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Investigation of extensive green roof outdoor spatio-temporal thermal 29 

performance during summer in a subtropical monsoon climate 30 

 31 

Abstract: 32 

The thermal performance of green roofs is usually site-specific and changes temporally. Hence, 33 

thermal performance evaluation is necessary to optimize green roof design and its cooling effect. In 34 

this paper, we evaluated the outdoor spatio-temporal performance of a full-scale extensive green roof 35 

(EGR) in Nanjing, China throughout a summer at three heights (30, 60 and 120 cm). We found the 36 

EGR exhibited an overall slight diurnal cooling effect at all three heights (-0.09, -0.23, and -0.09 °C, 37 

respectively), but there was an obvious warming effect at a couple of specific hours during daytime. 38 

Especially on sunny days, the maximum warming effect at all three heights was 1.59, 0.59, and 39 

0.38°C, respectively. During the night, the EGR had a pronounced cooling effect of -0.63, -0.40, and 40 

-0.15 °C, respectively. Among the weather scenarios, sunny days had the highest impact on the 41 

EGR’s thermal performance, while effects were less pronounced on cloudy and rainy days. Tthe 42 

average range of hourly air temperature difference at 30 cm between EGR and a bare roof on selected  43 

days was 4.02 (sunny), 2.67 (cloudy), and 0.74°C (rainy). The results of multiple-regression analyses 44 

showed strong and significant correlations of air temperature difference between the EGR and a bare 45 

roof with differences in relative humidity, net radiation, several measures of soil and surface 46 

temperature, and soil moisture as well as average solar radiation, air temperature and wind speed. 47 

The results implied that both the components of the EGR, such as green vegetation and the soil 48 

substrate layer, and the microclimate created by the EGR can feed back and contribute to the thermal 49 

performance of an EGR. Through this full-scale EGR research in a subtropical monsoon climate, we 50 

provide the scientific basis and actionable practices for green roof planning and design to alleviate 51 

the urban heat island effect towards designing climate-resilient cities. 52 

Keywords: Extensive green roof; Experimental analysis; Outdoor cooling effect; Thermal 53 

performance; Subtropical monsoon climate 54 
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List of Abbreviations and Acronyms 55 

UHI  Urban heat island 

EGR Extensive green roof 

BR Bare roof 

CAM Crassulacean acid metabolism 

LAI Leaf Area index 

PCA Plant canopy analyzer 

SVF Sky view factor 

Ta Air temperature (°C) 

RH Relative humidity (%) 

SR Solar radiation (Wm-2) 

SR_up Incoming shortwave radiation (Wm-2) 

SR_down Reflected shortwave radiation (Wm-2) 

WS Wind speed (m-s) 

NR Net radiation (Wm-2) 

Ts_TIR Thermal infrared surface temperature 

(°C) 

Ts_TC Thermocouple surface temperature 

(°C) 

Soil_T Soil temperature (°C) 

Soil_M Soil moisture(m3/m3) 

Soil_HF Soil heat flux (Wm-2) 

 56 

ΔTa Air temperature above the EGR 

(Ta_EGR) minus the BR (Ta_BR) 

(°C) 

Ta_daily Average daily air temperature at 

corresponding height (°C) 

Ta_daily_daytime Average daily air temperature 

during the day (°C) 

Ta_daily_nighttime Average daily air temperature 

during the night (°C) 

ΔTa_daily Average daily air temperature 

difference between EGR and BR at 

corresponding height (°C) 

ΔTa_daily_daytime Average daily air temperature 

difference during the day (°C) 

ΔTa_daily_nighttime Average daily air temperature 

difference during the night (°C)  

ΔTa_ hourly Average hourly air temperature 

difference between EGR and BR at 

corresponding height (°C) 

SR_daytime Day-time average solar radiation 

(Wm-2) 

 57 

 58 
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1. Introduction 60 

Many cities around the world have been suffering from an increased urban heat island (UHI) 61 

effect due to urbanization and will likely experience more frequent, more intense, and longer lasting 62 

heat waves in the future (Perkins et al., 2012; Jim, 2015; Solcerova et al., 2017). Urban green spaces 63 

can mitigate UHI effects and provide important temperature regulating ecosystem services (Kong et 64 

al., 2016). However, available space for urban greening is limited in many cities due to dense urban 65 

forms and high economic land value (Santamouris, 2014; Xiao et al., 2014; Vijayaraghavan, 2016). 66 

Green (vegetated, eco or living) roofs have frequently been proposed as a way to increase the amount 67 

of green spaces in the urban area and, thereby, mitigate the UHI effect (Francis and Lorimer, 2011; 68 

Parizotto and Lamberts, 2011; Susca et al., 2011; Saadatian et al., 2013; Berardi et al., 2014; 69 

Santamouris, 2014; Solcerova et al., 2017; Calliari et al., 2019). Moreover, green roofs can also 70 

reduce building energy consumption (Theodosiou, 2003; Parizotto and Lamberts, 2011; Coma et al., 71 

2016), decrease the quantity and increase the quality of rainwater runoff (Carpenter et al., 2016; Sims 72 

et al., 2016), extend roof life (Teemusk and Mander, 2009), improve urban air quality (Yang et al., 73 

2008; Rowe, 2011), and provide aesthetic appeal and amenity spaces (Kohler et al., 2002; Kosareo 74 

and Ries, 2007). Green roofs are an innovative way to increase the health and sustainability of 75 

buildings and cities (Bevilacqua et al., 2016). 76 

Green roofs consist of several components, including vegetation, substrate, filter fabric, drainage 77 

material, root barrier, and thermal insulation (Saadatian et al., 2013; Berardi, 2016; Vijayaraghavan, 78 

2016). Depending on the vegetation type, substrate depth, construction material, maintenance level, 79 

and allocated usage, green roofs are generally classified as extensive and intensive (Saadatian et al., 80 

2013; Berardi et al., 2014; Li and Yeung, 2014; El Bachawati et al., 2016; Bevilacqua et al., 2016; 81 

Vijayaraghavan, 2016). Intensive green roofs usually have a deep and heavy substrate (substrate 82 

depth of more than 15-20 cm and typically more than 290 kg/m2) and feature a variety of plants 83 

ranging from grasses and forbs to small trees, which require intensive maintenance and involve high 84 

costs. Intensive green roofs are usually designed for complete accessibility of new buildings, 85 
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considering the extra weight of the green roof during the design of the building’s structural 86 

components (Williams et al., 2010; Jim et al., 2011; Bevilacqua et al., 2016; Vijayaraghavan, 2016). 87 

In contrast, extensive green roofs (EGRs) are characterized by a thin substrate layer (typically less 88 

than 10-15 cm); low weight (typically 70-170 kg/m2); a limited variety of vegetation types including 89 

moss, grasses and succulents; minimal maintenance; low capital cost; and are less likely to be 90 

designed for frequent human access. EGRs are suited for installation on existing buildings without 91 

enhancement of structural building support (Bevilacqua et al., 2016; Vijayaraghavan, 2016) and are, 92 

therefore, frequently recommended in urban areas (MacIvor et al., 2016). 93 

Green roof substrates can insulate the inside of the building from outdoor heat, while vegetation 94 

cools the local environment through shading, reflection of solar radiation, and evapotranspiration 95 

(Takakura et al., 2000; Niachou et al., 2001; Solcerova et al., 2017). There have been many recent 96 

evaluations of the thermal performance of EGRs (Parizotto and Lamberts, 2011; Berardi, 2014; 97 

Vijayaraghavan, 2016; Solcerova et al., 2017), and particularly their cooling benefits during warm 98 

seasons (MacIvor et al., 2016).  99 

Most previous studies used field observations (Niachou et al., 2001; Parizotto and Lamberts, 100 

2011; Olivieri et al., 2013; Bevilacqua et al., 2016; MacIvor et al., 2016; Solcerova et al., 2017) or 101 

complex mathematical models (Niachou et al., 2001; Ouldboukhitine et al., 2011; Ascione et al., 102 

2013; Olivieri et al., 2013) to quantify the cooling benefit performance of EGRs by comparing the 103 

air or surface temperature of vegetated roofs with that of bare roofs. Numerical models are generally 104 

employed to simulate the cooling potential of an EGR by comparing different scenarios, especially 105 

with or without EGR, however, they are often not appropriately applied to study the underlying 106 

mechanisms governing the thermal performance of an EGR (Ascione et al., 2013; Kong et al., 2016). 107 

Improving the accuracy of numerical models is still a challenge due to the complexity of the heat 108 

and mass transfer in green roofs and complex structure of the green roof systems (Bevilacqua et al., 109 

2016). Therefore, experimental setups with direct measurements remain the commonly used method 110 

to investigate the cooling effects of EGRs (Parizotto and Lamberts, 2011; Bevilacqua et al., 2016).  111 
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Cooling effects of green roofs have been most studied either with respect to outer roof surface 112 

temperature or indoor air temperature (Berardi et al., 2014; Bevilacqua et al. 2016; Vijayaraghavan, 113 

2016). For instance, in an experimental analysis of an EGR installed on a university building in 114 

Cosenza, Italy under typical Mediterranean climate conditions, Bevilacqua et al. (2016) found that 115 

an EGR reduced surface temperatures by 12°C (indoor air temperatures by 2.3°C) in the summer. 116 

Experimental studies have shown that air temperature above green roofs is generally lower than 117 

above traditional non-green roofs, but the vertical cooling extent has been found to be limited to a 118 

couple of meters above roof surface (Peng and Jim, 2015; Solcerova et al., 2017). However, the 119 

vertical extent of this temperature reduction remains uncertain and is site-specific (Solcerova et al., 120 

2017). Through air temperature comparisons, some studies have also found that at daytime during 121 

the summer, EGRs may exhibit warming effects above the near-ground layer (Wong et al., 2007; 122 

Solcerova et al., 2017; Peng et al., 2019). In an observational study of sedum-covered EGRs in 123 

Utrecht (NL), Solcerova et al. (2017) showed that air temperature above such a roof surface was 124 

colder at night and slightly warmer during the day compared to a white gravel roof during a 24h 125 

period. The vertical thermal performance characteristics and the reason for such warming effects 126 

during the daytime, as well as whether this phenomenon is common or not, both require further study, 127 

especially with regard to optimizing the cooling effect and temperature regulating ecosystem services 128 

of EGRs. 129 

Previous studies based on observational data were often conducted during short measurement 130 

periods at one height with small plots or modular test beds, which makes it difficult to extrapolate to 131 

other contexts and climate conditions. In particular, to our knowledge, few experimental studies have 132 

been developed with a full-scale EGR at different heights in China (Xiao et al., 2014; Yang et al., 133 

2015; Peng et al., 2019). Furthermore, one of the driving forces behind the upsurge in EGR research 134 

is the need to provide solid scientific knowledge to optimize EGR function and delivery of ecosystem 135 

services to guide sustainable urban design and management. Consequently, city-specific research is 136 

needed to identify components for successful implementation of EGRs according to differences in 137 
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building characteristics and climatic conditions. 138 

To date, the vertical thermal gradient of EGRs has not been thoroughly studied and understood. 139 

In this paper, we compare microclimate observations over a full-scale, sedum-covered EGR and a 140 

bare roof (BR) in Nanjing, China in order to 1) characterize the thermal performance of an EGR at 141 

three vertical heights (30, 60 and 120 cm) under different weather conditions (sunny, cloudy, and 142 

rainy) for a full summer in a subtropical monsoon climate; and 2) evaluate the impacts of 143 

microclimate parameters as well as plant characteristics on thermal performance of the EGR. The 144 

results of this study will provide additional insight into the summertime thermal performance of 145 

EGRs to guide their design to cool the outdoor thermal environment more effectively in a subtropical 146 

monsoon climate. 147 

2. Experiment and Methods 148 

2.1 Study site and roof systems 149 

We conducted microclimate observations on the full-scale EGR of the Executive Office Building 150 

at Nanjing Jinling Elementary School (JLES) on Xianlin Campus (latitude 32.109°N, longitude 151 

118.967°E), located in Nanjing, the capital of Jiangsu Province, China (Fig.1 a-c). Nanjing has a 152 

subtropical monsoon climate with four seasons including a hot, wet summer. According to Nanjing 153 

meteorological data for 1951-2010, the summer (daily mean air temperature ≥ 22°C in five 154 

consecutive days) lasts, on average, for 119 days (Pan, 2011). The mean annual temperature is 155 

15.4 °C, with mean monthly temperature ranging between 24.4 °C and 27.8 °C for June to August. 156 

The mean daily maximum temperature is 31.9 °C, and the daily peak is 39.7 °C in July. The mean 157 

annual precipitation is about 1100 mm, with approximately 80% of the rainfall during the wet season 158 

(April to September). 159 

The Executive Office Building at JLES was built in 2011. The building is a five-story brick-160 

concrete composite structure, about 16.5 m high, with a plane roof (slope around 2%) (Figs. 1 c, d). 161 

The office layout on the fifth floor is basically symmetrical (Fig.1 e). The total roof area is 1016.3 162 

m2. The roof was divided into two approximately equal plots for comparison: an EGR plot (509.0 163 
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m2) and a BR plot (507.3 m2) (Fig.1 f, g). The EGR modules (444.4 m2) were installed on 19 May 164 

2016 (Fig.1 f, g). The drainage system and the maintenance passageway (total 64.6 m2) on the roof 165 

were not covered by the EGR (Fig.1 g). The growing media and plants (Sedum lineare) for the EGR 166 

were installed using pre-grown vegetated modules (length 0.50 m, width 0.33 m, height 0.11 m, not 167 

including the canopy) featuring a carrier with a 7.0 cm thick soil substrate layer.  168 

 169 

Fig. 1. Study area and observation sites. 170 

Sedum species are often regarded as an ideal and reliable choice for planting on EGRs around the 171 

world due to their unique characteristics: they grow with relatively shallow roots, are able to store 172 
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excess water in leaves or stems, and have crassulacean acid metabolism (CAM) to limit transpiration 173 

and reduce water loss (Van Woert et al., 2005; MacIvor and Lundholm, 2011). CAM plants can 174 

increase their water use efficiency by allowing stomatal opening and CO2 storage during nighttime, 175 

which lowers daytime evaporation rates. Sedum species are also able to close their stomata during 176 

the daytime to avoid water loss from transpiration (Ting, 1985).  177 

The soil substrate layer consists of a combination of powdered vermiculite aggregate (30%), peat 178 

moss soil (30%), ceramsite (30%), organic matter (10%), a 0.1 cm geotextile filter layer, and a 3.9 179 

cm multi-functional water storage and drainage layer (Fig. 2). The leaf area index (LAI) of the EGR 180 

measured with the Li-Cor LAI-2200C Plant Canopy Analyzer (PCA) was 2.6, the plant coverage 181 

was 90%, and the mean height was 8 cm at the time of installation. The BR control plot mainly 182 

consists of three layers: concrete mortar, extruded polystyrene thermal insulation, and reinforced 183 

concrete roof slab (Fig. 2). Although low hills to the south-east of the building block the sun in the 184 

early morning (Fig.1 c, f), the site is well exposed with a sky view factor (SVF) close to 1, allowing 185 

almost unobstructed solar access and energy dissipation by outgoing terrestrial radiation. 186 

2.2 Monitoring systems and measurement period 187 

We set up two monitoring stations on a pole anchored by concrete ballast in the center of the BR 188 

and EGR, respectively (Figs. 1g, 2). Each station was equipped with one HOBO U30 (Onset 189 

Computers, Bourne, MA, USA) and one CR1000 (Campbell Scientific, Logan, UT, USA) data logger 190 

to record air temperature (Ta), relative humidity (RH), solar radiation (SR), wind speed (WS), rainfall, 191 

net radiation defined as the total incoming radiation of all wavelengths minus the reflected and 192 

emitted radiation (NR), thermal infrared surface temperature (Ts_TIR), thermocouple surface 193 

temperature (Ts_TC), soil temperature (Soil_T), soil moisture (Soil_M), and soil heat flux (Soil_HF, 194 

the downward energy flux is positive, the upwards flux negative) (Table 1, Fig. 2). All sensors were 195 

scanned every minute, and averaged data recorded at 5-minute intervals. 196 

Sensors at each monitoring station included: 1) three air temperature and relative humidity 197 

sensors at 30, 60, and 120 cm height above the BR and vegetated layer of the EGR; 2) a weatherproof 198 
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infrared radiometer; 3) thermocouple surface temperature sensor with an outer insulating material 199 

(one on the BR, two on the EGR, Fig. 2); 4) a net radiometer and two solar radiation sensors. Note 200 

that the upward and downward shortwave radiation of the BR and EGR were measured using a pair 201 

of solar radiation sensors (Fig. 2). The monitoring station on the EGR also contained four soil 202 

temperature and moisture sensors and two soil heat flux meters, buried 4.5 cm in the substrate layer 203 

(Fig. 2). In addition, a rain gauge and a wind speed sensor were installed at the monitoring station 204 

on the BR. 205 

The measuring period was a typical hot and humid summer, June 6 - September 30, 2016, 206 

included 39 rainy days (total precipitation of 827 mm) and two heat wave events (defined as three 207 

consecutive days with daily maximum temperature ≥ 35°C) (July 20 - August 2, August 11-August 208 

20, see grayed regions in Fig. A2). Irrigation is essential during heat wave events, and the EGR was 209 

watered by hand at night on July 26 and July 29. 210 

 211 

Table 1 Equipment specifications and main sensor parameters 212 

Equipment Smart sensors Product model Parameter Accuracy  Resolution Installation height  

HOBO U30 Temperature/RH 

sensor 

S-THB-M002 Temperature 

Relative humidity 

±0.2°C (0~50°C) 

±2.5%(10~90%) 

0.02°C 

0.1% 

Ta, RH: 0.3 m, 0.6 m 

Solar radiation sensor S-LIB-M003 Light intensity ±10W/m2 1.25W/m2 0.3 m 

CR1000 Temperature/RH 

sensor 

HMP155A Temperature 

Relative humidity 

±0.1°C 

±1% 

0.02°C 

0.1% 

Ta, RH: 1.2 m 

Infrared radiometer SI-111 Surface temperature ±0.2°C（-10°C ~65°C） 0.05°C 0.8 m 

Thermocouple surface 

Temperature sensor 

AV-10LT Surface temperature ±0.2℃（-40°C ~70°C） 0.01°C Surface of BR and EGR; 

Substrate layer surface of EGR 

Net radiometer NR Lite2 Solar net radiation <1.0% 0.01V/W•m-2 0.8 m 

Soil temperature 

sensor 

AV-10T Soil temperature ±0.2°C（0～70°C） 0.01°C 4.5 cm under the soil surface 

4.5 cm under the soil surface 

4.5 cm under the soil surface Soil moisture sensor CS616 Soil moisture ±2.5% 0.1% 

Soil heat flux meter HFP01 Soil heat flux ±5% 0.05V/W•m-2 

Wind speed sensor RM Young03001 Wind speed ±0.5m/s 0.5 m/s 1.5 m 

Rainfall sensor TE525MM Rainfall ±1%（≦10mm/hr） 0.1mm 1.2 m 

 213 
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 214 

Fig. 2. Plot illustrating the position of the installed sensors and nomenclature of observed variables. 215 

2.3 Statistical analysis 216 

In the following sections, the outdoor air temperature difference (∆𝑇𝑎) is defined as the air 217 

temperature above the EGR (Ta_EGR) minus the BR (Ta_BR) at any given time and height (30 cm, 218 

60 cm, and 120 cm). If ∆𝑇𝑎 < 0℃, it shows that the EGR has a cooling effect, and vise-visa, when 219 

ΔTa ≥ 0°C, it indicates that the EGR has a warming effect. 220 

2.3.1 The overall daily thermal performance of the EGR 221 

Firstly, we performed a statistical analysis of the average daily air temperature (𝑇𝑎_𝑑𝑎𝑖𝑙𝑦) and the 222 

daily air temperature difference (∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦) at 30, 60 and 120 cm between EGR and BR, respectively. 223 

Then, the average, minimum, maximum, range, and standard deviation of daily air temperature 224 

during the day-time and night-time ( 𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑑𝑎𝑦𝑡𝑖𝑚𝑒 , 𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑛𝑖𝑔ℎ𝑡𝑡𝑖𝑚𝑒 ) and the daily air 225 

temperature difference during the day-time and night-time (∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑑𝑎𝑦𝑡𝑖𝑚𝑒, ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑛𝑖𝑔ℎ𝑡𝑡𝑖𝑚𝑒) 226 

at the three heights were calculated based on the daily sunrise and sunset time (Appendix, Table A1, 227 

Fig. A1). Finally, based on previous literature (Standardization Administration of China, 2008; Jim, 228 

2015; Solcerova et al., 2017), we used two indices, the total daily precipitation (mm) and day-time 229 

average solar radiation (SR_𝑑𝑎𝑦𝑡𝑖𝑚𝑒, W/m2) at the site to define three weather scenarios (sunny, 230 
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cloudy, and rainy). Days with no precipitation and SR_𝑑𝑎𝑦𝑡𝑖𝑚𝑒 ≥ 350 𝑊/𝑚2 were considered sunny 231 

(clear sky); days with no precipitation and SR_𝑑𝑎𝑦𝑡𝑖𝑚𝑒 < 350 𝑊/𝑚2 were considered cloudy; and 232 

days with precipitation > 0.1mm were considered rainy. Then, ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦 under these three weather 233 

scenarios were calculated and summarized (Appendix, Tables A2, A3). 234 

2.3.2 EGR daily thermal performance extremes 235 

To further understand the thermal performance of the EGR, we summarized the days with 236 

extreme values (highest or lowest daily thermal performance) during the study period at the three 237 

height levels (Tables 2, 3). As all the days with extreme values were either sunny or rainy days, we 238 

selected days with extreme values from cloudy days only based on the same approach (Tables 4, 5). 239 

2.3.3 EGR hourly thermal performance on selected days 240 

Based on the high frequency of extreme values, we selected four days as time snapshots from 241 

each of the sunny, rainy and cloudy weather scenarios (Tables 3, 5). Then, we quantified the hourly 242 

thermal performance (∆𝑇𝑎_ℎ𝑜𝑢𝑟𝑙𝑦) of the EGR (either cooling or warming effect) at three heights for 243 

the selected twelve days (Figs. 3, 4). 244 

2.3.4 Regression analysis to assess the summer thermal performance of the EGR  245 

We selected 14 environmental factors that may affect the ΔTa, including the difference of 246 

microclimate conditions between the two roof types and the properties of soil layer and vegetation 247 

mass (Table A4). Then, we conducted a multiple linear regression analysis to assess which variables 248 

were most strongly associated with ∆𝑇𝑎 at 30, 60, and 120 cm height using daily and hourly interval 249 

data, respectively (Table 6). This analysis was performed using a stepwise selection method 250 

(inclusion with a 0.05 or lower probability of the F-statistic, and removal with a 0.1 or larger 251 

probability of F). Standardized model coefficients, the coefficient of determination (R2), and model 252 

p-value were used as criteria to identify the strongest predictors (Table 6). 253 

3. Results 254 

3.1 EGR daily thermal performance 255 

Observations show that the EGR exhibited a weak, daily outdoor air temperature cooling effect 256 
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at all three observation heights. The average daily air temperature differences (∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦) at 30, 60 257 

and 120 cm were -0.09, -0.23 and -0.09 °C, respectively (Table A1), with a greater cooling effect at 258 

60 cm height than at 30 and 120 cm. These data indicate that the cooling effect first increases and 259 

then decrease as height increases, though it is recognized that these data do not indicate if these are 260 

continuous or step wise changes (Table A1, Fig. A1). 261 

Further analysis shows that nighttime daily average air temperature differences 262 

(∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑛𝑖𝑔ℎ𝑡𝑡𝑖𝑚𝑒) at 30, 60 and 120 cm heights were -0.63, -0.40, and -0.15 °C, respectively, 263 

which was markedly lower than the daytime average daily air temperature differences 264 

(∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑑𝑎𝑦𝑡𝑖𝑚𝑒) at each corresponding height (0.32, -0.11, -0.04 °C, respectively) (Table A1). 265 

These data show that the EGR had a very obvious cooling effect at nighttime, but during the day, it 266 

exhibited a warming effect at 30cm height and a slight cooling effect at 60 and 120 cm heights. 267 

During the whole study period, there was only one night in which the EGR produced a slight 268 

warming effect (∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑛𝑖𝑔ℎ𝑡𝑡𝑖𝑚𝑒 ≥ 0℃, 0.01°C) at height 120cm. However, on 89, 27 and 31 269 

days the EGR produced a warming effect at 30, 60 and 120 cm heights, respectively, during the day-270 

time (∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑑𝑎𝑦𝑡𝑖𝑚𝑒 ≥ 0℃). The duration, mean and maximum values of the daily day-time 271 

warming effect at 30cm height (∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑑𝑎𝑦𝑡𝑖𝑚𝑒) were longer and higher (89 days, 0.47 and 272 

1.59 °C) than those at 60 (27 days, 0.17 and 0.59 °C) and 120 cm (31 days, 0.11 and 0.38 °C) (Table 273 

A1). All of these data indicated that the cooling effect at night was very pronounced and consistent, 274 

but the daytime cooling effect was quite inconsistent, and that the daytime warming effect at 30cm 275 

height causes a weaker daily cooling effect at 30cm compared with 60 and 120cm. 276 

With the increase of observation height (from 30 to 60cm, and then 120cm), the amplitudes of 277 

the ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦, ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑑𝑎𝑦𝑡𝑖𝑚𝑒 and ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑛𝑖𝑔ℎ𝑡𝑡𝑖𝑚𝑒 significantly decreased (Appendix, Fig. 278 

A1). Their ranges were 0.93, 2.02, 1.83 °C at 30 cm height, 0.58, 1.12, 1.26 °C at 60 cm height, and 279 

0.37, 0.64, 0.65 °C at 120 cm height, respectively, and the standard deviations of ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦 were 280 

also reduced from 0.19, 0.41, 0.32 at 30 cm height, to 0.12, 0.20, 0.21 at 60 cm height, and to 0.06, 281 

0.12, 0.11 at 120 cm height, respectively (Table A1). These data suggest that the impact of the EGR 282 
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on outdoor daily air temperature differences (either cooling or warming effect) decreased with the 283 

increase of observation height. The results imply that the heating or cooling transfer from the BR or 284 

EGR surface to air at daytime or nighttime is noticeably confined to the near-ground air layer, and 285 

the impact decays rapidly with increasing height. 286 

The strongest cooling and warming effects happened during sunny days, followed by cloudy and 287 

rainy days at each given observation height (Tables A2, A3). For example, at 30 cm height and cloud-288 

free conditions, when ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦 < 0℃, the average ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦 was -0.22 °C, while it was -0.16 °C 289 

during cloudy and rainy days (Table A2). For ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦 ≥ 0℃, the maximum and average values of 290 

∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦 at 30 cm height on sunny days were 0.37 and 0.15°C, respectively, but they were 0.18 and 291 

0.09°C on cloudy days, and 0.23 and 0.09°C on rainy days (Table A3). These results show that the 292 

magnitude of ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦 varied almost consistently in the order sunny day> cloudy day> rainy day. 293 

3.2 EGR daily thermal performance extremes 294 

The analysis of extreme values of ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦,∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑑𝑎𝑦𝑡𝑖𝑚𝑒, and ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑛𝑖𝑔ℎ𝑡𝑡𝑖𝑚𝑒 at the 295 

three heights shows that the EGR’s performance was most extreme on both sunny and rainy days. 296 

Thirteen extreme events occurred on 6 sunny days, and five events occurred on 4 rainy days (Tables 297 

2, 3). 298 

The minimum values of ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦 and ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑑𝑎𝑦𝑡𝑖𝑚𝑒 (i.e. the strongest cooling effect) at 299 

three heights occurred on June 13, a sunny day with relatively high soil moisture (0.260 m3/m3), low 300 

air temperature (25.78 °C), and low wind speed (0.6 m/s), and June 15, a rainy day with little rainfall 301 

(0.2 mm), relatively high soil moisture (0.137 m3/m3), and low air temperature (26.79 °C) (Tables 2, 302 

3). Meanwhile, the maximum values of ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦 (i.e. the strongest daily warming effect at 30 cm 303 

height) and ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑑𝑎𝑦𝑡𝑖𝑚𝑒  (the strongest day-time warming effect at the three heights) all 304 

occurred on sunny days (July 23, 26-28) with relatively low soil moisture (< 0.07 m3/m3) and high 305 

air temperature (> 33°C) (Tables 2, 3). 306 

In addition, the minimum values of ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑛𝑖𝑔ℎ𝑡𝑡𝑖𝑚𝑒 at the three heights (i.e. the strongest 307 

cooling effect) occurred on a sunny day, August 30, with very low soil moisture (0.0278 m3/m3), 308 
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relatively low air temperature (25.32 °C) and low relative humidity (52.0%).The maximum values 309 

for ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑛𝑖𝑔ℎ𝑡𝑡𝑖𝑚𝑒 all occurred on rainy days with heavy rainfall (> 28 mm), high soil moisture 310 

(> 0.16 m3/m3), high relative humidity (> 91%) and low air temperature (< 24 °C) (Tables 2, 3). 311 

 312 

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

Minimum/ 

maximum 

Height ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦 

(°C) 

Time 

(MM/DD) 

∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑑𝑎𝑦𝑡𝑖𝑚𝑒 

(°C) 

Time 

(MM/DD) 

∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑛𝑖𝑔ℎ𝑡𝑡𝑖𝑚𝑒 

(°C) 

Time 

(MM/DD) 

Minimum 30 cm -0.56 6/15 -0.43 6/15 -1.85 8/30 

60 cm -0.59 6/13 -0.53 6/13 -1.27 8/30 

120cm -0.29 6/13 -0.26 6/13 -0.64 7/26 

Maximum 30 cm 0.37 7/28 1.59 7/26 -0.09 7/4 

60 cm -0.01 7/23 0.59 7/26 -0.06 9/30 

120cm 0.08 7/27 0.38 7/27 0.01 9/29 

 314 

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

heights. 316 

Date 

(MM/DD) 

Weather 

scenarios 

Frequency SR_daytime 

(W/m2) 

Soil_M 

(m3/m3) 

WS 

(m/s) 

Ta-120cm_BR 

(°C) 

RH-120cm_BR 

(%) 

6/13* Sunny 4 430 0.260 0.6 25.78 73.5 

6/15* Rainy (0.2mm) 2 163 0.137 1.1 26.79 68.7 

7/4* Rainy (77mm) 1 107 0.350 1.1 23.37 96.4 

7/23 Sunny 1 496 0.068 1.5 33.40 61.4 

7/26* Sunny 3 462 0.036 1.1 34.45 59.6 

7/27* Sunny 2 426 0.036 1.3 33.81 61.6 

7/28 Sunny 1 448 0.037 1.1 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 2.1 17.87 91.7 

9/30* Rainy (28.9mm) 1  61 0.208 1.1 18.83 95.8 

6/6-9/30 -- -- 319 0.129 1.1 27.15 74.8 

(*) – day selected for further hourly analysis due to its higher frequency of extreme value. 317 

Note: for the nomenclature of variables please see Fig. 2 and the list of abbreviations and acronyms. 318 

 319 

 320 
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Table 4 Summary of extreme values on cloudy days at three observation heights. 321 

Minimum/ 

maximum 

Height ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦 

(°C) 

Time 

(MM/DD) 

∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑑𝑎𝑦𝑡𝑖𝑚𝑒 

(°C) 

Time 

(MM/DD) 

∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑛𝑖𝑔ℎ𝑡𝑡𝑖𝑚𝑒 

(°C) 

Time 

(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 7/16 -0.03 9/14 

 322 

Table 5 Summary of environmental characteristics on cloudy days with extreme values at three observation heights. 323 

Date 

(MM/DD) 

Frequency SR_daytime 

(W/m2) 

Soil_M 

(m3/m3) 

WS 

(m/s) 

Ta-120cm_BR 

(°C) 

RH-120cm_BR 

(%) 

6/6* 6 217 0.279 0.8 22.39 82.3 

6/9 1 196 0.282 1.3 21.94 86.8 

7/10* 1 166 0.217 2.1 26.53 86.2 

7/16* 3 256 0.324 0.8 24.67 77.6 

8/19* 5 296 0.018 0.7 32.24 71.5 

9/8 1 335 0.031 0.5 25.52 72.2 

9/14 1 332 0.006 1.4 24.03 75.0 

6/6-9/30 -- 319 0.129 1.1 27.15 74.8 

(*) – day selected for further hourly analysis due to its higher frequency of extreme value. 324 

Note: for the nomenclature of variables please see Fig. 2 and the list of abbreviations and acronyms. 325 

The statistical analysis of extreme daily thermal values on cloudy days indicates that when there 326 

was a relatively low air temperature, high soil moisture and low wind speed, the EGR could produce 327 

a strong daily, daytime and nighttime cooling effect. The analysis also demonstrates that with high 328 

air temperature, low soil moisture and wind speed, the EGR had a weak daily cooling effect, or even 329 

an obvious daytime warming effect at 30 cm height (Tables 4, 5). At the same time, the minimum 330 

values of ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦_𝑛𝑖𝑔ℎ𝑡𝑡𝑖𝑚𝑒 (i.e. the strongest cooling effect) all occurred on cloudy days with 331 

relatively low air temperature and wind speed; while cloudy days with relatively low air temperature 332 

and high wind speed can produce a weak night-time cooling effect (Tables 4, 5). The analysis of 333 

extreme values indicates that the weather scenarios, soil moisture, air temperature, wind speed, 334 
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relative humidity, and the combination of these factors had a strong impact on the daily, day-time 335 

and night-time thermal performance of the EGR. 336 

3.3 EGR hourly thermal performance on selected days under different weather conditions  337 

Generally, average hourly air temperature differences (∆𝑇𝑎_ℎ𝑜𝑢𝑟𝑙𝑦) decreased rapidly as the 338 

observation height increased. The range of ∆𝑇𝑎_ℎ𝑜𝑢𝑟𝑙𝑦 on sunny days was larger than that on cloudy 339 

and rainy days, for example, the average range of ∆𝑇𝑎_ℎ𝑜𝑢𝑟𝑙𝑦 at 30 cm on selected days was 4.02, 340 

2.67, and 0.74°C, respectively. The duration of the warming effect (∆𝑇𝑎_ℎ𝑜𝑢𝑟𝑙𝑦 ≥ 0 ℃) on sunny days 341 

was significantly longer than that on cloudy and rainy days as well (Fig. 3). These results imply that 342 

the impact of the EGR on ∆𝑇𝑎_ℎ𝑜𝑢𝑟𝑙𝑦 decreases with the increase of observation height, and the 343 

magnitude of ∆𝑇𝑎_ℎ𝑜𝑢𝑟𝑙𝑦 varies in the order sunny day> cloudy day> rainy day. 344 

On the four selected sunny days with extreme daily thermal performance, the EGR had a 345 

pronounced hourly warming effect during the day and a consistent cooling effect at night. As 346 

observation height increased, the amplitude of the hourly daytime warming effect decreased much 347 

more than that of the nighttime cooling effect. However, the duration of the hourly warming effect 348 

was significantly shorter than that of the cooling effect (Fig. 3). These results, especially the vertical 349 

gradient changes of ∆𝑇𝑎_ℎ𝑜𝑢𝑟𝑙𝑦 , suggest that the impact of air convection on these measured 350 

temperatures was strong. The effect of air convection should be studied in more depth through wind 351 

speed observations at different heights. In accordance with a previous study (Solcerova et al., 2017), 352 

the lower albedo of the green roof (as indicated by higher values of NR_EGR compared to NR_BR, 353 

especially during midday and night, see Fig. 4), together with the special metabolism of sedum 354 

(CAM), a relatively thin concrete mortar layer and a good performance of thermal insulation layer 355 

of the roof, caused the air above the EGR to warm up more than above the bare roof. Sedum 356 

vegetation physiology is an important factor in EGR performance, as, under hot weather conditions, 357 

CAM plants, such as sedum, often keep their stomata closed during the day and open them at night 358 

(Ting, 1985). This helps the plant to reduce water loss but leads to low daytime evapotranspiration 359 

and thus lower daytime cooling (Van Woert et al., 2005; MacIvor and Lundholm, 2011). 360 
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 361 

 362 

Fig. 3. Hourly air temperature difference (∆𝑇𝑎_ℎ𝑜𝑢𝑟𝑙𝑦) at three observation heights. 363 

Note: the daily data shown in this figure is continuous, but selected days are not always consecutive. 364 

 365 
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 366 

Fig. 4. Hourly weather and environmental conditions on the twelve selected days.  367 

Note: the daily data shown in this figure is continuous, but the selected days are not always consecutive; for the 368 

nomenclature of all variables please see list of abbreviations and acronyms.  369 

Among the selected sunny days, and only comparing August 30 with July 26 and 27, we find that 370 

the heat wave days July 26 and 27 exhibited higher air temperature (the average maximum of the 371 

∆𝑇𝑎_ℎ𝑜𝑢𝑟𝑙𝑦_𝐵𝑅  at 120 cm was 38.28 °C) and lower amplitude of soil heat flux, and they also 372 

produced, especially at 30cm height, the strongest hourly warming effect (10:00-14:00) and cooling 373 

effect (20:00-23:00) (Figs. 3 and 4). These results indicate that on sunny days, air temperature and 374 

soil heat flux will have an impact on the EGR thermal performance. In addition, we find that the leaf 375 
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area index (LAI) is different (1.93 on July 26-27 and 2.99 on August 30), which also contributes to 376 

the changes in thermal performance of the EGR. 377 

July 26, a sunny day with extreme values, merits special mention. On that day, the EGR was 378 

watered at night, which becomes evident by the increase of measured soil moisture (Fig. 4 c). The 379 

watering also caused a significant decrease in surface temperature, soil temperature, and soil heat 380 

flux of the EGR (Figs. 4 b, c). This was accompanied by an obvious increase in cooling (the average 381 

of ∆𝑇𝑎_ℎ𝑜𝑢𝑟𝑙𝑦 at 30 cm was -1.61°C) from 20:00 h on 26 July to 04:00 h July 27 (Fig. 3). In contrast, 382 

∆𝑇𝑎_ℎ𝑜𝑢𝑟𝑙𝑦 during the same time period from July 23-25 was -1.25 °C at 30 cm height. Under 383 

irrigation, the daytime evapotranspiration of substrate increased, while at night, the heat absorbed 384 

during the day was release more slowly than from a dry substrate, as shown by the lower amplitude 385 

of Soil_HF (Fig. 4 c), contributing to the increased cooling effect. This result implies that irrigation 386 

during sunny days with high air temperature and low soil moisture can significantly improve the 387 

cooling effect of the EGR. 388 

Among the four cloudy days selected, and especially during 10:00-14:00 h, August 19 exhibited 389 

the highest solar radiation, lowest wind speed, and correspondingly highest air, soil and surface 390 

temperature, highest soil heat flux, and lowest soil moisture (Fig. 4). Combined, all of these 391 

environmental conditions give arise to the highest hourly warming effect of the EGR (Fig. 3). 392 

Meanwhile, compared with two of the other cloudy days (June 6 and July 10), during the night-time 393 

of July 16 (19:00 h - 22:00 h) the EGR created a higher nighttime cooling effect mainly due to very 394 

low wind speed (Figs. 3, 4). These results imply that except for the possible impact of special 395 

metabolism of sedum, the thermal performance of EGRs during cloudy days also depends on solar 396 

radiation and wind speed. 397 

During the four selected rainy days, the hourly cooling effect of the EGR was very weak (the 398 

average of ∆𝑇𝑎_ℎ𝑜𝑢𝑟𝑙𝑦 at 30 cm was -0.11°C) for most of the time, but the cooling effect lasted for 399 

more than 18 hours. Average hourly air temperature differences (∆𝑇𝑎_ℎ𝑜𝑢𝑟𝑙𝑦) at three observation 400 

heights were very small (below 0.85°C) (Figs. 3, 4). These results show that the EGR had a very 401 
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weak effect on outdoor thermal performance on rainy days, but had a cooling effect for most of the 402 

time. This is mainly due to the low solar radiation and high soil moisture. Compared to days with 403 

heavy rainfall (June 4 and September 29-30), on June 15, the EGR has a much stronger nighttime 404 

cooling effect (Fig. 4), indicating that the heavy rainfall weakens the thermal performance of the 405 

EGR. 406 

3.4 Synthesis assessment on EGR thermal performance during summer 407 

Referring to the above daily, extreme daily, and hourly thermal performance investigation and 408 

analysis of the EGR, we selected 14 variables and grouped them into three categories: the difference 409 

of thermal and micrometeorological conditions between the EGR and BR (the first seven factors in 410 

Table A4), thermal and green biomass properties of EGR (the 8-11th factors in Table A4), and the 411 

background micrometeorological conditions of the observed site (the last three factors in Table A4), 412 

to further synthetically evaluate the factors which may impact the thermal performance of the EGR 413 

by applying the methodology described in Section 2.3.4. 414 

Multiple linear regression analysis shows that the statistically significant variables differed among 415 

the specific models, and the rank ordering of variables included in the regression models were 416 

different. The variables ΔRH, SR, ΔNR, Ta, ΔSoil_Ts_TIR, ΔTs_TC_substrate, Soil_M_average, 417 

Soil_T_average, had a higher chance (four or more times higher) of being included in the daily and 418 

hourly regression fitting models at different observation heights, and the normalization coefficient 419 

of most of them in each corresponding model was also relatively large (Table 6). The results suggest 420 

that these factors generally had an important impact on the thermal performance of the EGR (∆𝑇𝑎). 421 

In comparison, substantially more variables were selected in the hourly fitting models than in the 422 

daily models (9-13 vs. 4-7) (Table 6). The daily-averaged variables primarily represent the daily 423 

variation in the measured factors and their weak, short-term fluctuation. For example, wind speed 424 

(WS) was not included in the daily average fitting models at three heights, but was selected in the 425 

hourly average fitting models at 30 and 60cm height, because the overall daily variation in wind 426 

speed was relatively small, but the hourly changes were relatively large (Fig. 4). 427 
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Table 6 Results of the multi-variate linear stepwise regression. 428 

Model 

Unstandardized 

Coefficients 

Standardized 

Coefficients t Sig. 

B Std. Error Beta 

Dependent Variable: 

ΔTa_daily-30cm 

Adjusted R2=0.864 

(Constant) -0.042 0.023 -- -1.825 0.041 

ΔRH-30cm -0.150 0.009 -0.695 -15.799 0.000 

SR 0.001 0.000 0.495 6.034 0.000 

ΔNR -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: 

ΔTa_daily-60cm 

Adjusted R2=0.888 

(Constant) -0.006 0.012 -- -0.458 0.048 

ΔRH-60cm -0.166 0.010 -0.794 -17.183 0.000 

ΔNR -0.006 0.001 -0.721 -9.403 0.000 

ΔSoil_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: 

ΔTa_daily-120cm 

Adjusted R2=0.767 

(Constant) 0.204 0.038 -- 5.413 0.000 

ΔTs_TC_substrate 0.093 0.013 3.244 7.135 0.000 

ΔTs_TC -0.073 0.014 -2.571 -5.225 0.000 

Ta -0.018 0.004 -1.073 -4.335 0.000 

ΔRH-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: 

ΔTa_hourly-30cm 

Adjusted R2=0.970 

(Constant) 0.172 0.030 -- 5.727 0.000 

ΔSoil_Ts_TIR -0.145 0.004 -0.850 -32.743 0.000 

Soil_T_average 0.122 0.004 0.793 31.393 0.000 

Ta -0.130 0.004 -0.712 -32.217 0.000 

ΔTs_TIR 0.123 0.005 0.546 23.448 0.000 

ΔTs_TC_substrate 0.091 0.006 0.395 16.336 0.000 

ΔRH-30cm -0.116 0.003 -0.394 -33.319 0.000 

SR 0.001 0.000 0.228 17.988 0.000 

ΔTs_TC -0.055 0.005 -0.227 -10.271 0.000 

ΔNR -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 

ΔSR_down 0.001 0.000 0.014 3.146 0.002 

Dependent Variable: 

ΔTa_hourly-60cm 

Adjusted R2=0.925 

(Constant) 0.001 0.021 -- 0.025 0.098 

ΔSoil_Ts_TIR -0.054 0.003 -0.719 -21.187 0.000 

Soil_T_average 0.038 0.002 0.559 16.828 0.000 
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ΔRH-60cm -0.164 0.003 -0.498 -53.633 0.000 

ΔTs_TIR 0.048 0.003 0.480 14.697 0.000 

Ta -0.038 0.003 -0.471 -14.956 0.000 

ΔTs_TC_substrate 0.042 0.004 0.411 10.830 0.000 

ΔTs_TC -0.029 0.004 -0.271 -7.726 0.000 

ΔNR -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: 

ΔTa_hourly-120cm 

Adjusted R2=0.858 

(Constant) 0.501 0.015 -- 32.488 0.000 

Ta -0.036 0.002 -0.875 -21.559 0.000 

ΔRH-120cm -0.193 0.003 -0.771 -71.920 0.000 

ΔSoil_Ts_TIR -0.024 0.002 -0.630 -14.139 0.000 

ΔTs_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 

ΔNR -0.001 0.000 -0.179 -8.630 0.000 

SR 0.000 0.000 0.057 2.083 0.037 

ΔSR_down 0.001 0.000 0.071 7.204 0.000 

    429 

All of other variables, except LAI_average, were selected at least once. This finding indicates 430 

that differences in the thermal properties, with the exception of LAI, between the EGR and BR and 431 

the background micro-meteorological conditions had a particularly strong and significant impact on 432 

the outdoor air temperature difference (∆𝑇𝑎). However, in this research, LAI is not significantly 433 

sensitive to the EGR’s thermal performance. It should be noted we only had six LAI observations, 434 

and this may not be sufficient to characterize the changes in vegetation biomass. Another possible 435 

explanation derives from the special characteristics of the vegetation (Sedum lineare). In the middle 436 

of a hot summer day, transpiration of sedum is significantly inhibited to control moisture loss. Thus, 437 

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

cooling effect. 439 

4. Discussion 440 

The development of green roofs is an efficient, cost-effective, and sustainable strategy to 441 
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contribute to reducing the energy needed to cool buildings and mitigate climate change through 442 

improved thermoregulation (MacIvor et al., 2016). Currently, green roofs are a widely accepted form 443 

of green infrastructure. Their technology has been gradually improved and established, and the cost 444 

of EGR solutions is competitive compared to many other types of roofing (Carter and Fowler, 2008). 445 

Although a few countries such as Germany, USA, Canada, Australia, Singapore, and Japan have 446 

strong initiatives to install green roofs, in many other countries this form of roofing has not yet seen 447 

such a widespread use. In part, this may be related to different, and not always consistent, outcomes 448 

presented by researchers, mainly due to the significant variations in roof structures and materials 449 

tested, as well as the climatic conditions under which the tests take place (Yang et al., 2015). A more 450 

important reason might be the constrains from cost, technology and material, as well as the lack of 451 

relevant laws and regulations (Carter and Fowler, 2008). For similar reasons, research and 452 

applications of green roofs in China started relatively late, and most of the studies to date have 453 

focused on the energy saving and thermal balance (Feng et al., 2000; Xiao et al., 2014; He et al., 454 

2016). In this research, we first characterized the outdoor thermal performance of an EGR in Nanjing, 455 

China, during a whole summer in three observation heights and then found the reason for the spatio-456 

temporal difference in thermal performance. The results and conclusions obtained through such an 457 

experimental case study contribute valuable information on how to design and construct an EGR to 458 

optimize cooling effects, especially in a subtropical monsoon climate. 459 

We found that the sedum-covered EGR we tested might not always have a cooling effect during 460 

the day. We measured a significant warming effect on 89, 27 and 31 days at 30, 60 and 120 cm height, 461 

respectively during the observed 117 days. The observed warming effect on sunny days was also 462 

found in previous studies (e.g., Wong et al., 2007; Heusinger and Weber, 2015; Solcerova et al., 2017; 463 

Peng et al., 2019). Warming was mainly attributed to air convection, different albedo, or the special 464 

metabolism of sedum. Here, the nocturnal cooling effect was found larger than that in previous 465 

research (e.g., Peng and Jim, 2015; Solcerova et al., 2017), which could be attributed to differences 466 

in weather conditions and characteristics of the EGR (Coutts et al., 2013; Lin et al., 2013; Solcerova 467 
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et al., 2017). 468 

It is also important to consider the specific weather and management factors that affected thermal 469 

performance of the EGR in this study. Although sedum species have unique physiological 470 

characteristics helping to reduce water loss, many leaves of sedum plants were wilting and drying 471 

during the first long duration heat wave in 2016 (July 20-August 02, 14 days), and as a result, the 472 

LAI decreased from 3.29 to 1.91. Correspondingly, irrigation is essential during summer heat wave 473 

events in Nanjing. Irrigation can decrease ∆𝑇𝑎 at night (minimum ∆𝑇𝑎 on July 26 (22:00) was -474 

2.21 °C, and on July 25 (21:00) was -1.82 °C). Furthermore, the study results demonstrate that 475 

sporadic weather events, particularly heat waves, may require specific management interventions 476 

such as irrigation, which may have effects on the long-term outdoor thermal performance of green 477 

roofs. 478 

Our exploratory analysis of the thermal performance of the EGR was undertaken by analyzing 479 

various collected data. From this analysis, some limitations of the current study and future research 480 

needs can be highlighted. Firstly, the coverage and green mass of the EGR changed with 481 

microclimate conditions and exhibited spatial heterogeneity. This was not explicitly accounted for, 482 

because LAI values of only 8 modules were measured at selected 6 days during the 117 days and 483 

linearly interpolated for the other days. Meanwhile, the coverage of vegetation decreased from about 484 

90% to 75% during the first heat wave, which could have also affected the thermal performance of 485 

the EGR. Further research is needed to fully understand the influence of green plant biomass and its 486 

spatial heterogeneity on EGR thermal performance. Secondly, plastic modules and maintenance 487 

passageway (i.e., bare roof) also have positive influence on ∆𝑇𝑎. They can raise the warming effect 488 

on sunny days and reduce the cooling effect at night. Assessing such marginal impact also requires 489 

a more in-depth analysis in the future studies. 490 

5. Conclusions 491 

Our study results showed that in subtropical monsoon-climate, the EGR tested had an overall 492 

slight daily cooling effect throughout the summer at the three observation heights. The daily cooling 493 
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effect of the EGR was more pronounced at 60cm height than that at either 30 or 120cm. In the daily 494 

and hourly temporal scale, our results showed that the sedum-covered EGR had a significant and 495 

intermittent warming effect during the day on some sunny days and a pronounced and consistent 496 

cooling effect at night.  497 

Under three weather scenarios, our study found the magnitude of ∆𝑇𝑎_𝑑𝑎𝑖𝑙𝑦  or ∆𝑇𝑎_ℎ𝑜𝑢𝑟𝑙𝑦 498 

varied almost consistently in the order sunny day> cloudy day> rainy day, indicating that the weather 499 

has an important impact on the thermal performance of the EGR due to changes in solar/net radiation, 500 

air/surface/soil temperature, soil moisture and heat flux, wind speed and relative humidity. Air 501 

temperature and soil moisture are the two most influential factors, and in combination produced 502 

many extreme daily thermal effects. Generally, the EGR can produce a stronger overall daily and 503 

daytime cooling effect on sunny, summer days with relatively low air temperature and high soil 504 

moisture, and a stronger nighttime cooling effect on sunny days with low air temperature and low 505 

soil moisture. 506 

Our synthesis assessment of the EGR thermal performance indicates that among the 14 selected 507 

variables, the difference of relative humidity (ΔRH), net radiation (ΔNR), temperature difference 508 

between average soil temperature of EGR and surface temperature of BR (ΔSoil_Ts_TIR), surface 509 

temperature difference between substrate layer of the EGR and BR (ΔTs_TC_substrate), solar 510 

radiation (SR), ambient air temperature (Ta), average soil moisture (Soil_M_average), average soil 511 

temperature (Soil_T_average), and weed speed (WS), strongly affected the cooling effect in different 512 

fitting models. Thus, the results imply that the components of the EGR, such as green vegetation 513 

(shading, reflection of solar radiation, and evapotranspiration), the soil substrate layer (soil moisture 514 

and temperature), and microclimate (wind speed, air temperature, relative humidity etc.) created by 515 

the EGR feed back and contribute to the thermal performance of the EGR. These findings can be 516 

very valuable to guide EGRs planning and design to improve the outdoor thermal environment and 517 

mitigate the UHI effect in a subtropical monsoon climate. 518 
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Appendix 526 

 527 

Fig. A1. The daily, day-time and night-time average air temperature difference between bare and green roofs at three observation heights. 528 
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 529 

Fig. A2. Maximum and minimum daily air temperature of Nanjing between June 6 and September 30, 2016 530 

 (Source: Nanjing Meteorological Bureau, 2016) 531 

 532 
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Table A1 Summary of the daily thermal performance of EGR (ΔTa_daily) at three observation heights. 533 

Height and day/night-time 

ΔTa_daily < 0 °C ΔTa_daily ≥ 0 °C Total 

Number 

of days 

Average of 

ΔTa_daily 

Minimum of 

ΔTa_daily  

Number 

of days 

Average of 

ΔTa_daily  

Maximum of 

ΔTa_daily  

Average of 

ΔTa_daily 

Range of 

ΔTa_daily 

Standard deviation 

of ΔTa_daily 

ΔTa_daily -30cm 82  -0.19 -0.56 35 0.13 0.37 -0.09 0.93 0.19 

ΔTa_daily -30cm_daytime 28 -0.11 -0.43 89 0.47 1.59 0.32 2.02 0.41 

ΔTa_daily -30cm_nighttime  -0.63 -1.85 0 -- -- -0.63 1.83 0.32 

ΔTa_daily -60cm 117  -0.23 -0.59 0 -- -- -0.23 0.58 0.12 

ΔTa_daily -60cm_daytime 90 -0.17 -0.53 27 0.17 0.17 -0.11 1.12 0.20 

ΔTa_daily -60cm_nighttime 117 -0.40 -1.27 0 -- -- -0.40 1.26 0.21 

ΔTa_daily -120cm 109 -0.09 -0.29 8 0.02 0.08 -0.09 0.37 0.06 

ΔTa_daily -120cm_daytime 86 -0.09 -0.26 31 0.11 0.38 -0.04 0.64 0.12 

ΔTa_daily -120cm_nighttime 116 -0.15 -0.64 1 0.01 0.01 -0.15 0.65 0.11 

 534 

Table A2 Summary of the daily thermal performance of the EGR (ΔTa_daily < 0 °C) under three weather scenarios (sunny, cloudy, and rainy). 535 

Weather scenarios 

 

Height and day/night-time 

Sunny Cloudy Rainy 

Number 

of days 

Average of 

ΔTa_daily 

Minimum of 

ΔTa_daily  

Number 

of days 

Average of 

ΔTa_daily  

Minimum of 

ΔTa_daily  

Number 

of days 

Average of 

ΔTa_daily  

Minimum of 

ΔTa_daily  

ΔTa_daily -30cm 33 -0.22 -0.52 18 -0.16 -0.38 31 -0.16 -0.56 

ΔTa_daily -30cm_daytime 7 -0.12 -0.19 4 -0.05 -0.16 17 -0.11 -0.43 

ΔTa_daily -30cm_nighttime 56 -0.83 -1.85 22 -0.56 -0.95 39 -0.36 -0.91 

ΔTa_daily -60cm 56 -0.27 -0.59 22 -0.24 -0.42 39 -0.17 -0.44 

ΔTa_daily -60cm_daytime 36 -0.21 -0.53 20 -0.17 -0.37 34 -0.14 -0.41 

ΔTa_daily -60cm_nighttime 56 -0.52 -1.27 22 -0.37 -0.60 39 -0.26 -0.66 

ΔTa_daily -120cm 51 -0.11 -0.29 22 -0.10 -0.21 36 -0.07 -0.21 

ΔTa_daily -120cm_daytime 37 -0.12 -0.26 19 -0.08 -0.19 30 -0.07 -0.18 

ΔTa_daily -120cm_nighttime 56 -0.04 -0.64 22 -0.03 -0.39 38 -0.01 -0.30 
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 536 

Table A3 Summary of the daily thermal performance of the EGR (ΔTa_daily ≥ 0 °C) under three weather scenarios (sunny, cloudy, and rainy). 537 

Weather scenarios 

 

Height and day/night-time 

Sunny Cloudy Rainy 

Number 

of days 

Average of 

ΔTa_daily 

Maximum of 

ΔTa_daily  

Number 

of days 

Average of 

ΔTa_daily  

Maximum of 

ΔTa_daily  

Number 

of days 

Average of 

ΔTa_daily  

Maximum of 

ΔTa_daily  

ΔTa_daily -30cm 23 0.15 0.37 4 0.09 0.18  8 0.09 0.23  

ΔTa_daily -30cm_daytime 49 0.64 1.59 18 0.32 0.86  22 0.22 0.71  

ΔTa_daily -30cm_nighttime 0 -- -- 0 -- -- 0 -- -- 

ΔTa_daily -60cm 0 -- -- 0 -- -- 0 -- -- 

ΔTa_daily -60cm_daytime 20 0.20 0.59 2 0.11 0.13  5 0.06 0.16  

ΔTa_daily -60cm_nighttime 0 -- -- 0 -- -- 0 -- -- 

ΔTa_daily -120cm 5 0.02 0.08 0 -- -- 3 0.01 0.03  

ΔTa_daily -120cm_daytime 19 0.15 0.38 3 0.06 0.13  9 0.03  0.09  

ΔTa_daily -120cm_nighttime 0 -- -- 0 -- -- 1 0.01 0.01  

 538 
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Table A4 Definition and description of the 14 selected variables. 539 

No. Name of variables Definition and calculation method (the nomenclature of variables please see Fig. 2) 

1 ΔTs_TIR The difference of surface temperature between the vegetation layer on the EGR 

(Ts_TIR_vegetation) and BR (Ts_TIR_BR) (°C). 

2 ΔTs_TC The difference of surface temperature between EGR (Ts_TC_EGR) and BR 

(Ts_TC_BR) (°C). 

3 ΔTs_TC_substrate The difference of surface temperature between substrate layer of the EGR 

(Ts_TC_substrate) and BR (Ts_TC_BR) (°C). 

4 ΔSoil_Ts_TIR Temperature difference between average soil temperature (Soil_T_average) of the 

EGR and surface temperature of BR (Ts_TIR_BR) (°C). 

5 ΔRH The difference of RH between EGR (RH_EGR) and BR (RH_ BR) at corresponding 

height (%). 

6 ΔNR The difference of net radiation between the EGR (NR_EGR) and BR (NR_ BR) 

(W/m2). 

7 ΔSR_down The difference of downward solar radiation (SR_down) between the EGR 

(SR_down_EGR) and BR (SR_down_BR) (W/m2). Note: the record values of 

downward solar radiation sensor were all ≥ 0 W/m2. 

8 Soil_M_average The arithmetic average of the four soil moisture (Soil_M) values (m3/m3). 

9 Soil_T_average The arithmetic average of the four soil temperature (Soil_T) values (°C). 

10 Soil_HF_average The arithmetic average of the two soil heat flow (Soil_HF) values (W/m2). 

11 LAI_average Average LAI of the EGR. Note that we used the connection line composed by six 

observation LAI values (two at each month) to get the LAI value in the other days. 

12 SR  Average hourly or daily upward solar radiation (W/m2). 

13 WS Average hourly or daily wind speed (m/s). 

14 Ta Average hourly or daily air temperature at 120 cm height above the BR (°C). Note: 

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

 540 

  541 
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