
1.  Introduction
More than half of the world's population now lives in cities and most of this population is exposed to the 
urban heat island (UHI) effect (Grimmond, 2007). The UHI effect is exerted on the subsurface, surface, 
canopy, and boundary layers (F. Huang et al., 2020; Oke et al., 2017). The accumulation of satellite data has 
resulted in an upsurge in surface UHI (SUHI) investigations in recent decades (D. Zhou et al., 2019).

The interpretation of the SUHI requires an in-depth understanding of its controls and their relative im-
portance (J. Peng et al., 2018; D. Zhou et al., 2019). The SUHI has been long attributed to the urban-rural 
difference in surface property, i.e., the local properties of the land surface at pixel/landscape scale, such as 
land cover type, surface structure, and landscape configuration (Chen et al., 2006; Lazzarini et al., 2015; 
Weng, 2009; Yuan & Bauer, 2007). During the day, more solar radiation is converted to sensible heat over 
urban impervious surfaces, resulting in the SUHI (Yow, 2007). Typical building structures such as urban 
canyons contribute to the nighttime SUHI by suppressing nocturnal cooling (Lai et al., 2018; Scarano & 
Sobrino, 2015). Variations of SUHI intensity (SUHII) also depend on the configuration of buildings and 
vegetation (W. Zhou, Huang, et al., 2011). Using satellite observations, the urban-rural contrast in surface 
property has been shown to control both inner- and inter-city SUHII variations and their monthly and 
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yearly dynamics (Scarano & Sobrino, 2015; Schwarz & Manceur, 2015; Yao, Wang, Gui, et al., 2017; Yao 
et al., 2019).

The traditional concept that the SUHII is regulated mainly by the urban-rural contrast in surface property 
has been challenged by two categories of study. One category argues that SUHII variations are regulated 
more by background climate (e.g., temperature and precipitation which represent the atmospheric con-
dition of the region in which the city is located; Zhao et al., 2014). The background climate (or weather) 
can have a decisive effect on SUHII variations across different climate zones, and on the SUHII day-to-day 
dynamics, mainly via regulating convective, radiative, and evaporative processes (Cao et al., 2016; Hu, 2021; 
Lai et al., 2021; Zhao et al., 2014; J. Zhou, Chen, et al., 2011). The other category of study attributes SUHII 
variations to overall urban metric, i.e., the metrics that can describe the urban level/scale of the entire city, 
e.g., urban size, population, and energy consumption (X. Li et al., 2017; Liao et al., 2017). Cities with a high-
er urban level (e.g., with a larger size or denser population) tend to experience a more intense SUHII (X. Li 
et al., 2017; Liao et al., 2017; Manoli et al., 2019; B. Zhou et al., 2013).

An intense debate has been fueled by various studies that suggest different rankings of the importance of 
these three SUHII control types – surface property, background climate, and overall urban metric (e.g., 
Manoli et al., 2019; S. Peng et al., 2012; Weng et al., 2004; Zhao et al., 2014; Figure S1 and Table S1). Even for 
the same control, its impact on the SUHII varies. While city size has been reported to be important in reg-
ulating SUHII variations (Clinton & Gong, 2013; Imhoff et al., 2010; X. Li et al., 2017; B. Zhou et al., 2013), 
several studies have suggested the opposite (Heinl et al., 2015; S. Peng et al., 2012; D. Zhou et al., 2014). 
Some studies have reported that precipitation has a negative effect on SUHII (Lai et  al.,  2021; J. Zhou, 
Chen, et al., 2011), while others have indicated an intensifying effect (Zhao et al., 2014). The lack of studies 
providing an explanation for these conflicting findings hinders an in-depth understanding of SUHII mech-
anisms, and it impedes the communication of the true importance of various SUHII controls within the 
urban climate community.

Here, we attempt to reconcile these different conclusions and to resolve the debate. We investigated 896 
city clusters in China, within a wide range of climate zones (Figure S2), in order to determine the relative 
importance of the three types of SUHII control for different scales and sampling criteria. We show that the 
contradictory findings can largely be explained by scale effects in space and time, together with the sam-
pling criteria for city clusters. Finally, we consider the implications of our findings for SUHII mechanisms 
and on communication within the literature.

2.  Materials and Methods
2.1.  Materials

The city cluster boundary data were obtained from Natural Earth (1:10 m vectors, v4.1.0, http://www.natu-
ralearthdata.com), and were generated by combining the global urban extent map and the LandScan pop-
ulation database. We chose city clusters in China as the study area due to its vast territory, wide variety of 
climate zones (Zheng et al., 2010), and rapid urbanization in the past few decades (Luo & Lau, 2018; Yang 
et al., 2017; L. Zhou et al., 2004). A total of 1,327 city clusters were first identified with the urban boundary 
data set; whereas only 896 clusters with urban areas >10 km2 during 2003–2018 were selected (see Quan-
tification of the SUHI). The distributions of the city clusters are shown in Figure S2. The population data 
(2003–2018) were from LandScan™ (https://landscan.ornl.gov) and possess a spatial resolution of 1 km. 
Such data were generated by combining land cover type, nighttime light, and high-resolution panchromatic 
imagery (Dobson et al., 2000).

The MODIS data set (version 6, 2003–2018) was employed in this study. It includes land cover type, land 
surface temperature (LST), enhanced vegetation index (EVI), and albedo products (Table  S2). The land 
cover type product (MCD12Q1) has a spatial resolution of 500 m. LST was derived from the daily product 
MOD11A1 onboard the Terra satellite (acquired at 10:30 and 22:30 local time) and MYD11A1 onboard the 
Aqua satellite (acquired at 13:30 and 01:30 local time). The LST data have a spatial resolution of 1 km, and 
their retrieval errors are <1.0 K under most conditions (Wan, 2008). To reduce the impact of missing data 
contaminated by clouds, we composited the daily LSTs obtained at 10:30 and 13:30 as daytime LSTs, and 
composited those obtained at 22:30 and 01:30 as nighttime LSTs (Du et al., 2016; B. Zhou et al., 2017). The 
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EVI data were from the 16 day product MOD13A2, with a spatial resolution of 1 km. The albedo data were 
derived from the MCD43A3 product with a spatial resolution of 500 m.

We used the global atmospheric reanalysis data ERA-Interim (https://www.ecmwf.int/en/forecasts/data-
sets/reanalysis-datasets/era-interim) to obtain the meteorological variables (Dee et al., 2011). The ERA-In-
terim data have a spatial resolution of 0.125°. The associated variables include total column water vapor, 
horizontal wind speed (at 10 m), accumulated precipitation, and surface air temperature. Daily values at 
local time 8:00 (as daytime values) and 20:00 (as nighttime values) from 2003 to 2018 were used.

2.2.  Quantification of SUHI

We quantified the SUHI using the indicator SUHII, defined as the mean LST difference between urban and 
rural areas (Voogt & Oke, 2003). Delineation of urban and rural areas is needed before the calculation of 
the SUHII. The extent of each city cluster was first enlarged using a buffer zone with a distance equal to 
the radius of the original city cluster polygon, as the original city cluster was identified based on the 2002 
MODIS land cover map while rapid and extensive urbanization has taken place in China after 2002. Within 
each derived cluster, the pixels classified as “built-up” by the land cover product (i.e., MCD12Q1) were then 
regarded as urban areas; whereas the other pixels were regarded as rural (Chakraborty & Lee, 2019). In this 
study, pixels classified as water bodies were excluded from the analysis (Chakraborty & Lee, 2019).

2.3.  Selection of SUHII Controls

The selection of SUHII controls was based on two criteria: (a) the factor should demonstrate significant 
temporal dynamics (to explain the SUHII dynamics) and/or spatial variations (to explain city-by-city SU-
HII variations); and (b) the factor is easily quantifiable with satellite or reanalysis data. A total of eight 
variables were selected as SUHII controls (see Table S3). They include the urban-rural contrast in EVI and 
albedo (termed ΔEVI and ΔALB respectively), which are components of the surface property; total column 
water vapor (termed TWV); horizontal wind speed at 10 m (termed WDS); surface air temperature (termed 
SAT) and accumulated precipitation (termed PREP), which are components of the background climate (or 
weather) conditions; and urban area (termed UA) and population (termed POP), which are components of 
overall urban metric (Lai et al., 2021; S. Peng et al., 2012; B. Zhou et al., 2013). For each city cluster, ΔEVI 
and ΔALB were calculated as the mean difference in EVI or albedo between urban and rural areas; TWV, 
WDS, SAT, PREP, and POP were calculated as their mean values within the extent of each city cluster; and 
UA was calculated as the area of urban pixels in each city cluster. Daily values of each variable were de-
rived. For ΔEVI and ΔALB with a temporal resolution coarser than 1 day, the daily values were calculated 
as their nearest observations. For UA and POP, the daily values across each year were estimated as their 
yearly values.

2.4.  Determining the Relative Importance of SUHII Controls

We chose the regression tree (RT) model to quantify the relationships between SUHII and associated con-
trols, as well as the relative importance of each category of control (Wang et al., 2015). All the controls in 
Table S3 were used as input variables to the RT model to fit the SUHII, and the contribution of each control 
was estimated as the average change in the fitted mean squared error due to each split in that control in the 
RT model (see Text S1 for more details). To facilitate comparison, the contributions were normalized to 0 to 
1.0 by dividing by the sum of the contribution from all controls. The relative importance of each group of 
controls (Logan et al., 2020; W. Zhou, Huang, et al., 2011) was finally estimated as the sum of the normal-
ized contribution of all the controls belonging to the associated group.

We designed three scenarios to investigate the relative importance of each type of control for various spatio-
temporal scales and sampling criteria (Table S4). To avoid statistical unreliability induced by a small sample 
size, at least 30 pairs of SUHII and associated controls are needed for RT modeling (Maccallum et al., 1999), 
except for the analysis over the yearly scale as only 16 yr of data are available for regression. Those with 
insufficient samples were removed from further analysis.

https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era-interim
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In Scenario #1, controls of SUHII dynamics were analyzed at different temporal scales, including day-to-
day, daily, monthly, and yearly scales (see Figure S3). We estimated the relative importance of each SUHII 
control for each city cluster at each scale (Lai et al., 2021; Yao, Wang, Huang, et al., 2017). For the monthly 
and yearly scales, the monthly and yearly means of each variable were used as input for the RT model. For 
the day-to-day scale, the values of variables were calculated as the differences between their daily values and 
the corresponding monthly means. To avoid cloud impacts, the daily and day-to-day values on days with 
>60% of urban or rural LSTs contaminated by clouds were removed from the analysis (Figure S4).

In Scenario #2, the controls on spatial variations in SUHII were analyzed over different spatial scales. Here, 
the city-by-city SUHII variations within moving grids with different sizes are referred to as the spatial SUHII 
variations on different spatial scales. The investigated spatial scales are: 5° × 5° (grid size), 10° × 10°, and 
15° × 15°, together with the scale that incorporates all the city clusters within the entire landmass of China 
(Figure S5). The central latitude and longitude for each moving grid are given in Table S5. Most grids are in 
central or eastern China because the number of city clusters in western China is more likely to be too low 
to satisfy the requirement for fitting the RT model. At each spatial scale, the RT model was fitted based on 
the SUHII and controls over the city clusters within each corresponding grid. In this scenario, for each city 
cluster, the SUHII and associated controls were calculated by averaging all the daily values across the study 
period.

In Scenario #3, controls on spatial SUHII variations were analyzed with different sampling criteria. City 
clusters were sampled from both the temporal and spatial perspectives, and the SUHIIs for the sampled 
city clusters were fitted using the RT model. From the temporal perspective, city clusters were sampled 
by “summer days”, “winter days”, and “all-year days” (S. Peng et al., 2012; Shastri et al., 2017); while from 
the spatial perspective, sampling was conducted either by urban area (X. Li et al., 2017) or by background 
climate (Ward et al., 2016; D. Zhou et al., 2014). For sampling by urban area, the 896 city clusters were clas-
sified into 10 groups (termed “UA01” to “UA10”), each with almost the same number of cities but with an 
increasingly urban area. For sampling by background climate, only 856 city clusters in five climate zones 
(i.e., south subtropical, mid subtropical, north subtropical, warm temperate, and mid temperate, from south 
to north) were involved, while the remaining 40 city clusters were disregarded as the cluster numbers in the 
other climate zones were too small to be included in the RT model.

3.  Results and Discussion
3.1.  Impact of Temporal Scale on SUHII Controls

Assessment of the relative importance of various SUHII controls demonstrates that weather conditions 
dominate SUHII dynamics on shorter timescales (e.g., day-to-day and daily scales, Figure 1). Among the 
meteorological variables, water vapor and air temperature have the closest relationship with SUHII dynam-
ics (Figure S6). The strong dependence of the day-to-day SUHII dynamics on weather condition, especially 
on water vapor which can generally suppress the SUHII mainly by reducing the radiation load of the land 
surface, is consistent with previous conclusions (Lai et al., 2021; W. Zhou, Huang, et al., 2011). On longer 
timescales (e.g., monthly and especially yearly), by comparison, the surface property and overall urban met-
ric also regulate the SUHII dynamics, although climate condition remains a major contributor (Figure 1).

Specifically, on the day-to-day scale, the relative importance of the three types of control shows small be-
tween-city deviations and small daytime-nighttime contrasts (Figure 1). For all the cities, weather condi-
tions make the largest contribution (about 55%–75%) to SUHII dynamics, yet the contributions from the 
surface property (20%–35%) and overall urban metric (less than 10%) are much lower (Figures 1a and 1b). 
On the daily and monthly scales, the contributions from climate (or weather) conditions remain principal 
on nighttime SUHII dynamics (Figures 1d and 1f). However, daytime SUHII dynamics are more regulated 
by surface property in a small portion of the cities, especially those within the WT, AT, and MT climate 
zones (Figures 1c and 1e). This result corresponds to the previously reported large impacts from seasonal 
land cover changes induced by vegetation phenology on the daytime SUHII (Haashemi et al., 2016; Lazza-
rini et al., 2013). On the yearly scale, there is no common ranking of the contributions from the three types 
of control–each can be the most important (Figures 1g and 1h) and their ranks deviate among different city 
clusters (Figure S7).
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The contribution analysis in Figures 1 and S6 provides empirical evidence for the notable dependence of the 
SUHII controls on the temporal scales. This result helps resolve the debate regarding the dominant SUHII 
controls suggested in previous studies, which focused on different temporal scales (Table S1), including day-
to-day and daily (Lai et al., 2021; Shaposhnikova, 2018; W. Zhou, Huang, et al., 2011), monthly and seasonal 
(Haashemi et al., 2016; Lazzarini et al., 2013), and yearly (Yang et al., 2019; Yao, Wang, Gui, et al., 2017, Yao, 
Wang, Huang, et al., 2017).

3.2.  Impact of Spatial Scale on SUHII Controls

Controls on the spatial variation of the SUHII tend to differ from those that control its temporal dynam-
ics, yet they are also governed by scale (Figure 2). For the 5° × 5° and 10° × 10° scales, on average the 

Figure 1.  Relative importance of the three types of surface urban heat island intensity (SUHII) control on multiple temporal scales. The blue arrows in subplot 
a demonstrate the approach used to identify the coordinates of each point distribution. Sectors within the triangles with a large number of data points are 
highlighted in green, with the relative importance (rank) of SUHII controls represented by each sector illustrated in Figure S1. The blue and red lines adjacent 
to the axes represent the comparison of contribution from each of the three types of SUHII control in southern (i.e., tropical and subtropical) and northern 
(i.e., temperate) cities, with the central dots and line ranges denoting the means and standard deviations, respectively. The bar diagrams show the percentage of 
cities in which each of the three groups of factors makes the largest contribution to SUHII dynamics, wherein “wea.” (or “clm.”), “sur.”, and “urb.” represent the 
“weather or climate condition", “surface property” and “overall urban metric”, respectively. “TR”, “SS”, “MS”, “NS”, “PT”, “WT”, “AT”, “MT”, and “CT” denote 
tropical, south subtropical, mid subtropical, north subtropical, plateau temperate, warm temperate, arid temperate, mid temperate, and cold temperate climatic 
zones, respectively (see also Figure S2). Note that for the results over the day-to-day and daily scales, 12 city clusters were dropped, as there are less than 30 valid 
SUHII observations for regression due to the prevalence of clouds.

Figure 2.  Relative importance of the three types of SUHII control on different spatial scales, indicated by moving grid size. The three moving grid sizes are: 
5° × 5°, 10° × 10°, and 15° × 15°. The first and third columns display the contributions of the three SUHII control types for each moving grid during the day 
and at night, respectively, with the red boxes illustrating the moving grid size and the central longitude/latitude of each grid given in Table S5. The second and 
fourth columns are the triangle diagrams for the relative importance of these SUHII control types over all the moving grids at the corresponding scale during 
the day and at night, respectively. The black stars in the triangle diagrams denote the relative importance of SUHII controls for the whole of China.
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contributions from the overall urban metric (less than 20%) are lower than those from the other two SUHII 
control types (Figures 2a–2h). Over these two scales, the surface property is the main control for the daytime 
SUHII variations, whereas the nighttime SUHIIs are simultaneously controlled by climate condition and 
surface property. For the 15° × 15° scale, SUHII variations are regulated more by surface property during 
the day (Figures 2i and 2j). The average (±STD) contribution from surface property is 60% (±13%), while 
those from the other two types are both less than 30%. At night, the average (±STD) contribution from cli-
matic condition increases: the value is 47% (±15%), comparable to that from surface property: 32% (±6%) 
(Figures  2k and  2l). Over the entire China, climatic condition makes the largest contribution (56% and 
53% for daytime and nighttime; Figure 2), as background climate can impact vegetation activity and evap-
orative/convective effect over a large scale (Cao et al., 2016; D. Zhou et al., 2019). Although the individual 
contributions may vary, the results shown in Figure 2 demonstrate that city-by-city SUHII variations are 
controlled by combinations of the three types of factors, on all spatial scales. However, this is not the case 
for pixel-by-pixel SUHII variations within a single city, which can be explained primarily by surface prop-
erty such as land cover type and landscape configuration (Weng et al., 2004; Yuan & Bauer, 2007); whereas 
the other two types of controls which vary mainly over a larger spatial scale (i.e., over the city-by-city or 
regional scale) show much smaller contributions. The relationships between pixel-based SUHII variations 
and surface property are also scale-dependent (Luan et al., 2020; J. Peng et al., 2020).

The differences between the dominant SUHII controls on different spatial scales show that it may be in-
appropriate to make a direct comparison among conclusions from previous studies that focused on the 
pixel-by-pixel (J. Li et al., 2021; Weng et al., 2004; Yuan & Bauer, 2007), regional (Du et al., 2016), sub-con-
tinental or continental (Shastri et al., 2017; Zhao et al., 2014; B. Zhou et al., 2013; D. Zhou et al., 2014), and 
global scales (Chakraborty & Lee, 2019; Manoli et al., 2019; S. Peng et al., 2012).

3.3.  Impact of Sampling on SUHII Controls

The results shown in Figure 3 indicate that SUHII controls also depend on the criteria used for city selec-
tion. When city clusters are sampled based on a specific range of urban area, the spatial variations in SUHII 
are controlled mainly by climatic conditions (the mean contribution is 53% ± 23%), and then by surface 
property (36% ± 23%), rather than by overall urban metric (<15%). If sampled by climatic zone, SUHII 
variations are regulated more by surface property (the mean contribution is 53% ± 16%) during the day and 
by overall urban metric (40% ± 32%) at night, than by climatic conditions (<30% for both day and night).

Contributions from the overall urban metric on the SUHIIs, mainly via the increased anthropogenic heat re-
lease as well as by affecting the aerodynamic resistance and emissivity of urban surface (Manoli et al., 2019), 
was revealed to be larger over groups of larger city clusters (i.e., sample “UA10”) than those of smaller city 
clusters (Figure 3). The contribution from the urban area also varies among city clusters with different rang-
es of urban area (Figure S8). This implies that SUHII controls may be sensitive to the urban size threshold 
used for city selection, although it is usual to select only large city clusters for analysis by setting a thresh-
old based on urban area or population (X. Li et al., 2017; S. Peng et al., 2012; B. Zhou et al., 2013; D. Zhou 
et al., 2014).

Differences in SUHII controls with sampling criteria by climate zone are as significant as those by urban 
area. For instance, nighttime SUHII variations within cities in the SS (south subtropical) and MT (mid 
temperate) zones are more impacted by overall urban metrics than those within cities in the other climate 
zones (Figure 3). For the SS zone, the contributions from the overall urban metric reach 80%, 58%, and 74% 
in summer, winter, and all-year days, respectively; with the corresponding contributions of 70%, 73%, and 
72% for the MT zone. The variations of SUHII controls by climate zone suggest that caution is needed in 
interpreting the major SUHII controls identified in regions with different climates, such as those in China 
(Cao et al., 2016; D. Zhou et al., 2014), India (Shastri et al., 2017), Europe (B. Zhou et al., 2013), and the USA 
(Zhao et al., 2014). They also imply that a comprehensive understanding of SUHII controls requires the in-
clusion of cities from a wide variety of climate zones (Chakraborty & Lee, 2019; Schwarz & Manceur, 2015).
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3.4.  Implications

Previous studies of SUHII controls have been handicapped by the insufficient attention paid to the scale 
of the investigation and the sampling criteria used for city clusters. The scale/sampling issue has been 
mentioned (D. Zhou et al., 2019), or partly addressed on the pixel-based scale (Luan et al., 2020; J. Peng 
et al., 2020). However, it remains unclear how and to what extent the neglect of investigation scale and sam-
pling criteria would impact the interpretation of SUHII controls. Therefore, we conducted a comprehensive 

Figure 3.  Dependence of surface urban heat island intensity (SUHII) controls on different sampling criteria. The 
blue and red lines adjacent to the axes represent the comparison of contribution from each of the three types of SUHII 
control using climate zone or urban area as the criteria for city selection, with the central dots and line ranges denoting 
means and standard deviations, respectively. “UA01” to “UA10” denote the 10 groups of city clusters with urban areas 
in the last 10 percentile to the top 10 percentile. The results in terms of sampling by climate zone are shown for only 
five climate zones where there are adequate city numbers for statistical attribution analysis.
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statistical analysis on the SUHII controls over 896 Chinese city clusters. The results show that with an in-
crease in temporal scale (from day-to-day scale to daily/monthly and then to yearly scale), the contributions 
from climate (or weather) condition would decrease, whereas those from surface property and overall urban 
metric would increase. No consistent ranking of these three control types can be found on various spatial 
scales. Different sampling style of city cluster (by urban area or climate zone) would also lead to different 
ranks in SUHII controls. Our summarized SUHII controls over different scales (Table S6) and sampling cri-
teria can provide reference for other studies on selecting variables to explain or simulate SUHII variations. 
More importantly, by ascribing the seemingly contradictory conclusions reached in the previous literature 
(Table S1) to the specific temporal/spatial scales and/or the sampling criteria employed, our results poten-
tially help reconcile the long-standing debate on the relative importance of the main types of SUHII control.

Our findings alarm that inappropriate selection of scale and sampling criteria for city clusters will probably 
lead to an incomplete or even erroneous interpretation of SUHII controls. Conclusions regarding SUHII 
controls identified for a specific scale or sampling criterion should be made only in the context of that spe-
cific scale or sampling criterion and should not be generalized. Furthermore, while SUHII variations over 
certain scales/sampling criteria may be determined by only a few controls, a comprehensive investigation 
of SUHII controls should involve an adequate number of controls belonging to all the three main types of 
SUHII control.

Examination of the statistical relationship between SUHII and its controls is usually the first step toward 
understanding the underlying physical mechanisms and producing corresponding diagnostic equations 
(Cao et al., 2016; D. Li et al., 2019; Manoli et al., 2019; Zhao et al., 2014). Our results provide an improved 
understanding of the statistical attribution of SUHIIs. We acknowledge that statistical attribution is not a 
surrogate for physical attribution which can explain SUHII variations induced by radiative, evaporative, 
and convective processes (see Text S2). Nevertheless, our results provide a simple but efficient approach for 
rapidly identifying SUHII controls and for assessing their relative importance.
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