(Fig. 4.2). The four plots received four different daily irrigation amounts, namely 0 mm (unirrigated),
2 mm, 4 mm and 7 mm. The three irrigation amounts represented a low, normal and high irrigation
amounts relative to Melbourne’s mean reference crop evapotranspiration (4 mm/day) in the same
period. Each plot was surrounded by 1.8-m tall 70% shade cloth (SOLARSHADE™) to mimic a
fenced backyard environment and reduce air mixing between the plots and the surrounding
environment. The shade cloth did not shade the climate station in the plots. In each plot, irrigation
was applied every day through one MP1000-360 (Hunter Rotator) at the centre and four MP1000-90
at the corners. The irrigation times of the 2-mm, 4-mm and 7-mm plots were 13:00—13:11,
13:12-13:35 and 13:36—14:23, respectively. The flow volumes were measured by Nymet flow
sensors. The exact daily mean(xSD) irrigation amounts for the 2-mm, 4-mm and 7-mm plots were
2.3+£0.0 mm, 4.2+0.1mm and 7.0£0.3mm, respectively. The MP Rotators created minimal mist during
operation, and the water throw was adjusted to avoid hitting any sensors. In this way, the impacts of
irrigation were only attributed to the direct evaporation of water droplets during irrigation and from
the changes in evapotranspiration rate on the turf surface. Kikuyu (Pennisetum clandestinum) was the
dominant grass species in the plots. The grass remained healthy and provided a complete cover of the
plots in the course of the experiment. The grass was mowed every two weeks. The top soil (5-10 cm)
of the site was sandy loam and the subsoil (50—55 cm) was sandy clay. The bulk density of the top
soil and subsoil was 1.02 g/cm® and 1.58 g/cm’, respectively. The pore volume of the top soil and
subsoil was 61% and 40%, respectively. The soil was well-drained with an infiltration rate of

approximately 650 mm/h.
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Fig. 4.2. An aerial photo showing the experimental site (Burnley Campus, the University of
Melbourne) and the design of the experiment (left), and a ground photo showing one of the
experimental plots (right). The experiment consisted of four 6 m x 6 m plots that received four
different daily irrigation amounts: (1) 0 mm (unirrigated), (2) 2 mm, (3) 4 mm and (4) 7 mm. Each
plot was surrounded by a 1.8-m tall 70% shade cloth (SOLARSHADE™) to mimic a backyard
environment and reduce air mixing between the plots and with the surrounding environment. In each
plot, irrigation was applied at the corners at 13:00 local time every day through one Hunter Rotator
MP1000-360 at the centre and four Hunter Rotator MP1000-90. Kikuyu (Pennisetum clandestinum)
was the dominant grass species. One climate station was installed at the centre of each plot and a
reference climate station was installed approximately 8 m southwest of the 2-mm plot.

4.2.3. Soil and microclimate measurements

One climate station was installed at the centre of each plot (Fig. 4.2). Wind speed, black globe
temperature, air temperature and vapour pressure were measured at 1.1 m above ground. Incoming
and outgoing shortwave and longwave radiation and turf surface temperature were measured at 1.5
m above ground. Soil moisture content and soil temperature were measured at 0.02 m and 0.04 m
below ground and soil heat flux 0.05 m below ground to monitor the near-surface response of soil
variables to irrigation. The specifications of the instruments used in this study are listed in Table 1. A
reference climate station was installed approximately 8 m southwest of the 2-mm plot (Fig. 4.2). Wind
speed, wind direction and rainfall were measured at 2 m. Air temperature and water vapour pressure
were measured at 0.6 m and 1.1 m. The difference between the reference climate station and the non-
irrigated climate station was that the reference site was not enclosed by a shade cloth and the
anemometer was installed at a height of 2 m above ground level. All variables were measured every

10 s, and the 1-min averages were logged.

All data analysis was performed in R Studio 2021.09.0 (R Core Team, 2023). UTCI was

calculated using the “rBiometeo” package in R.
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Table 4.1. Specifications of the instruments used in this study.

Location ~ Model and brand Variable Accuracy Height/depth (m)
Plot 03101-L, Campbell Wind speed +0.5 m/s 1.1
Scientific
44031, Omega Black globe temperature +0.1°C @ 25°C 1.1
ATMOS14, METER Air temperature +0.2 °C 0.6, 1.1
Atmospheric pressure +0.05 kPa @ 25°C 0.6,1.1
Vapour pressure +0.05 kPa @ 25°C 0.6, 1.1
CNR4, Kipp & Zonen Incoming longwave radiation (4.5-42 um) <10% (daily total) 1.5
Incoming shortwave radiation (0.3-2.8 pm) <5% (daily total)
Outgoing longwave radiation (4.5-42 pm) <10% (daily total)
Outgoing shortwave radiation (0.3-2.8 pm) <5% (daily total)
CS650, Campbell Scientific Soil moisture +3% -0.02, -0.04
Soil temperature +0.1°C —-0.02,-0.04
HFPO1, Huskeflux Soil heat flux +2% -0.05
SI-111-SS, Apogee Turf surface temperature +0.2°C (-10°C to +65°C) 1.5
Reference 05103, Campbell Scientific Wind speed +0.3 m/s 2
03301, Campbell Scientific Wind direction +3% 2
HMP155, Campbell Air temperature +(0.055+0.0057xT,) 1.1
Scientific Relative humidity +1% 1.1
TB4, Campbell Scientific ~ Rainfall +2% 2

4.2.4. Bowen ratio-energy balance method

Latent heat flux and sensible heat flux were calculated using the Bowen ratio-energy balance

method (Kustas et al., 1996). The Bowen ratio (B, -) is defined as:

Qu 4.1)
Qk

where Qr (W/m?) latent heat flux (positive when water vapour pressure decreases with height) and
Qu (W/m?) sensible heat flux (positive when air temperature decreases with height). The meanings of

the variables used in this section are described in Table 4.2.

On a uniform surface and in the absence of advection, the energy fluxes can be expressed as:
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where R, (W/m?) is the net radiation (positive downward), G (W/m?) the surface soil heat flux

(positive when conducted downward).

With Equation (4.1), Equation (4.2) can be rewritten as follows:

_Ry—G (4.3)
Cr=77 B
B (4.4)
Qn = T+7 (R, — G)

Over an averaging period (60 min), the empirical relationships between latent heat flux and

vertical water vapour pressure gradient, and between sensible heat flux and vertical air temperature

gradient can be expressed as:

_ “Palp E (4.5)
QE - y kU dZ
dr, (4.6)

Qu = _pacpkh d_Za

Under non-advective conditions, the exchange coefficient for water vapour (ky, m?/s) can be

assumed to be equal to the exchange coefficient for sensible heat (kn, m?/s) such that:

‘B:Q_Hz dTa/dz _ AT, (4.7)
Qg yde/dz Y he
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where y = ¢,p/eL, is the psychometric constant (kPa/°C). c, is the specific heat of air at constant
pressure (1.01 kJ/kg/°C), p the atmospheric pressure (kPa), € (-) the ratio between the molecular
weights of water vapour and air, and L, the latent heat of vaporization (kJ/kg). AT, = Ta0.6m— Ta1.im
and Ae = eosm — €1.1m are the air temperature and water vapour pressure differences between the two

measurement heights (0.6 and 1.1 m in this study), respectively.

By measuring the air temperature and water vapour pressure gradient, 3 can be obtained and

substituted into Equations (4.3) and (4.4) to calculate latent heat flux and sensible heat flux.

Table 4.2. Symbol, unit and description of the variables used in the Bowen-ratio energy balance
method.

Variable Symbol Unit Description

Pressure caused by the gravitational force of the Earth on
Atmospheric pressure  p kPa the air molecules within the atmosphere.

Ratio of the sensible heat flux density to the latent heat
Bowen ratio B - flux density.
Exchange coefficient
for sensible heat kn m?/s Rate of eddy diffusion for heat.
Exchange coefficient
for water vapour ky m?/s Rate of eddy diffusion for water vapour.

Heat release or absorbed by a system when it changes
Latent heat flux bewtween soild, liquid and gas states per unit area and
density Qe W/m? time.
Latent heat of
vapourisation of water L, kJ/kg Energy required to vapourise one mass unit of water.

The difference between all-wave incoming and outgoing
Net radiation Ra W/m? radiant flux per unit area and time.

The ratio of specific heat of moist air at constant pressure
Psychometric constant y kPa/°C to latent heat of vaporization of water.
Sensible heat flux The heat energy able to be sensed that is released or
density Qu W/m? absorbed by a system per unit area and time.

Energy required to increase one mass unit of dry air by
Specific heat of air Cp kJ/kg°C  one degree Celcius at constant pressure.

Heat conducted into or out of the soil per unit area and
Surface soil heat flux G W/m? time.

There are three inherent problems in the Bowen ratio-energy balance method (Perez et al.,
1999). First, the estimates of latent heat flux and sensible heat flux are totally dependent upon the
measurements of air temperature and water vapour pressure gradients (Equations 4.3, 4.4 and 4.7).
The measurements can give incorrect signs to the fluxes when the fluxes change their signs during
early morning and late afternoon, as well as during irrigation and precipitation. Second, the method
fails when B is close to —1 because the denominators of Equations (4.3) and (4.4) will approach 0 and
the calculated latent heat flux and sensible heat flux will lose their physical meanings. This situation
usually happens during sunrise and sunset and precipitation when the direction of the air temperature

gradient shifts to the opposite to that of the water vapour pressure gradient. Third, the Bowen ratio-
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energy balance method gives inaccurate results when the air temperature and water vapour pressure
differences are in the same order of magnitude as the resolution limits of the sensors. We followed
the criteria described in Perez et al. (1999) to discard the latent heat flux and sensible heat flux data

with any of the three problems.
4.2.4. Study period

The irrigation began on 2021-01-20. We used the data from the second to the sixth week (2021-
01-27 to 2021-03-02, study period) for analysis because there were missing data in the first week
(2021-01-20 to 2021-01-26). The mean air temperature over the study period was 19.4 °C, and there
were eight days with a daily maximum air temperature >30.0 °C (Fig. 4.3a). The total rainfall in the
study period was 58.8 mm. The mean relative humidity and wind speed over the study period were

63% and 0.49 m/s, respectively (Fig. 4.3b).
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Fig. 4.3. Variations of (a) air temperature and rainfall, and (b) relative humidity and wind speed at the
reference climate station in the study period. The study period is from the 8% to 42" day (2™ to 6
week) after starting irrigation. The first seven days after irrigation started were excluded from the
analysis because of incomplete data.

4.2.5. Definitions for daytime and night-time periods

Apart from measuring the impacts of irrigation on a daily mean basis, it is necessary to measure
the daytime and night-time impacts separately because the impacts are controlled by different

processes (Fig. 4.1). There are no universal definitions for daytime and night-time periods. Different
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studies have different definitions according to their measurement periods, geographical locations and
study purposes (Cheung and Jim, 2019c). This study observed sharp changes in various temperature
metrics around 06:00 and 17:00 local time (Fig. 4.4a—d), which coincided with sharp changes in
incoming shortwave radiation (Fig. 4.4e). The sharp changes in temperatures and incoming shortwave
radiation were plausibly due to the shading from the trees next to the plots. It is necessary to avoid
the above-mentioned periods in the daytime and night-time analyses. Considering the contrasting
impacts of irrigation between the day and the night, as well as the potential shading effect from the

trees, the daytime and night-time periods were defined as 10:00—15:59 and 21:00-04:59 local time,

respectively.
e T O e s [TT T T T T T T T T T T T T T T T T T
—_ a e b _
O o 2t 4 00
2 h
L 5 <
2 w1 o
=1 a S
© - 2025
o g 0 o
] I3 -05
o 2 2
£ g - g
o £-075
2 a 8
= £t -2 -
= 5 v -1
0 0 =
a2 € 3 ﬁ—tzs—
: e
< 4 B
0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22
— Hour of day
o‘-’4_\..”..\”.\.."...H..\_ L &l'E“m_...\\..H..\..H..\H..\
e . N S
2 r o~ 1 g
.| ~. r
E 2Ty . | Ll \/ nd g //F
g e — g
£ o
@ L J
: E \\.___/
c 20 |
8 L i =
= o Daily irrigation amount (mm)
o | | E-40 {
c g — 2 — 4 — 7
e o
= Y ] ;:]*50* ....................
S| 0 2 4 6 8 10 12 14 16 18 20 22 0 2 4 6 8 10 12 14 16 18 20 22 ) 0 2 4 6 8 10 12 14 16 18 20 22
Hour of day Hour of day Hour of day

Fig. 4.4. Diurnal variations of the hourly mean differences between the irrigated plot and the
unirrigated plot (A = irrigated — unirrigated) in (a) soil temperature, (b) turf surface temperature, (c)
air temperature, (d) mean radiant temperature, (¢) UTCI and (f) incoming shortwave radiation. Tree
shade potentially impacted the incoming shortwave radiation received at the four plots at 06:00 and
17:00, causing sharp changes in various temperature metrics. Therefore, the daytime and night-time
periods are defined as 10:00-16:00 and 21:00-05:00 local time, respectively. The mean radiant
temperature and UTCI data in the 7-mm plot were missing due to instrument failure.

4.3. Results
4.3.1. Initial responses of soil moisture to irrigation

The initial soil moisture contents of the four plots ranged from 10% to 22% by volume (Fig. 4.5).

Before irrigation began, the soil moisture contents of the four plots decreased gradually at a similar
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rate. After four days of irrigation, the soil moisture contents in the 4-mm and 7-mm plots increased
notably from approximately 20% to 35%, whereas the 2-mm plot remained rather stable at
approximately 14%. The wetting-drying amplitudes were about 10% and 7% per annum for the 7
mm and 4 mm plots, respectively. In contrast, the 2 mm plot had considerably subdued fluctuations
circumscribed at around 2%. The patterns indicated that more irrigation could bring more drawdown
in the daily soil-moisture cycles. Meanwhile, the decreasing trend in soil moisture content in the

unirrigated plot continued.

The 7.2-mm rainfall event on Day 6 and the 47.8-mm event on Day 9 promptly eliminated the
differences in soil moisture content between the irrigated plots. The first low rainfall wetted the soil
in the 2 mm plot notably more than the 0-mm, 4-mm and then 7-mm plots. The second high rainfall
event wetted the O-mm plot considerably, followed by the 2 mm and then 4 mm and 7 mm plots. From
Day 10, the differences in soil moisture content between the unirrigated and irrigated plots enlarged
quickly as the soils in the unirrigated plot dried up. Meanwhile, the diurnal soil moisture amplitudes

of the irrigated plots stayed at ranges similar to the pre-rainfall period.
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Fig. 4.5. Hourly variations in soil moisture content and rainfall from three days before irrigation
started to 42 days after irrigation had begun in the four plots. The period between Day 8 and 42 was
the study period. Before irrigation started, soil moisture content in all four plots decreased gradually
at a similar rate. After irrigation started, the soil moisture content increased sharply in the 4-mm and
7-mm plots, whereas the soil moisture content in the 2-mm plot was maintained at the pre-irrigation
level while the unirrigated plot continued the decreasing trend. The rainfall events on Days 6 and 9
increased the soil moisture content to >35% in the three irrigated plots and maintained above that
level since then. From Day 10, the differences in soil moisture content between the unirrigated and
the irrigated plots gradually increased as the soils in the unirrigated plot dried up.
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4.3.2. Impacts of irrigation on daily mean soil moisture content, microclimate and soil heat flux

When the daily mean impacts of irrigation is considered, irrigation supplemented by rainfall
significantly increased daily mean soil moisture content by >25% (p<0.05, t-test) in all three irrigated
plots in the study period (Table 4.3). Irrigation also significantly reduced daily mean turf surface
temperature, outgoing longwave radiation, air temperature and outgoing shortwave radiation (p<0.05,
t-test) in most irrigated plots, but the reductions were small. Irrigation increased soil temperature,
vapour pressure and UTCI by a small amount, and the significance of the impacts depended on
irrigation amount. Irrigation significantly reduced soil heat flux in the 2-mm and 4-mm plots. Since
the daytime and night-time impacts of irrigation are likely in opposite directions and the effects can
be masked when the daily mean impacts are considered (Fig. 4.1), it is necessary to investigate the

diurnal variation of the impacts.

Table 4.3. Impacts of irrigation on daily mean soil moisture content, soil heat flux and eight
microclimate variables in the study period. The impact of irrigation is calculated as the difference
between the irrigated and unirrigated plots (A = irrigated — unirrigated).

Variable Unit Daily irrigation amount (mm)
2 4 7

Mean CI Mean CI Mean CI
Soil moisture %,
content \%Y% 25.0 22.6t0 27.3 28.1 25.6 to 30.7 26.7 23.8t0 29.7
Soil
temperature °C 0.2 0.0t0 0.3 0.2 0.1t00.4 0.2 0.1t00.3
Land surface
temperature °C 0.2 0.1t00.3 -0.2 —0.3t0 0.1 -0.3 —0.4 t0o -0.2
Outgoing
longwave
radiation W/m? -34 —4.3t0-2.5 -3.7 —4.6t0 2.8 —4.5 -5.8t0-3.3
Air
temperature °C -0.1 —0.1to 0.1 -0.2 -0.2t0-0.2 -0.2 -0.2 to 0.1
Vapour 0.007 to —0.004 to —0.003 to
pressure kPa 0.010 0.013 0.002 0.009 0.004 0.012
Outgoing
shortwave
radiation W/m? 2.3 1.7t02.8 -2.0 —24t0-1.6 —4.1 —4.8t0-3.4
Soil heat flux W/m? -1.3 -1.7t0-1.0 -0.9 -2.0t00.2 -2.6 -33t0-1.8
UTCI °C 0.2 0.2t00.2 0.0 0.0t0 0.1 NAA NAA

AIncomplete data due to sensor failure.
Note: Significant differences are bold (t—test, p<0.05); CI: confidence interval.
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4.3.3. Impacts of irrigation on daytime/night-time soil moisture, soil heat flux and microclimate
4.3.3.1. Does irrigation induce daytime cooling effects?

All three levels of daily irrigation induced significant daytime cooling effects (p<0.05, t-test,
indicated by open circles) in weekly mean soil temperature (Fig. 4.6a), turf surface temperature (Fig.
4.6b) and air temperature (Fig. 4.6¢) for most of the weeks in the study period. The cooling effects in
soil temperature, turf surface temperature and air temperature strengthened from Week 2 to Week 6,
which coincided with the increasing soil moisture content (Fig. 4.6e). The impact of irrigation on
UTCI was mixed (Fig. 4.6d). Although the cooling effects varied greatly from day to day (faint lines
in Fig. 4.6), the strengthening cooling trends were consistent for all three irrigated plots and all four
temperature metrics. After six weeks of daily 4-mm irrigation, soil temperature, turf surface
temperature, air temperature and UTCI were 1.7, 2.3, 0.6 and 0.4°C cooler than the respective

unirrigated plot (p<0.05, t-test).

In addition, irrigation significantly reduced outgoing longwave radiation by >6 W/m? (p<0.05, t-
test) (Fig. 4.61). Irrigation significantly increased outgoing shortwave radiation (Fig. 4.6g) in the 2-
mm plot (p<0.05, t-test), but significantly reduced it in the 4-mm and 7-mm plots (p<0.05, t-test).
Irrigation significantly reduced downward soil heat flux in the 2-mm plot (p<0.05, t-test) but
significantly increased it in the 4-mm and 7-mm plot (p<0.05, t-test) (Fig. 4.6h). Except for the 2-mm
plot, irrigation significantly reduced the vapour pressure by <0.03 kPa for most of the time in the
study period (p<0.05, t-test) (Fig. 4.61). However, this change was smaller than the sensor's accuracy

(+0.05 kPa) (Table 4.3).
4.3.3.2. Do daytime cooling effects strengthen with irrigation amount?

The daytime cooling effects in soil temperature (Fig. 4.6a), air temperature (Fig. 4.6¢) and UTCI
(Fig. 4.6d) did not strengthen with increasing daily irrigation amount (p>0.05, ANOVA). In contrast,
the cooling effect in turf surface temperature (Fig. 4.6b) strengthened significantly with daily
irrigation amount (p<0.05, ANOVA). Daily irrigation amounts had a significant (p<0.05, ANOVA)
but small impact on soil moisture content (<5%) (Fig. 4.6¢) and vapour pressure deficit (<0.05 kPa)
(Fig. 4.61) in some of the weeks. Increasing daily irrigation amounts had no significant impact on
outgoing longwave radiation (p>0.05, ANOVA) (Fig. 4.6f), but it significantly reduced incoming
shortwave radiation (p<0.05, ANOVA) (Fig. 4.6g). Although the impacts of daily irrigation amount
on soil heat flux were significant (p<0.05, ANOVA), the direction of its impact was unclear because

the daily mean soil heat flux of the 7-mm plot was between the 2-mm and the 4-mm ones (Fig. 4.6h).
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Fig. 4.6. Impacts of irrigation on daytime (10:00—16:00) mean (a) soil temperature, (b) turf surface
temperature, (¢) air temperature, (d) UTCI, (e) soil moisture content, (f) outgoing longwave radiation,
(g) outgoing shortwave radiation (h) soil heat flux and (i) vapour pressure. The impact of irrigation
is calculated as the difference between the irrigated and unirrigated plots (A= irrigated — unirrigated).
The solid lines are the weekly means and the error bars are the 95% confidence intervals. The faint
lines are the daily means. Open circles represent significant differences (p<0.05, t-test) in the weekly
means between the irrigated and the unirrigated plots and closed circles represent insignificant
differences. Significant differences (p<0.05, AONVA) in the weekly means between the three
irrigated plots are represented by “*” and insignificant differences by “NS”. The UTCI data of the 7-
mm plot were missing due to sensor failure.
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4.3.3.3. Do daytime cooling effects correlate with soil moisture difference?

The difference in soil moisture content between the irrigated and the unirrigated plots was
significantly and negatively correlated with the differences in all four temperature metrics, namely
soil temperature, turf surface temperature, air temperature and UTCI (p<0.05, t-test) (Fig. 4.7). In
other words, as the difference in soil moisture content increased, the cooling effect became stronger
(more negative differences in temperature). In particular, air temperature had the strongest correlation

(R=0.7) with soil moisture content.
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Fig. 4.7. A correlation matrix showing the Pearson’s Correlation Coefficients between soil moisture
content difference (ASMC), soil temperature difference (ATsoi), turf surface temperature difference
(ATst), outgoing longwave radiation difference (ALW,u), air temperature difference (AT.), vapour
pressure difference (AVP), outgoing shortwave radiation difference (ASWu), soil heat flux difference
(AG) and UTCI difference (AUTCI). The differences are the daytime (10:00—16:00) mean differences
between the irrigated and unirrigated plots (A = irrigated — unirrigated). Data from all three irrigated
plots are pooled. Only the statistically significant (p<0.05, t-test) correlations are shown.

4.3.3.4. Does irrigation induce night-time warming effects?

All three levels of daily irrigation induced a significant night-time warming effect (»<0.05,
t-test) in weekly mean soil temperature (Fig. 4.8a), turf surface temperature (Fig. 4.8b) and UTCI
(Fig. 4.8d) for most of the weeks in the study period. The warming effect in air temperature was small

and not significant (p>0.05, t-test) (Fig. 4.8c). The warming effects in all four temperature metrics
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strengthened from Week 2 to Week 6, which coincided with the increasing differences in soil moisture
content between the irrigated and the unirrigated plots (Fig. 4.8¢). After six weeks of daily 4-mm
irrigation, soil temperature, turf surface temperature, air temperature and UTCI were 1.4, 1.3, 0.1 and
0.5 °C warmer than the respective non-irrigated plot (»p<0.05, t-test, except for air temperature). The
impacts of irrigation on outgoing longwave (Fig. 4.8f) and shortwave (Fig. 4.8g) radiation were small
and not significant (p>0.05, t-test). Irrigation significantly increased upward soil heat flux by >6
W/m? in the 4-mm and the 7-mm plot (p<0.035, t-test), whereas the change in the 2-mm plot was not
significant (p>0.05, t-test) (Fig. 4.8h). Most of the impacts on vapour pressure (Fig. 4.81) were still
below the accuracy of the sensor (£0.05 kPa) (Table 4.3).

4.3.3.5. Do night-time warming effects strengthen with irrigation amount?

Different daily irrigation amounts had a significant impact (p<0.05, ANOVA) on the night-
time warming effects in soil temperature (Fig. 4.8a) and UTCI (Fig. 4.8d). However, the warming
effect did not necessarily strengthen with increasing daily irrigation amount. The warming effect in
the 2-mm plot was the strongest in soil temperature, contrary to UTCI. Daily irrigation amount had
no significant impact (p>0.05, ANOVA) on the warming effects in turf surface temperature (Fig. 4.8b)
and air temperature (Fig. 4.8d) for most of the weeks in the study period. It also had no significant
impact (p>0.05, ANOVA) on soil moisture content (Fig. 4.8¢), outgoing longwave radiation (Fig.
4.8f), outgoing shortwave radiation (Fig. 4.8g) and water vapour pressure (Fig. 4.81). Different daily
irrigation amounts had a significant impact (p<0.05, ANOVA) on night-time soil heat flux (Fig. 4.8h).

4.3.3.6. Do night-time warming effects correlate with night-time soil heat flux?

The difference in night-time soil heat flux between the irrigated and the unirrigated plots was
significantly and positively correlated with the warming effects in all four temperature metrics,
namely soil temperature, turf surface temperature, air temperature and UTCI (p<0.05, t-test) (Fig.
4.9). The difference in daytime soil heat flux between the irrigated and the unirrigated plots was
significantly and negatively correlated with the night-time soil heat flux (p<0.05, t-test). It implied
that more heat stored in the soils during the day would lead to more heat released from the soils at

night.
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Fig. 4.8. Impacts of irrigation on night-time (21:00-05:00) mean (a) soil temperature, (b) turf surface
temperature, (¢) air temperature, (d) UTCI, (e) soil moisture content, (f) outgoing longwave radiation,
(g) outgoing shortwave radiation (h) soil heat flux and (i) vapour pressure. The impact of irrigation
is calculated as the difference between the irrigated and unirrigated plots (A= irrigated — unirrigated).
The solid lines are the weekly means and the error bars are the 95% confidence intervals. The faint
lines are the daily means. Open circles represent significant differences (p<0.05, t-test) in the weekly
means between the irrigated and the unirrigated plots and closed circles represent insignificant
differences. Significant differences (p<0.05, AONVA) in the weekly means between the three
irrigated plots are represented by “*”” and insignificant differences by “NS”. The UTCI data of the 7-
mm plot were missing due to sensor failure.
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Fig. 4.9. A correlation matrix showing the Pearson’s Correlation Coefficients between soil moisture
content difference (ASMC), soil temperature difference (ATsi), turf surface temperature difference
(ATsg), outgoing longwave radiation difference (ALW,u), air temperature difference (AT.), vapour
pressure difference (AVP), outgoing shortwave radiation difference (ASWou), night-time soil heat
flux difference (AGuign), UTCI difference (AUTCI) and daytime soil heat flux difference (AGuay).
Except specified, the differences are the night-time (21:00-05:00) mean differences between the
irrigated and unirrigated plots (A = irrigated — unirrigated). Data from all three irrigated plots are
pooled. Only the statistically significant (p<0.05) correlations are shown.

4.3.3.7. Does irrigation shift daytime and night-time latent and sensible heat fluxes?

The daytime latent heat flux of the unirrigated plot was always higher than that of the three
irrigated plots (Fig. 4.10). A sharp increase in the latent heat flux was evident in the three irrigated
plots after irrigation (13:00—14:00). This coincided with a sharp reduction in sensible heat flux. The
sensible heat flux of the unirrigated plot was lower than the irrigated plots for most of the day.
However, the differences in daytime latent heat flux and sensible heat flux between the irrigated plots
and the unirrigated plot were not significant (p>0.05, Tukey HSD test), except for the latent heat flux
between the 2-mm plot and the unirrigated plot. The daytime ratio of sensible heat flux to latent heat

flux of the irrigated plots was 0.32, i.e., sensible heat was 32% that of latent heat.

The differences in night-time latent heat flux and sensible heat flux between the unirrigated
and irrigated plots were not significant (p>0.05, Tukey HSD test), except that the latent heat flux of
the 4-mm plot was significantly higher than the unirrigated plot (A=17 W/m?).
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Fig. 4.10. Diurnal variations of the hourly mean latent heat flux and sensible heat flux.

4.4. Discussion
4.4.1. Impacts of irrigation on daytime microclimate

This field study showed that irrigating turf in a simulated backyard environment can significantly
reduce daytime soil temperature, turf surface temperature and air temperature, but not UTCI.
Modelling studies have predicted that irrigating vegetated surfaces over a large spatial scale could
reduce daily mean soil temperature by 4.2°C (Gao et al., 2020), reduce daily mean surface
temperature by 3.0°C (Wang et al., 2019) and reduce daily mean air temperature by 2.6°C (Broadbent
et al., 2018a). UTCI has been included in some model predictions but was not explicitly reported
(Daniel et al., 2018). Irrigation was predicted to reduce the humidex index by 2.3°C at 3 pm
(Broadbent et al., 2018a) but the reduction was insufficient to improve thermal comfort because it
takes at least a 5°C change in humidex in order to change the thermal comfort by one level on
humidex’s four-level scale (Masterton and Richardson, 1979). The predicted cooling effects from

these modelling studies were all stronger than those measured in our field study. One possible
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explanation is that these modelling studies simulated irrigation at a much higher daily amount (10—
30 mm) than the 2 to 7 mm applied in our experiment. In addition, it is important to note that the
analysis of the modelling studies was conducted at a much larger spatial scale (from city scale to
national scale) than our experiment’s. The background climate and weather conditions used in their
simulations were also different. Therefore, the climate context and the methods of analysis or
simulation must be taken into account when interpreting the potential cooling effects of irrigation of

measurement or modelling studies.

Most modelling studies predict that the cooling effect of irrigation will strengthen as the daily
irrigation amount increases. Broadbent et al. (2018a) predicted that the air temperature reductions
from irrigating vegetated surfaces would strengthen from 0.5°C to 2.3°C as the daily irrigation
amount increases from 5 mm to 30 mm. Similarly, Wang et al. (2019) predicted that the daily mean
air temperature reductions from irrigating vegetated surfaces would strengthen from 0.5°C to 1.9°C
as the daily irrigation amount increases from 4 mm to 13 mm. In our experiment, the relationship
between the daily irrigation amount and cooling effect could not be directly measured because the
differences in soil moisture contents of the three irrigated plots were small (<5%) throughout the
study period, as a result of the 47.8-mm of rain on Day 9 which eliminated the difference in soil
moisture content between the irrigated plots (Fig. 4.5). This event pushed all soil moisture contents

to a high level, and reduced the irrigation treatment differences on soil moisture content (Fig. 4.6¢).

Nevertheless, it is possible to infer the impacts of daily irrigation amount on the cooling effect
because the cooling effect is strongly correlated with the difference in soil moisture content between
the irrigated and the unirrigated plots (section 3.3.3). Based on the response of soil moisture content
to irrigation before the rainfall event on Day 6, it is possible to infer that the soil moisture content in
the 4-mm and 7-mm plots would have reached 35% on Day 10 without any rainfall (Fig. 4.5). Even
if we increase the daily irrigation amount to 30 mm, the resulting soil moisture content trend will be
the same as that of 4 mm after Day 10, meaning that the resulting cooling effect will also be the same.
The almost linear increase in cooling benefit from increased irrigation up to 13 mm (Wang et al.,
2019) or 30 mm (Broadbent et al., 2018a) is highly unlikely as soil moisture contents will reach
saturation at moderate rates of irrigation in all but the sandiest of soils. We expect that the cooling
effect will only strengthen when the daily irrigation amount increases at the lower range, possibly
from 2 to 4 mm, because irrigating 2 mm daily was insufficient to bring soil moisture content up to

35% based on its trend before Day 6 (Fig. 4.5).

We observed a strengthening cooling effect from Week 2 to 6 (Fig. 4.6). This could be driven by

either a further cooling of the irrigated plots or warming of the unirrigated plot over time. Since the
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soil moisture contents of the irrigated plots had already reached the field capacity in Week 2 (Fig.
4.5), further cooling was impossible. Thus, the strengthening cooling effects were relative rather than
absolute, driven by a warming of the unirrigated plot because the soils gradually dried up (Fig. 4.5)
in the absence of major rainfall events after Week 1 (Fig. 4.3). The soil moisture contents of the
irrigated plots were kept above 35% throughout the study period. It remains unknown whether a lower
soil moisture content, e.g., 25%, can induce a similarly strong cooling effect as 35%. Future work
should address this important question because the daily irrigation amount can be reduced to <2 mm
if a 25% soil moisture content is sufficient to achieve the highest possible evapotranspiration and
cooling effect. The daytime part of the theoretical framework (Fig. 4.1) is generally accurate, except

that irrigation cannot reduce human thermal stress.

The results implied that the irrigated soils attained the field capacity early in the experiment and
were maintained at field capacity by continual irrigation. The cyclical daily drawdown could be
attributed mainly to evaporation plus some gravitational drainage of water held in larger pores. Closer
to the field capacity of circa 35% soil moisture content which is the readily available water (RAW)
zone, the adequate water supply can satisfy the evaporative needs of the turf to sustain the cooling
effect at an optimal level. If soil moisture drops well below the field capacity point, entering the less
available water (LAW) zone, the turfgrass could begin to experience moisture stress. In the
circumstances, the turf cooling effect can be correspondingly trimmed. In the interest of water
conservation, it will be helpful to find the interface between RAW and LAW, and adopt an irrigation

rate that can keep the soil moisture content above it most of the time.

There were inconsistent results in UTCI (Fig. 4.6d), outgoing shortwave radiation (Fig. 4.6g) and
soil heat flux (Fig. 4.6h) in the three irrigated plots, i.e., these variables increased in some of the
irrigated plots and decreased in others increased these variables while other reduced them. There were
probably inconsistencies in UTCI and outgoing shortwave radiation data because the changes were
small in comparison to the accuracy of the sensors (Table 4.1). In particular, UTCI was calculated
from air temperature, relative humidity, wind speed and mean radiant temperature; therefore, the
uncertainties in the measurements of each of these variables have accumulated. The inconsistency in
soil heat flux can be attributed to the high spatial variability of soil thermal properties (Usowicz et al.,
1996). It is recommended that more soil heat flux plates should be installed to minimise the impacts

of spatial variability on soil heat flux measurement (Sauer and Horton, 2005).
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4.4.2. Impacts of irrigation on night-time microclimate

Irrigation induced a small night-time warming effect due to increased soil heat storage during the
day and the subsequent release at night. The 4-mm daily irrigation increased night-time mean UTCI
by 0.5°C, which is unlikely to cause any change in thermal stress because it takes at least a 6°C change
in UTCI in order to shift thermal stress by one level on UTCI’s 10-level thermal stress classification
scale (Brode et al., 2012). Despite the night-time warming, irrigation reduced daily mean air
temperature. The impacts of irrigation on night-time temperatures are not as clear as on daytime
(Cheung et al., 2022b). Some modelling studies reported a night-time cooling effect (Gao et al., 2020;
Sorooshian et al., 2011), while others reported a night-time warming effect (Kanamaru and Kanamitsu,
2008; Vahmani and Ban-Weiss, 2016). Kanamaru and Kanamitsu (2008) predicted that irrigation in
the California Central Valley, USA, will increase night-time minimal air temperature by 2.1°C, but
irrigation has no impact on daily mean air temperature. They attributed night-time warming to the
increased thermal conductivity in wet soil. Vahamani and Ban-Weiss (2016) predicted irrigation in
Los Angeles, USA, will increase night-time minimum air temperature by 2.1°C and daily mean air
temperature by 0.9°C. Similarly, they attributed the warming to increased heat flux into the soil. In
an experimental study in Nebraska, USA, irrigating maize reduced night-time minimum air
temperature by approximately 0.5°C whereas irrigating soybean had mixed impacts on it (Chen et al.,
2018). Vegetation type is likely to influence the impacts of irrigation on daytime and night-time
microclimate but few studies have directly compared the responses of different types of vegetation to

irrigation.

4.4.3. Impacts of irrigation on latent and sensible heat fluxes

The daytime latent heat flux of the irrigated plots was not significantly different from the
unirrigated plot, except for the 2-mm plot. This finding was somewhat inconsistent with the cooling
effects observed in the irrigated plots. The Bowen ratio-energy balance method has been successfully
used to monitor the latent heat flux and sensible heat flux of contrasting landscapes (Cellier and
Olioso, 1993) or a single landscape (Todd et al., 2000). Since the microclimatic differences between
the irrigated and the unirrigated plots were somewhat small, the differences in latent heat flux and
sensible heat flux were likely to be small too. In fact, the daytime and night-time differences in latent
heat flux and sensible heat flux between the irrigated and the unirrigated plots were mostly not
significant. As the measurement error of the instruments can accumulate, propagate and enlarge

through the calculation procedures, the Bowen ratio-energy balance method may not be accurate
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enough to differentiate the small differences in heat fluxes between the sites in this experiment.
However, this method could capture the sharp increase in latent heat flux and the concurrent sharp

reduction in sensible heat flux in a short period after irrigation (Fig. 4.10).

4.4.4. Irrigation as an urban cooling strategy

Rainwater collection and grey-water recycling systems have become more readily available as
part of water-sensitive urban design in old and new residential development in Australia and other
parts of the world (Cook et al., 2018). They can provide a sustainable water source to support active
irrigation for urban cooling in private green spaces. Under the simulated backyard conditions in this
field study, irrigation reduces daytime air temperature to a measurable extent. Since the frequency
with which outdoor spaces are used or visited depends upon the microclimate of that space (Cheung
and Jim, 2018a; Lin et al., 2013), daytime irrigation can encourage the use of backyards. In principle,
irrigation can also increase the evapotranspiration and cooling effect of other vegetated areas such as
lawns in public green spaces and treed street canyons. Irrigation has the potential to cool these urban
environments and encourage their use. In terms of daytime mean air temperature, the 0.6°C reduction
in from turf irrigation (cf. section 3.3.1) is a significant reduction for Melbourne compared to other
cooling strategies such as tree planting. Daytime air temperature in a treed street canyon in Melbourne
was only 0.2°C lower than an open street canyon (Coutts et al., 2016). In another observational study,
the daytime mean air temperature directly below a tree was 0.7—1.5°C lower than that without tree
shade (Sanusi et al., 2017). However, it is difficult to predict the cooling magnitude of irrigating other
vegetation in public green spaces and street canyons because the cooling magnitude is dependent
upon plant phenology such as microclimatic conditions (Cheung et al., 2022b), height and leaf area
index (Chen et al., 2018), wind speed (Lam et al., 2020) and soil types (Kanamaru and Kanamitsu,
2008). More studies are needed to assess the cooling potentials of irrigation in different urban

environments with different vegetation types.

Although irrigation significantly reduced UTCI by 0.4°C in the 4-mm plot, the reduction was
marginal in terms of thermal stress, because it takes a 6°C reduction to reduce heat stress by one level
on UTCI’s 10-level thermal stress classification scale (Brode et al., 2012). Mean radiant temperature
and incoming shortwave radiation are usually the most important climate variables influencing UTCI
in the outdoor environment (Kriiger et al., 2014). Irrigation has minimal impacts on UTCI because
our experiment showed that it cannot reduce mean radiant temperature and incoming shortwave

radiation (Fig. 4). Tree shade remains critically important for improving outdoor thermal comfort,
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particularly for trees with a high plant area index (de Abreu-Harbich et al., 2015). Urban trees may
lose up to half of their leaves during heatwaves, thus undermining their cooling effects (Sanusi and
Livesley, 2020). The foliage loss is likely due to high air temperature and aggravated by low soil
moisture content (Tyree et al., 1993). Although irrigation cannot directly reduce incoming shortwave
radiation, it may help alleviate water stress in urban trees and increase their foliage density. More

research is needed to examine the interaction between irrigation and the cooling effects of trees.

Identifying the optimal daily irrigation amount that maximises the cooling effect is one of the key
questions regarding the use of irrigation for urban cooling. As mentioned in section 4.4.1, when the
soil is at field capacity, evapotranspiration and the associated cooling effect will reach their maximum
level. Further increase in daily irrigation will not strengthen the cooling effect because
evapotranspiration will be limited by atmospheric demand but not soil moisture availability. For cities
with a warm and dry climate and assuming that the soil moisture content is at field capacity, the
optimal daily irrigation amount that maximises the cooling effect will be the amount that fully
compensates the evapotranspiration extraction in the previous day. Evapotranspiration rate can be
estimated using the FAO Penman-Monteith equation with the measurements of several climate
variables (Allen et al., 1998). The maximum daily effect from turf irrigation in Melbourne is
approximately 0.2°C (Table 4.3), whereas daytime mean cooling may be up to 0.8°C (Fig. 4.6¢).
These irrigation cooling potentials are likely to increase if the climate becomes warmer and drier in
the future. Since evapotranspiration is highly dependent on background climate conditions
(Seneviratne et al., 2010), the results of this study are only representative of Melbourne and regions
with similar summer climate conditions. A systematic review suggested that the magnitude of
irrigation cooling effect is positively correlated with mean air temperature and negatively correlated
with rainfall (Cheung et al., 2021), meaning that irrigation will induce a stronger cooling effect in
warmer and drier regions. The optimal daily irrigation amount is likely to vary with background
climate conditions but maintaining soil moisture content at field capacity remains the key to maximise

irrigation cooling effect while minimising water consumption.

4.4.5. Suggestions for future studies

From a broader perspective, more experimental and observational studies are required to
gather empirical data about the microclimate impacts of irrigating vegetation because much of the
current understanding comes from modelling studies (Cheung et al., 2022b). The empirical data can

serve two major purposes. First, they can provide a quick and realistic assessment of the potential
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cooling effect from irrigation for a specific location. Since background climate can strongly influence
the strength of irrigation cooling effect (Cheung et al., 2021; Thiery et al., 2017), the findings from
this study are only applicable to regions with a similar climate to Melbourne. Second, the empirical
data is important for validating and improving mechanistic models. As we have mentioned in section
4.4.1, some of the model predictions for irrigation cooling effect are not in line with our measurements.
Comprehensive microclimate and soil moisture and thermal data are required to identify the specific

processes and parameters that need to be improved in urban climate models.

From the perspective of using irrigation to cool green spaces, more studies are required to
understand the impacts of vegetation response from irrigation, irrigation time of day and daily
irrigation amount on the strength of the cooling effect. Since irrigation may promote the growth of
vegetation, it may create a synergistic cooling effect with the vegetation from the extra shading and
increased transpiration due to the increase in leaf area index. The interaction between irrigation and
plant growth is poorly represented in computer models (Ozdogan et al., 2010) and has rarely been
examined in empirical studies. Irrigation time of day can directly impact the cooling benefits
experienced by the green space users because the cooling effect will be the strongest immediately
after irrigation (Fig. 4.4). More studies are needed to examine how irrigation time of day changes the
daytime mean and instantaneous cooling effects of irrigation. In this study, we estimate that the
daytime mean cooling effect in Melbourne can strengthen as daily irrigation amount increases from
2 to 4 mm. However, this range is likely to vary between climate regions and seasons. Climate-

specific studies are required to provide guidance for optimising irrigation amount in different regions.

4.5. Conclusions

This study measured the impacts of turf irrigation on daytime and night-time microclimate
and surface energy balance in a backyard environment during summer in Melbourne. Under the warm
summer climatic conditions of Melbourne and in a backyard environment, turf irrigation (> 2mm/day)
can induce a strong daytime cooling effect in soil temperature, turf surface temperature and air
temperature, but it cannot significantly reduce daytime human thermal stress (Hypothesis (i) is
partially accepted). The increase in daily irrigation amounts from 2, 4 to 7 mm did not induce a
stronger cooling effect because a large rainfall event eliminated the differences in soil moisture
content between these three treatments (Hypothesis (ii) could not be tested properly). The strength of
the daytime cooling effect is highly correlated with the difference in soil moisture content between

the irrigated and the unirrigated spaces (Hypothesis (iii) is accepted).
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Turf irrigation (>2 mm/day) can induce a weak night-time warming effect in soil temperature
and turf surface temperature, but the impacts on night-time air temperature and human thermal stress
were minimal (Hypothesis (iv) is partially accepted). The increase in daily irrigation amounts did not
have an impact on night-time warming effect for the same above-mentioned reason (Hypothsis (v)
could not be tested properly). The difference in night-time soil heat flux between the irrigated and the
unirrigated plots was significantly and positively correlated with the warming effects (Hypothsis (vi)
is accepted). There were no significant differences in daytime and nigh-time latent and sensible heat

fluxes between the irrigated and unirrigated plots (Hypothesis (vii) is partially accepted).
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Chapter 5 — Short and frequent daytime irrigation increases the
cooling benefits of urban green space irrigation without using

more water
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Abstract

The increasing heat stress in cities due to climate change and urbanisation can prevent people from
using urban green spaces. Irrigating vegetation is a promising strategy to cool urban green spaces in
summer. [rrigation scheduling, such as daytime vs night-time irrigation and the frequency of irrigation
in a day, can influence the cooling benefit of irrigation. This study aimed to investigate whether
irrigation scheduling can be optimised to increase the cooling benefit and determine how the cooling
benefit changes with weather conditions. A field experiment with twelve identical turfgrass plots
(three replicates x four irrigation treatments) was set up to measure the afternoon cooling benefits of
irrigation. The four treatments included: unirrigated (U0), 4 mm irrigated at 01:00 am (N1), 4 mm
irrigated at 13:00 pm (D1), and 1 mm irrigated at 12:00, 13:24, 14:00 and 15:00 pm (D4). The three
irrigated treatments (N1, D1 and D4) received the same amount of water (4 mm d'). The cooling
benefit was defined as the air temperature difference measured at 1.1 m above the turfgrass between
the irrigated and unirrigated treatments. The afternoon (12:00—15:59) mean cooling benefit of D4 —
0.93°C which was significantly stronger than the air temperature cooling benefit of N1 (—0.66°C) and
DI (-0.51°C). Interestingly, there was no significant difference in the cooling benefit of irrigating
through one event at night (N1) or by day (D1). Regardless of irrigation scheduling, the afternoon
mean cooling benefits of irrigation were greater for days when background air temperature, vapour
pressure deficit and incoming shortwave radiation were higher The findings suggested that irrigation
scheduling can be optimised to increase the cooling benefit of urban green space irrigation without

increasing overall water use.
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5.1. Introduction

Urban green spaces are an important part of a city because they offer a number of ecosystem
services to urban dwellers such as noise pollution reduction (Koprowska et al., 2018), air purification
(Wu and Chen, 2023) and human health benefits (Lee and Maheswaran, 2011). The perceived general
health (Maas et al., 2006b) and mental health (van den Berg et al., 2015) of urban residents are
positively associated with the proximity of urban green spaces to their homes. Good proximity of
urban green spaces encourages people to engage in physical and social activities and these activities
are related to better physiological health and well-being (Markevych et al., 2017). Providing a safe
space for physical and social activities is increasingly being recognised as one of the most important

roles of urban green spaces (Lachowycz and Jones, 2013).

Nevertheless, the presence and good proximity of urban green spaces does not necessarily equate
to the use of those urban green spaces by local residents. The use of urban green space is highly
dependent on the quality of the space (Giles-Corti et al., 2005). Thermal comfort is an important
aspect of urban green space quality. Urban green spaces with dry soil (Spronken-Smith and Oke, 1998)
or sparse and unhealthy vegetation (Shashua-Bar and Hoffman, 2000; Speak et al., 2013) can have a
high air temperature. High air temperature can reduce people’s willingness to use urban green spaces
(Cheung and Jim, 2018a), thereby undermining the health benefits that urban green spaces can deliver.
As summer air temperature is expected to increase in many parts of the world due to climate change
(Matzarakis and Amelung, 2008), cooling strategies are needed for urban green spaces to maintain

their functionality and high use by local residents.

Irrigating vegetation has been proposed as a sustainable and effective cooling strategy to reduce
air temperatures in urban green spaces and other parts of a city (Coutts et al., 2013; Livesley et al.,
2021). Irrigation can be a sustainable cooling strategy when non-potable water is used for irrigating
urban vegetation. Non-potable water can be collected and retained in the city through stormwater
harvesting and wastewater treatment (Wong, 2006). The effectiveness of irrigating vegetation as an
urban cooling strategy has been investigated in some modelling studies (Gao et al., 2020; Wang et al.,
2019). Gao et al. (2020) used the Weather Research and Foresting model to predict that irrigating all
ground surfaces in Metropolitan Sydney, Australia during a heatwave would reduce daily mean air
temperature by approximately 0.5°C. Wang et al. (2019) used the Weather Research and Forecasting
model to predict that irrigating all vegetated surfaces in the urban areas of the contiguous US in
summer would reduce daily mean air temperature by 1.8°C. There is also some empirical evidence

that the irrigating vegetation in urban green spaces can reduce air temperature (Cheung et al., 2022a;
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Lam et al., 2020). Such cooling effects of irrigating vegetation are induced by an increase in latent

heat flux from increased evapotranspiration (Chen et al., 2018).

Since urban green spaces are frequently used in the afternoon, it is important to investigate
whether optimising irrigation scheduling can increase evapotranspiration and strengthen the cooling
effect in the afternoon. Daytime and night-time are two contrasting irrigation schedules that can be
considered. When irrigation is used solely to maintain plant health, daytime irrigation is avoided
because evaporation occurs more quickly during the day (Burt et al., 2005) and this does not directly
improve plant growth. However, if irrigation was to be used primarily to cool urban green spaces,
then daytime irrigation may be desirable because evaporation occurs more quickly during the day,
which can potentially strengthen the cooling effect during and immediately after irrigation (Chen et
al., 2018). Broadbent et al. (2018a) suggested that irrigation scheduling could be optimised to

potentially strengthen the cooling effects but using the same amount of irrigation water.

Weather conditions can have a strong influence on the cooling effects that result from irrigating
urban green spaces. Studies have reported a stronger cooling effect of irrigation during a heatwave
than during non-heatwave conditions, again due to the higher rates of evapotranspiration (Gao et al.,
2020; Lam et al., 2020). When soil water availability is not limiting, the rate of evapotranspiration
from a turfed soil surface is dependent on the background air temperature, vapour pressure deficit,
wind speed and solar radiation (Allen et al., 1998). High air temperature and solar radiation provide
more energy for water to be evaporated while high vapour pressure deficit and wind speed reduce the
resistance for that water vapour to diffuse from the evaporating surface (Burt et al., 2005). Although
it is clear that the cooling effect from irrigation is stronger in warmer seasons (Wang et al., 2019;
Yang and Wang, 2015), little is known about the impacts of different weather conditions on the
cooling effects from irrigation within a summer season. It is important to understand how different
weather conditions can make irrigating urban green spaces a more effective, or less effective, cooling

strategy to inform irrigation management.

In this study, we used a replicated field experiment to measure the impacts of irrigation scheduling
and weather conditions on the afternoon (12:00—15:59) mean cooling effect of irrigating a small turfed
green space. The experiment consisted of four treatments: unirrigated (U0), 4 mm irrigated at 01:00
am (N1), 4 mm irrigated at 13:00 pm (D1), and 1 mm irrigated at 12:00, 13:24, 14:00 and 15:00 pm
(D4). The three irrigation treatments were irrigated at different times of the day, but they received the
same daily total irrigation amount. We defined the cooling effects of irrigation as the difference

between the irrigated and unirrigated treatments (A = irrigated — unirrigated). We used air temperature,
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turf surface temperature, mean radiant temperature and universal thermal climate index (UTCI) to

quantify the cooling effects. We tested the following three hypotheses:

(1) all three irrigation treatments would induce significant afternoon (12:00—15:59) mean cooling

effects;

(2) the strongest afternoon (12:00—15:59) mean cooling effect would be irrigating four times in the

afternoon (D4), and the least significant would be irrigating once at night (N1);

(3) the afternoon (12:00-15:59) mean cooling effects of irrigating turf would be significantly and
positively associated with background air temperature, vapour pressure deficit, wind speed and

incoming shortwave radiation.

This is study is unique because it directly measures the cooling effect of irrigating turfgrass
in a replicated experiment, which provides empirical evidence to help optimise irrigation scheduling

as a strategy to cool urban green spaces and the urban landscape more broadly.
5.2. Methods and materials
5.2.1. Study area and climate

This study was conducted at the Burnley Campus of the University of Melbourne, Australia.
The elevation of the study area was 13 m above mean sea level. This area is classified as Local
Climate Zone B (scattered trees) (Demuzere et al., 2022) under the local climate zone classification
system (Stewart and Oke, 2012). Melbourne (-37.8, 145.0) has a temperate oceanic climate (Koppen
climate classification: Cfb). The summer of Melbourne is dry. The mean monthly total rainfall of
summer (December—February) is only 51.8 mm. The dry summer climate of Melbourne is conducive
to a strong cooling effect of irrigating urban green spaces (Cheung et al., 2022b). The summer of
Melbourne is also characterised by a large difference between daytime and night-time air
temperatures. The mean daily maximum air temperature of summer (December—February) is 26.2°C
and the minimum is 15.6°C (Bureau of Meteorology, 2023a). A large difference between daytime and
night-time air temperatures provides an opportunity to strengthen the cooling effect of irrigation by

optimising the irrigation schedule.
5.2.2. Experimental design

The field experiment consisted of twelve identical plots (four treatments X three replicates).
Each plot had a footprint of 36 m? (6 m x 6 m) and was enclosed by a 1.8-m 70% shade cloth
(SOLARSHADE™) to reduce air mixing between the plots and the surrounding (Fig. 5.1). The
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surface of the plot was turfgrass and the dominant species was Kikuyu (Pennisetum clandestinum).
The turfgrass was mowed every two weeks to approximately 0.05 m tall. The top soil (5—10 cm) of
the site was sandy loam and the subsoil (50—55 c¢m) was sandy clay. The pore volume of the top soil
and subsoil was 61% and 40%, respectively. The bulk density of the top soil and subsoil was 1.02 g
cm? and 1.58 g cm?, respectively. The soil was well-drained with an infiltration rate of
approximately 650 mm/h. A climate station was installed at the centre of each plot to continuously
measure air temperature, vapour pressure, black globe temperature, wind speed and soil moisture.
Incoming and outgoing shortwave and longwave radiation and turf surface temperature were
measured in one of the three replicates. A reference climate station was installed within 50 m of the
plots to provide background air temperature, relative humidity, wind speed and rainfall. The
specifications of the instruments and their installation height/depth are provided in Table 5.1. All

climate and soil variables were measured every 10 seconds and the 1-minute average was logged.

Fig. 5.1. (a) Ground view and (b) bird-eye view of a plot. The experiment consisted of twelve identical
plots (four treatments X three replicates). The four treatments were: unirrigated (U0), irrigated at
01:00 (N1), irrigated at 13:00 (D1), irrigated at 12:00, 13:24, 14:00 and 15:00 (D4). The daily total
irrigation amount of the three irrigated plots was the same except that they were irrigated at different
times of the day. Each plot was 6 m X 6 m and was enclosed by 1.8-m tall 70% shade cloth
(SOLARSHADE™). A climate station was installed at the centre of each plot, measuring soil
temperature (—0.05 m), soil moisture content (—0.05 m), air temperature (1.1 m), vapour pressure (1.1
m), turf surface temperature (1.5 m), and incoming and outgoing shortwave and longwave radiation
(1.5 m). A reference climate station was installed at the centre of the experimental site, measuring air
temperature (1.1 m), vapour pressure (1.1 m), rainfall (2.0 m) and wind speed (2.0 m).
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Table 5.1. Specifications of the microclimate and soil instruments used in this study and their

installation height/depth.

Height/dept
Location Model and brand Variable Accuracy h (m)
03101-L, Wind speed +0.5 m/s 11
Campbell
Plot Scientific
44031, Omega Black globe temperature +0.1°C @ 25°C 1.1
ATMOS14, Air temperature +0.2°C 11
METER Vapour pressure of water +0.05 kPa @ 25°C 11
CNR4, Kipp & Incoming longwave radiation <10% (daily total) 15
Zonen (4.5-42 pm)
Incoming shortwave radiation <5% (daily total)
(300-2800 nm)
Outgoing longwave radiation (4.5-  <10% (daily total)
42 pum)
Outgoing shortwave radiation <5% (daily total)
(300-2800 nm)
CS650, Campbell
Scientific Soil moisture +3% -0.05
10.2°C (-10°C to
SI-111, Apogee Turf surface temperature +65°C) 15
S-RGB-M002, Rainfall 2
Reference  Onset HOBO +1%
S-THB-M002, Air temperature +0.2 °C at 25°C 11
Onset HOBO Relative humidity +2.5% (10-90%) 11
S-WCA-M003,
Onset HOBO Wind speed *0.5 m/s (<17 m/s) 2

The four treatments of the experiment included: unirrigated (UO0), irrigated from 01:00-01:23
(N1), irrigated from 13:00-13:23 (D1), and irrigated from 12:00-12:07, 13:48-13:55, 14:00-14:07
and 15:00-15:07 (D4). N1, D1 and D4 were irrigated at different times of the day but their daily total
irrigation amount was the same, i.e., 2 mm. D4 was irrigated four times per day with 0.5 mm each
time. The daily total irrigation amount was increased to 4 mm in the last 26 days of the study period.
Four Hunter MP1000-90 Rotator nozzles and one Hunter MP1000-360 Rotator nozzle were installed
at the four corners and the centre of each plot, respectively. The five nozzles in a plot were operated
at 280 kPa, delivering 4 mm of water in approximately 24 minutes. The Hunter MP Rotator nozzles
irrigate by creating multiple water streams (Hunter, 2023) while traditional impact sprinklers irrigate
by creating fine droplets of water (Jiang et al., 2021). The Hunter MP Rotator nozzles were chosen
for this experiment because it would not create fine droplets of water that rest on and affect the
temperature and humidity sensors. The nozzles were also carefully adjusted such that the water

streams would not hit the climate station.
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5.2.3. Weather conditions of the study period

The study was conducted from 2023-01-18 to 2023-03-06. The irrigated plots were irrigated
daily in this period. The total rainfall in this period was 120.4 mm and the mean air temperature was
21.6°C (Fig. 5.2). There were seven days when daily maximum air temperature > 35.0°C. The
differences between daily minimum and maximum air temperatures were generally > 10.0°C. The
daily mean vapour pressure was 0.94 kPa with a range between 0.19 and 1.92 kPa. The daily mean
wind speed was 0.33 m s! with range between 0.00 and 0.33 m s'. The daily mean incoming

shortwave radiation was 254 W m2 with a range between 89 and 377 W m2,
5.2.4. Data analysis

Six dependent variables were analysis in this study: soil moisture content, air temperature,
vapour pressure, turf surface temperature, mean radiant temperature and UTCI. Soil moisture content,
air temperature, vapour pressure and turf surface temperature were directly measured. Mean radiant
temperature was calculated from air temperature, black globe temperature and wind speed
measurements, according to ISO 7726 (1998). UTCI was calculated using the ‘rBiometeo’ package
in R Studio 4.1.1 (R Core Team, 2023). UTCI is a thermal index that integrates the impacts of air
temperature, vapour pressure, mean radiant temperature and wind speed on human thermal stress
(Brode et al., 2012). UTCI is measured in °C and can be classified into one of the ten UTCI thermal

stress categories from ‘extreme cold stress’ and ‘extreme heat stress’.

The average diurnal cycles of the three replicated plots were similar for all four irrigation
treatments and all analysed variables except there were ~5°C differences in mean radiant temperature
between the replicates in U0, D1 and D4 from 10:00 to 16:59 (Fig. S5.1). Black globe temperature is
commonly used to estimate mean radiant temperature in outdoor thermal comfort research (Guo et
al., 2020). Using black globe temperature to estimate mean radiant temperature in the outdoor
environment is known to have a larger uncertainty than the radiation integral method because wind
speed is involved in the estimation to account for free convection and wind speed is inherently
variable in time and space (Teitelbaum et al., 2020). To reduce the impacts of the uncertainties of
measurements on the results, the mean of the three replicated plots was used in the analysis for all

variables.
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Fig. 5.2. Daily total rainfall, daily maximum, mean and minimum air temperatures, daily mean vapour
pressure deficit, daily mean wind speed and daily mean incoming shortwave radiation of the study
period (2022-01-18 to 2022-03-06).

To investigate the impacts of irrigation scheduling on the afternoon (12:00—15:59) cooling

effects, the 1-minute average cycle between 10:00 and 15:59 of the study period was plotted for all
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three irrigated treatments and the one unirrigated treatment. The plotted variables included soil
moisture content, air temperature, vapour pressure, turf surface temperature, mean radiant
temperature and UTCI. In a separate figure, the cooling effect of each irrigated treatment in the same
cycle was plotted. The cooling effect was defined as the differences between the irrigated treatment
and the unirrigated treatment (A = irrigated — unirrigated). The afternoon (12:00-15:59) mean cooling
effects were computed for each irrigated treatment. Tukey’s Honest Significance Difference test was
used to assess the significance of differences between the three irrigated treatments in their afternoon

(12:00-15:59) mean cooling effects.

To investigate the relationship between the cooling effects of irrigation and weather
conditions, the daily afternoon (12:00-15:59) mean cooling effects (air temperature and turf surface
temperature) were plotted against the daily afternoon (12:00—-15:59) mean weather conditions (air
temperature, vapour pressure deficit, wind speed, and incoming shortwave radiation). Only the
cooling effects on air temperature and turf surface temperature were analysed because irrigation did
not consistently reduce mean radiant temperature and UTCI. After initial examination of the graphs,
both the cooling effects on air temperature and turf surface temperature were linearly correlated with
the background air temperature, vapour pressure deficit and incoming shortwave radiation while they
were correlated with background wind speed in an inverted bell curve shape. Linear and Gaussian
models were established if the estimates of the models were statistically significantly. The linear

model takes the following form:

y=mx+c (1

where y is the afternoon (12:00—15:59) mean cooling effect, x the afternoon (12:00—15:59) mean
weather conditions (air temperature, vapour pressure deficit, wind speed, or incoming shortwave

radiation), m the slope of the model, and c the intercept of the model.

The Gaussian model with parametric extension takes the following form:

—(x - b)2> )

y= aexp< 5e2
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where y is the afternoon (12:00-15:59) mean cooling effect, x the background weather conditions, a

the height of the curve’s peak, b the position of the centre of the peak a c the width of the bell curve.

The coefficient of determination (R?) was computed for the linear models but not the Gaussian models
because its meaning in linear regression does not hold when used in non-linear regression (Kvalseth,
1985). In linear regression, R? is the proportion of variance explained by the regression model

(Nagelkerke, 1991).
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Fig. 5.3. Changes in daily mean soil moisture content of plot U0 (unirrigated), plot N1 (irrigated 2 or
4 mm d ! at 01:00), plot D1 (irrigated 2 or 4 mm™! at 13:00) and plot D4 (irrigated 0.5 or 1 mm at
12:00, 13:48, 14:00 and 15:00 = 2 or 4 mm d™"), and rainfall at the reference climate station. Each
plot had three replicates and the mean of the three replicates was used.

5.3. Results
5.3.1. Changes in soil moisture content in the study period

The soil moisture contents of plots N1, D1 and D4 were always higher than plot U0
throughout the study period (Fig. 5.3). When the irrigation amount was 2 mm d!, the soil moisture
contents of plots N1, D1 and D4 were 5-10% higher than plot U0. When the irrigation amount

increased to 4 mm d~', the difference increased to as much as 25 %.
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5.3.2. Impacts of irrigation scheduling on afternoon mean soil moisture content and cooling effects

From 10:00 to 15:59, the soil moisture contents of all four plots (Fig. 5.4a—c) were stable,
except it increased in D1 during irrigation. The air temperature of UQ was always higher than those
of N1, D1 and D4 (Fig. 5.4d—f). The air temperatures of N1, D1 and D4 were similar except that it
reduced in D1 and D4 during and immediately after irrigation. The vapour pressures of U0, N1 and
D1 were similar except for a slight increase during irrigation in D1 (Fig. 5.4g—i). The turf surface
temperature of UO was always higher than N1, D1 and D4 (Fig. 5.4j—1). The turf surface temperature
of N1, D1 and D4 were similar except for a slight reduction during and immediately after irrigation
in D1 and D4. The mean radiant temperature of N1 and D4 were higher than U0 and D1 (Fig. 5.4m—
0). The mean radiant temperatures of D1 and D4 were unaffected by irrigation and that of N1 only
responded to weather changes in this period (10:00—15:59) because it was irrigated at night. The
UTCI of all four plots were similar (Fig. 5.4p-r). The UTCI of D1 and D4 were unaffected by
irrigation and that of N1 only responded to weather changes in this period (10:00-15:59) because it

was irrigated at night.

The afternoon (12:00-15:59) mean impacts of all three irrigation treatments (N1, D1 and D4)
on all analysed variables (soil moisture content, air temperature, vapour pressure, turf surface
temperature, mean radiant temperature and UTCI) were statistically significant (p < 0.05) (Fig. 5.5),
except for the UTCI of N1 (Fig. 5.5p). The afternoon (12:00—15:59) mean impacts of N1 on soil
moisture content (16.93%) was significantly larger (p < 0.05) than D1 (12.51%) and D4 (11.84%)
(Fig. 5.5a—c). The afternoon (12:00—15:59) mean cooling effect of D4 in air temperature (—0.93°C)
was significantly larger (p < 0.05) than N1 (—0.66°C) and D1 (-0.51°C) (Fig. 5.5d—f). The afternoon
(12:00-15:59) mean impacts of N1, D1 and D4 on vapour pressure were small (<0.01 kPa) (Fig.
5.5g—). The afternoon (12:00—15:59) mean cooling effect of D4 for turf surface temperature (—4.91°C)
was significantly larger (p < 0.05) than N1 (-3.38°C) and D1 (—4.03°C) (Fig. 5.5j—1). The afternoon
(12:00-15:59) mean impacts of D4 on mean radian temperature (<1.5°C) were significantly larger (p
< 0.05) than N1 (1.32°C) and D1 (-0.59°C) (Fig. 5.5m—o0). The afternoon (12:00-15:59) mean
impacts of N1, D1 and D4 on UTCI were significantly different (p < 0.05) from each other but the
impacts were small (<0.5°C) (Fig. 5.5p-r).
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Fig. 5.4. Average cycles (1-minute) of soil moisture content, air temperature, vapour pressure, turf
surface temperature, mean radiant temperature and universal thermal climate index (UTCI) of plot
U0 (unirrigated), plot N1 (irrigated 4 mm d! at 01:00), plot D1 (irrigated 4 mm d! at 13:00), plot D4
(irrigated 1.0 mmat 12:00, 13:48, 14:00 and 15:00 =4 mm d™'") from 10:00 to 15:59.
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presence of the symbol, “*’, indicates that the afternoon (12:00-15:59) mean cooling effect is
significant (p < 0.05, ¢ test).

5.3.3. Relationships between afternoon mean cooling effects and weather conditions

The afternoon (12:00-15:59) mean air temperature cooling effects of irrigation strengthened
with increasing background air temperature, vapour pressure deficit and incoming shortwave
radiation for all three irrigation treatments (Fig. 5.6a, 5.6b and 5.6d). For every 1°C increase in
background air temperature, the cooling effects from irrigation strengthened by 0.03, 0.03 and 0.04°C
for N1, D1 and D4, respectively. For every 1 kPa increase in background vapour pressure deficit, the
cooling effect strengthened by 0.17, 0.15 and 0.23°C for N1, D1 and D4, respectively. For every 1 W
m 2 increase in background incoming shortwave radiation, the cooling effect strengthened by 0.001°C
for N1, D1 and D4. The afternoon (12:00—15:59) mean air temperature cooling effects from irrigation
changed with wind speed in an inverted bell curve shape for all irrigation treatments (Fig. 5.6d). The
cooling effects strengthened when wind speed increased from 0 and peaked at 0.52 m s! for N1, 0.45
m s for D1 and 0.52 m s! for D4. The cooling effects weakened as wind speed increased beyond

these peaks.

The afternoon (12:00-15:59) mean turf surface temperature cooling effects of irrigation
strengthened with increasing background air temperature, vapour pressure deficit and incoming solar
radiation (Fig. 5.7a, 5.7b and 5.7d). For every 1°C increase in background air temperature, the cooling
effects from irrigation strengthened by 0.38, 0.35, 0.30°C for N1, D1 and D4, respectively. For every
1 kPa increase in background vapour pressure deficit, the cooling effects from irrigation strengthened
by 2.17,2.09 and 1.84°C for N1, D1 and D4, respectively. For every 1 W m2 increase in background
incoming shortwave radiation, the cooling effects from irrigation strengthened by 0.01°C for N1, D1
and D4. The afternoon (12:00—15:59) mean turf surface temperature cooling effects of irrigation only
strengthened with increasing background wind speed for N1 (Fig. 5.7c). The cooling effects from

irrigation strengthened when wind speed increased from 0 and peaked at 0.49 m s

125



Chapter 5 — Short and frequent daytime irrigation increases cooling benefits

2 N T T 1C T ]
© N1: Irrigated 4 mm d'at01:00 a b

D1: Irrigated 4 mm d'at13:00
© D4: Irrigated 1 mm at 12:00, 13:48, 14:00, 15:00 = 4 mm a’

N1 y=-0.03x+015,R°=0.14 | N1:y=-0.17 x +-0.37 ,R>=0.16

D4:y=-023x+-0.53,R’=0.35

AAir temperature (°C)
o
T

_2 C L Il L Il Il Il 1 Il L Il Il L ]
15 20 25 30 35 40 O 1 2 3 4
Background air temperature (°C) Background vapour pressure deficit (kPa)
2 ( 552)2 i | 1
cyl= —x-v c d
N1:y=-0.86exp 2(2.497
o 1 + : :
by (x_0.48) N1:y=-0.001x+0.09,R°=0.38
= —(xX-0. -
3 D4:y=-1.10exp——— )
® 0 / ? 2(1.74)? D4:y=-0001x+-02,R*=042
g. [& 8 _es g T ) Q e -8 Q,, = o o_
5 g, e B B8 .
= TE s8R 8e o0 BB
_1 L AL 2.goo Eh a2
g -1 B
o DT T,
8@
2 1 I I T | 1 | | L
0 1 2 3 200 400 600 800 1000
Background wind speed (m s'1) Background incoming shortwave radiation (W m'z)

Fig. 5.6. Scatter plots of the afternoon (12:00-15:59) mean cooling effect of irrigation (A = irrigated
— unirrigated) in air temperature against background (a) air temperature, (b) vapour pressure deficit,
(c) wind speed and (d) incoming shortwave radiation. Linear regression models were used for
background air temperature, vapour pressure and incoming shortwave radiation, and Gaussian
regression models for wind speed. Only the models with a significant slope/parameter estimate were
plotted.
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Fig. 5.7. Scatter plots of the afternoon (12:00-15:59) mean cooling effect of irrigation (A = irrigated
— unirrigated) in turf surface temperature against background (a) air temperature, (b) vapour pressure
deficit, (c) wind speed and (d) incoming shortwave radiation. Linear regression models were used for
background air temperature, vapour pressure and incoming shortwave radiation, and Gaussian
regression models for wind speed. Only the models with a significant slope/parameter estimate were
plotted.

5.4. Discussion
5.4.1. Impacts of irrigation time on afternoon mean soil moisture content and cooling effects

All three irrigation treatments induced significant and strong afternoon (12:00—15:59) mean
cooling effects on air temperature and turf surface temperature, whereas the cooling effects on mean
radiant temperature and UTCI were inconsistent and weak. This means that our results partially
support Hypothesis 1 as measured cooling benefits from irrigation were evident for air temperature
and turf surface temperature only. Gao et al. (2020) modelled that the strongest cooling effects of
night-time irrigation on air temperature (—0.6°C) and surface temperature (—2.7°C) would occur at
13:00 local time. Their model predictions are comparable to our measurements. The cooling effects

of the night-time irrigation on air temperature and turf surface temperature in our study also reached
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their strongest at approximately 13:00 and maintained at the same levels for the rest of the afternoon.
Such cooling effects were driven by the increase in evapotranspiration due to increased soil moisture
content (Chen et al., 2018). The increased evapotranspiration increases the latent heat flux and

reduces sensible heat flux, leading to the reductions in air temperature and turf surface temperature.

The afternoon (12:00-15:59) air temperature reduction from irrigating 4 mm through four
separate 1 mm events (D4) was significantly stronger than applying all 4 mm in one irrigation event
(N1 and D1). However, the air temperature cooling benefits of irrigating 4 mm at night (N 1) were not
significantly different from those when irrigating by day (D4). These results again provide partial
support for Hypothesis 2 that greatest cooling benefit would be derived from irrigation scheduling
that applies small amounts of water (1 mm) on multiple occasions (four) during the day, and least
cooling benefit would be derived from irrigating the same amount through one irrigation event at
night. This finding supports the suggestion of Broadbent et al. (2018a) that optimising irrigation
scheduling can strengthen the cooling effects of irrigation in certain periods of time using the same

irrigation amount.

The differences between the irrigation treatments in their afternoon cooling effects can be
explained by their differences in evapotranspiration processes in the afternoon (Fig. 5.8). For the
unirrigated treatment, soil evaporation and transpiration were the only two evapotranspiration
processes in the afternoon (Fig. 5.8a). Since the unirrigated treatment has the lowest soil moisture
content among the four treatments, it had the smallest soil evaporation, transpiration and
evapotranspiration. Consequently, the unirrigated treatment had the highest afternoon air temperature
among the four treatments. For the single night-time irrigation treatment, soil evaporation and
transpiration were also the only two evapotranspiration processes in the afternoon (Fig. 5.8b). Since
it had a higher soil moisture content than the unirrigated treatment, it had a higher soil evaporation,
transpiration and evapotranspiration. Consequently, the single night-time irrigation treatment had a
significantly lower afternoon air temperature compared to the unirrigated treatment. For the single
midday irrigation treatment, its soil moisture content was similar to the single night-time irrigation
treatment because daily total irrigation amount was the same. In comparison to the single night-time
irrigation, the single midday irrigation introduced two extra evaporation processes in the afternoon,
namely droplet evaporation and canopy evaporation (Fig. 5.8¢c). Droplet evaporation is the
evaporation that occurs when water droplets pass through the air before impact. Droplet evaporation
is usually small (~1% of irrigation amount) when the irrigation amount is high (=25 mm) (Thompson
et al., 1997). Canopy evaporation is the evaporation of water stored on the canopy surface. Canopy

evaporation can account for >80% of afternoon (12:00—15:59) evapotranspiration for a corn field that
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is irrigated by sprinkler during the day (Thompson et al., 1993). However, the afternoon cooling
effects of the single midday irrigation and single night-time irrigation treatments on air temperature
were not significantly different. It was likely because the afternoon soil evaporation and transpiration
in the single midday irrigation were suppressed by the irrigation itself because of the humidification
of the environment (Tolk et al., 1995). Consequently, the increase in afternoon canopy evaporation

from the midday irrigation might be offset by the reduction in soil evaporation and transpiration.

Four afternoon irrigation

events using the same total

Unirrigated Single night-time irrigation Single midday irrigation amount as b and ¢
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Fig. 5.8. A conceptual diagram that explains the impact of different irrigation schedules on
evapotranspiration processes in turfgrass in the afternoon. In (a), when the turfgrass is unirrigated,
the evapotranspiration consists of a small amount of soil evaporation and transpiration. In (b), when
the turfgrass is subject to a single night-time irrigation, the evapotranspiration consists of a larger
amount of soil evaporation and transpiration. In (c), when the turfgrass is subject to a single midday
irrigation, the evapotranspiration consists of soil evaporation, transpiration, droplet evaporation and
canopy evaporation. In (d), when the turfgrass is subject to four afternoon irrigation events, the total
evapotranspiration increases due to an increase in droplet evaporation and canopy evaporation.

For the multiple afternoon irrigation treatment, the multiple irrigation events were likely to
increase the droplet evaporation and canopy evaporation compared to the single midday irrigation,
causing a significantly higher afternoon evapotranspiration (Fig. 5.8d) and significantly lower
afternoon air temperature. Droplet evaporation and canopy evaporation increase notably if the
irrigation is short and frequent, causing near total water evaporation, either in the air or on the canopy
surface, before reaching the soil (Burt et al., 2005). There are two reasons for that. First, the vapour
pressure deficit can increase quickly and return to the pre-irrigation level after one short irrigation
event, leading to a relatively dry environment that is conducive to droplet evaporation and canopy

evaporation for the next irrigation (Tolk et al., 1995). Second, the short irrigation events increase the
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total canopy evaporation by only depositing a small amount of water onto the canopy in each
irrigation event, thereby limiting the amount of water dripping from the canopy onto the soil surface.
This was reflected in the smaller increase in soil moisture content in the multiple afternoon irrigation
treatment (0.2%, Fig. 5.4c) than the single midday irrigation treatment (0.8%, Fig. 5.4b) from the
morning (10:00-11:59) to the afternoon (12:00—-15:59). The wet turfgrass canopy in the multiple
afternoon irrigation treatment after the first irrigation at 12:00 was likely to dry within 30 minutes
(Burt et al., 2005), allowing the canopy to store and evaporate more water in the next irrigation event.
Similar to the single midday irrigation treatment, the repeated wetting of turfgrass canopy in the
multiple afternoon irrigation treatment was likely to suppress transpiration and soil evaporation
because of the humidification of the environment. However, the air temperature data suggested that
the afternoon total evapotranspiration was significantly higher in the multiple afternoon irrigation
treatment than the single midday irrigation treatment. Air temperature has been demonstrated to
reflect the evapotranspiration of vegetation before, during and after irrigation accurately (Thompson

et al., 1993).

The evapotranspiration processes in Fig. 8 can change notably irrigation type. The irrigation
nozzles (Hunter MP-1000 rotators) used in this study were different from traditional impact sprinklers
because the MP-1000 rotators deliver water in multiple rotating streams instead of water droplets.
The droplet evaporation in this study would have been higher if an traditional impact sprinklers were
used because they would create smaller droplets than are more conducive to evaporation (Thompson

et al., 1993).

The cooling effects of irrigation on human thermal comfort were less clear in the literature.
Broadbent et al. (2018a) modelled that the cooling effect of continuous (24-hour) sprinkler irrigation
would improve human thermal comfort by —2.3°C at 15:00 pm in the afternoon. However, Broadbent
et al. (2018) estimated this using the humidex index which does not account for the effect of mean
radiant temperature, the most important microclimate variable that influences human thermal comfort
(Thorsson et al., 2007). UTCI is a more comprehensive index of human thermal comfort because it
integrates all relevant microclimate variables, namely air temperature, relative humidity, wind speed
and mean radiant temperature (Brode et al., 2012). The most important driver of daytime mean radiant
temperature and therefore human thermal comfort is incoming and lateral shortwave radiation
(Cheung and Jim, 2018b; Middel and Krayenhoff, 2019). Although a lower turf surface temperature
may lead to a lower mean radiant temperature and UTCI due to a reduced emission of longwave
radiation from the surface, the reduction in turf surface temperature in this study seemed to be

insufficient to influence mean radiant temperature and UTCI in the afternoon. Since irrigation alone
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cannot reduce incoming and lateral shortwave radiation, additional cooling strategies, such as
overhead tree canopy shading and green walls, will help to reduce incoming and lateral shortwave

radiation and improve human thermal comfort.
5.4.2. Relationships between afternoon mean cooling effects and weather conditions

In this study, the afternoon (12:00—15:59) mean cooling effects of irrigating turfgrass on air
temperature and turf surface temperature were significantly and positively correlated with
background air temperature, vapour pressure deficit and incoming shortwave radiation, but not wind
speed. The results provide partial support for Hypothesis 3 that the cooling effects would significantly
correlate with all four weather variables. Our findings were consistent with Vivoni et al. (2020)’s
findings, which showed a significant linear correlation between daily total evapotranspiration and
daily mean air temperature (R? = 0.79) and incoming shortwave radiation (R? = 0.82) in an irrigated
turfgrass. With almost unlimited soil moisture supply throughout the year (soil moisture content >
40%), they measured a much higher evapotranspiration in summer (6—8 mm d') than in winter (1-3
mm d'), suggesting that the evapotranspiration in a well-irrigated turfgrass was limited and
controlled by available energy. The cooling effects of irrigating turfgrass were correlated with
background air temperature and incoming shortwave radiation because they were the main sources
of energy to support evapotranspiration, i.e. the cooling effects (Spronken-Smith et al., 2000). Studies
that measured or modelled the cooling effects of irrigating vegetation provided more direct evidence
for the correlation between the cooling effects and available energy. Lam et al. (2020) measured that
the air temperature cooling effect of irrigating an urban green space in Melbourne, Australia was
stronger during heatwaves (—4 to —2°C) than non-heatwave periods (—1.0 to —0.5°C). Gao et al. (2020)
modelled similar results for irrigating all pervious surface in Metropolitan Sydney. In a previous study,
we used a meta-analysis of published studies to develop a linear regression model between the air
temperature cooling effects of irrigating vegetation and background air temperature (Cheung et al.,
2021). The model predicted that the daily mean cooling effects on air temperature would strengthen
by 0.1°C for every 1°C increase in background mean air temperature. The effect estimate (0.1°C °C~
1) was three times higher than that in this study (0.03°C °C™). Although direct comparison of the
magnitude between the two effect estimates is not meaningful because of the obvious differences in
methods, both studies agree that the cooling effects of irrigating vegetation are stronger on warmer

days or in warmer climate regions.

The afternoon (12:00-15:59) mean cooling effects of irrigating turfgrass on air temperature
and turf surface temperature were significantly correlated with background vapour pressure deficit

(Fig. 5.6 and 5.7). Vapour pressure deficit is the atmospheric demand for water (Seneviratne et al.,
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2010). Under unlimited soil moisture supply, evapotranspiration of turfgrass increases with vapour
pressure deficit (Allen et al., 2005). Although transpiration may be suppressed by a high vapour
pressure deficit because of stomatal closure (McAdam and Brodribb, 2015), transpiration only
accounts for <20% of the total evapotranspiration in irrigated vegetation while soil evaporation and
canopy evaporation account for >80% (Thompson et al., 1993). Since our turfgrass plots were well-
irrigated (Fig. 5.3), increased vapour pressure deficit could lead to increased evapotranspiration and

stronger cooling effects.

The afternoon (12:00-15:59) mean cooling effects of irrigating turfgrass on air temperature
were significantly correlated with background wind speed in an inverted bell curve shape (Fig. 6 and
7). A high wind speed reduces the aerodynamic resistance of heat and vapour transfer from the
evaporating surface to the air above the canopy, increasing evapotranspiration (Allen et al., 1998). A
high wind speed also increases the vapour pressure deficit of the irrigated area if the surrounding
surfaces are unirrigated, which in turn increases evapotranspiration. Our data showed that the cooling
effects on air temperature reduced when wind speed was > 0.5 m s™!. Since the irrigated plots were
small (6 m x 6 m), it was likely that the cool air inside the irrigated plots dissipated and being replaced
by the warm air from the surrounding unirrigated surfaces as wind speed increased. Playan et al.
(2005) measured a short (a few minutes) cooling effect from irrigating a small area of bare soil (15 m
x 15 m) under a wind speed of approximately 4 m s!. In contrast, Thompson et al. (1993) measured
a longer (20 minutes) cooling effect from irrigating a larger area of corn (82 m % 165 m) under a wind
speed of approximately 6 m s™'. As the size of the irrigated area increases, the spatial scale of the
impacts of urban green space irrigation on urban climate will resemble that of agricultural irrigation.
Large-scale agricultural irrigation is capable of influencing regional and global climate (Cook et al.,
2015; Lobell et al., 2008b; Thiery et al., 2020). When a larger urban green space is irrigated, we
expect that the cooling effect at the centre of the urban green space would not be weakened by the
surrounding unirrigated surfaces and high wind speeds. Instead, the cooling effects of irrigating a
large urban green space will benefit the urban areas downwind (Spronken-Smith and Oke, 1998) and

upwind (Vivoni et al., 2020) through advection.

5.4.3. Practical implications for using irrigation to cool urban green spaces

When irrigation is used solely to maintain plant health, daytime irrigation is often undesirable
because it is less water-efficient as it increases evaporation losses which do not contribute to plant

uptake (Urrego-Pereira et al., 2013). In contrast, this study showed that when irrigation is used to
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prioritise the cooling of urban green spaces, daytime irrigation is desirable because it increases
evaporation losses which directly contribute to significantly stronger cooling effects. Multiple short
daytime irrigations are ideal for maximising the daytime mean cooling effects, in comparison to a
single long daytime irrigation that uses the same amount of water. Yang and Wang (2015) reached a
similar conclusion from their modelling study that predicted a stronger daily mean cooling effect by
irrigating multiple times a day when soil temperature exceeded a certain threshold than irrigating
once a day at a fixed time. The time between two short irrigations should be at least 0.5 hour because
the intercepted water on the canopy takes 0.5-2.0 hours to dry during the day, depending on the plant

species and weather conditions (Burt et al., 2005).

The significant correlations between irrigation cooling effects and weather conditions have
important implications for scheduling irrigation, particularly when irrigation water supply is limited.
When irrigation water supply is limited, irrigation can be applied to urban green spaces on a warmer
day to obtain stronger cooling benefits. For example, the afternoon (12:00—15:59) mean cooling effect
on air temperature is predicted to be —1.0°C when the background mean air temperature was 35°C,
whereas it is only —0.6°C when the background mean air temperature was 25°C (Fig. 5.6). When
irrigation water supply is abundant, irrigation can be applied on a daily basis throughout summer
months. The total daily irrigation amount should not exceed the crop evapotranspiration given by the
FAO-56 equation (Allen et al., 1998) unless the irrigation also aims to increase soil moisture content
and issues of pedestrian access, wet ground and soil compaction are not of concern. The FAO-56
equation estimates the daily total crop evapotranspiration for a given crop under a given set of weather
conditions when soil moisture is unlimited. This estimate is the maximum possible daily total crop
evapotranspiration regardless of the daily total irrigation amount. In other words, the cooling effects
of irrigation will not strengthen even if the daily total irrigation amount exceeds the estimated crop

evapotranspiration.

It is crucial to establish alternative water supplies to support irrigation when irrigation is used
to prioritise the cooling of urban green spaces, particularly in dry climate regions. Dry climate regions
will benefit from a stronger irrigation cooling effect than wetter regions (Cheung et al., 2021), but
there is also likely to be a greater demand on local freshwater resources. Water sensitive urban designs
offer an opportunity for cities in the dry climate regions to collect non-portable water to support urban
green space irrigation. Water sensitive urban designs are the approaches and technologies that collect
and retain fit-for-purpose water in the urban areas to meet different needs (Coutts et al., 2013).
Stormwater harvesting and wastewater treatment are two important approaches to collecting non-

portable water for irrigating urban green spaces (Wong, 2000).
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5.5. Conclusion

The afternoon mean (12:00—15:59) cooling effects of irrigating an urban green space at three
different times of the day with the same daily total irrigation amount were measured in this study. All
three irrigation time treatments induced significant and strong afternoon mean cooling effects on air
temperature and turf surface temperature. The single night-time (N1) and single midday (D1)
irrigation treatments induced similar afternoon mean cooling effects, while the multiple daytime (D4)
irrigation treatment induced significantly stronger afternoon mean cooling effects than N1 and DI.
The results suggested that applying short irrigation for multiple times during the day can increase the

cooling benefits of irrigation without using more water.

The correlations between the afternoon mean (12:00—15:59) cooling effects of irrigation and
background weather conditions were determined. The afternoon mean cooling effects on air
temperature and turf surface temperature strengthened linearly with background afternoon mean air
temperature, vapour pressure deficit and incoming solar radiation. The afternoon mean cooling effects
strengthened with background afternoon mean wind speed from 0.0 to 0.5 m s™' and weakened as
wind speed increased beyond 0.5 m s™!. The results suggested that, when irrigation water supply is

limited, irrigation can be prioritised to warmer days to obtain stronger cooling benefits.
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5.6. Supplementary materials

U0: Unirrigated

N1: irrigated 4 mm d " at 01:00

D1: irrigated 4 mm d " at 13:00

D4: irrigated 0.5 mm d ' at 12:00,13:48,14:00,15:00
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Chapter 6 — Identifying the mechanisms by which irrigation can

cool urban green spaces in summer

A version of this chapter was submitted to Urban Climate on 16 June 2023. It is under review at the

time of thesis submission.

Abstract

High temperatures in summer can prevent people from using urban green spaces. Irrigating urban
green spaces is a promising strategy to reduce temperatures. This study uses an urban ecohydrological
model, Urban Tethys-Chloris (UT&C), to identify proportional contribution of different irrigation
cooling mechanisms and quantify the impacts of different irrigation amounts (from 2 to 30 mm d!)
on the cooling effect. A field experiment was conducted in Melbourne, Australia to provide empirical
data to calibrate and then assess UT&C simulation performance. The field experiment consisted of
six identical turfgrass plots (three with irrigation and three without). UT&C was accurate modelling
the soil moisture content and air temperature of the irrigated and unirrigated plots. Then, we used
UT&C to partition the contribution of different irrigation cooling mechanisms. UT&C predicted that
irrigation increased the evaporation from canopy interception and soil surface by 0.2 and 0.6 mm d-
!, respectively. With regards to the impacts of irrigation amounts, UT&C predicted the daytime
(10:00-16:59) mean air temperature reductions would increase from 0.2 to 0.4°C when the irrigation
amount increased from 2 to 4 mm d~'. However, increasing the irrigation amount beyond 4 mm d

would not significantly increase the cooling benefits.
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6.1. Introduction

Urban green spaces are an important space for physical and social activities in a city. The use of
urban green spaces is strongly dependent on the thermal conditions of the space (Cheung and Jim,
2018a). High temperatures in summer can prevent people from using urban green spaces (Hao et al.,
2023). Various mitigation strategies have been proposed to reduce the air temperature of urban green
spaces in summer and these strategies can be divided into four major types (Lai et al., 2019): provision
of shade, addition of vegetation, modification of surface reflectivity and water-based cooling. While
the first three strategies have been widely studied in the past few decades (Santamouris et al., 2017),

water-based cooling has received much less attention.

Irrigating urban green spaces is a promising water-based cooling strategy for cities (Coutts et al.,
2013; Livesley et al., 2021). To make such a strategy acceptable it is important to make use of
alternative water sources (e.g., stormwater harvesting, recycled waste water) so that cooling is not
promoted at a cost to potable water resources. Stormwater harvest has been demonstrated to be
effective in water saving, particularly in the dry regions (Zhang et al., 2023). A modelling study
predicted that irrigating all vegetated surfaces in the metropolitan region of Sydney, Australia could
reduce daily mean air temperature by 0.5°C during a heatwave (Gao et al., 2020). However, under
normal summer conditions, irrigating turf has been measured to reduce daytime mean air temperature
in small urban green spaces by only 0.6°C in Melbourne, Australia (Cheung et al., 2022a). The cooling
effect of irrigation can be best understood and explained by analysing the surface energy balance. On

a homogenous turf surface, the energy balance can be expressed as:

Q +Qf=0Qs+Qu+AQ0s(Wm™) (6.1)

where Q" is the all-wave net radiation [W m], Qranthropogenic heat flux [W m2], Qg the latent heat
flux [W m™2], Qu the sensible heat flux [W m2] and AQs the net storage heat flux [W m2] (Oke,
1988). Most modelling studies predicted that irrigation would reduce air temperature as a result of a
reduction in sensible heat flux and an increase in latent heat flux through evapotranspiration (Gao et
al., 2020; Wang et al., 2019). Evapotranspiration can be partitioned into evaporation from wet surfaces
and transpiration (Kool et al., 2014). For a surface covered by grass, evaporation can occur for water
on the grass canopy, ponded surface water or soil water evaporated through the soil surface (Meili et
al., 2020). The proportional contribution of these evaporation and transpiration processes to an

increase in latent heat flux when irrigating urban green spaces has not been adequately simulated.
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This is because many urban canopy models over-simplify plant physiological processes and
sometimes omit some interactions between vegetation and hydrology (Meili et al., 2020). Partitioning
evapotranspiration into its constituent evaporation and transpiration processes is important to

understand the mechanism of irrigation cooling effect and predict the magnitude of the cooling effect.

Irrigation amount is a key factor that influences the level of cooling benefit of irrigating urban
green spaces (Cheung et al., 2022b). As opposed to agricultural irrigation which aims to maximise
plant water use efficiency (Zhang et al., 2022), urban green space irrigation can be used to maximise
the cooling benefits in these green spaces in addition to meeting plant water requirements A modelling
study in Adelaide, Australia predicted that the relationship between daily mean air temperature
reduction and irrigation amount was almost linear, providing 0.5°C from 5 mm d! up to 1.8°C
cooling from 15 mm d! during a heatwave (Broadbent et al., 2018a). The same study predicted that
additional cooling benefits from increasing irrigation above 15 mm d!' were negligible as
evapotranspiration was no longer limited by the supply of soil moisture, but rather the evaporative
demand of the atmosphere, i.¢., weather conditions. Most studies have focused on the cooling benefits
of irrigation during heatwaves (Broadbent et al., 2018a; Daniel et al., 2018; Gao et al., 2020), the
impacts of different daily irrigation amounts on the cooling benefits of irrigation in normal summer
conditions are not well understood. Since the maximum cooling benefit that can be achieved with a
reasonable irrigation amount can vary with background climate and weather conditions (Cheung et
al., 2022b), it is important to understand impacts of daily irrigation amount on the cooling benefits of

irrigation to inform the management of urban green spaces for optimal cooling.

In this study, a replicated field experiment was first set up to measure the impacts irrigating 36
m? plots of turf with different amounts of water on microclimate, soil moisture content and soil
temperature for two consecutive summers in Melbourne, Australia. The experimental data were used
to test and evaluate the performance of a mechanistic urban ecohydrological model, UT&C (Meili et
al., 2020). UT&C was subsequently used to model the impacts of irrigating turf on surface energy
balance and evapotranspiration processes, as well as the impacts of different daily irrigation amounts
on irrigation cooling benefits in normal summer conditions. This study is unique because a replicated
experiment with controlled treatments was conducted to disentangle certain contributory factors and
mechanisms of irrigation cooling effect. Both above- and below-ground observations were made in
the experiment to evaluate the performance of UT&C comprehensively. This study can contribute to
the development of climate adaptation strategies for cities because it directly measured and assessed

the cooling benefits of a promising cooling strategy.
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Fig. 6.1. Six identical plots (6x6 m) were set up at the Burnley Campus of the University of
Melbourne. Three were unirrigated and three received 4 mm of irrigation at 13:00 every day. Each
plot was surrounded by 1.8-m tall 70% shade cloth (SOLARSHADE™) and a climate station was
installed at the centre of each plot to continuously monitor the microclimate, soil temperature and soil
moisture content.

6.2. Methods and materials
6.2.1. Experiment to measure impacts of irrigating turf on microclimate and soil temperature

A field experiment was set up at the Burnley Campus of the University of Melbourne,
Australia (-37.8, 145.0) to collect testing and model evaluation data. The site is classified as Local
Climate Zone B (scattered trees) (Demuzere et al., 2022) under the local climate zone classification
system (Stewart and Oke, 2012). The experiment consisted of six identical plots (6x6 m, 36 m?).
Three of the plots were irrigated 13:00 local time every day and the remaining three were unirrigated.
In each plot, four 90° Hunter Rotator nozzles (MP-1000) were installed at the corners and one 360°
nozzle at the centre to deliver the irrigation. Since a climate station was installed at the centre of each

plot, the nozzles were carefully adjusted such that the water did not hit the sensors of the climate
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station (Fig. 6.1). The irrigation volumes were measured by Nymet flow sensors. A 1.8 m tall 70%
shade cloth (SOLARSHADE™) was used to enclose the plots to reduce air mixing between the plots
and the environment (Fig. 6.1). The plot ground surface was covered by turfgrass, which was mowed
to approximately 50 mm tall every two weeks. The dominant grass species was Kikuyu (Pennisetum
Clandestinum). The top soil (5—10 cm) was sandy loam (sand:silt:clay = 0.7:0.2:0.1) and the subsoil
(50-55 cm) was sandy clay (sand:silt:clay = 0.5:0.1:0.4). The organic matter content of the soil was
approximately 0.06 (6 %).

In each plot, air temperature, vapour pressure, and wind speed were continuously measured
at a height of 1.1 m above the ground and soil moisture content and soil temperature continuously
measured at a soil depth of 0.05 m. In one irrigated and one unirrigated plot, incoming and outgoing
longwave and shortwave radiation and turf surface temperature were also measured. A reference
climate station was located within 30 m of these six experimental plots to provide reference climate
conditions and forcing data for the model. All variables were measured every 10 seconds and 1 minute
averages were logged. The measurement heights and specifications of the climate and soil instruments
were listed in Table 6.1. The model testing data set (2021-01-21 to 2021-03-02, 41 days) consisted of
one irrigated (4 mm d ') and one unirrigated plot. The model evaluation data set (2022-01-28 to 2022-
03-06, 38 days) consisted of three irrigated and three unirrigated plots; the irrigated plots received 2
mm d! from 2022-01-28 to 2022-02-08 and 4 mm d'from 2022-02-09 to 2022-03-06. The model
testing data set was used to identify the optimal levels of six important parameters for the study site
(explained in section 6.2.3) and the model evaluation data set was used to evaluate the model

performance (explained in section 6.2.4).

Melbourne has a temperate oceanic climate (Koppen climate classification: Cfb). The
summer (Dec—Feb) of Melbourne is warm and dry. The mean summer air temperature is 26.2°C and
the mean summer rainfall is 155.3 mm (Bureau of Meteorology, 2023a). In the model testing period,
the mean air temperature was 20.0°C and the total rainfall was 66 mm (Fig. S6.1). There were eight
days with maximum air temperature >30.0°C. In the model evaluation period, the mean air
temperature was 21.6°C and the total rainfall was 120.4 mm (Fig. 6.2). There were 23 days with

maximum air temperature >30.0°C.
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Table 6.1. Specifications of the climate and soil instruments.

Location Model and brand Variable Accuracy  Height/depth (m)
ATMOS14, METER Air temperature +0.2°C 1.1
Vapour pressure +1.5% @ 25°C 1.1
CNR4, Kipp & Zonen  Incoming longwave <10% (daily total) 1.5
radiation (4.5-42 um)
Incoming shortwave <5% (daily total)
radiation (300-2800 nm)
Outgoing longwave <10% (daily total)
radiation (4.5-42 um)
Outgoing shortwave <5% (daily total)
radiation (300-2800 nm)
CS650, Campbell
Scientific Soil moisture content +3% —-0.05
Soil temperature +1°C
SI-111, Apogee Turf surface temperature £0.2°C (-10°C to +65°C) 1.5
Reference 05 _1033 Campbell Wind speed 40.3 m/s 20
Scientific
Air temperature £(0.055+0.0057>air 2.0
IS{MP 12-5, Campbell p temperature) .
clentific Relative humidity +1% 2.0
B4, Campbell g infall +2% 2.0
Scientific
—— Maximum air temperature —— Minimum air temperature
—— Mean air temperature Rainfall
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Fig. 6.2. Daily minimum, mean and maximum air temperatures and rainfall of the model evaluation
period (2022-01-28 to 2022-03-06, 38 days).
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6.2.2. Model description

Urban Tethy-Chloris (UT&C) is mechanistic model that combines an urban canyon scheme
and an ecohydrological model (Meili et al., 2020). UT&C solves the energy and water budgets on a
neighbourhood scale. The simulation space of UT&C is a two-dimensional infinite urban canyon the
edges of which are defined by building height and canyon width. The ground surface can be a
combination of vegetated (grass), bare soil or impervious fractions. UT&C can simulate the structural,
optical, interception and physiological properties separately for grass and/or trees. Transpiration of
grass (and/or trees) is calculated based on meteorological conditions, soil moisture accessed by roots

and plant photosynthetic activity (Meili et al., 2020).

UT&C can partition rainfall or sprinkler irrigation into canopy interception and throughfall
on to soil surface. The fraction of water intercepted by plant canopy is calculated following the Rutter
model (Fatichi et al., 2012; Rutter et al., 1971). The plant canopy is further divided into a wet and a
dry fraction (Deardorft, 1978). Transpiration only occurs on the dry fraction while evaporation occurs
on the wet fraction. If rainfall or irrigation exceeds the infiltration rate of the soil, ponded surface
water is formed which eventually evaporates. Evaporation also occurs from the soil surface below the
plant canopy. Effectively, in the absence of trees, UT&C partitions evapotranspiration into four
processes, namely evaporation from grass canopy interception, evaporation from soil surface,
evaporation from ponding surface water and transpiration of grass. UT&C can simulate sprinkler
irrigation (irrigate onto the plant canopy) or drip irrigation (irrigation onto the ground surface) in each
time step. UT&C is suitable for our irrigation simulation study because it allows irrigation to be
applied onto the plant canopy surface, at a precise time and a precise amount, includes detailed
representations of the interactions between vegetation and hydrology, and enables partitioning of

evapotranspiration.

UT&C calculates a) air temperature and vapour pressure at 2 m above ground, b) turf surface
temperature and c) soil temperature by solving the urban energy (Equation 6.1) and water (Equation

6.2) budgets:

P+Ir=R+E+ Lk + AS(kgm™2s1) (6.2)
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where P is the rainfall [kg ms™'], Ir the irrigation [kg m2s!], R the surface runoff [kg m=s'], E
the evapotranspiration [kg m2s™'], Lk the deep drainage [kg m?s'] and AS the change in soil water

storage [kg m2s7!]. A detailed model description can be found in Meili et al. (2020).

6.2.3. Model set up for this irrigation study

For our UT&C simulations we set up a shallow canyon (width = 50 m; building height = 5
m) with grass-covered ground surface to mimic the open vegetated area of the experimental plots
(Table S6.1). The height of the grass was set to 0.1 m which was the average height of the grass during
the experiments (Table S6.2). We used the optical and physiological parameters for grass from Meili
et al. (2020), such as canopy light extinction coefficient, root length index, soil water potential at 50%
stomatal closure and canopy nitrogen decay coefficient. We also used the soil, interception and runoff
parameters from (Meili et al., 2020), such as hydraulic conductivity and maximum interception
capacity (Table S6.3). Anthropogenic heat input was assumed to be zero for the site (Table S6.4). We
identified six important parameters that were highly site-specific and tested them to determine the
optimal parameter settings to simulate our experiment site. The six parameters are: (i) initial soil
moisture content at the start of the simulation, (ii) the depth below which soil moisture content is kept
at a fixed value (here at field capacity) [mm], (iii) ground soil composition (i.e. fraction of sand, clay
and organic material) [-], (iv) empirical coefficient governing stomatal closure as a function of vapour
pressure deficit [Pa], (v) root depth (95" percentile) [mm], and (vi) maximum rubisco capacity at
25°C at the leaf scale [umol CO, m™ s™"). Four levels of each parameter were used to run the model
with the forcing data of the model testing period (2021-01-21 to 2021-03-02, 41 days). Root mean
square errors were calculated between the hourly mean modelled air temperature difference between
the irrigated and unirrigated scenarios and the measured air temperature differences between the
irrigated and unirrigated plots. The level that resulted in the smallest root mean square error (Table
S6.5) was used in the model evaluation (section 6.3.1) and subsequent analysis of the impacts of
irrigation on surface energy balance (section 6.3.2) and the impacts of daily irrigation amounts on

cooling benefits (section 6.3.3).

We used hourly meteorological data to force the model. Rainfall and incoming shortwave
radiation were directly measured at the site (Table 6.1). The measured data at the reference climate
station (Fig. 6.1) and the ERAS5 reanalysis data (1000 hPa) (Hersbach et al., 2020) were interpolated
to obtain the air temperature and relative humidity at 80 m above sea level, i.e. the atmospheric

reference height of the model. Wind speed was extrapolated from the measurements at the reference
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climate station using the logarithmic wind profile (Mahat et al., 2013). The zero-plane displacement
height and momentum roughness length of the canyon were calculated following Kent et al. (2017)
and Macdonald et al. (Macdonald et al., 1998). Atmospheric pressure was calculated according to
Portland State Aerospace Society (2004). Two different sets of forcing data were used, one for the
model testing period (2021-01-21 to 2021-03-02, 41 days) and one for the model evaluation period
(2022-01-28 to 2022-03-06, 38 days). Sprinkler irrigation was applied daily at 13:00 local time and
the irrigation amount was the same as the experiment, i.e., 4 mm d! for the model testing period, and
2 mm d'(2022-01-28 to 2022-02-08) and 4 mm d' (2022-02-09 to 2022-03-06) for the model

evaluation period.
6.2.4. Model evaluation

The UT&C model was evaluated qualitatively by comparing average diurnal cycles, times
series and scatter plots of the modelled output variables to those measured. The UT&C model was
also evaluated quantitatively using metrics of coefficient of determination (R?), mean bias error
(MBE), and root mean square error (RMSE). The evaluated model output variables included air
temperature (2 m), vapour pressure (2 m), turf surface temperature and soil temperature (depth = 0—
0.1 m). The evaluation was done separately for the irrigated scenario, unirrigated scenario and the
difference between the two (irrigated—unirrigated). Since the impacts of irrigation on microclimate
and soil temperature were distinctly different in the day and at night, the evaluation was also done
separately for daytime (10:00-16:59) and night-time (21:00-05:59) periods where applicable. The
model evaluation period was from 2022-01-28 to 2022-03-06 (38 days).

There were anomalies in the modelled night-time data in the model evaluation period. The
anomalies were due to the failure of the energy balance to converge when the model tried to solve a
non-linear equation with multiple variables (Fig. S6.4 and Fig. S6.5). We excluded the affected
periods in the subsequent analysis (31 out of 912 hours in section 6.3.2 and 56 out of 912 hours in

section 6.3.3).

6.2.5. Modelling the impacts of irrigating turf on surface energy balance and evapotranspiration

processes

The model outputs of latent heat flux, sensible heat flux and soil heat flux of the irrigated and
unirrigated scenarios were examined in an average diurnal cycle to understand the impacts of
irrigating turf on the surface energy balance. The model outputs also partition evapotranspiration into

four processes, namely 1) evaporation from canopy interception, 2) evaporation from soil surface, 3)
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evaporation from ponding surface water, and 4) transpiration. The average diurnal cycle of these

processes was examined, and their daily means were calculated and compared in a table.
6.2.6. Modelling the impacts of different daily irrigation amounts on cooling benefits

In a separate simulation, the model was used to predict the impacts of different daily irrigation
amounts, namely 2, 4, 6, 8, 15 and 30 mm, on the cooling benefits provided under non-heatwave
summer conditions. Sprinkler irrigation was applied daily at 13:00 local time for all six irrigation
amounts. The predictions were made using the forcing data of the model evaluation period (2022-01-
28 t0 2022-03-06, 38 days). The cooling benefits were calculated as the differences in air, turf surface
and soil temperatures and air vapour pressure between the irrigated and unirrigated scenarios (A =
irrigated—unirrigated). The mean daily daytime (10:00-16:59) and night-time (21:00-05:59) cooling
benefits and their 95% confidence intervals were calculated and compared in plots showing the means

and error bars.

The workflow of this study is summarised in Fig. 6.3.

ERA5-based
forcing data
2021 Experimental UT8_(C mode! .
data: 0, 4 mm d-* testing and fitting
— UT&C: (Table S5)
0, 4 mm d-*
ERA5-based
2022 Experimental uelyell i ELE UT&C model Irrigation impacts on surface energy
data, O 2&4 mm d-t : | evaluation (Figs. 5—- balance (Fig. 8) and evapotranspiration
= Fitted UT&C: 7, Tables 2-3) processes (Figs. 9-10, Table 4)
0, 2&4 mm d-*
ERA5-based
forcing data Impacts of irrigation
| amount on cooling
Fitted UT&C: benefits (Fig. 11)
0, 2,4,86,8, 15, 30 mm d-!

Fig. 6.3. Workflow of this study. The 2021 experimental data were used to test the UT&C model and
identify the best-fit parameters, which were used in subsequent simulations of 2022. The 2022
experimental data were used for model evaluation for air temperature, vapour pressure, turf surface
temperature and soil temperature. From the model evaluation dataset, the irrigation impacts on surface
energy balance and evapotranspiration processes were examined. In a separate simulation using the
2022’s forcing data, we examined the impacts of different irrigation amounts on cooling benefits.
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6.3. Results
6.3.1. Model evaluation

UT&C predicted the soil moisture content of the irrigated and unirrigated plots well, except
after large rainfall events, namely 2022-01-28 (44.4 mm) and 2022-03-05 (45.6 mm) (Fig. 6.4). Small
rainfall events, e.g., 2022-02-18 (0.6 mm), were registered in the modelled soil moisture content at a
depth of 0.05 m, but not measured by the soil moisture sensors at the same depth. The soil moisture
content of the irrigated and unirrigated plots (scenarios) decreased during the 2-mm irrigation period.
The soil moisture content of the irrigated plot (scenario) increased during the 4-mm irrigation period

up to a maximum soil moisture content of 35 %.

|

30 - N 2mmd”’ . 4mmd’ T 50

45 — - 45

e Measured, unirrigated """ |\|"|{)('J(i‘||E!lIZI1 uninigated
—— Measured, imigated ~ ----- Modelled, imigated

40 Rainfall - 40
S 35 | - 35
I -
= 30 - F -1 30 E
g 7 £
U II e
o 25 — | - 25 35
3 £
= =
s 20 — 20 &
E
3 15 1 15
w

10 -1 10

5 -1 5

0+ -1 0

| | | | | |
2022-01-28 2022-02-04 2022-02-11 2022-02-18 2022-02-25 2022-03-04

Date

Fig. 6.4. Comparison of modelled (first soil layer, 0—0.10 m below ground) and measured (0.05 m
below ground) daily mean soil moisture content in the model evaluation period (2022-01-28 to 2022-
03-06, 38 days). The turf was irrigated 2 mm d ™' from 2022-01-28 to 2022-02-07 and 4 mm d! from
2022-02-08 to 2022-03-06 at 13:00 local time. In the experiment, the 2-mm irrigation occurred from
13:00 to 13:11, and the 4-mm occurred from 13:00 to 13:23. In the simulation, both 2 and 4 mm were
applied to the 13:00—13:59 time step.

The measured air temperatures, vapour pressures and soil temperatures of the three

unirrigated plots (Fig. S6.2) and the three unirrigated plots (Fig. S6.3) were similar. Therefore, the
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mean and standard error of the three replicates were used to compare against the modelled results

(Fig. 6.5 and Fig. 6.6).

UT&C predicted the average diurnal cycle of air temperature of the irrigated plot well (Fig.
6.5a). However, the sharp reduction of air temperature measured at 13:00 due to irrigation was not
captured by the model (Fig. 6.5a). Both the modelled daytime (10:00-16:59) (Fig. 6.5b) and night-
time (21:00-05:59) (Fig. 6.5¢c) mean air temperatures closely followed the measured ones. The
modelled and measured air temperature were highly correlated in the daytime period (R?>=0.93) and
moderately correlated in the night-time period (R?>=0.69) (Fig. 6.4 and Table 6.2). The daytime (night-
time) mean bias error and root mean square error of air temperature were -1.7°C (-1.2°C) and 2.1°C
(2.1°C), respectively. UT&C over-predicted the vapour pressure of the irrigated plot throughout the
day (Fig. 6.5e—h). The modelled and measured vapour pressure were moderately correlated in the
daytime (R*=0.73) and night-time (R?>=0.45) periods (Table 6.2). The daytime (night-time) mean bias
error and root mean square error of vapour pressure were 0.4 kPa (0.2 kPa) and 0.5 kPa (0.3 kPa),
respectively. UT&C predicted the turf surface temperature of the irrigated plot well (Fig. 6.5g-1).
However, the sharp reduction at 13:00 due to irrigation was only captured by the measurement but
not the model (Fig. 6.5g). The modelled and measured turf surface temperature were more highly
correlated in the daytime period (R?=0.89) than night-time period (R?>=0.60) (Table 6.3). The daytime
(night-time) mean bias error and root mean square error of turf surface temperature were -1.0°C
(0.9°C) and 1.7°C (2.2°C), respectively. UT&C under-predicted the soil temperature of the irrigated
plot, particularly during the night-time (Fig. 6.5m—p). The modelled and measured soil temperature
were moderately correlated for both daytime (R*=0.70) and night-time (R?>=0.72) periods (Table 6.2).
The daytime (night-time) mean bias error and root mean square error of soil temperature were -2.0°C

(-5.2°C) and 2.6°C (5.4°C), respectively.

The performance of UT&C in predicting air temperature (Fig. 6.6a—d), vapour pressure (Fig.
6.6e—h) and soil temperature (Fig. 6.6m—p) of the unirrigated plot was similar to that of the irrigated
plot (Fig. 6.5). However, UT&C under-predicted the daytime (10:00—16:59) and over-predicted the
nigh-time (21:00-05:59) turf surface temperatures of the unirrigated scenario to a larger extent (Fig.

6.6g—1 and Table 6.2).

147



Table 6.2. The performance of UT&C in predicting the daytime (10:00-16:59) and night-time
(21:00-05:59) hourly mean air temperature, vapour pressure, turf surface temperature and soil
temperature of the irrigated scenario and unirrigated scenario, as well as the differences between the
irrigated and unirrigated scenarios. The model performance is evaluated by coefficient of
determination (R?), mean bias error (MBE) and root mean square error (RMSE). The evaluation
period was from 2022-01-28 to 2022-03-06 (912 hours).

Daytime (10:00—16:59) Night-time (21:00-05:59)

Variable Unit R> MBE RMSE R> MBE RMSE

Irrigated Ay temperature °C 093 -17 2.1 069  -12 2.1

Vapour pressure kPa  0.73 0.4 0.5 0.45 0.2 0.3

Turf surface temperature ~ °C 0.89 -1.0 1.7 0.60 0.9 2.2

Soil temperature °C 0.70 -2.0 2.6 0.72 -5.2 54

Unirrigated  Ajr temperature °C 092 21 2.5 068  -1.1 2.1

Vapour pressure kPa  0.73 0.4 0.5 0.45 0.2 0.3

Turf surface temperature ~ °C 0.88 -3.2 3.7 0.54 1.4 2.7

Soil temperature °C 0.66 -1.5 24 0.60 -4.9 5.1

Irrigated— At temperature °C 029 0.1 0.3 001  -02 1.1
Unirrigated

Vapour pressure kPa 0.12 0.1 0.1 0.00 0.0 0.2

Turf surface temperature ~ °C 0.19 1.5 2.0 0.03 -0.6 1.5

Soil temperature °C 0.08 -0.9 1.0 0.09 -0.6 1.0

Regarding the differences between the irrigated and unirrigated turf, i.e., the impacts of
irrigation, UT&C predicted the reduction in daytime (10:00—16:59) air temperature well (Fig. 6.7a—
b). Both the modelled and measured reductions in daytime mean air temperature were —0.3°C and —
0.4°C, respectively (Table 6.3). UT&C predicted no impact on night-time (21:00-05:59) air
temperature by irrigation, while we measured a small increase in night-time air temperature (Fig. 6.7a
and 6.7¢) (Table 6.3). UT&C predicted an increase in both daytime and night-time vapour pressure
by irrigation, while we measured almost no impact on vapour pressure (Fig. 6.7e—h) (Table 6.3).
UT&C predicted a small reduction in daytime mean turf surface temperature (—0.8°C), while we
measured a large reduction (-2.3°C) (Fig. 6.7g) (Table 6.3). UT&C predicted the diurnal variation of
soil temperature well (Fig. 6.7m). The mean bias error and root mean square error of daytime air
temperature were 0.1°C and 0.3°C, respectively (Table 6.2), which were in the same order of
magnitude of the modelled (—0.3°C) and measured (—0.4°C) reductions in daytime mean air

temperature (Table 6.3), and the same applied to daytime turf surface temperature.
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Table 6.3. The measured and modelled impacts of irrigating turf on daytime (10:00—16:59) and night-
time (21:00-05:59) mean air temperature, vapour pressure, turf surface temperature and soil
temperature.

Daytime (10:00-16:59) Night-time (21:00-05:59)
Variable Unit Modelled Measured Modelled Measured
Air temperature °C -0.3 -0.4 0.0 0.1
Vapour pressure kPa 0.05 0.00 0.04 -0.01
Turf surface temperature  °C -0.7 -2.3 0.0 0.6
Soil temperature °C -0.5 0.4 -0.2 0.3

Significant impacts (p<0.05, t-test) are in bold.
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Fig. 6.5. Model evaluation that compared the modelled and the measured (a—c) air temperature, (d—f)
vapour pressure (g—i) turf surface temperature, (j—1) soil temperature of the irrigated scenario (plot).
The modelled and measured data were compared in terms of their average diurnal cycles (left column),
daytime and night-time daily means (middle column) and scatter plot of hourly means (right column).
In the middle column, the broken lines were a time series split into daytime (10:00—16:59, white
panels) and night-time (21:00-05:59, grey panels). The model evaluation period was from 2022-01-
28 to 2022-03-06.
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Fig. 6.6. Model evaluation that compared the modelled and the measured (a—c) air temperature, (d—f)

vapour pressure (g—i) turf surface temperature, (j—1) soil temperature of the unirrigated scenario (plot).

The modelled and measured data were compared in terms of their average diurnal cycles (left column),
daytime and night-time daily means (middle column) and scatter plot of hourly means (right column).

In the middle column, the broken lines were a time series split into daytime (10:00—16:59, white

panels) and night-time (21:00-05:59, grey panels). The model evaluation period was from 2022-01-

28 to 2022-03-06.
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Fig. 6.7. Model evaluation that compared the modelled differences between the irrigated and

unirrigated scenarios (A = irrigated — unirrigated) and the measured differences between the irrigated

and unirrigated plots in (a—c) air temperature, (d—f) vapour pressure (g—i) turf surface temperature,
(G-1) soil temperature. The modelled and measured data were compared in terms of their average

diurnal cycles (left column), daytime and night-time daily means (middle column) and scatter plot of

hourly means (right column). In the middle column, the broken lines were a time series split into
daytime (10:00-16:59, white panels) and night-time (21:00-05:59, grey panels). The model
evaluation period was from 2022-01-28 to 2022-03-06.
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6.3.2. Modelling the impacts of irrigating turf on surface energy balance and evapotranspiration

processes

UT&C predicted that irrigation increased latent heat flux and reduce sensible heat flux and
ground heat flux (less energy flowing into the ground) from approximately 12:00 to 16:59 local time
(Fig. 6.8). At 14:00, irrigation increased latent heat flux by 42.5 W m2 and reduced sensible heat flux
and ground heat flux by 13.8 W m2 and 22.0 W m2, respectively. Irrigation did not change the latent
heat flux, sensible heat flux and ground heat flux from 20:00 to 09:59.

UT&C predicted that irrigation increased the daily total evaporation from canopy interception
and soil surface by 0.2 and 0.6 mm d!, respectively (Table 6.4). Irrigation reduced the daily total
transpiration by 0.6 mm d-!. These changes occurred primarily in the two hours after irrigation (13:00—
14:59 local time) (Fig. 6.9). Irrigation had no impact on the daily total evaporation from surface water
(Table 6.4). Overall, irrigation increased the total evapotranspiration by 0.2 mm d! and increased the

evaporation to evapotranspiration ratio from 0.06 to 0.30.

The sharp reduction in transpiration in the irrigated scenario occurred from 14:00 to 15:59
local time (Fig. 6.9¢) and coincided with the modelled increase in intercepted water on leaf surfaces
(Fig. 6.10a). Apart from this period, irrigation also slightly reduced transpiration in other times of the
day, which is caused by a smaller leaf-to-air vapour pressure deficit (Fig. 6.10b) due to a lower

modelled leaf temperature (=turf surface temperature in UT&C) (Fig. 6.10c).

Table 6.4. Modelled mean daily total evaporation from canopy interception, evaporation from soil
surface, evaporation from ponding surface water, transpiration and total evapotranspiration of the
unirrigated and irrigated scenarios, and the difference between them. The data from the model
evaluation period (2022-01-28 to 2022-03-06) were used.

Daily total (mm)
Unirrigated  Irrigated Irrigated—
Process scenario scenario Unirrigated
Evaporation from canopy interception 0.1 0.3 0.2
Evaporation from soil surface 0.1 0.7 0.6
Evaporation from ponding surface water 0.0 0.0 0.0
Transpiration 2.9 23 -0.6
Total evapotranspiration 3.1 33 0.2
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Fig. 6.8. The average diurnal cycle of modelled latent heat flux, sensible heat flux and ground heat
flux of the irrigated and unirrigated scenarios. Irrigation was applied at 13:00, which increased latent
heat flux and ground heat flux from 14:00 to 15:59. The data from the model evaluation period (2022-
01-28 to 2022-03-06) were used.

6.3.3. Modelling the impacts of different daily irrigation amounts on cooling benefits

UT&C predicted that irrigation of the simulated amounts (2 to 30 mm d') would all
significantly reduce daytime (10:00-16:59) mean air temperature (p < 0.05) (Fig. 6.11a). Irrigating 2,
4,6,8,15and, 30 mm d " at 13:00 local time would reduce daytime mean air temperature by —0.2+0.0,
—0.4£0.1, —0.5£0.1, —0.540.1, —0.6=0.1, and —0.7+0.1°C, respectively. Irrigation would significantly
increase night-time (21:00-05:59) mean air temperature if the irrigation amounts were >8 mm d'.
Irrigation of these amounts would also significantly increase daily, daytime and night-time mean
vapour pressure by a small amount (<0.1 kPa) (p <0.05) (Fig. 6.11b). UT&C predicted that irrigation
of these amounts would significantly reduce daily and daytime mean turf surface temperature (p <
0.05) (Fig. 6.11c). Irrigation of these amounts would also significantly reduce daily, daytime, and

night-time mean soil temperature (Fig. 6.11d). Overall, an increasing daily irrigation amount would
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lead to a stronger daytime cooling benefit, but the additional cooling benefits would greatly reduce

when the daily irrigation amounts increase beyond 4 mm d-'.
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Fig. 6.9. The average diurnal cycle of modelled mean (a) evaporation from canopy interception, (b)
evaporation from soil surface, (c¢) transpiration, and (d) total evapotranspiration. The evaporation
from surface water was not plotted because it was always closed to zero. The data from the model
evaluation period (2022-01-28 to 2022-03-06) were used.
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01-28 to 2022-03-06) were used.
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Fig. 6.11. Modelled impacts of different daily irrigation amount (2, 4, 6, 8, 15 and 30 mm) on (a) air
temperature, (b) vapour pressure, (c) turf surface temperature, and (d) soil temperature. The impacts
were calculated as the difference between the irrigated and unirrigated scenarios (A = irrigated —
unirrigated). The circles represented the mean impacts in the simulation period. An open circle
represented a significant impact (p < 0.05, #-test) while a closed circle an insignificant impact (p >
0.05, t-test). The error bars represent the 95% confident intervals. The overlapping of two error bars
is indicative of an insignificant difference (p > 0.05) between the two means. The forcing data of the
model evaluation period (2022-01-28 to 2022-03-06, 38 days) was used in this simulation.

6.4. Discussion
6.4.1. Impacts of irrigating turf on surface energy balance and evapotranspiration processes

In this study, both the measurements and the UT&C model agreed that irrigating turf can
reduce daytime air and turf surface temperatures. This daytime cooling effect was attributed to an
increase in total daytime evapotranspiration. The model predicted that the increase in daytime
evapotranspiration was primarily driven by the increase in evaporation from soil surface and from
intercepted water on the plant canopy. Other studies have also concluded that irrigating urban

vegetated surfaces would increase evapotranspiration (Broadbent et al., 2018a; Daniel et al., 2018;
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Gao et al., 2020). Using the Town Energy Balance model, Daniel et al. (2018) predicted that the
increase in daytime evapotranspiration from sprinkler irrigation was primarily driven by an increase
in the transpiration of plant (up to 0.2 mm h™'), which was different from the prediction of the UT&C
model in the current study. The UT&C model predicted that sprinkler irrigation would reduce the
transpiration of turf for two reasons. First, a fraction of the turf canopy would intercept the water and
stop transpiring until the intercepted water is evaporated (Meili et al., 2020). In the UT&C model, the
plant canopy is divided into a wet and a dry fraction after rainfall or irrigation (Deardorft, 1978).
Transpiration only occurs on the dry fraction while evaporation occurs on the wet fraction. The wet
fraction may be overestimated in UT&C at the 13:00 timestep when irrigation is applied because part
of the water is likely to evaporate when passing through the air (droplet evaporation) and may not
reach the plant canopy as simulated in the model (Fig. 6.10a). Second, the vegetated ground surface
and grass vegetation canopy is modelled with one temperature, which might lead to a larger decrease
in modelled vegetation canopy temperature (and leaf-to-air vapor pressure deficit) due to ground
evaporation than occurring in reality. Transpiration is reduced with a smaller leaf-to-air vapour
pressure deficit (Grossiord et al., 2020). The modelled transpiration rate of the irrigated turf was lower
than that of the unirrigated most of the time (Fig. 6.9¢) although the soil moisture content of the
irrigated turf was higher throughout the simulation period (Fig. 6.4), indicating that soil moisture was

not limiting transpiration in the simulations of the unirrigated plot.

We measured a strong, instantaneous cooling effect from 13:00 to 13:59 which coincided
with the irrigation time (13:00—13:23) (Fig. 6.6a and Fig. 6.6g). The measured instantaneous cooling
effect was induced by droplet evaporation when the water streams passed through the air and by
evaporation of water intercepted by the turf canopy. Droplet evaporation can contribute to 10% of
water loss in sprinkler irrigation (Molle et al., 2012). The droplet evaporation in this study was likely
to be smaller than traditional sprinkler irrigation because the nozzles used in this study were designed
to produce water streams that were less conducive to droplet evaporation. Yet, we measured sharp
reductions in air and turf surface temperatures during and immediately after irrigation, suggesting

that droplet evaporation could greatly influence microclimate for a short period of time.

The UT&C model predicted the same instantaneous cooling effect once irrigation had ceased
from 14:00 to 14:59 and to a smaller magnitude. The modelled instantaneous cooling effect was not
induced by droplet evaporation because the UT&C model does not include this. The modelled
instantaneous cooling effect was driven by the evaporation from canopy interception (Fig. 6.9a) and
the soil surface (Fig. 6.9b). There have been numerous models developed to predict the direction

evaporation during irrigation under different weather conditions for different irrigation methods
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(Playan et al., 2005). Our experiments suggested that it is necessary to account for droplet evaporation
in the climate model to predict the cooling effect of sprinkler irrigation accurately. Moreover, there
was a delayed cooling response of one hour because the UT&C model first solved the energy budget
then the water budget. Finer time steps, e.g. minutes not hours, are required to run the model if the

instantaneous cooling effect of irrigation needs to be resolved.

In this study, UT&C predicted that irrigation would reduce ground heat flux (less energy
flowing into the ground) from 14:00 to 16:59 due to decreased turf surface temperature (Fig. 6.8).
Furthermore, UT&C predicted that irrigation would have almost no impact on night-time ground heat
flux and would not induce night-time warming of air temperature (Fig. 6.7). However, this is contrary
to most modelling studies that have predicted that irrigation would increase ground heat flux (more
energy flowing into the ground) during the day because wet soils have a higher thermal conductivity
(Kanamaru and Kanamitsu, 2008; Vahmani and Ban-Weiss, 2016; Wang et al., 2019). These studies
also predicted that wet soils would store more heat during the day and increase night-time air
temperature because more heat is released from the soils at night. Experiment studies confirmed the
findings of these modelling studies (Cheung et al., 2022a; Horton and Wierenga, 1983). Ground heat
flux is difficult to model because of the lack of detailed observational data and the high diversity of
soil composition (Kanamaru and Kanamitsu, 2008). Modelling ground heat flux accurately is
important to predict the impacts of irrigation on night-time microclimate because ground heat flux
strongly influences the night-time microclimate when latent and sensible heat fluxes are close to zero

(Fig. 6.10).

UT&C predicted that irrigation would increase night-time air temperature only when
irrigation amount was > 8 mm d"'. At a lower irrigation amount, e.g., 4 mm d!, irrigation would
reduce ground heat flux (less heat flowing into the soils) during the day due to increased latent heat
flux (Fig. 6.8), causing no night-time warming. As irrigation amount increases to > 8 mm d!, both
the ground heat flux and the latent heat flux during the day should increase because of increased
thermal conductivity and increased evapotranspiration, respectively. The increase in
evapotranspiration should be small because atmospheric demand would be the limiting factor of
evapotranspiration but not soil moisture content. The increase in ground heat flux is likely to be higher
than the increase in latent heat flux during the day, causing a significant release of soil heat and an
increase in air temperature at night. More research is required to disentangle the dynamics between

soil moisture content, soil heat flux and air temperature.

Overall, the edge effect of the experimental plots may contribute to the discrepancy between

the modelled and measured surface energy balance, evapotranspiration, microclimate and soil
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temperature. Given that the plots were relatively small (6 m x 6 m), the landscape elements such as
trees in the site might change the microclimate of the plots through modifying the wind profile and
shading and change the soil moisture content through roots. UT&C, in contrast, assumes an idealised
canyon with infinite length and homogenous surfaces. The permeability of the fences in the
experiments may contribute to some turbulent mixing between the plots and the surrounding which

represented an additional source of errors.
6.4.2. Impacts of different daily irrigation amount on cooling benefits

UT&C predicted that the daily mean air temperature reductions from irrigation would not
increase greatly beyond a daily irrigation amount of 4 mm. This amount is reasonable because the
mean reference crop evapotranspiration in Melbourne’s summer is approximately 4 mm d~! (Bureau
of Meteorology, 2023b). The reference crop evapotranspiration is the evapotranspiration rate of a
grass-covered surface that is not short of water (Allen et al., 1998). The reference crop
evapotranspiration is a function of available energy (net radiation — ground heat flux) at the ground
surface, wind speed, air temperature and vapour pressure deficit. If extreme weather conditions occur
such as heatwaves, the reference crop evapotranspiration in Melbourne will increase to >4 mm d!
and a daily irrigation amount >4 mm d! will induce extra cooling benefits. Broadbent et al. (2018a)
used the SURFEX model to predict that the daily mean air temperature reductions would increase
almost linearly from 0.5 to 1.8°C during a heatwave in Adelaide, Australia as irrigation amount
increased from 5 to 15 mm d!. The maximum and mean air temperatures during the heatwave were
45°C and 30°C, respectively. The high air temperature during the heatwave have allowed more

evapotranspiration to occur, inducing a stronger cooling effect of irrigation.

For the urban green spaces in heavily built-up urban areas, daily evapotranspiration may be
greatly increased by the advective sensible heat from surrounding dry surfaces (Oke, 1979). The daily
total evapotranspiration of an well-irrigated park in Sacramento, USA was 130% higher than that of
a rural irrigated grass site (Spronken-Smith et al., 2000). The air temperature of the park was
approximately 2°C lower than a nearby paved surface for most of the time during the day. Therefore,
the actual daily total evapotranspiration can be higher than the reference crop evapotranspiration in
certain urban green spaces. The daily irrigation amount for these urban green spaces needs to be
higher than the reference crop evapotranspiration to induce the strongest possible cooling effect.
Some of the irrigation water will be directly evaporated whilst passing through the air, as well as
evaporated from leaf surfaces when intercepted — none of these processes are considered in the

reference evapotranspiration calculations but should be maximised for optimal cooling benefit.
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6.4.3. Implications for using irrigation to cool urban green spaces

This study has demonstrated that irrigating a small urban green space can significantly reduce
daytime air temperature, turf surface temperature and soil temperature under non-heatwave summer
conditions in a temperate region. The cooling effect of irrigation is highly dependent on background
climate (Cook et al., 2015; Thiery et al., 2017). The cooling effect of irrigation is stronger in regions
with a higher air temperature and lower rainfall in summer (Cheung et al., 2021). Irrigating urban
green spaces was estimated to reduce mean summer air temperature by 2.3°C in arid hot desert climate
(Koppen climate classification: BWh), whereas irrigating urban green spaces might increase mean
summer air temperature by 0.3°C in Mediterranean dry—warm summer climate (K&ppen climate
classification: Csb) (Cheung et al., 2021). It is necessary to take background climate into account

when assessing the potential of using irrigation to cool urban green spaces.

Water supply is another important consideration when using irrigation to cool urban green
spaces. Through water sensitive urban design, non-potable water can be collected and stored in the
city to support irrigation. Water sensitive urban designs are the approaches and technologies that aim
to retain water in the urban landscapes to meet different purposes such as irrigation (Coutts et al.,
2013). For example, housing estates can collect and treat their sewage in a centralised system to
provide a collective supply of fit-for-purpose water for irrigation (Gil-Meseguer et al., 2019; South
East Water, 2021). De-centralised stormwater storage is also possible for individual households.
Individual households can collect stormwater runoff from their roofs through gutters and pipes, and
store the water in rainwater tanks for future uses (Mitchell et al., 2007). As stormwater harvesting
systems become more affordable and accessible, it is estimated that the new housing projects in
Melbourne will increase the city’s non-potable water supply by seven times by 2050 (9.8% of the

city’s water consumption) (Environment and Natural Resources Committee, 2009).

6.5. Conclusion

The impacts of irrigating an urban green space on microclimate were measured and modelled
in this study. The UT&C model can predict the impacts of irrigating a small, turfed urban green space
on air temperature well. Daytime irrigation is predicted to increase the daytime evaporation from the
canopy of plant and the daytime evaporation from soil surface, leading to an increase in total
evapotranspiration. Daytime sensible heat is therefore reduced, causing significant reductions in
daytime air temperature, turf surface temperature and soil temperature. The impacts of irrigation on

night-time microclimate, surface energy balance and evapotranspiration are small.
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Incorporating all evapotranspiration processes into an urban canopy model is crucial for the
model to predict the impacts of irrigating urban green spaces on microclimate and surface energy
balance. The droplet evaporation during sprinkler or nozzle irrigation needs to be included in urban
canopy models because its contribution to total evapotranspiration is sizeable, particular for daytime
irrigation. For a turfed urban green space, the daily irrigation amount that can generate the strongest
possible cooling effect on an average summer day is approximately equivalent to the reference crop

evapotranspiration of the background climate in question.
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6.6. Supplementary materials
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Fig. S6.1. Daily minimum, mean and maximum air temperatures and total rainfall of the model testing
period (2021-01-21 to 2021-03-02, 41 days).
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Fig. S6.4. Convergence issues of the unirrigated scenario. The energy balance of ground vegetated
surface (EBGroundVeg) failed to converge in a number of time steps in the simulation. Those time
steps were removed from the analysis.
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Fig. S6.5. Convergence issues of the irrigated scenario. The energy balance of ground vegetated
surface (EBGroundVeg) failed to converge in a number of time steps in the simulation. Those time

steps were removed from the analysis.
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Table S6.1. Urban Geometry, radiation, and conductive heat flux parameters used for simulation.

Paramete

r Description Unit Value Reference

Hean Average height of urban canyon m 5 Site condition

Wean Ground width of urban canyon m 50 Site condition

Wioot Roof width of urban canyon m 5 Site condition

Niree Absence (0) or presence (1) of trees - 0 Site condition

frimp Fraction of impervious roof - 0 Site condition

fiveg Fraction of vegetated roof - 0 Site condition

fo imp Fraction of impervious ground - 1 Site condition

fo bare Fraction of bare ground - 0 Site condition

foves Fraction of vegetated ground — 1 Site condition

O Albedo roof [imp, veg] - [0.15-] (Niceetal., 2018)

Olg Albedo ground [imp, bare, veg] - [-—,0.22] Measured

Ol Albedo wall — 0.3 (Nice et al., 2018)

& Emissivity roof [imp, veg] - [0.92,-] (Niceetal., 2018)
(Harshan et al.,

&g Emissivity ground [imp, bare, veg] - [-—,0.97] 2018)

Ew Emissivity wall — [0.88] (Niceetal., 2018)

Thermal conductivity of impervious
Aeimp roof WK '!m! 0.773  (Meili et al. 2020)
- Thermal conductivity of wall WK '!m! 0.342  (Meili et al. 2020)
Volumetric heat capacity of impervious

CVrimp roof MJK!'m™ 0.813 (Meili et al. 2020)

Cvw Volumetric heat capacity of wall MJK!m? 0.9035 (MEeili et al. 2020)

dz: Thickness of roof layers [1, 2] m [0.057,0.057] (Meili et al. 2020)

dz, Thickness of wall layers [1, 2] m [0.074,0.074] (Meili et al. 2020)
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Table S6.2. Vegetation parameters used for the simulation. Separate parameters for roof vegetation

[Tveg], ground vegetation [gyeg], and trees [wec] are specified in this order.

Parameter  Description Unit/code Value [rveg, veg, ree]  Reference
Ground vegetation canopy
he height m [- 0.1,—] Site condition
(Fatichi  and
dicaf Leaf dimension cm [-,2,-] Pappas,2017)
(Fatichi  and
LAI Leaf area index - [~ 3,-] Pappas,2017)
(Fatichi  and
SAI Stem area index - [, 0.001, -] Pappas, 2017)
(Fatichi  and
NN Specific leaf area m? LAl g C! [-, 0.016,-] Pappas, 2017)
Canopy  light  extinction (Fatichi  and
Kopt coefficient — [-,0.5,—-] Pappas, 2017)
(Fatichi  and
VCASErot Vertical root profile (1, 2,3,4) — [- 1,-] Pappas, 2017)
Root depth, 95th percentile of
ZRos vegetation mm [-,250,-] Tested
(Fatichi  and
Rlroot Root length index m root m~ PFT [-,4500,—] Pappas, 2017)
Soil water potential at the (Fatichi  and
WYSt000 beginning of stomatal closure =~ MPa [-,—-0.6,—] Pappas, 2017)
Soil water potential at 50% (Fatichi  and
WYSt050 stomatal closure MPa [-,-2,-] Pappas, 2017)
Water potential at 50% leaf (Fatichi  and
WYL50 hydraulic conductivity MPa [~ -2.5,—-] Pappas, 2017)
Water potential at 50% of
xylem hydraulic conductivity
and limit for water extraction (Fatichi  and
YX50 from soil MPa [-,—0.95,—] Pappas, 2017)
(Fatichi  and
op Photosynthesis pathway 3:C3,4:C4, or 5:CAM [-3,-] Pappas, 2017)
Canopy  nitrogen  decay (Fatichi  and
Kxn coefficient - [~ 0.3,—-] Pappas, 2017)
Maximum Rubisco capacity at
Ve,max 25°C leaf scale pmol CO2 m2 7! [, 64,-] Tested
Minimum/cuticular stomatal (Fatichi  and
20,c02 conductance mol CO2 m2 leaf s~ [~ 0.01,-] Pappas, 2017)
Empirical parameter linking
net assimilation AnC to (Fatichi  and
al stomatal conductance gs coz - [-7,-] Pappas, 2017)
Scaling factor between Jmax (Fatichi  and
Tjv and Ve max umol equivalent umol™! CO2 [-2.1,—] Pappas, 2017)
(Fatichi  and
€FI Intrinsic quantum efficiency pmol CO2 umol™! photons [, 0.081,-] Pappas, 2017)
Empirical coefficient that
expresses the value of vapour
pressure deficit at which f(Ae)
Ao, =0.5 Pa [, 2000,—] Tested
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Table S6.3. Soil, interception, and runoff parameters used for the simulation.

Parameter  Description Unit/code Value/code  Reference
(Meili et al.,
Zsgo Ground soil layer discretisation mm [0...2000] 2020)
Ground soil composition [feay, fsands
Fg,soil forganic] - [02, 04, 006] Tested
Hydralic conductivity of impervious (Meili et al.,
Kimp surface [roof, ground] mm h™! [O, 7] 2020)
Hydralic conductivity at the bottom of (Meili et al.,
Koot the last soil layer [roof, ground] mm h~! [-, free drainage] 2020)
1: VanGenuchten
or 2: Saxton- (Meili et al.,
SPAR Soil parameter type [roof, ground] Rawls [L2] 2020)
Maximum interception capacity of (Meili et al.,
In™mp impervious surfaces [roof, ground] mm [0.25,0.5] 2020)
Maximum interception capacity on top (Meili et al.,
In™*5;) 0f 301l [1veg, gbares gvee] mm [-,— 10] 2020)
Specific water retained by vegetation mm m?PFT area (Meili et al.,
SmaXp 1 surface [rveg, gbares gvee) m2 leaf area [~ - 0.1 2020)
Percentage of runoff that leaves the (Meili et al.,
Ar system [roof, ground] - [1,0.5] 2020)
Depth from which initial soil moisture
Zie content is at field capacity mm 100  Tested
Depth from which soil moisture
Zse content is at field capacity mm 400 Tested
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Table S6.4. Location and measurement parameters, and anthropogenic heat used for the simulation.

Parameter Description Unit Value Reference
Qdata Latitude (positive north) ° —37.83 Site condition
Adata Longitude (positive east) ° 145.02 Site condition
Bcanyon Canyon orientation [direction 1, direction 2] ° 25 Site condition
Difference between local time and Greenwich

Amt Meridian Time h 10 Site condition
Zatm Atmospheric forcing/reference height m 80 Data

(Meili et al,
To,min Minimum interior building temperature °C 18 2020)

(Meili et al.,,
Th,max Maximum interior building temperature °C 27 2020)
Qfroof Anthropogenic heat input on top of roof Wm'! 0 Site condition
Qfcan Anthropogenic heat input within canyon Wm'! 0 Site condition
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Table S6.5. Root mean square errors of modelled air temperature difference between the irrigated and
unirrigated scenarios for six model parameters at four different levels. These six parameters are site-
specific and therefore a testing is conducted to find out the level that generate the lowest root mean
square errors for each parameter using 2021's data. The level with the smallest root mean square error
of each parameter is in bold.

Depth below which initial soil moisture is at field

capacity (mm) 0 100 200 400
Root mean square error (°C) 0.490 0.515 0.601 0.837
Depth below which soil moisture is kept at field

capacity (mm) 100 200 400 800
Root mean square error (°C) 0.459 0.493 0.489 0.515

0.2, 0.4, 0.05, 0.75,

Ground soil composition [felay, fsand, forganic] 0.025 0.2,04,0.06 0.06 0.1,0.7,0.06
Root mean square error (°C) 0.489 0.558 1.095 1.102
Empirical coefficient that expresses the value of

vapour pressure deficit at which f(Ae) = 0.5 (Pa) 500 1000 2000 4000
Root mean square error (°C) 0.549 0.489 0.452 0.461
Root depth, 95th percentile of vegetation (mm) 250 300 350 400
Root mean square error (°C) 0.452 0.457 0.456 0.455
Maximum Rubisco capacity at 25°C leaf scale

(umol CO2 m2 s71) 54 64 74 84
Root mean square error (°C) 0.452 0.456 0.533 0.474
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Chapter 7 — Synthesis

Chapter 7 — Synthesis

Heatwaves are periods of abnormally hot weather. The frequency of heatwaves across the
globe have increased in the past few decades (Perkins-Kirkpatrick and Lewis, 2020) and is expected
to increase in the future (Domeisen et al., 2022). Heatwaves can severely affect the users and fauna
of urban green spaces. Although governments and health agencies generally recommend people to
stay in air-conditioned facilities such as libraries and shopping malls during heatwaves, outdoor
workers may be present in urban green spaces during heatwaves. Urban fauna will have no option but
to continue using urban green spaces as habitats. It is worth exploring the potentials of using irrigation
as a heat mitigation strategy for urban green spaces during heatwaves because heat-related mortality
rate is strongly associated with high air temperature (Basu and Samet, 2002). As management
decisions can impact human health and mortality, any management decision that uses irrigation as a
heat mitigation strategy needs to be based on scientific evidence, both empirical and modelled. It is
also important that the limits of cooling benefit from UGS irrigation are explored and recognised. To
understand the potentials of using irrigation as a heat mitigation strategy for urban green spaces during
heatwaves, I will use the experimental data in Chapter 5 to develop an empirical model to predict the
air temperature reductions from irrigation for three past heatwave events (2009, 2013 and 2014) in

Melbourne, Australia with historic weather data.

7.1. Predicting the potential air temperature reductions from irrigating urban green spaces during

heatwaves in Melbourne
7.1.1. Multiple linear regression model

With the data from Chapter 5, I established a multiple linear regression model to predict the
afternoon (12:00-15:59) mean air temperature reduction from irrigating urban green spaces using
background weather data. [ used the cooling effect data from the multiple daytime irrigation treatment
(irrigating 1 mm at 12:00, 13:24, 14:00 and 15:00 = 4 mm d ') and the background weather data. The
explanatory weather variables included daily mean air temperature, daily mean vapour pressure
deficit and daily total incoming shortwave radiation. Wind speed was excluded from the analysis
because it did not have a linear relationship with the afternoon (12:00—15:59) mean cooling effect
(c.f. Chapter 5). I used a stepwise multiple linear regression to construct a model with the smallest
Akaike information criterion. The regression started with a full model that included the full set of
explanatory weather variables. One explanatory weather variable was then added or removed at one
time to give one variant of the full model. The full model and each of its variants had an Akaike

information criterion that represented the quality of the model relative to others. The best and final
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Chapter 7 — Synthesis

model has the minimum Akaike information criterion (Hastie and Pregibon, 1992). The model with

the minimum Akaike information criterion was as follows:

AT,=-0.022T,-0.029SW;, , R* = 0.42 (7.1)

where AT, is the afternoon (12:00-15:59) mean air temperature reduction from irrigation (°C), 7, the
daily mean air temperature (°C), SW;, the daily total incoming shortwave radiation (MJ m2). The
afternoon (12:00-15:59) mean air temperature reduced would strengthen by —0.022 and —0.029°C as
daily mean air temperature and daily total incoming solar radiation increase by 1°C and 1 MJ m2,

respectively.
7.1.2. Air temperature reductions during heatwaves

I used the model to predict the afternoon (12:00-15:59) mean air temperature reductions from
irrigating urban green spaces in the three most recent heatwave periods in Melbourne, namely 2009
(27" January to 1t February), 2013 (4" to 9™ March) and 2014 (13" to 17™ January). The weather
data for these three heatwave periods were collected from the Bureau of Meteorology (2023c). The
daily mean air temperatures of the three heatwave periods were 28.6, 26.2 and 30.1°C, respectively.
The daily total incoming shortwave radiation of the three heatwave periods were 29.7, 20.6 and 27.6

MIJ m2, respectively.

The potential afternoon (12:00-15:59) mean air temperature reductions from irrigating urban
green spaces were —1.3°C in 2009, —1.0°C in 2013 and —1.3°C in 2014 (Fig. 7.1). The strongest
potential afternoon (12:00-15:59) mean air temperature reduction (-1.4°C) occurred on 28-30
January 2009 and 14 January 2014 when the daily mean air temperature and the daily total incoming

shortwave radiation exceeded 31°C and 29 MJ m™2, respectively.
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Fig. 7.1. The daily mean air temperature, daily total incoming shortwave radiation and potential
afternoon (12:00-15:59) mean air temperature reductions from irrigating urban green spaces on air
temperature during the heatwave periods in Melbourne in (a) 2009, (b) 2013 and (c) 2014. The
potential cooling effects were predicted by a multiple linear regression model using daily mean air
temperature and daily total incoming shortwave radiation as the explanatory variables.

The potential afternoon (12:00—15:59) mean air temperature reductions irrigating urban green
spaces during heatwaves in Melbourne were stronger than the afternoon (12:00-15:59) mean air
temperature reduction (—0.9°C) that we observed in a normal summer without heatwave in 2022 (c.f.
Chapter 5). The finding corroborated with that of a modelling study which reported that the maximum
air temperature reduction from irrigation during heatwaves (—1.3°C) was stronger than that during
non-heatwave period (—0.6°C) (Gao et al., 2020). The finding was also in line with that in the literature
review in Chapter 2 which proposed that weather was one of the important factors that influenced the
cooling effect of irrigation. The limitation of the multiple regression model is that it assumes the
difference in soil moisture content between the irrigated and unirrigated scenarios in the heatwaves
is similar to that between the irrigated and unirrigated plots in the field experiments. The model also
assumes that the irrigation scheduling is the same as that of the multiple daytime irrigation treatment
in the field experiment at Burnley. The model is only applicable to regions that have a similar
background climate and soil type to Melbourne, Australia. Despite the assumptions and restrictions,
the model provides a good estimation of the cooling benefits of irrigating urban green spaces in

Melbourne using only two commonly available weather variables.
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7.2. Contributions of the thesis to the advances in knowledge

7.2.1. Impacts of irrigating urban green spaces on surface energy balance, microclimate and human

heat stress

In Chapter 2, I constructed a theoretical framework about the impacts of irrigating urban
green spaces on daytime and night-time microclimate (Fig. 2.1), human heat stress and surface energy
balance in summer. The theoretical framework was based on a literature review which consisted
mainly of city- or regional-scale modelling studies. In Chapters 4—6, the impacts of irrigating a small
urban green space on daytime and night-time microclimate, human heat stress and surface energy
balance were measured and modelled. The theoretical framework is revised according to the findings

from Chapters 4—6 contributed to reflect the advances in knowledge (Fig. 7.2).
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Fig. 7.2. Revised theoretical framework about the daytime and nigh-time impacts of irrigating urban
green spaces on surface energy balance, microclimate and human heat stress. This theoretical
framework was revised from the original framework (Fig. 2.1) based on the findings from the field
experiments and microclimate simulations in Chapters 4—6.

In the theoretical framework, I hypothesised that irrigating urban green spaces would increase
daytime latent heat flux and downward ground heat flux and reduce sensible heat flux (Table 7.1).
The findings from the field experiment and microclimate simulations supported this. I also

hypothesised that irrigating urban green spaces would reduce daytime air temperature, turf surface
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temperature and human heat stress and increase vapour pressure. The findings from the field
experiment and microclimate simulations supported the first two, but the findings showed that
irrigation had no significant impacts on vapour pressure and human heat stress (measured by universal
thermal climate index). The lack of significant impacts on vapour pressure were probably due to the
scale of irrigation being small, which limited the measurable increase in vapour pressure after some

mixing and dispersion.

Table 7.1

Comparison of the original and revised theoretical frameworks about the impacts of irrigating urban

green spaces on surface energy balance, microclimate and human thermal stress in summer.

Daytime Night-time
Original Revised Original Revised
Variable framework  framework framework  framework
Surface energy )
balance Latent heat flux 1 0 1
Sensible heat flux l l l -
Downward ground heat flux (daytime)/
Upward ground heat flux (night-time) 1 1 1 1
Microclimate Air temperature ! l 11 -
Vapour pressure 1 - 1 -
Turf surface temperature l l i i
Human heat
stress Universal thermal climate index ! - - -

“17.“]” and “- represent increase, decrease and no impact, respectively.

In this conceptual framework, I also hypothesised that irrigating urban green spaces would
increase night-time latent heat flux and upward ground heat flux and reduce sensible heat flux (Table
7.1). The findings from the field experiment and microclimate simulations partly supported this
because irrigation increased upward ground heat flux but it did not change latent heat flux and sensible
heat flux. I also hypothesised that irrigating urban green spaces would increase night-time vapour
pressure and turf surface temperature and have unclear or no impact on night-time air temperature
and human heat stress. The findings from the field experiment and microclimate simulations partly

supported this because irrigation had no impact on vapour pressure.

7.2.2. Environmental and management factors that influence the cooling effect of irrigating urban

green spaces

In Chapter 2, I identified the key environmental and management factors that influence the

cooling effect of irrigating urban green spaces, which included background climate, weather, daily
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irrigation amount, irrigation scheduling and vegetation type (Fig. 7.3). I identified these factors based
on a literature review which consisted mainly of city- and regional-scale modelling studies. In
Chapters 3, 4, 5 and 6, [ investigated how these factors influence the cooling effect of irrigating urban
green spaces using a meta-analysis, field experiments and microclimate simulations. The findings
from Chapters 3, 4, 5 and 6 confirmed the importance of these environmental and managements

factors and quantified their influences on the irrigation cooling effect in turf grass green spaces.
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Fig. 7.3. Summary of the findings from Chapter 2 to Chapter 6. Chapter 2 identified the factors that
influence the cooling effects of irrigating urban green spaces. In Chapters 3, 4, 5 and 6, the influences
of those factors were investigated using a meta-analysis, field experiments and microclimate

simulations.

Background climate is the most important factor to consider when it comes to using irrigation
to cool urban green spaces in summer. The background climate of a city determines whether irrigating
urban green spaces could be an effective cooling strategy for that city in summer. In Chapter 3, [ used
a meta-analysis of the literature and a stepwise regression model to identify the two most important
climate variables that influenced the cooling effect of irrigating urban green spaces in summer — air
temperature and rainfall. The mean cooling effect of irrigating urban green spaces in summer on air
temperature would strengthen by 0.10°C as the mean background air temperature increases by 1°C.

Conversely, the mean cooling effect of irrigating urban green spaces would weaken by 0.11°C as the
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monthly total rainfall increases by 10 mm. The stepwise regression model in this synthesis chapter
provides an estimate of the cooling effectiveness of irrigating urban green spaces in a Melbourne
summer using two commonly available climate variables, daily solar radiation and mean air

temperature.

Weather can change substantially from day to day within the summer season. It is important
to understand under what weather conditions irrigation is an effective cooling strategy. In Chapter 5,
I showed that the afternoon mean cooling effects of irrigating turfgrass in a small green space on air
temperature and turf surface temperature strengthened linearly with increasing background air
temperature, vapour pressure deficit and incoming shortwave radiation. The findings suggest that
irrigating urban green spaces is a more effective cooling strategy when the weather is warmer and
drier. When irrigation water supply is limited, irrigation can be prioritised to warmer and drier days
to obtain a stronger cooling benefit. Smart irrigation control systems can be installed to initiate

irrigation with meteorological predictions or temperature thresholds.

Daily irrigation amount has been reported to relate almost linearly with the cooling effect of
irrigating urban green spaces in Adelaide, Australia within the range of 0 to 15 mm under heatwave
conditions without advection (Broadbent et al., 2018a). A similar finding was reported for irrigating
vegetation in the contiguous US under non-heatwave conditions with advection (Wang et al., 2019).
However, in Chapter 4, the measured daytime cooling effect of irrigating turfgrass under non-
heatwave conditions in Melbourne did not strengthen as the daily irrigation amount increased from 2
to 4, and to 7 mm. The impact of large rainfall event masked the potential differences of three
irrigation treatments. In Chapter 6, the UT&C model predicted that the daytime cooling effect of
irrigating turfgrass under non-heatwave conditions in Melbourne would strengthen significantly as
the daily irrigation amount increased from 0 to 4 mm. However, this daytime cooling effect was not
predicted to strengthen linearly as the daily irrigation amount increased beyond 4 mm. The findings
suggested that irrigating 4 mm d!' under non-heatwave and non-advective conditions is the most
reasonable irrigation amount to achieve the strongest cooling effect in summer in Melbourne. The
mean reference crop evapotranspiration rate in summer in Melbourne is approximately 4 mm d!
(Bureau of Meteorology, 2023b), suggesting that irrigating 4 mm d! can fully meet the
evapotranspirative demand of turfgrass and further increase in irrigation amount will not lead to a

substantial increase in evapotranspiration and cooling effect.

Irrigation scheduling provides an opportunity to strengthen the cooling effect of irrigating
urban green spaces without using more water (Broadbent et al., 2018a). In Chapter 5, [ measured that

the afternoon mean cooling effect of multiple daytime irrigation was significantly stronger than those
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of a single night-time and a single daytime irrigation, given that the total irrigation amount was the
same for all three irrigation schedules. The reasons for the stronger afternoon cooling effect were
likely attributed to an increase in total evapotranspiration due to an increase in droplet evaporation in

the air, evaporation on soil surface and evaporation of water intercepted by the turfgrass canopy.
7.3. Future research directions
7.3.1. Cooling effect of irrigating urban green spaces on the neighbourhood scale

The field experiments and microclimate simulations in this thesis have focused on the cooling
effect of irrigating urban green spaces on the plot or local scale, where the entire urban green space
is irrigated. The beneficiaries of urban green space irrigation are restricted to their users and the spatial
extent of the cooling effect is likely to be restricted to the footprint of the urban green spaces for small
urban green spaces such as private backyards. Since the cooling effect of irrigating small urban green
spaces is strong and significant, it is worth investigating how irrigation can be used to cool the
environment at a larger spatial scale. The spatial scale that is immediately larger than the street scale
is the neighbourhood scale (0.5 km X 0.5 km) which can consist of tens of single-level houses (Oke,
2006).

Legend
Building footprint  [7] Backyard or frontyard  [] Public urban green space [7]

Fig. 7.4. An example of an older (left) and a newer (right) suburb in Melbourne. In an older suburb,
the houses typically have large, vegetated backyards and front yards relative to the building footprint.
In a newer suburb, the houses typically have small, vegetated backyards and front yards relative to
the building footprint.

The neighbourhoods in older and newer suburbs in Melbourne have different types and

spatial distribution of urban green spaces. In older suburbs, the houses typically have large, vegetated
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backyards and front yards relative to the building footprint (Fig. 7.4). Irrigating all backyards and
front yards in the neighbourhood may induce a collective and evenly distributed cooling effect that
benefits the whole neighbourhood. In newer suburbs, the houses typically have small, vegetated
backyards and front yards relative to the building footprint (Fig. 7.4). The collective cooling effect of
irrigating small backyards and front yards may be limited in this case. Yet, there is some evidence
that irrigating larger urban green spaces can cool the surrounding built-up environment through local
scale advection (Spronken-Smith et al., 2000; Vivoni et al., 2020). Irrigating the large public urban
green space may provide a strong cooling effect to the residents closer to it and a weaker cooling
effect to those further away from it. Since large-scale agricultural irrigation has been confirmed to
influence regional and global climate (Lobell et al., 2008a), irrigating urban green spaces on the
neighbourhood scale is a promising cooling strategies and is worth investigating. Spatially-resolved
climate models such as ENVI-met (Bruse and Fleer, 1998) and PALM-4U (Maronga et al., 2020) are
ideal for investigating the cooling effect of irrigating urban green spaces with different spatial
arrangements. Alternatively, urban surface models that simulate urban energy and water balances such
as SUEWS (Jarvi et al., 2011; Ward et al., 2016) are suitable for investigating the average cooling

effect of irrigating urban green spaces for the whole neighbourhood.
7.3.2. Contribution of the increase in leaf area index to irrigation cooling effect

Irrigating vegetation can lead to a cooling effect on air temperature through wetting the soil
and increasing leaf area index of the vegetation. Most modelling studies that investigated the cooling
effect of irrigation only focused on the cooling effect from wetting the soil (Liu and Wang, 2023).
The cooling effect from increasing leaf area index due to irrigation received less attention, as has a
cooling effect from irrigating vegetation (such as turfgrass) that is allowed to achieve greater leaf area
index through less-frequent mowing. The leaf area index of irrigated vegetation can increase
substantially over time, which in turn can lead to greater evapotranspiration. The leaf area index of
turf grass has been shown to explain 78% of the variance in evapotranspiration (Barton et al., 2009).
Such increase in evapotranspiration will change the surface energy balance and strengthen the cooling
effect of irrigation. It was estimated that the increase in leaf area index in crops due to irrigation
accounted for 34.5% and 14.0% of the irrigation cooling effects in spring and summer, respectively
(Liu and Wang, 2023). Although the increase in leaf area index in the lawns in urban green spaces
may be limited because they are mowed regularly, irrigating other vegetation such as shrubs and trees

may enhance their cooling effect through increasing their leaf area index over time.

Irrigation is particularly important to maintain the health and cooling benefits of urban

vegetation during droughts and heatwaves. It was estimated that the water stress due to climate change
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can suppress the evapotranspiration of turfgrass for 3—5 months in a year by the 2080s in the UK,
which increases the turf surface temperature by up to 15°C (Gill et al., 2013). Heatwaves can cause
street trees to lose up to 50% of the their leaves, which greatly reduces their cooling benefits through
shading and evapotranspiration (Sanusi and Livesley, 2020). The high air temperature during
heatwaves directly causes the canopy loss and the water stress before and during the heatwaves may
aggravate this canopy loss. Future studies are recommended to account for the changes in leaf area
index due to irrigation, droughts and heatwaves when investigating the cooling effect of irrigating

urban green spaces.

The benefits of irrigation on increasing and maintaining the leaf area index of urban surfaces
are particularly important in arid regions. In many arid regions, urban ground vegetation cannot
survive through the hot and dry summer without irrigation. This means that irrigation can prevent the
green and cool vegetated surfaces from turning into dark and warm bare soil surfaces, which implies
an extra cooling benefit from keeping the surface temperature lower by reflecting more solar radiation.
The resultant cooling benefit of irrigating urban green spaces in arid regions require a dedicated
experiment that compares the microclimate and surface energy balance of irrigated turf and

unirrigated bare soil.
7.4. Conclusion

Irrigating turfgrass is an effective strategy to reduce the daytime air temperature and turf
surface temperature in urban green spaces in temperate summers. The cooling effects are induced by
an increase in total evapotranspiration, which reduces sensible heat flux. The increase in total
evapotranspiration is attributed to the increase in droplet evaporation in the air, evaporation on soil
surface and evaporation of water intercepted by the turfgrass canopy due to overhead irrigation. In
comparison to a single night-time irrigation and a single daytime irrigation, separating irrigation into
multiple smaller daytime applications can increase the cooling effects on afternoon air temperature
and turf surface temperature without using more water. This multiple daytime irrigation approach is
able to further increase canopy evaporation and droplet evaporation in the air. When daily irrigation
is applied, the most reasonable daily total irrigation amount that can maximise the daytime cooling
effect of irrigating turfgrass is approximately equivalent to reference crop evapotranspiration of the
site. Increasing the daily total irrigation amount beyond the reference crop evapotranspiration will
only strengthen the daytime cooling effect by a small amount. Irrigating small urban green spaces
does not increase vapour pressure during the daytime because the moisture disperses quickly into the
surrounding unirrigated environment. However, irrigating larger urban green spaces may increase

vapour pressure noticeably, but was not studied in this thesis. Importantly, irrigating urban green
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spaces does not appear to reduce human heat stress in summer because it cannot reduce mean radiant
temperature. Tree shade and artificial shading are still necessary to reduce human heat stress in

Sumimer.

Apart from irrigation scheduling and irrigation amount, background climate and weather are
important factors that influence the cooling effect of irrigating urban green spaces. The cooling effect
of irrigating urban green spaces on air temperature in summer is stronger in regions with higher air
temperatures and lower rainfalls in summer. Except the tropical and polar climates, the cooling effect
of irrigating urban green spaces in summer is the strongest in arid hot desert (BWh) and arid cold
desert (BWk) regions, and weakest in Mediterranean dry-cold summer (Csc) Mediterranean dry-
warm summer (Csb) regions. The afternoon cooling effects of irrigating urban green spaces on air
temperature and turf surface temperature strengthen significantly with increasing afternoon air
temperature, vapour pressure deficit and incoming shortwave radiation. For a small urban green space,
the cooling effect of irrigation on air temperature first strengthens with increasing wind speed but

weakens as wind speed increases further.

The findings in this thesis are only representative of how irrigating small turfgrass green
spaces in temperate summer impacts the surface energy balance and microclimate of that urban green
space. It is worth investigating how irrigating larger green spaces, or irrigating a network of small
urban green spaces in the same neighbourhood, impacts the surface energy balance and microclimate,

while accounting for the changes in leaf area index due to irrigation, droughts and heatwaves.
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