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Investigation of extensive green roof outdoor spatio-temporal thermal

performance during summerin a subtropical monsoon climate

Abstract:

Thethermal performance of green reaf usually sitespecificandchangesemporaly. Hence
thermal performance evaluation recessary toptimizegreen roofdesignandits cooling effect In
thispaper weevaluate the outdoospatictemporalperformancef afull-scaleextensive green roof
(EGR)in Nanjing Chinathroughout a summet threeheights(30, 60 and 120 cmYe found the
EGR exhibited an overall slighiurnalcooling effect atll three height$-0.09,-0.23 and-0.09€C ,
respectively, butthere wasn obvious warming effeett a couple of specific houdsiringdaytime
Especially on sunny dayshe maximumwarming effectat all three heightsvas 1.59, 0.59, and
0.38C , respectivelyDuring the nightthe EGR had pronounced cooling effeaf -0.63,-0.40, and
-0.15€ , respectively Among the weathescenarios sunny dayg had the highestimpacton the
(*5 T whermal performancewhile effects were less pronounced doudy and rainydays. Tthe
averageangeof hourly air temperature difference at 30 cm between EGRadrade roobn selected
dayswas4.02 (sunny) 2.67 (cloudy), and 0.7& (rainy). Theresults ofmultiple-regressioranalyses
showedstrongandsignificantcorrelations ofir temperaturéifferencebetweertheEGRandabare
roof with differences inrelative humidity net radiation several measures of soil and surface
temperatureand soil moisture as well as average solar radiation, air temperature and wind speed
The results implied thatoth the components of the EGR, such as green vegetation and the soll
substrate layegndthe microclimate created by the EGR can feack andcontributeto the thermal
performance oén EGR.Through thidull-scaleEGRresearch imsubtropical monsoon climatege
providethe scientific basisand actionable practices fgreen roofplanning and desigto alleviate
theurban heat islandffecttowards designinglimateresilient cities
Keywords: Extensive green roofExperimental analysjsOutdoor cooling effe¢t Thermal

performanceSubtropical monsoon climate
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UHI
EGR
BR
CAM
LAI
PCA
SVF
Ta

RH

SR
SR_up
SR_down
WS
NR

Ts TIR

Ts TC
Soil_ T

Soil_M
Soil_HF

Urbanheatisland

Extensive green roof

Bare roof

Crassulaceaacid metabolism
LeafAreaindex
Plantcanopyanalyzer

Sky view factor

Air temperaturdC)

Relative humidity(%)

Solar radiatior{Wm?)

Incoming shortwave radiation (W
Reflected shortwaveadiation (Wn)
Wind speedm)

Net radiation(\Wm?)
Thermalinfraredsurfacetemperature
©)
Thermocouplesurfacetemperature
©)

Soil temperature (C)

Soil moistur¢m®/m?3)

Soil heat flux(Wm?)

Ta daily

T4 daily_daytime

Ta daily_nighttime

aT,_daily

0 g _daily_daytime

(T5_daily_nighttime

0 &_hourly

SR_daytime

57

Air temperature above the EGR
(Ta_EGR minus the BRTa_BR
©)

Average daily air temperatueg
corresponding heighC)

Average daily air temperature
during the day (€)

Average daily air temperature
during the night (€)

Average daily air temperature
difference between EGR and BR
corresponding heighC)

Average daily air temperature
difference during the day (€)
Average daily air temperature
difference during the night (C)
Averagehourly air temperature
difference between EGR and BR
corresponding heighC)

Day-time average solar radiation
(Wn?)
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1. Introduction

Many dties around the worldhavebeen sufferingfrom anincreased urban heat island (UHI)
effectdue to urbanizatioandwill likely experiencemore frequentmore intenseandlonger lasting
heat wavei the future(Perkins et al., 201Zim, 2015;Solcerova eal., 2017. Urban green spaces
canmitigate UHI effects and provide important temperature regulating ecosystem seriioceg ét
al., 2016. However,availablespaceor urban greenings limited in many citiesdue todense urban
formsand high economiandvalue(Santamouris, 2014iao et al., 2014, Vijayaraghavan, 2016
Green(vegetated, eco or livingbofshave frequently been proposasla wayo increag the amount
of green spacan the urban area antherebymitigate the UHI effect(Francis and Lorimer, 2011,
Parizotto and Lamberts, 2018usca et al., 2011Saadatian et al., 2018erardi et al., 2014;
Santamouris, 20143olcerova et al., 201 TCalliari et al., 2019 Moreover green roofsan also
reducebuilding energy consumptioflheodosiou, 2003 arizotto and Lamberts, 20Xdoma et al.,
2016, decreaethe quantity and increase the qualityahwater runof{Carpenter et al., 2016ims
et al., 201, extendroof life (Teemusk and Mander, 2009mprove urbarair quality (Yang et al.,
2008;Rowe, 201}, and prouvile aestheti@ppealand amenity spacé&ohler et al.,2002; Kosareo
and Ries, 2007 Green roofsare an innovativeway to increase thénealth andsustainability of
buildings and citiesRevilacqua et al., 2016

Green roofgonsistof several components, including vegetation, substrate, filter fabric, drainage
material, root barrieand thermal insulatiorS@adatian et al., 2013; Berardi, B0Vijayaraghavan,
2016. Depending orthe vegetation typesubstrate dath, construction material, maintenance level
and allocated usage, green roofs are generally classified as extardiiviensive(Saadatian et al.,
2013; Berardi et al., 2014; Li and Yeung, 20E4Bachawati et al., 201@evilacqua et al., 2016;
Vijayaraghavan, 2016 Intensive green roofgsually have adeepand heavysubstrate(substrate
depth of more than 130 cm andypically more than290 kg/n?) and featurea variety of plants
ranging fromgrasses and forlte small trees, whickequire intensive maintenance and involve high

cosk. Intensive green roofare usually designed for complete accessibilioy new buildings
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consideringthe extra weightof the green roofduring the design of theE X L O Gstr@ztuiffaV/
componentsWilliams et al., 2010JJim et al., 2011Bevilacqua et al., 2016; Vijayaraghavan, 2016
In contrast, gtensive green rooffEGRs)are characterizeldy athin substrate layer (typically less
than10-15cm); low weight (typically70-170kg/m?); alimited variety ofvegetation types including
moss, grassesand succulentsminimal maintenancelow capital costand are less likely to be
designed for frequent human accdsSRs aresuitedfor installation on existing buildings without
enhancement dftructuralbuilding support(Bevilacqua et al., 2016; Vijayaraghavan, 20a6d are
therefore frequentlyrecommended inrbanarea (Maclvor et al., 2016

Green roof substrates can insaléte inside of the building frowutdoor heat, while vegetation
coolsthelocal environment through shading, reflection of solar radiation, and evapotranspiration
(Takakura et al., 2000; Niachou et al., 2001; Solcerova et al.).ZDi&e have been many recent
evaluatons of the thermal performanceof EGRs (Parizotto and Lamberts, 2011; Berardi, 2014;
Vijayaraghavan, 2016; Solcerova et al., 20Bhd particularlyther cooling benefitgduringwarm
seasongMaclvor et al., 2016

Most previous studiesised field observationdN{achou et al., 2001; Parizotamd Lamberts,
2011; Olivieri et al., 2013; Bevilacqua et al., 2016; Maclvor et al., 2016; Solcerova et a).02017
complexmathematical modeldNfachou et al., 2001; Ouldboukhitine et al., 2011; Ascione et al.,
2013; Olivieri et al., 2013to quantifythe cooling benefiperformanceof EGRs by comparingthe
air or surfaceemperature of vegetatedofswith that ofbareroofs Numerical models argenerally
employedto simulate the cooling potentiaf an EGR by comparing differenscenariosespecially
with or without EGR, however, they are oftenot appropriatelyapplied to study thenderlying
mechanismagoverningthethermal performancef an EGR(Ascione et al., 2013Song et al., 2016
Improving theaccuracyof numericalmodelsis still a challengedue to the complexity of the heat
and mass transfam green roaf andcomplexstructureof the green roof systemBévilacqua et al.,
2016. Therefore experimentasetupswith direct measurements remae commorty usedmethod

to investigatehe cooling effects dEGRs(Parizotto and Lamberts, 201Revilacqua et al., 206



112 Cooling effects ofjreen roa$ have been mostudiad eitherwith respect tamuterroof surface
113 temperaturer indoorair temperatur€Berardi et al., 2014Bevilacqua et al. 201 6/ijayaraghavan,
114 2016. For instance, in an experimental analysis ofE8R installed on auniversity building in
115 Cosenzaltaly under typical Mediterranean climate conditipBsvilacqua et al. (2016pund that
116 an EGRreducedsurfacetemperature by 12C (indoor air temperatures by 2.3Cjn the summer
117 Experimental studies have shown that air temperature above greerisrgeiserallylower than
118 abovetraditionalnongreenroofs, but the vertical cooling extenthas beerioundto belimited to a
119 couple of meters above roof surfag&eng and Jim, 2015; Solcerova et al., J0Hbwever, the
120 verticalextent of this temperature reducti@mains uncertain and sitespecific Solcerova et al.,
121 2017. Through air temperature comsoms, some studies havasofound thatat daytimeduring
122 the summerEGRs may exhibit warming effectsabovethe neaigroundlayer (Wong et al., 2007
123  Solcerova et al., 201 Penget al.,2019). In an observationaktudy of sedumcoveredEGRs in
124  Utrecht(NL), Solcerova et al. (201 8howed that air temperature abaweh aroof surface was
125 colder at night and sliglyt warmer during the day comparedaavhite gravel roof duringa 24h
126  period. The vertical thermal performanceharacteristics and threasonfor suchwarming effects
127  duringthedaytime as well asvhether thiphenomenors common or notyothrequirefurther studg,
128  especiallywith regard to optimizinghe cooling effect anttmperature regulating ecosystem services
129 of EGRs

130 Previous studiebased orobservationablatawere often conductedduring short measurement
131 periodsatoneheightwith small plos or modular test bedsshich makes it difficult toextrapolag to
132  other contextandclimate conditionsin particularto our knowledgefew experimental studidgave
133 been developed with full-scaleEGR at differentheightsin China(Xiao et al., 2014; Yang et al.,
134 2015 Penget al.,2019). Furthermoregne of the driving forces behind the upsurg&@®Rresearch
135 isthe need to provide solid scientific knowledgeptimizeEGRfunction anddelivery ofecosystem
136  servicesto guide sustainable urban design and managent&msequentlygity-specificresearchs

137 neededo identify components for successful implementatioEGRs according tadifferences in
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building characteristics and climatic conditions

To date, the verticahermalgradient ofEGRs has not been thoroughly studied and understood
In this paperwe comparemicroclimate observations ovarfull-scale,sedumcovered EGR and a
bare roof(BR) in Nanjing, China in order t&) characterize the thermal performamden EGR at
three vertical heigkt(30, 60 and 120 cm)nder different weatheronditions(sunny, cloudyand
rainy) for a full summerin a subtropical monsoon climgteand 2) evaluate the impagtof
microclimateparameteras well agplant characteristicen thermal performance of ti&GR The
results of this studwill provide additionalinsight irto the summertimehermal performancef
EGRsto guidetheirdesignto coolthe outdoor thermal environmemnbre effectivelyn asubtropical
monsoon climate
2. Experiment and Methods
2.1 Study site and roof systems

We conductednicroclimateobservation®n thefull-scaleEGR of the Executive Office Building
at NanjingJinling Elementary SchodqULES) on Xianlin Campus(latitude 32.109N, longitude
118.9¢/E) , located in Nanjingthe capital of Jiangsu Province, Chingig.1 a-c). Nanjing hasa
subtropical monsoon climateith four seasons including a hetet summerAccording to Nanjing
meteorological datdor 19512010, the summe(daily mean air temperatures 22€C in five
consecutive daydpst, on average, fotl9 days(Pan 2011). The mean annual temperature is
15.4 €, with mean monthlfemperature ranging between.2& and 278 € for Juneto August
The meardaily maximum temperaturie 31.9 € , andthe daily peak is 39.7 Cin July Themean
annual precipitation iaboutl100 mm, with approximately 80&§ the rainfall duringhe wet season
(April to Septembér

The Executive Office Buildingat JLESwas built in 2011. The buildingis a five-story brick-
concrete composite structysbout 16.5 mhigh, with aplane roof(slopearound2%) (Figs. 1 c, d).
The office layoutbn the fifth floor is basically symmetricéiFig.1 6. The totalroof area is10163

m?2. The roof waglivided into two approximalg equal plotsfor comparisonan EGR plot (5090
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m?) anda BRplot (507.3 n?) (Fig.1f, g). The EGR modules(4444 m?) wereinstalled on 19 May
2016(Fig.1f, g). The drainage system and timaintenance passagew@gtal 64.6 m?) on the roof
were not coverelly theEGR (Fig.19). The growing media and plantSeduniineare) for theEGR
were installedisingpre-grown vegetated modes (length 0.50 m, width 0.33 m, heightt@.m, not

including the canopyfeaturinga carrienwith a7.0 cmthick soil substrate layer

Fig. 1. Study area and observation sites.
Sedunspecies are often regarded as an ideal and reliable choice for planting on EGRs around the

world due to their unique characteristitisey grow with relatively shallow rootgreable to store

8
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excess water in leaves or steasghave crassulacean acid taeolism (CAM) to limit transpiration
and reduce water los¥gn Woert et al., 2005; Maclvor and Lundholm, 2D1QCAM plants can
increase their watarse efficiency by allowing stomatal opening and>Grageduringnighttime,
which lowers daytimesvaporéion rates.Sedunspeciesare also able to close their stomata during
thedaytimeto avoid water loss from transpiratiofirfg, 1985.

The soil substrate layer consists of a combination of powdered vermiculite aggregate&z2%),
moss soil (30%), cerants (30%), organic matter (10%), a 0.1 cm geotextile filter layer, and a 3.9
cm multi-functional water storage and drainage layeg.(2). The leaf area index (LAI) of the EGR
measured with the ECor LAI-2200CPlant Canopy Analyzer (PCAyas 2.6, theplant coverage
was 90%, and the mean height was 8 cm at the time of installation. The BR control plot mainly
consists of three layers: concrete mortar, extruded polystyrene thermal insulation, and reinforced
concrete roof slabHig. 2). Although low hillsto the soutkeast of the building block the sun in the
early morning Fig.1 c,f), the site is well exposed with a sky view factor (SVF) close to 1, allowing
almost unobstructed solar access and energy dissipation by outgoing terrestrial radiation.
2.2Monitoring systemsand measurement period

We set uptwo monitoring stationsn a pole anchored by concrete baliaghe center othe BR
and EGR respectively(Figs. 1g, 2). Each statiorwas equipped with onelOBO U30 (Onset
Computers, Bourne, MAUSA) andoneCR1000 (Campbell Scientific, Logan, UJSA) data logger
to record air temperatured)Trelative humidity (RH), solar radiation (SR), wind speed (WS), rainfall,
net radiationdefined as the total incoming radiation of all wavelengths minus the reflected and
emitted radiation(NR), thermal infrared surface temperature {TR), thermocouple surface
temperature (§ TC), soil temperature (8_T), soil moisture (8il_M), and soilheat flux(Soil_HF,
thedownwardenergyflux is positive,the upwards flux negativéYablel, Fig. 9. All sensors were
scanned every minute, anderagediata recorded at®inute intervals.

Sensors at each monitoring station included: 1) threg¢emperature and relative humidity

sensors at 30, 60, and 120 cm height abovBEha@ndvegetated layesf the EGR 2) a weatherproof



199 infrared radiometer; 3hermocouple surface temperature sensor with an outer insulating material
200 (oneon the BR, twoon the EGRFig. 2); 4) a net radiometer and two solar radiation sensors. Note
201 that theupward and downward shortwave radiation of the BR and EGR were measured using a pair
202 of solar radiation sensor&if. 2. The monitoring station on the EGR also contdifieur soil
203 temperature and moisture sensors and two soil heat flux meters, buried 4.5 cm in the substrate layer
204 (Fig. 2. In addition, a rain gauge and a wind speed sensor were ingtailemonitoring station
205 ontheBR.
206 The measuring period was a tyal hot and humid summeilune 6- September 30, 2016,
207 included 39 rainy days (total precipitation of 827 mm) and two heat wave events (defined as three
208 consecutive days with daily maximum temperateB5C) (July 20 - August 2, August 1August
209 20, see grayed regionshig. A2). Irrigation is essential during heat wave events, and the EGR was
210 watered by hand at night on J@@and July29.
211
212  Table 1Equipment specifications and main sensor parameters
Equipment ~ Smart sensors Product model  Parameter Accuracy Resolution  Installation height
HOBO U30 Temperature/RH STHB-M002  Temperature #0.2€ (0~50C) 0.0 Ta, RH:0.3m, 0.6 m
sensor Relative humidity 12.5%(10~90%) 0.1%
Solar radiation sensor S-LIB-M003 Light intensity #0W/m?2 1.25V/m? 0.3m
CR1000 Temperature/RH HMP155A Temperature 10.1C 0.0 Ta RH: 1.2 m
sensor Relative humidity 1% 0.1%
Infrared radiometer ~ SI-111 Surface temperatur#.2€ A-10C ~65C A 0.05C 0.8m
Thermocouple surface AV-10LT Surfacetemperature#0.2  A-40C ~70C A 0.01C Surface of BR and EGR,;
Temperature sensor Substrate layer surface of EGI
Net radiometer NR Lite2 Solar net radiation <1.0% 9 :¥P 0.8m
Soil temperature AV-10T Soil temperature  #0.2C A0 70C A 0.01C 4.5 cm under the sadlurface
sensor 4.5 cm under the soil surface
Soil moisture sensor CS616 Soil moisture +2.5% 0.1% 4.5 cm under the soil surface
Soil heat flux meter  HFPO1 Soil heat flux 5% 0.69 :tP
Wind speed sensor  RM Young03001 Wind speed #.5m/s 0.5m/s 15m
Rainfall sensor TE525MM Rainfall #% A 010mm/hrA 0.1mm 1.2m
213

10
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Fig. 2. Plotillustrating theposition of the installed sensasd nomenclature of observed variables

2.3 Statistical analysis

In the following sections the outdoorair temperaturelifference (;&) is defined as the air
temperature above tiEGR (Ta_EGR) minus the BRTa_BR at any given time and height (30 cm,
60 cm, and 120 cm)f ¢6 O (, it shows thathe EGR hasa cooling effectand visevisa,when
aTa *OC, it indicatesthat the E5SR has a warming effect.
2.3.1Theoverall daily thermal performance ofthe EGR

Firstly, we performed a statistical analysistioéaveragelaily air temperatur6_4@ = fand the
daily air temperaturdifference( ¢ 6,4@ = at B0, 60and 120 cnbetweerEGR andBR, respectively
Then, the averageminimum, maximumrange and standard deviation afaily air temperature
during the daytime and nighitime ( 6.4@ = B& YU P,B6LAQ@ = BHEWP P E)l And the daily air
temperaturelifferenceduring the daytime and nightime ( ¢64@ = B@ YU P EJ®4@ =BHE@P P H 1 A
atthe three heightwere calculatethased on thdaily sunrise and sunset tinfgppendix, TableAl,
Fig. Al). Finally, based on previougerature(Standardization Administration of China, 2008; Jim,
2015;Solcerova et al., 20),/we used two indices, the total daily precipitation (mm) @agtime

average solar radiation (4@ = U P,BNVAY) at the site tadefine three weather scenarios (sunny,

11



231 cloudy, and rainy). Days with no precipitation and4@ =UP Rivaw © | ® were considered sunny
232  (clear sky); days with no precipitation and 4@ =UP Biuiw ® | ® were considered cloudy; and
233 days with precipitation 8.1mm were considered rainy. Thepgy4@ = Euider these three weather
234  scenarios were calculated and summarizgapéndix, TablesA2, A3).

235 2.32 EGR daily thermal performance extremes

236 To further understand the thermal performancehefEGR we summarizedhe days with
237 extremevalues fighestor lowestdaily thermal performangealuring the study periodt the three
238 heightlevels (Tables 2, 3). As all the days with extreme valuegreeithersunnyor rainy dayswe
239 selecteddays with extreme valudsom cloudy dayonly based on the same approathlles 4, 5).
240 2.33 EGR hourly thermal performance on selecteddays

241 Based on the higfrequency of extremvalues,we selectedour daysas time snapshofsom
242 each ofthe sunny rainy andcloudyweather scenariqdables 3, 5). Then we quantified the hourly
243 thermal performance: 64K Q N efthe EGR (either cooling or warming effect) at three hegjfotr
244  theselectedwelvedays Figs. 3, 4).

245 2.34 Regressionanalysis to assesthe summerthermal performance of the EGR

246 We selectd 14 environmentalfactors that may affect the (T, including the differenceof
247  microclimateconditionsbetweenthe two roof typesand theproperties of soil layeandvegetation
248 masgTableA4). Then,we conducted a multiple lineargessioranalysisto assessvhich variables
249  weremost strongly associated with&, at30, 60,and120cm heightusing daily and hourlinterval
250 datg respectively(Table 6). This analysis was performed using a stepwise selection method
251  (inclusion with a 0.05 or lower probability ahe F-statistic and removal with a 0.1 or larger
252  probability of F) Standardized model coefficients, the coefficientiefermination (R, and model
253 p-value were used as criteria to identify the strongest predidtaibse©).

254 3. Results

255 3.1EGR daily thermal performance

256 Observationshowthatthe EGR exhibited sweak daily outdoor air temperature cooling effect

12



257 atall three observation height§he average daily air temperature difference®4@ = &t 30, 60
258 and 120 cm wered.09,-0.23 and-0.09€ , respectivelyTableAl), with a greatecooling effectat
259 60 cm height than at 30 and 1@®. Thesedataindicate thathe cooling effecfirst increase and
260 then decreasas leightincreases, though it is recognized that these data do not indicate if these are
261 continuous or step wise changéable A1, Fig. A).

262 Further analysis shows that nighttime daily average air temperature differences
263 (¢6p4@ =BH@P P B Ia 30, 60 and 126m heighs were-0.63,-0.40, and-0.15€C , respectively,
264 which was markedly lower than the daytime average daily air temperature differences
265 (¢6p4@ = B@& YU P Bteachcorresponding height (0.32).11,-0.04 € , respectivelyTableAl).
266  Thesedatashow that the EGR had a very obvious cooling effeaigiittime but during theday; it
267 exhibiteda warming effect at 30cm height and a slightling effect at 60 and 120 cm heights.
268 During the whole study period, there was only one nighivhich the EGR produceda slight
269 warming effect( (64@ = BHE@P P E RAr (, 0.01€C) at height 120cmHowever,on 89, 27 and 31
270 days the EGR producedvarmingeffectat30, 60 and 120 cm heightespectivelyduringthe day
271  time ( (64@ =B@& YU P RIA). The duration, mean and maximum values of dady daytime
272  warming effect at 30cm height; 4@ = B& YU P)Enare longer and higher (89 days, 04&Td
273 1.59€C) than those at 60 (27 days, 0.17 and @59and 120 cm (31 days, 0.ahd 0.38 ) (Table
274  Al). All of thesedataindicatedthat thecooling effect at nightvasvery pronounced andonsistent
275 butthedaytimecooling effectwasquite inconsistentandthatthe daytimewarming effect at 30cm
276  height causea weakedaily cooling effect at 30cm compared with 60 and 120cm.

277 With the increase of observation height (from 30 to 60cm, tlaeal 120cm), the amplitudes of
278 the (654@ =E6AM@ = B@ YU P Bnd ¢ 654@ = BHE@P P E sagnificantlydecrease@ppendix,Fig.
279  Al). Their ranges were 0.93, 2.02, 183at 30cm height, 0.58, 1.12, 1.2 at 60cm height, and
280 0.37,0.64, 0.6 at 120cm height, respectivelynd thestandard deviations of; 654@ = Bnéite
281 also reduced from 0.19, 0.41, 0.32 at 30 cm hetgt@d.12, 0.20, 0.21 at &fn height, ando 0.06,

282 0.12,0.11 at 120 cm height, respeely (TableAl). These datauggesthatthe impact othe EGR

13
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on outdoor daily air temperature differeageither cooling or warming effecgecreasedvith the
increase obbservation heighiThe results imply that the h&ag or cooling transfer from thBR or
EGR surface to air ataytime or nighttime is noticeably confined to the ngaound air layer, and
the impact decays rapidly with increasing height

Thestrongest coolingndwarming effecs happened during sunny days, followed by cloudy and
rainy daysat each givenbservation heigi{TablesA2, A3). For example, at 30 cm height atidud
free conditionswhen ¢6,4@ = EQ#r, the average¢6,4@ = Ewblg-0.22 €, while it was-0.16 C
during cloudy and rainy daySable A2). For ¢64@ = BHr¢, themaximum and average values of
¢6p4@ = Eatl B0 cm heighon sunny daysvere 0.37 and 0.15€, respectively, but they were 0.18 and
0.09€ oncloudy days, and 0.23 and 0.09&h rainy days TableA3). Theseresultsshowthatthe
magnitude of ¢6,4@ = BEvatiedalmostconsistently in therder sunny day> cloudy day> rainy day
3.2EGR daily thermal performance extremes

The analysis of extreme@alues of ;64@ = EgJ84@ = B@ YU P, Bnd ;6:4@ = BHEWDP P E Bithe
three heights showthatthe EGRIV SHUIRUPDQFH Zbr\bothRuNKY add YeibyHIRy.
Thirteen extreme events occurred®sunny daysand five everd occurred od rainy dgs (Tables
2, 3).

The minimum values of; 6,4@ = Eand (6:4@ = B@& YU P @.eA thestrongest cooling effect) at
three heighteccurredon Junel3,a sunny day with relatively high soil moisture2@ m*/m?3), low
air temperature (25.78), and low wind speed (0.6 m/s), and Julte a rainy day witHittle rainfall
(0.2 mm), relatively high soil moisture (0.137/m?), and low air temperature (26.79 @Jables 2,
3). Meanwhile, the maximum values of654@ = Hielthestrongestlaily warming effect at 30 cm
height) and ¢64@ = B& YU P Etha strongest dayime warming effect athe three heights) all
occurredon sunny days (July 23, 2B8) with relatively low soil moisture<(0.07 n#¥/m?) and high
air temperature (33C) ( Tables 2, R

In addition, the minimum values 0f 6,4@ = BHE@P P E bAthe three heights (i.e. the strongest

cooling effect) occurred on a sunny day, August 30, with very low soil moisture (0.0278) m

14



309 relatively low airtemperature (25.32 €) and low relative humidity2(8%).The maximum values
310 for ¢&y4@ = BHEWP P E BK occurred on rainy days with heavy rainfall (> 28 mm), high soil moisture
311 (> 0.16 ni/md), high relative humidity (> 91%) and low air tematire (< 24 €) (Tables 2, R

312

313  Table 2Summary of extreme thermal values and days at three observation heights (30, 60 and 120 cm).

Minimum/ Height ¢64@ =1t Time @ =B YUP Tme (640 =BHWPPE Time

maximum (€)  (MM/DD) ©) (MM/DD) (©) (MM/DD)

Minimum 30cm  -0.56 6/15 -0.43 6/15 -1.85 8/30
60cm  -0.59 6/13 -0.53 6/13 -1.27 8/30
120cm  -0.29 6/13 -0.26 6/13 -0.64 7126

Maximum 30 cm  0.37 7/28 1.59 7126 -0.09 714
60cm  -0.01 7123 0.59 7126 -0.06 9/30
120cm  0.08 7127 0.38 7127 0.01 9/29

314

315 Table 3Ssummary of environmental characteristics on the days with extreme thermal values at three observation

316 heights.
Date Weather FrequencySR_daytime Soil M WS T+120cm_BR RH-120cm_BR
(MM/DD)  scenarios (W/m?) (m3/md)  (m/s) (©) (%)
6/13* Sunny 4 430 0.260 0.6 25.78 73.5
6/15* Rainy (0.2mm) 2 163 0.137 11 26.79 68.7
7/4* Rainy (77mm) 1 107 0.350 11 23.37 964
7/23 Sunny 1 496 0.068 15 33.40 61.4
7/26* Sunny 3 462 0.036 11 34.45 596
7127* Sunny 2 426 0.036 13 33.81 616
7/28 Sunny 1 448 0.037 11 34.22 62.0
8/30* Sunny 2 478 0.028 0.6 25.32 52.0
9/29* Rainy (38.8mm) 1 50 0.164 21 17.87 91.7
9/30* Rainy (28.9mm) 1 61 0208 1.1 18.83 95.8
6/6-9/30 -- -- 319 0.129 1.1 27.15 74.8

317 (*) xdayselected for further hourly analysis due to its higher frequency of extreme value.
318 Note:for thenomenclature of variables please B@e 2and the list of abbreviations and acronyms
319

320
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321

322

323

324

325

326

327

328

329

330

331

332

333

334

Table4 Summary of extreme values on cloudy days at three obsertaiigints.

Minimum/ Height ¢6:4@ =1 Time A@ =B@YUP Time (64@ =BHWPPE Time
maximum €)  (MM/DD) ©) (MM/DD) ©) (MM/DD)
Minimum 30 cm -0.38 6/6 -0.16 6/6 -0.95 9/8
60 cm -0.42 6/6 -0.53 6/6 -0.60 7/16
120cm -0.21 6/6 -0.19 6/6 -0.39 7/16
Maximum 30 cm 0.18 8/19 0.86 8/19 -0.30 7/10
60 cm -0.12 8/19 0.13 8/19 -0.18 6/9
120cm 0.03 8/19 0.09 7116 -0.03 9/14

Table5 Summary of environmental characteristics on cloudy days with extreme valleseaibservation heights.

Date Frequency SR_daytime Soil_M WS T+120cm_BR RH-120cm_BR
(MM/DD) (W/n) (m3m?3) (m/s) ©) (%)

6/6* 6 217 0.279 0.8 22.39 823

6/9 1 196 0.282 13 21.94 86.8

7/10* 1 166 0.217 21 26.53 862

7/16* 3 256 0324 08 24.67 776

8/19* 5 296 0.018 0.7 32.24 715

9/8 1 335 0031 05 25.52 72.2

9/14 1 332 0.006 14 24.03 75.0

6/6-9/30 -- 319 0.129 11 27.15 74.8

(*) xday selected for further hourly analysis due to its higher frequency of extreme value.
Note: forthenomenclature of variables please B&g 2and the list of abbreviations and acronyms

The statistical analysis of extreme daily thermal values on cloudy days indicates that when there
was arelatively low air temperature, high soil moisture and low vipdedthe EGR could produce
a strong daily, daytime and nighttime cooling effect. The analysis also demonstrates that with high
air temperature, low soil moisture and wind spe¢ld EGRhad a weak daily cooling effect, or even
an obvious daytime warming effect at 30 cm heiJlatbles 4, h At the same timehe minimum
values of ¢6,4@ = BHEWP P E (ike. thestrongest cooling effect) all occurrea cloudy days with
relatively low air temperature and wind spewidhile cloudy days with relatively lowair temperature
and high wind speed can produce a weak Hiighe¢ cooling effect Tables 4, h The analysis of

extreme values indicates that the weather scenarios, soil negisiutemperature, wind speed,
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335

336
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343
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347

348

349

350

351

352

353

354

355

356

357

358

359

360

relative humidity, and the combination of these factors had a strong impact on thelagilyne
andnighttime thermal performance of the EGR.
3.3EGR hourly thermal performance on selected daysinder different weather conditions
Generally, average hourly air temperature difference®4K Q N Hlecreased rapidlgs the
observation heighicreased. fie range of ¢ 654Dk Q N éhigunny days was larger than tbatcloudy
and rainy daysfor examplethe averageangeof ¢6;40k Q N&t30 cnon selected daysas4.02,
2.67,and 0.7& , respectivelyThe duration of the warming effect§4DK Q NRiU( ) on sunny days
was significantly longer than thah cloudy and rainy dayas well(Fig. 3). Theseresults imply that
the impact ofthe EGR on ¢6,40K Q Ndiedreasesvith the increase obbservation height, and the
magnitude of ¢6,4DK Q Nwadesin theorder sunny day> cloudy day> rainy day
On the four selected sunny days with extreme daily thermal performance, the EGR ha
pronounced hourly warming effeduring theday and a consistentooling effect at nightAs
observatiorheightincreasedthe amplitude othe hourlydaytimewarmingeffect decreasd much
more tharthat of the nighttimeooling effect However the duration othe hourly warming effect
was significarly shorter than that dhecooling effect Fig. 3). Theseresults, especially the vertical
gradient changes of 640K Q N iuggestthat the impact of air convection on these measured
temperatures was stronthe effect of air convection should be studied in more depth through wind
speed observations at different heightsaccordance with a previous stu@p(cerova et al., 20},7
the lower albedo of the green roof (as indicated by higher values of NR_EGR compared to NR_BR,
especially during midday and night, seig. 4), together with the special metabolism of sedum
(CAM), a relatively thinconcrete mortalayer and a good performance of thermal insulation layer
of the roof causedthe air above the EGR warm up more than above the bare ro&edum
vegetation physiology is an important factor in EGR performance, as, under hot weather conditions,
CAM plants such as seduroften keep their stomata closed during dlag and open them at night
(Ting, 1985. This helps the plant to reduce water loss but leads ta#ytimeevapotranspiration
and thus lowedaytimecooling (Van Woert et al., 2005; Maclvor andihdholm, 201}

17



361

362
363

364

365

Fig. 3. Hourly air temperature difference 634DK Q N &t three observation heights.

Note: the daily data shown in this figure is continuous, but selected days are not always consecutive.
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366
367

368

369

370

371

372

373

374

375

Fig. 4. Hourly weather and environmental conditions on the twelve selected days.
Note: thedaily data shown itthis figure is continuoysutthe selected days anetalwaysconsecutivefor the
nomenclature odll variables please séist of abbreviations andcronyms
Among the selected sunny dagsdonly compaing August 30 withJuly 26 and 27, we find that

the heat wave dayduly 26 and 2'&xhibitedhigher air temperature (the average maximum of the
¢6pAK Q Ndsldat 120 cm was 38.2& ) and lowe amplitude of soil heat flux, and they also
produced, especially at 30cm heighi stronget hourly warming effec{10:0014:00) and cooling
effect (20:0623:00) Figs.3 and4). Theseresults indicate thain sunny days, air temperature and

soil heafflux will have an impact othe EGRthermal performancén addition,we find that thdeaf
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area index (LAl)is different(1.93 on July 2&7 and 2.99 on August 30)hich alsocontributes to
the changes in thermal performance of the EGR.

July 26, a sunnyglay with extreme values, merits special mention. On thattdeyGR was
watered at night, whichecomes evideriy the increase of measured soil moistiig.(4 c). The
watering also caused a significant decrease in surface temperature, soil temppardtsml heat
flux of the EGR Figs.4 b, ¢. This was accompanied by an obvidusrease ircooling (the average
of ¢654DK Q N&t B0 cmwas-1.61C ) from 20:00h on26 July to 04:00 July 27 €ig. 3). In contrast,
64K Q N éuting thesame time period fromduly 23-25 was-1.25 € at 30cm height. Under
irrigation, thedaytimeevapotranspiration of substrate increhsghile at night the heat absorbed
during thedaywasrelease more slowly thdrom adry substrateas shown byhelower amplitude
of Soil_HF(Fig. 4 c), contribuing to the increaskcooling effect. This result im@sthat irrigation
during sunny days with high air temperature and low soil moisture can significantly improve the
cooling effect of the EGR

Among thefour cloudy dayselectedand especially during 10:a34:00h, August 19xhibited
the highestsolar radiationJowest wind speed, and correspondingly highest air, soil and surface
temperaturg highest soil heat flux, and lowest soil moistufgég( 4). Combined,all of these
environmental conditions give arige the highest hourly warming effect ¢fie EGR (Fig. 3).
Meanwhile,compared withtwo of the othecloudy daygJune6 and Julyl0), during the nightime
of July 16 (19:00h - 22:00h) the EGR created a higher nighttime cooling effect mainky to very
low wind speedFigs. 3, 4). Theseresults imply that except for the possible impact of special
metabolism of sedunthe thermal performance of EGRuring cloudy dayslso depends osolar
radiation and wind speed.

During the four selected rainy days, the hourly cooling eftddhe EGRwas very weaKthe
average of ¢6,4DK Q N&t 30 cmwas-0.11€ ) for mostof the time, but the cooling effect lasitfor
more than 18 hoursAverage hourly air temperature differencesf4DKk Q N Htlthreeobservation

heightswerevery small(below 0.8% ) (Figs. 3, 4). These results show that the EGR had a very
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weakeffect onoutdoor thermal performance on rainy days, butdaooling effector mostof the

time. This ismainly due tathe low solar radiation and high soil moisture. Compaoedhys with

heavy rainfall (Jund and Septembe29-30), on June 15the EGR has muchstronger nighttime
cooling effect Fig. 4), indicating that the heavy rainfall weatksthe thermal performance dtfie

EGR.

3.4 Synthesisassessmenbn EGR thermal performance during summer

Referring to the above daily, extreme da#ynd hourly thermal performance investigation and
analysis of the EGR, we selected 14 variables grouped them into three categories: the difference
of thermal and micrometeorological conditions betwiéenEGR and BR (thdirst seven factors
TableA4), thermal and green biomass propertie€EGR (the 811" factorsin TableA4), and the
background micrometeorological conditions of the observed site (the last threeifactireA4),
to further syntheticallgvaluatethe factors which may impact the thermal performande®EGR
by applying the methodology described in Section 2.3.4.

Multiple linear regression analysis sh®thatthe statistically significanivariablesdiffered among

the specific modesand the rank ordering of variablexludedin the regression models were
different. Thevariables (RH, SR KR Ta 8oil_Ts TIR Ts TC substrateSoil_M_average
Soil_T_averagehad a higher chance (four or more times higher) of being inclndde daily and

hourly regression fitting models at different observation heights, and the normalization coefficient
of mostof them in each corresponding modeldsalso relatively largeTable6). The resultsuggest

that these factors generallychanimportant impact on ththermal performance of the EGR&).

In comparisonsubstantially more variables were seledteithe hourlyfitting modekthan inthe
daily modesk (9-13 vs. 4-7) (Table 6). The daily-averagd variables primarily represent thelaily
variation in the measured factors and their weak, gbart fluctuation For example, wind speed
(WS) was noincludedin the daily average fitting models at three heights, butsesectedn the
hourly average fitting models at 30 and 60cm heightausehe overalldaily variationin wind

speedvasrelatively small, but the hourly changesrerelatively large Fig. 4).
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428

Table6 Results of the mulvariate linear stepwise regression.

Unstandardized Standardized
Model Coefficients Coefficients t Sig.
B Std. Error Beta
Dependent Variable: (Constant) -0.042 0.023 -- -1.825 0.041
0Ta_daily-30cm (RH-30cm -0.150 0.009 -0.695 -15.799  0.000
Adjusted R=0.864 SR 0.001 0.000 0.495 6.034  0.000
INR -0.005 0.001 -0.453 -5.184  0.000
Soil_M_average -0.477 0.068 -0.275 -7.002  0.000
Dependent Variable: (Constant) -0.006 0.012 -- -0.458  0.048
(T,_daily-60cm (RH-60cm -0.166 0.010 -0.794 -17.183  0.000
Adjusted R=0.888 (NR -0.006 0.001 -0.721 -9.403  0.000
Soil_Ts_TIR -0.013 0.003 -0.324 -4.563  0.000
SR 0.000 0.000 0.285 3.818 0.000
Dependent Variable: (Constant) 0.204 0.038 - 5.413 0.000
(T,_daily-120cm (Ts_TC_substrate 0.093 0.013 3.244 7.135 0.000
Adjusted R=0.767  (Ts_ TC -0.073 0.014 -2.571 -5.225  0.000
Ta -0.018 0.004 -1.073 -4.335  0.000
(RH-120cm -0.101 0.013 -0.615 -7.775  0.000
SR 0.000 0.000 0.524 4.970 0.000
Soil_M_average -0.282 0.043 -0.476 -6.540  0.000
Soil_T_average 0.007 0.004 0.470 1.940 0.045
Dependent Variable: (Constant) 0.172 0.030 -- 5.727 0.000
UTa_hourly-30cm Soil_Ts TIR -0.145 0.004 -0.850 -32.743  0.000
Adjusted R=0.970  Soil_T_average 0.122 0.004 0.793 31.393 0.000
Ta -0.130 0.004 -0.712 -32.217 0.000
ars TIR 0.123 0.005 0.546 23.448 0.000
aTs TC_substrate 0.091 0.006 0.395 16.336  0.000
(RH-30cm -0.116 0.003 -0.394 -33.319  0.000
SR 0.001 0.000 0.228 17.988 0.000
ars TC -0.055 0.005 -0.227 -10.271  0.000
NR -0.004 0.000 -0.123 -13.186  0.000
Soil_HF_average -0.006 0.000 -0.123 -13.215 0.000
Soil_M_average -0.275 0.032 -0.036 -8.673  0.000
WS 0.014 0.003 0.032 5.148 0.000
(SR_down 0.001 0.000 0.014 3.146 0.002
Dependent Variable: (Constant) 0.001 0.021 -- 0.025 0.098
UTa_hourly-60cm Soil_Ts TIR -0.054 0.003 -0.719 -21.187 0.000
Adjusted R=0.925 Soil_T_average 0.038 0.002 0.559 16.828 0.000
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(RH-60cm -0.164 0.003 -0.498 -53.633  0.000

ars TIR 0.048 0.003 0.480 14.697 0.000
Ta -0.038 0.003 -0.471 -14.956 0.000
(Ts_ TC_substrate 0.042 0.004 0.411 10.830 0.000
ars TC -0.029 0.004 -0.271 -7.726  0.000
NR -0.004 0.000 -0.249 -17.664 0.000
SR 0.000 0.000 0.190 9.623 0.000
Soil_HF_average -0.002 0.000 -0.097 -6.929  0.000
WS 0.012 0.003 0.027 4.539 0.000
Soil_M_average -0.064 0.022 -0.019 -2.935 0.003
Dependent Variable: (Constant) 0.501 0.015 -- 32.488 0.000
(Ta_hourly120cm  Ta -0.036 0.002 -0.875 -21.559 0.000
Adjusted R=0.858 (RH-120cm -0.193 0.003 -0.771 -71.920 0.000
0Soil_Ts TIR -0.024 0.002 -0.630 -14.139 0.000
aTs_TC_substrate 0.028 0.003 0.540 10.384 0.000
Soil_T_average 0.014 0.002 0.390 8.630 0.000
Soil_M_average -0.452 0.016 -0.265 -29.102 0.000
NR -0.001 0.000 -0.179 -8.630 0.000
SR 0.000 0.000 0.057 2.083 0.037
USR_down 0.001 0.000 0.071 7.204 0.000
429
430 All of othervariables,exceptLAl_average were selecteat least onceThis finding indicates

431 thatdifferences in thehermal propertieswith theexcepion of LAI, betweerthe E5GR and BR and

432  the background micrmeteorological conditions hadparticularly strong andignificant impact on

433 the outdoor air termgrature difference {&). However in this researchl Al is not significantly

434 VHQVLWLYH WR WKH (*57V WKHUP D @e & badRsikR_BI@bservatidds VK R X C
435 and this may not bsufficient tocharacterize the changesvegetatiorbiomass. Another possible

436  explanation derives from thepecial characteristics tifevegetation fedum linearg In the midde

437 of ahot summeday, transpiration of sedum is significantly inhibited to control moisture Bisus,

438 the isolation from solatadiation by masking and shading becomes the main factor of the green roof

439  cooling effect.

440 4. Discussion

441 The development of greeroofs is an efficient, coseffective and sustainable strategy to
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contribute to reducing the energy needecdool buildings and mitigagé climate change through
improved thermoregulatioMaclvor et al., 2016 Currently, green roofare a widely accepted form

of green infrastructure. Thaiechnologyhas beemyradually improved and establisheahd the cost

of EGR solutions isompetitive compared to many other types of rooftdgr{er and Fowler, 2008
Although a few countriesuch asGermany, USA, Canada, Australia, Singapamd Japarhave

strong initiatives to install green roofs, in many other counttieis form of roofhg has not yet seen
such a widespread use. In part, this may be relatédféoent, and not always consistent, outcomes
presented by researchers, mainly due to the significant variations in roof structures and materials
tested, as well as the climaticnzbtions under which the tests take pla¥eng et al., 2016 A more
important reason might be the constrdnosn cost, technology and material, as well as the lack of
relevant laws and regulation€drter and Fowler, 2008 For similar reasons, resear@nd
applicatiors of green roofs in China started relatively late, and most of the studies to date have
focused on the energy saving and thermal balaRerq et al., 2000; Xiao et al., 2014; He et al.,
2019. In this research, we first characterized butdoor thermal performance of an EGR in Nanjing,
China, during a whole summierthree observation heights and then found the reason for the-spatio
temporal difference in thermal performangée results and conclusions obtairiecbugh such an
experimental case studgontribute valuable information on how to design and construct an EGR to
optimize cooling effects, especially irsabtropical monsoon climate.

We foundthatthe seduntovered EGRve tested might not always have a cooling effect during
theday We measured a significant warming effect on 89, 27 and 31 days at 30, 60 andH&ight,
respectively during thebservedl17 days. The observed warming effect on sunny daysaisas
foundin previous studiege.g.,Wong et al., 200 eusingeandWebe, 2015 Solcerova et al., 2017;
Penget al.,2019). Warming wasnainly attributedto air convectiondifferent albedpor the special
metabolism of sedunHere, he nocturnal cooling effect wafund larger than that in previous
research (e.gReng and Jim, 2015; Solcerova et al., 30Which could be attributed to differences

in weather conditions and characteristics of the EG8U(ts et al., 2013; Lin et al., 2013; Solcerova
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et al., 201Y.

It is also important to consider the specific weather and management factors that affected thermal
performance of the EGR in this studidthough sedum species have unique physiological
characteristics helping to reduce water losanynleaves of seduiplants were wiling and drying
duringthe first long duration heat wave in 201y 20August 02, 14 daysandas a resujtthe
LAl decreasefrom 3.29 to 1.91. Correspondingigrigation is essential during summer heat wave
events in Nanjing. Irrigatioman decrease;6at night (minimum ¢6 on July 26 (22:00) was
2.21€ , and on July 25 (21:00) wa4.82 € ). Furthermore, the study results demonstrate that
sporadic weather events, particularly heat waves, may require specific managgereantions
such as irrigation, which may have effects on the {@mm outdoor thermal performance of green
roofs.

Our exploratory analysis of the thermal performance of the EGR was undertaken by analyzing
various collected data. From this analysis, sdimitations of the current study and future research
needs can be highlighted. Firstly, the coverage and green mass of the EGR changed with
microclimate conditions and exhibited spatial heterogeneity. This was not explicitly accounted for
because LAl values of only 8 modules were measured at selected 6 days during the 117 days and
linearly interpolated for the other days. Meanwhile, the coverage of vegetation decreased from about
90% to 75% during the first heat wave, which could have afscted the thermal performance of
the EGR. Further research is needed to fully understand the influence of green plant biomass and its
spatial heterogeneity on EGR thermal performance. Secondly, plastic modulewinenance
passageway (i.e., bare fpalso have positive influence ogey They can raise th@arming effect
on sunny days and reduce the cooling effect at nigggessing such marginal impact also requires
a more indepth analysis in the future studies.

5. Conclusiors
Our study resultshowed that in subtropical monsedimate, the EGR tested had an overall

slight daily cooling effect throughout the summer at the three observation heights. The daily cooling
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effect of the EGR was more pronounced at 60cm height than that at eitherZ8@mr. In the daily

and hourly temporal scale, our results showed that the seduened EGR had a significant and
intermittent warming effect during thday on some sunny days and a pronounced and consistent
cooling effect at night.

Under three weather sgarios, our study found the magnitude 9€4@ = Edt Us654DK Q NH U
variedalmostconsistently in therder sunny day> cloudy day> rainy day, indicgtimat the weather
has anmportant impact on the thermal performance of the EHG&to changes solar/net radiation,
air/surface/soil temperature, soil moisture and heat flux, wind speed and relative hufirdity
temperature and soil moisture are the two most influential facars,incombination produced
many extreme daily theral effects Generallythe EGR can produce a stronger overall daily and
daytimecooling effect on sunny, summer days wighatively low air temperature and high soil
moisture, and atronger nighttime cooling effect on sunny days with low air temperanadow
soil moisture.

Our synthesis assessment of the EGR thermal perfornragicates that among the 14 selected
YDULDEOHY WKH GLITHUHQRHH RIHWH O D) DévdpaRepireLddferante G
between average soil temperature of EGRQ G VXUIDFH WHP S8IUDWMRYX sufadel %5
WHPSHUDWXUH GLIIHUHQFH EHWZHHQ V XEWNUBWEE s@ddd \HU R
radiation SR, ambient air temperaturdd), average soil moisturé&6il_M_averagg average soil
temperatur€Soil_T_averagg and weed speetM9, strongly affected the cooling effect in different
fitting models. Thus, the results imply that the components of the EGR, such as green vegetation
(shading, reflection of solar radiation, and evapotranspirationyoihsubstrate layer (soil moisture
and temperature), and microclimate (wind speed, air temperature, relative humidity etc.) created by
the EGR feedack and contribute tthe thermal performance of the EGRhese findings can be
very valuable to guide EGRs planning and design to improve the outdoor thermal environment and

mitigatethe UHI effect ina subtropical monsoon climate
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526  Appendix

527
528 Fig. A1l. Thedaily, daytime and nighitime averageair temperature difference between bare and green roofs at three observation heights.
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530

531

532

Fig. A2. Maximum and minimum daily air temperature of Nanjing between June 6 and September 30, 2016

(Source: Nanjing Meteorologic8ureau, 2016
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533 TableAl Summary of the daily thermal performance of EQR,( daily) at three observation heights.

(Ty_daily<0C€C (T, daily « € Total
Height and day/nighktime Number Average o Minimumof Numbel Average o Maximum of Average o0 Range o Standard deviatic
of days (T, daily (T, _daily ofdays (T, daily (Ta_daily  (Tq_daily (T4 daily R 1 T daily
(T,_daily-30cm 82 -0.19 -0.56 35 0.13 0.37 -0.09 0.93 0.19
(T,_daily-30cm_daytime 28 -0.11 -0.43 89 0.47 1.59 0.32 2.02 0.41
(T,_daily -30cm_nighttime -0.63 -1.85 0 -- - -0.63 1.83 0.32
(T,_daily-60cm 117 -0.23 -0.59 0 - - -0.23 0.58 0.12
(T,_daily-60cm_daytime 90 -0.17 -0.53 27 0.17 0.17 -0.11 1.12 0.20
(T,_daily-60cm_nighttime 117 -0.40 -1.27 0 - - -0.40 1.26 0.21
(T,_daily-120cm 109 -0.09 -0.29 8 0.02 0.08 -0.09 0.37 0.06
(T,_daily-120cm_daytime 86 -0.09 -0.26 31 0.11 0.38 -0.04 0.64 0.12
(Ta_daily-120cm_nighttime 116 -0.15 -0.64 1 0.01 0.01 -0.15 0.65 0.11
534
535 Table A2Summary of thelaily thermal performance of the EGRIT,_daily < 0 €) under three weather scenarios (sunny, cloudy, and rainy).
Weatherscenarios Sunny Cloudy Rainy
Numbel Average o Minimum of Number Average o Minimum of Number Average of Minimum of
Height and day/nigktime of days  @T,_daily (T, daily ofdays @T,_daily (T, daily of days (T,_daily (T,_daily
(T_daily-30cm 33 -0.22 -0.52 18 -0.16 -0.38 31 -0.16 -0.56
(T,_daily-30cm_daytime 7 -0.12 -0.19 4 -0.05 -0.16 17 -0.11 -0.43
(T,_daily -30cm_nighttime 56 -0.83 -1.85 22 -0.56 -0.95 39 -0.36 -0.91
(T, _daily-60cm 56 -0.27 -0.59 22 -0.24 -0.42 39 -0.17 -0.44
(T, _daily-60cm_daytime 36 -0.21 -0.53 20 -0.17 -0.37 34 -0.14 -0.41
(T,_daily-60cm_nighttime 56 -0.52 -1.27 22 -0.37 -0.60 39 -0.26 -0.66
(T, _daily-120cm 51 -0.11 -0.29 22 -0.10 -0.21 36 -0.07 -0.21
(T, _daily-120cm_daytime 37 -0.12 -0.26 19 -0.08 -0.19 30 -0.07 -0.18
(T, _daily-120cm_nighttime 56 -0.04 -0.64 22 -0.03 -0.39 38 -0.01 -0.30
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536

537  Table A3Summary of the dailthermal performance of the EGRIl, B G D L O\) eindef tree weather scenarios (sunny, cloudy, and rainy).

Weatherscenarios Sunny Cloudy Rainy

Numbel Average o Maximum of Number Averageof Maximum of Number Average of Maximum of
Height and day/nighktime of days (T, daily (T, _daily ofdays @T, daily (T, _daily of days (T,_daily UT5_daily
(T,_daily-30cm 23 0.15 0.37 4 0.09 0.18 8 0.09 0.23
(T,_daily-30cm_daytime 49 0.64 1.59 18 0.32 0.86 22 0.22 0.71
(T4_daily -30cm_nighttime 0 - - 0 -- -- 0 -- -
UT,_daily -60cm 0 -- -- 0 -- -- 0 -- -
(T,_daily-60cm_daytime 20 0.20 0.59 2 0.11 0.13 5 0.06 0.16
(T,_daily -60cm_nighttime 0 - - 0 -- -- 0 -- -
(T,_daily-120cm 5 0.02 0.08 0 - - 3 0.01 0.03
(T,_daily-120cm_daytime 19 0.15 0.38 3 0.06 0.13 9 0.03 0.09
(T5_daily-120cm_nighttime 0 -- -- 0 -- -- 1 0.01 0.01

538
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540
541

TableA4 Definition and description of the 14 selectedtiables

No. Name of variables Definition and calculation method (tm@menclature of variables please Bag 2

1 ars TIR The difference of surface temperature between the vegetation layer on the
(Ts_TIR_vegetationand BR Ts_TIR_BR (€).

2 ars TC The difference of surface temperature betwd#BR (Ts TC_EGR and BR
(Ts_TC_BR (€).

3 (Ts TC_substrate The difference of surface temperature between substrate layer of the
(Ts_TC_substrateand BR Ts_TC_BR (€).

4 0Soil_ Ts TIR Temperature difference between average soil temperédoie T_averaggof the
EGR ad surface temperature of BR(TIR_BR (T).

5 (RH The difference of RH betwedfGR RH_EGR and BR RH_ BR at corresponding
height (%).

6 NR The difference of net radiation between the EGWR (EGR and BR NR_ BR
(W/n?).

7 OSR_down The difference of downward solar radiation SR_dowh between the EGF
(SR_down_EGRand BR SR _down_BR (W/n?). Note: the record values
GRZQZDUG VRODU UDGLDWIPRQ VHQVRU ZHUH L

8 Soil_M_average The arithmetic average of the four soil moistuBeil_M) values(m3/mq).

9 Soil_T_average The arithmetic average of the four soil temperat8wal( T) values (C).

10 Soil HF average The arithmetic average of the two soil heat fl@ei{_HP values (W/r).

11 LAl _average AveragelL Al of the EGR. Note that we used the connection line composed t
observation LAI values (two at each month) to get the LAl value in the other d

12 SR Average hourly or daily upward solar radiation (V&ym

13 WS Average hourly or daily wind speechfs).

14 Ta Average hourly or daily air temperature at 120 cm height above the BR (€). |

we used this factor to represent the background air temperature of the site.
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