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Human-induced climate change is bringing warmer conditions to the Southwestern
United States. More extreme urban heat island (UHI) effects are not distributed equally,
and often impact socioeconomically vulnerable populations the most. This study aims to
quantify how land surface temperature (LST) changes with increasing green vegetation
landscapes, identify disparities in urban warming exposure, and provide a method for
developing evidence-based mitigation options. ECOSTRESS LST products, detailed land
use and land cover (LULC) classes, and socioeconomic variables were used to facilitate
the analysis. We examined the relationship between LST and the fractions of LULC and
socioeconomic factors in the city of Phoenix, Arizona. A machine learning approach
(Random Forest) was used to model LST changes by taking the LULC fractions (scenario-
based approaches) as the explanatory variables. We found that vegetation
features—trees, grass, and shrubs—were the most important factors mitigating UHI
effects during the summer daytime. Trees tended to lower surface temperature more
effectively, whereas we observed elevated daytime LSTmost often near roads. Meanwhile,
higher summer daytime temperatures were observed on land with unmanaged soil
compared to the built environment. We found that affluent neighborhoods experienced
lower temperatures, while low-income communities experienced higher temperatures.
Scenario analyses suggest that replacing 50% of unmanaged soil with trees could reduce
average summer daytime temperatures by 1.97°C if the intervention was implemented
across all of Phoenix and by 1.43°C if implemented within the urban core only. We suggest
that native trees requiring little to no additional water other than rainfall should be
considered. We quantify mitigation options for urban warming effect under vegetation
management interventions, and our results provide some vital insight into existing
disparities in UHI impacts. Future UHI mitigation strategies seriously need to consider
low-income communities to improve environmental justice. These can be used to guide
the development of sustainable and equitable policies for vegetation management to
mitigate heat exposure impacts on communities.
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1 INTRODUCTION

Urbanization, or the conversion of natural landscapes to the
human-built environment, is driven by population growth and
socioeconomic development (Bettencourt et al., 2007; Grimm
et al., 2008; Peng et al., 2012; Seto et al., 2012). These changes in
land use and land cover (LULC) can cause land surface
temperature (LST) changes through alteration of the albedo,
roughness, and heat flux exchange of the land surface in
urban and sub-urban environments (Estoque et al., 2017;
Singh et al., 2017). The LULC changes are accompanied by
well-known urban heat island (UHI) issues. The UHI is a
particularly important issue because it is leading to substantial
challenges to urban ecosystem functionality (e.g., the loss of
vegetation), the increase of energy and water consumption,
and heightened risks of heat-related mortality and morbidity
among vulnerable groups (Chen et al., 2006; Tran et al., 2006;
Buyantuyev and Wu, 2010; Zhou et al., 2011; Jesdale et al., 2013;
Wang et al., 2018). To counterbalance these negative impacts,
formulating operational UHI mitigation options and examining
intra-urban social inequality are needed.

Most studies focus on the effect of LULC changes, impervious
surface expansion, and landscape configuration on UHI (Dousset
and Gourmelon, 2003; Voogt and Oke, 2003; Weng et al., 2004;
Chen et al., 2006; Tran et al., 2006; Weng, 2009). There is
substantial evidence that urbanization drives LULC changes
(e.g., vegetated features converted to built-up areas), which
also impacts LST (Pan et al., 2019). Moreover, socioeconomic
disparities are well recognized factors in connection to UHI, and
these factors merit attention in identifying UHI problem areas
and developing solutions (Harlan et al., 2006). It is essential to
identify the inequalities in LST exposure associated with different
socioeconomic groups. Hence, the available socioeconomic data
need to be assessed to explain observed LST distributions. LST
has disproportionately influenced the neighborhoods with family
types and dwellings, where areas with low-income, higher Black
and Hispanic populations may experience higher levels of UHI
(Oreszczyn et al., 2006; Mashhoodi, 2021). Previous studies on
LST and social inequality have focused on the cities of Phoenix,
New York, Los Angeles and Chicago (Jenerette et al., 2011; Chow
et al., 2012; Mitchell and Chakraborty, 2015). For example, urban
residents in metropolitan Phoenix with lower income usually face
greater risk of heat stress than wealthier neighborhoods because
the latter can afford air conditioning and water to supply green
vegetation (Harlan et al., 2006; Chow et al., 2012). The more
limited resources available to socially vulnerable populations raise
inequality concerns (Li et al., 2016; Tang et al., 2017; Li et al.,
2020). Therefore, more attention should be paid to
socioeconomic disparities in connection to LST.

UHI is a particularly important issue for the desert cities of
southwestern United States, as climate change is bringing even
hotter and drier conditions to the region, which is experiencing
substantial population growth (Christensen and Lettenmaier,

2007; Seager et al., 2007; Barnett and Pierce, 2008). For
example, Phoenix, Arizona’s mean daily temperature has
increased by 3.1°C during the last 50 years due to climate
change and rapid urbanization, while summer nighttime
temperatures have increased by as much as 6°C (Brazel et al.,
2000). The conversion to built-up areas from all other LULC
types has been determined as the dominant cause of the UHI
effect in Phoenix (Wang C. et al., 2016). However, desert cities do
not fit the conventional UHI trend but show unique patterns of
LST variation. For arid desert regions specifically, tree cover
typically reduces summer daytime temperature more
effectively than grass, while unmanaged soil and dark
impervious surfaces (e.g., asphalt surfaces) elevate temperature
more than buildings (Myint et al., 2013; Zhang et al., 2019).
Urban areas in desert cities can be cooler in summer than
suburban regions where vegetation is sparse, and unmanaged
soil is the primary reflecting surface (Xian and Crane, 2006;
Lazzarini et al., 2013; Myint et al., 2013). Unlike other cities,
higher densities of built infrastructure are not necessarily
responsible for extreme heat in desert communities (Hartz
et al., 2006; Cui and De Foy, 2012; Lazzarini et al., 2013).
However, there is an emerging need to explore the UHI in
harsh environments to develop effective and practical solutions
that can be implemented immediately to mitigate urban warming
effects.

Maintaining and enhancing urban vegetation is a well-
tested mitigation and adaptation strategy for UHI in arid
desert areas (Bowler et al., 2010; Myint et al., 2010; Huang
and Cadenasso, 2016). Green vegetation surfaces store less
heat than unmanaged soil, buildings, parking lots, streets, and
other impervious surfaces, although the impact of trees,
shrubs, and grass on the UHI may vary (Guhathakurta and
Gober, 2010; Myint et al., 2010; Myint et al., 2013). It has been
widely accepted that increasing green vegetation surfaces can
effectively mitigate UHI (Weng et al., 2004; Zhou et al., 2011;
Li et al., 2013). Studies in the Sonoran and Mojave Deserts, and
the Phoenix Metropolitan Area specifically, have
demonstrated that areas dominated by drought tolerant
shrubs and woody plants show strong daytime transpirative
cooling effects (Smith, 1978; Hamerlynck et al., 2000; Wang
et al., 2019). Consequently, there is an increased interest in the
effect of both the type and extent of greenspace on the level of
UHI and formulating operational action plans to mitigate
urban warming effects. In addition, the intensity of cooling
effects on LST by increasing green space need to be quantified
to provide insights for green infrastructure planning and
management. However, most impervious surfaces in urban
centers cannot realistically be changed or replaced by other
LULC features with less heat storage to mitigate the UHI effect.
Opportunities may exist to convert areas of unmanaged soil in
desert cities to green vegetation to lower LST. This is an
operational UHI mitigation option in desert cities.
However, there is a lack of research on determining the
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intensity of heat reduction possible in response to the level of
conversion from unmanaged soil to green vegetation biomass.

Remotely sensed data is well-suited for examining the
relationships between urban LULC and LST (Voogt and Oke,
2003; Lu andWeng, 2006; Connors et al., 2013; Myint et al., 2013;
Maimaitiyiming et al., 2014; Fan et al., 2015; Myint et al., 2015;
Wang C. et al., 2016). To define urban heat islands, LST derived
from remote sensing data is widely used as an indicator. Satellite-
based LST is considered superior to other types of sensors (e.g.,
urban weather station, flux tower) for tracking spatial
distributions of temperature (Nichol and To, 2012). Thermal
remote sensing sources can retrieve LST across a wide range of the
earth surface at various temporal and spatial scales (Chen et al.,
2006). LST has been studied with different space-borne sensors at
different spatial resolutions, including the Moderate Resolution
Imaging Spectroradiometer (MODIS; 1-km) (Tran et al., 2006),

Advanced Very High Resolution Radiometer (AVHRR; 1-km)
(Streutker, 2003), LANDSAT (60–90-m) (Chen et al., 2006), and
the Advanced Spaceborne Thermal Emission and Reflection
Radiometer (ASTER; 90-m) (Stathopoulou et al., 2009).
NASA’s ECOsystem Spaceborne Thermal Radiometer
Experiment on Space Station (ECOSTRESS), launched in June
2018, covers several key biomes of the terrestrial biosphere using
surface temperature information measured from the thermal
infrared (TIR) bands (Hulley et al., 2017; Hook and Hulley,
2019). It can be used to study the heat stress of urban green
spaces and provide surface temperature and emissivity (Level 2
product, 70-m) with high spatiotemporal resolution.

This study aims to fill the gap in managing vegetation to
reduce urban heat island impacts and examine intra-urban social
inequality. We applied an evidence-based approach, a problem-
solving tactic using features, objects, phenomena, and changes

FIGURE 1 | Land use and land cover map derived from 1-m resolution data acquired by the National Agricultural Imagery Program (NAIP) within the city limits of
Phoenix, Arizona.
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apparent in remotely sensed data, to mitigate urban warming
effects by intervening the key contributing factors of LST. We
investigate satellite-based LST across the city of Phoenix, Arizona
and examine the relationship between LST measurements,
detailed LULC, as well as socioeconomic factors to understand
LST patterns and the distribution of heat exposure. We employ
scenario analyses to predict the LST changes that could result
from urban vegetation management interventions aimed at
improving urban sustainability and the quality of life.

2 MATERIALS AND METHODS

2.1 Study Area
Phoenix is the sixth most populous city in the United States with an
estimated population of approximately 1.68 million (2019) within a

1,941 km2 area (United States Census Bureau, 2019; Zhang et al.,
2019) (Figure 1). Phoenix has a subtropical desert climate with mild
winters and scorching summers; daily maximum temperatures
exceed 38°C throughout summer, making Phoenix the hottest
city in the United States. Average annual precipitation is 195mm
(Fan et al., 2015), with most rainfall attributed to winter storms from
December toMarch, or themonsoon season from July to September.
The study area is characterized by a diversity of urban land use and
land cover classes, including impervious surfaces (road and
building), agriculture (active cropland, orchard, and fallow),
shrub, tree, grass, unmanaged soil, and water (permanent river
and canal, seasonal river, swimming pool). Phoenix is continuing
to experience rapid urbanization, tracking with global trends toward
development of desert environments (Wang et al., 2019), and
represents a key case study for understanding urban-induced
climate change.

FIGURE 2 | Data processing and analytical procedure.
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2.2 Data and Methods
We employed high-resolution LULC and socioeconomic
variables collected at the U.S. Census block group level, and
satellite-derived 70 m LST measurements. To understand the
distribution of UHI across Phoenix, we explored the spatial
correlation of the LST, LULC fractions, socioeconomic and
demographic variables. To identify options for UHI mitigation
within the city boundaries, we then developed random forest (RF)
algorithms to model LST changes with LULC composition
changes. We examined UHI within the entire extent of
Phoenix, and also within the urban core areas of the city alone
(Figure 1). Wemanually delineated regions with a high density of
anthropogenic features and settlements (i.e., residential,
commercial, industrial land uses) as the “urban core” and
excluded open spaces in outlying areas within the city
boundary. The majority of Phoenix’s population resides in the
urban core, which is subject to more serious water uses and heat-
related health problems linked to the UHI effect (Gober et al.,
2009). A flow chart that demonstrates the data processing and
analytical procedure used in this study is presented in Figure 2.

2.2.1 ECOSTRESS Data and LST Products
To explore the UHI phenomenon in Phoenix, we used
ECOSTRESS data. ECOSTRESS consists of five thermal
infrared (TIR) bands (Hulley et al., 2017). ECOSTRESS data
have been available since June 29, 2018 with global coverage. We
used the 70 m surface temperature and emissivity (Level 2)
product which is available on a 3–5 days interval. The LST
product (ECO2LSTE v001) is derived from five TIR bands
based on a physics-based Temperature/Emissivity Separation
(TES) algorithm (Hook and Hulley, 2019). We chose three
scenes per season to reflect seasonal daytime and nighttime
differences (Table 1). A total of 622,179 observations derived
from ECOSTRESS LST within Phoenix City area were obtained
for each selected time period.

2.2.2 Land Use and Land Cover Data
To explore the relationship between LST and LULC, we obtained
a high-resolution land cover map derived from NAIP. NAIP 1-m
images have four bands, including red, green, blue, and infrared
wavelengths. The images of the study area were acquired on June
10, 2010 during the growing season (Li et al., 2014). As part of the
Central Arizona-Phoenix Long Term Ecological Research
Program, the Aerial Photography Field Office (APFO)
generated the LULC map using an object-based image analysis
(OBIA) method leveraging multiple image segmentation
algorithms to achieve an overall accuracy of 91.9% (Li et al.,
2014). The final land cover classification included thirteen

detailed LULC classes, including buildings, roads, unmanaged
soil, trees, shrubs, grass, fallow, swimming pools, seasonal rivers,
lakes, canals, cropland, and orchards (Figure 1).

2.2.3 Socioeconomic Variables
When evaluating UHI relationship with communities, social and
economic factors are important considerations. The increased
UHI is not caused by socioeconomic variables, rather UHI spatial
disparities are related to the characteristics of these variables. To
explore the relationship between the spatial distribution of LST
and socioeconomic characteristics, we used data from the U.S.
Census (https://www.census.gov/en.html). The most recent
census (2019) provided a variety of socioeconomic variables,
including household property values, median household
income, per capita income, and poverty status of household at
the block group level based on 5-year American Community
Survey (ACS) estimates. We selected the percentage of household
below poverty level reported at the block group level, which was
calculated based on the number of households with the income
below poverty level divided by the total number of households in
each block.

2.2.4 Assessing the Relationship Between LST, LULC,
and Socioeconomic Status
We obtained ECOSTRESS-based LST, high resolution LULC, and
socioeconomic and demographic variables collected at the U.S.
Census block group level to explore the contributing factors or
effects of LST. Univariate regression models were used to quantify
the relationship between LST and other variables. Some
preprocessing was required to examine these datasets together,
which were in different formats, derived from different sources.

To minimize errors that might occur due to misregistration of
ECOSTRESS or random error, and temperature variation, we
calculated the mean LST from the set of three distinct scenes
representing each season and time of day combination (summer
daytime, summer nighttime, winter daytime, and winter
nighttime) (Figure 3). For each 70-m LST pixel, we computed
the fraction of each LULC class and the proximity to buildings
and roads within 100 m.

Anthropogenic features (buildings and roads) representing
urban development intensity have been demonstrated to
significantly increase LST (Pan et al., 2019). Decreasing the
extent of anthropogenic features can be one of the most
effective approaches to mitigate UHI. We explored the
combined effects of vegetation cover and development
intensity to better understand the potential for vegetation
planting to lower LST. To better understand the effect of
landscape factors on UHI, we considered the combined effects

TABLE 1 | List of the selected ECOSTRESS LST products in different periods.

Sensor Date Time

ECOSTRESS LST (ECO2LSTE v001) 2019-08-02, 2019-08-05, 2019-08-25 Summer daytime
2019-06-30, 2019-07-11, 2019-08-28 Summer nighttime
2019-02-24, 2019-02-28, 2019-12-27 Winter daytime
2019-01-29, 2019-01-04, 2019-01-08 Winter nighttime
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of vegetation cover and development intensity by multiplying the
tree cover fraction by proximity to buildings and roads for each
70-m pixel. We selected proximity to buildings and roads within
0–100 m because we assumed a negligible effect of building and
roads on LST beyond 100 m.

In order to explore LST disparities in socioeconomic variables,
average LST was calculated for each census block group within
Phoenix’s urban core areas, because most of the population
resides in the urban core. Block groups (BGs) are statistical
divisions of census tracts used by the United States Census
Bureau which are the smallest unit for sample data published
by the Bureau. They generally contain clusters of blocks within
the same census tract and have between 600 and 3,000 people.
Please note that our study area contained 974 block groups in
2019. Each block group included the mean LST and associated
socioeconomic variables. Regression analyses were conducted to
examine the relationship between household property values,
median household income, per capita income, poverty status of
household and LST at the block group level.

2.2.5 Simulating Scenarios of LST Changes
We expected that increasing the extent of green vegetation in
areas that are currently dominated by unmanaged soil would
help to mitigate the UHI effect. To explore the relative
effectiveness of trees, shrubs, and grass vegetation for
mitigating UHI, we developed models to simulate LST
changes associated with planting each type of vegetation in
unmanaged soil regions of Phoenix. LULC fractions
(proportion of LULC with 1 m resolution at 70 m × 70 m
grid) were used to model LST changes because spatial

disparities of LST are mainly caused by landscape
heterogeneity in a specific area.

We used RF approaches to model LST changes that would
result from replacing 10, 20, 30, 40, and 50% of unmanaged
soil with trees, shrubs, or grass, respectively. We select
replacing 10–50% of unmanaged soil as simulating
scenarios considering the feasibility of the options and
applicability of the level of operations depending on
budget constraints. We randomly selected 70% of pixels to
train the RF models, and the remaining pixels to validate the
accuracies of our models. To account for spatial variation in
LST due to landscape heterogeneity, we incorporated
observed LST for pixels with a range of landscape
composition—specifically with a range of proportional
cover of each type of vegetation (trees, grass, and shrubs).
We incorporated additional static variables, including the
fraction of river, road, pool, orchard, lake, fallow,
cropland, canals, and buildings for the lands converted
from unmanaged soil to vegetation. For all of Phoenix and
the Phoenix urban core only (Figure 1), we calculated the
mean LST change under each intervention scenario.

Meanwhile, we also quantified the most influential factors
affecting UHI mitigation effectiveness using the RF variable
importance. The RF algorithm combines bootstrap
aggregating and random feature selection to build decision
trees. In this process, it randomly uses 2/3 of the samples as
“in-bag data” and the remaining samples as “out-of-bag data”
(OOB) to measure the model’s error. The importance of each
input variable (LULC fractions) was quantified using the mean
decrease in accuracy (MDA)—the OOB model’s error

FIGURE 3 | Land surface temperature derived from ECOSTRESS data over Phoenix during (A) summer daytime, (B) summer nighttime, (C) winter daytime, and
(D) winter nighttime.
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difference between the original dataset and a dataset with the
randomly permutated input variable.

3 RESULTS

3.1 Regression Analysis Between LULC
Fractions and LST
For summer daytime, all LULC fractions had a significant
correlation with surface LST (Figure 4). Road fraction had the
most significant association (slope � 0.0244) with daytime
summer surface temperature, followed by unmanaged soil
fraction (slope � 0.0178). Building and seasonal river
fractions had comparatively smaller effects on LST. Shrub
fractions had a weak positive association (slope � 0.0032)
with LST. Shrub vegetation most commonly occurs in
suburban areas where unmanaged soil is the dominant
LULC class. Therefore, we expect that these areas’
temperatures are primarily influenced by unmanaged soil
and show a higher trend than the urban core. The other

nine LULC classes had a consistently negative relationship
with LST; tree (slope � −0.0847) and grass (slope � −0.0590)
fractions showed the strongest UHI mitigating effect. Lake,
cropland, fallow, orchard, canal, and pool fractions also had
negative associations with summer daytime LST. These LULC
classes involve either vegetation or water, thus lowering
daytime surface temperatures in the summer. Pool fractions
showed the weakest UHI mitigating effect (slope � −0.0055) on
summer daytime temperature.

For summer nighttime, we selected key variables (building,
road, tree, grass, shrub, and soils) to explore the relationship
between LULC classes and LST. These classes are the most critical
factors for urban surface temperatures (Myint et al., 2010; Myint
et al., 2013; Li et al., 2016). We found that summer nighttime
temperatures were related with a selected set of LULC classes
(Figure 5). Anthropogenic features did not all have the same
relationship with LST. Road fractions were weakly positively
correlated with summer nighttime temperatures (slope �
0.0185). In contrast, building fractions have a weak cooling
effect (slope � −0.0013). Vegetation cover (trees, shrubs, and

FIGURE 4 | Relationships between summer daytime LST and LULC fractions in Phoenix including the percent cover of (A) road, (B) building, (C) active cropland,
(D) orchard, (E) fallow, (F) shrub, (G) tree, (H) grass, (I) unmanaged soil, (J) permanent river, (K) canal, (L) seasonal river, and (M) swimming pool, determined by linear
regression.
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grass) presents significant negative correlations with LST, with
slopes of −0.02349 for trees, −0.00672 for shrubs, and −0.02678
for grass. While trees and grass seem to effectively lower summer
nighttime temperature, shrub fractions have a weaker mitigating
influence. We also found that soils can lower summer nighttime
surface temperature slightly (slope � −0.00549). The relationship
between LULC classes and LST in winter daytime and winter
nighttime is detailed in the Supplementary Material.

Although buildings and roads have strong relationships
with LST for summer days and nights, we found that
vegetation cover and distance moderated these effects
(Figure 6). For summer daytime LST, the impacts of

elevated LST were strongly close to these figures,
dissipating with distance up to 100-m away (Figures
6A,B). The effect of roads was persistent at greater
distances (slope � −0.0185) compared to buildings (slope �
−0.00185). Additional linear regressions revealed significant
negative relationships between LST and the combined effects
of tree fractions and distances from 0 to 100 m to
anthropogenic features (Figures 6C,D). Their regression
slopes were steeper than any other variables (LULC types).
For summer daytime, the combined effects were stronger
predictors of LST than any LULC fractions alone. The
combined effects between tree fraction and distance to road

FIGURE 5 |Relationship between summer nighttime LST and selected LULC fractions in Phoenix including (A) building, (B) road, (C) tree, (D) grass, (E) shrub, and
(F) soils, determined by linear regression.
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(slope � −0.282) was more strongly related to summer
daytime surface temperature than the interaction between
tree fraction and distance from buildings.

In addition, the percentages of unmanaged soil according to
the terrain conditions were explored because the terrain slope can
be a useful parameter for the selection of suitable vegetation
species. That would be further helpful for implementing urban
forestry programs. Hence, we downloaded the terrain dataset
derived from NASA’s Shuttle Radar Topography Mission
(SRTM) from the USGS website (https://earthexplorer.usgs.
gov/). Then the slope layer was generated using the SRTM
data. Slope intensity values were later split into five categories
with regard to their standard deviation. For each slope category
area, we calculated the percentage of unmanaged soil (Table 2).
The results showed that the slope lower than 5.73° occupied more
than 80% of the unmanaged soil category, whereas the areas of
unmanaged soil with slope greater than 14.92° have 7.05%. This
demonstrates that unmanaged soil in our study area mainly

occurs on flat terrain, and hence slope does not play an
important role in mitigating urban warming effect.

3.2 Distribution of UHI Impacts by
Socioeconomic Status
We identified strong correlations between the spatial distribution
of summer daytime and nighttime LST and the spatial
distribution of socioeconomic disparities (Figure 7). The
relationship between the socio-economic indicators including
house property values, median household income, per capita
income and percentage of household below poverty level, and
surface temperatures were explored in summer days and nights in
the urban core. We found that household property values were
significantly negatively correlated with summer day and night
temperatures. The regression slopes for summer daytime were
steeper, implying that communities with lower property values
tend to have disproportionate exposure to UHI, while

FIGURE 6 | Relationship between summer daytime LST and (A) proximity to building, (B) proximity to road, (C) interaction of tree fraction and proximity to building,
and (D) interaction of tree fraction and proximity to road, determined by linear regression.

TABLE 2 | Statistics of the percentage of unmanaged soil according to their slope categories across the City of Phoenix.

Slope (°) 0–1.14 1.15–5.73 5.74–10.32 10.33–14.92 >14.92
Unmanaged soil (%) 19.74 61.70 7.18 4.33 7.05
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FIGURE 7 | Disproportionate impacts of UHI on socioeconomically disadvantaged communities in Phoenix’s urban core were identified by linear regression
between (A) summer daytime LST and house property values, (B) summer nighttime LST and house property values, (C) summer daytime LST and median household
income, (D) summer nighttime LST and median household income, (E) summer daytime LST and per capita income, (F) summer nighttime LST and per capita income,
(G) summer daytime LST and percentage of households below the poverty line, and (H) summer nighttime LST and percentage of household below the
poverty line.
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communities with higher property values have lower exposure.
We found similar patterns for median household income and per
capita income. We observed a positive correlation between the
percentage of households below the poverty level in a census
block group and LST in both summer day and night, with a
stronger relationship. For further details about the correlations
between the LST and socioeconomic variables for winter day and
night please see the Supplementary Material.

3.3 Projected Effect of Tree, Shrub, and
Grass Plantings for UHI Mitigation
To understand how LULC contributes to LST distributions across
Phoenix total extent and within the urban core only for different
times of day in summer, we evaluated the relative importance of
LULC fractions using the RF variable importance (Table 3). We
observed that the fraction of unmanaged soil was themost important
LULC composition explaining LST patterns across the whole city
and the urban core roads, grass, and trees were among the top five
variables in both regions. However, the fractional cover of shrubs
was the second most important LULC for the whole city, different
from urban core. Shrubs mainly grow in suburban areas and present
a more significant effect on LST than in Urban Core. Other than the

whole city, buildings have a more significant impact on urban core.
Other factors, such as orchard, canal, seasonal river, lake, and fallow,
present a consistently ineffective influence on LST in both areas.

Our scenario-based analysis based on RF demonstrated that
LST could be effectively reduced by converting currently
unmanaged soil to trees, shrubs, and grass (Table 4). We
found that the mean summer daytime LST across Phoenix
total extent (59.04°C) was higher than mean LST within the
urban core (58.75°C). Phoenix total area extent and urban core
cover unmanaged soil areas of 656 km2 (occupying the total
area of 33.80%) and 361 km2 (occupying the total area of
26.78%), respectively. When trees, shrubs, or grass replace
10, 20, 30, 40, and 50% of unmanaged soil, the mean LST
decreased accordingly.

For Phoenix total extent, replacing unmanaged soil with
trees produced the greatest cooling effect, followed by grass
and shrubs in summer daytime. The RF scenario replacing 50%
of unmanaged soil with trees and grass across Phoenix total
extent reduced LST by 1.97°C and 1.92°C, respectively. The
effect of trees and grass planting on LST were similar. For
Phoenix urban core, the results of the RF scenario showed
replacing unmanaged soil with trees produced the greatest
cooling effect, followed by shrubs and grass with lowering

TABLE 3 | Importance of LULC composition for explaining LST patterns across Phoenix according to RF models for Phoenix total extent and the urban core only.

Variable importance ranking (Phoenix total extent) Variable importance ranking (Phoenix urban core)

LULC SD SN Total Rank SD SN Total

Soil 0.22 0.3 0.52 Soil 0.21 0.24 0.45
Shrub 0.15 0.25 0.4 Road 0.15 0.23 0.38
Tree 0.17 0.08 0.25 Tree 0.21 0.13 0.34
Grass 0.14 0.1 0.24 Grass 0.16 0.15 0.31
Road 0.08 0.14 0.22 Building 0.09 0.09 0.18
Pool 0.03 0.02 0.05 Shrub 0.07 0.1 0.17
Cropland 0.05 0.02 0.07 Pool 0.04 0.03 0.07
Building 0.06 0.05 0.11 Cropland 0.03 0.01 0.04
Fallow 0.04 0.02 0.06 Fallow 0.02 0.01 0.03
Lake 0.03 0 0.03 Lake 0.01 0.01 0.02
Seasonal river 0.01 0.01 0.02 Canal 0.01 0.01 0.02
Canal 0.01 0 0.01 Seasonal river 0 0 0
Orchard 0 0 0 Orchard 0 0 0

Note: LULC, LST, and RF, represent land use and land cover, land surface temperature and random forest, respectively. SD, and SN, represent summer daytime and summer nighttime.
Total represents the sum of SD, and SN.

TABLE 4 | Projected mean summer daytime temperatures across Phoenix total extent and the urban core alone that would result from replacement of 10, 20, 30, 40, or 50%
of unmanaged soil by trees, shrubs, or grass, based on random forest (RF) scenario models.

Study area UHI mitigation Soil % replacement scenario

10% 20% 30% 40% 50%

Phoenix total extent (Mean LST � 59.04°C) Replaced by tree 58.63 58.13 57.89 57.41 57.07 (−1.97)
Replaced by grass 58.41 58.02 58.10 57.59 57.12 (−1.92)
Replaced by shrub 58.18 58.05 57.95 57.84 57.71 (−1.33)

Phoenix urban core (Mean LST � 58.75°C) Replaced by tree 58.37 57.98 57.70 57.44 57.32 (−1.43)
Replaced by grass 58.56 58.31 58.07 57.81 57.63 (−1.11)
Replaced by shrub 57.55 57.48 57.42 57.39 57.32 (−1.42)
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1.43°C, 1.42°C, and 1.11°C, respectively. Planting these three
types of vegetation achieve the similar effects for cooling in the
urban core alone. We found that tree plantings had the greatest
effect on lowering LST across vegetation intervention
scenarios for Phoenix total extent and for the urban core alone.

We found that the mean summer nighttime LST across
Phoenix (28.86°C) was lower than the urban core (29.14°C).
Through scenario analysis with RF models, we found that
mean summer nighttime LST dropped gradually across
Phoenix total extent and within the urban core when
progressively more unmanaged soil was replaced by trees,
shrubs, or grass (Table 5). Replacing unmanaged soil across
Phoenix total extent with grass delivered the best cooling
effect, followed by trees and shrubs from the RF approach.
The RF scenario replacing 50% of unmanaged soil with grass,
trees and shrubs across Phoenix total extent reduced LST by
0.57°C and 0.46°C, and 0.21°C, respectively. For Phoenix urban
core, the models indicated that grass had the best cooling
effect, followed by shrubs and trees with the LST reduction of
0.50°C, 0.41°C, and 0.27°C, respectively. We found that grass
plantings were the greatest effective than other two vegetation
types for cooling across vegetation intervention scenarios
neither in Phoenix total extent nor the urban core alone.
Changes in mean temperatures in Phoenix total extent and
urban core detailed in Supplementary Material during winter
daytime.

4 DISCUSSION

4.1 The Impact of LULC on LST
Urbanization creates a concentration of anthropogenic
features (e.g., impervious surfaces) leading to the UHI with
implications for water and energy consumption, ecosystem
services and human health in Phoenix and other cities. We
discovered significant positive relationships between road
fractions and surface temperatures in all time periods
considered in this study. Consistent with previous studies
(Myint et al., 2013; Wang C. et al., 2016; Mohajerani et al.,
2017), we found that the extent of roads impacts surface
temperatures more than other factor during summer days
and nights. Contrary to previous studies which identify
buildings as a driver of increasing surface temperatures in

summer (Zhou et al., 2011; Bokaie et al., 2016), we found that
buildings are not associated with high daytime surface
temperatures, yet are associated with lower nighttime
temperatures in our study area.

The distinct impacts of buildings and roads are likely caused
by differences in their composition materials. Roads, parking
lots, driveways, and sidewalks are primarily made of
asphalt—a dark surface—while buildings are composed of
bright materials. Darker surfaces usually absorb and retain
heat longer than white or bright-colored surfaces (Mohajerani
et al., 2017). Conversely, most rooftops and walls of buildings
in Phoenix are composed of bright materials resulting in lower
heat retention and high surface reflectance (Myint et al., 2013).
Furthermore, the perimeters of buildings are usually
associated with vegetation covers, such as grass or trees
providing a cooling effect. Some building rooftops in
Phoenix are “cool roofs” with solar panels that produce
emissions-free electricity to cool the buildings. Finally,
buildings can provide shade during the day, thereby acting
somewhat similar to the effect of vegetation and reinforcing a
cooling effect. These features can explain why roads cause
more significant temperature increases than buildings in
Phoenix.

It is not surprising that the urban core areas had higher
summer nighttime LST compared to Phoenix total extent;
anthropogenic features (buildings and roads) in the urban core
absorbed and retained more heat than unmanaged soil in
suburban areas. Surprisingly, we found that unmanaged soil
was associated with higher summer daytime LST than
buildings in Phoenix. Unmanaged soil mainly exists outside
the urban core, while buildings, trees, and grass are
concentrated within the urban core—this may explain why
summer daytime temperatures in suburban areas are generally
hotter than in the urban core. Unmanaged soil is the primary
reflecting surface in Phoenix; which is also true of other desert
cities and is an important consideration for managers interested
in mitigating UHI.

In addition, the relationship between swimming pool
fractions and summer daytime temperature was the lowest
(Figure 4L) since swimming pool fraction values could be very
low at 70 × 70 spatial resolution in some cases. Therefore, we
conclude that swimming pools do not significantly impact
daytime surface temperature, nor do they effectively lower the

TABLE 5 | Changes in mean temperatures in Phoenix total extent and urban core when replacing 10, 20, 30, 40, and 50% of unmanaged soil by trees, shrubs, or grass
based on RF during summer nighttime.

Study area UHI mitigation Soil % replacement scenario

10% 20% 30% 40% 50%

Phoenix total extent (Mean LST � 28.85°C) Replaced by tree 28.61 28.49 28.53 28.41 28.40 (−0.46)
Replaced by grass 28.71 28.54 28.62 28.49 28.29 (−0.57)
Replaced by shrub 28.64 28.60 28.59 28.59 28.65 (−0.21)

Phoenix urban core (Mean LST � 29.14°C) Replaced by tree 29.04 28.96 28.93 28.90 28.87 (−0.27)
Replaced by grass 28.96 28.87 28.80 28.72 28.64 (−0.50)
Replaced by shrub 28.92 28.88 28.82 28.77 28.74 (−0.41)
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thermal energy in a desert area. This finding is the same as
what was reported in Myint et al. (2013).

Our study gives particular attention to trees, grass, and shrubs
because these vegetation features generally have cooler surface
temperatures than other LULC (Zhang et al., 1998; Tran et al.,
2006), and they also provide important ecosystem services within
the urban landscape. We found that vegetation features have a
cooling effect on summer day and summer night surface
temperatures. Trees are the most effective for cooling summer
daytime temperature, while grass is more effective for cooling
summer nighttime temperatures. Shrubs were generally less
effective for cooling UHI, likely because shrubs mainly grow
in suburban areas where unmanaged soil dominates.

4.2 Inequality in UHI Exposure
We documented disparities in the distribution of UHI within
Phoenix’s urban core, based on property values, median
household income, and the percentage of household below
poverty level. Lower socioeconomic status census block groups
are more likely to be exposed to high temperatures in the summer,
while affluent neighborhoods may experience relatively cooler
temperatures. Land cover features may contribute to these
disparities (Uejio et al., 2011). Political and socioeconomic
factors may cause LULC and management (e.g., xeric
residential versus mesic residential) differences among
communities, thus leading to LST spatial disparities (Harlan
et al., 2006; Chow et al., 2012). These findings are consistent
with the luxury effect, which suggests that ecosystem variation
conforms to socioeconomic status (Hope et al., 2003). Residential
landscape composition is typically associated with the period of
development and income levels. In Phoenix, affluent
neighborhoods have more vegetation (trees and grass lawns),
and their cooling influence is more accessible for these residents,
whereas low income neighborhoods tend to have little vegetation
or access to greenspace (Harlan et al., 2006; Jenerette et al., 2007;
Jenerette et al., 2011; Li et al., 2016). Mean temperatures higher
than 100°F (37.78°C) can persist for at least 3 months in our study
area, imposing an extended burden on vulnerable residents in
Phoenix, which could be alleviated with strategic vegetation-
based UHI mitigation. Such analyses provide the implications
that future urban heat mitigation options should focus on
communities with lower socioeconomic status to achieve
environmental justice instead of simply concentrating on
cooling effect.

4.3 Operational Urban Warming Mitigation
Through Sustainable Planning
One strategy to mitigate the UHI effects, which are more intense
for desert cities than other urban centers, is to increase green
vegetation landscapes. Previous studies have suggested that
increasing green space can achieve significant cooling
potentials (Zhang et al., 2017). The city of Phoenix has
launched an urban planning effort to mitigate UHI by
increasing the amount of green space (Phoenix, C.O., 2010),
however, the potential cooling effect across the region has not
been quantitatively assessed. In Phoenix, there exists a large

extent of unmanaged soil which is unconsolidated material
that supports plant growth. From our analysis, unmanaged
soil caused higher summer daytime LST than buildings. It was
the most important composition explaining LST patterns as well.
Vegetation (trees, grass, and shrubs) are the top five variables
explaining LST patterns and has been well-documented to
alleviate UHI (Bowler et al., 2010; Myint et al., 2010; Huang
and Cadenasso, 2016). Therefore, we determined that replacing
unmanaged soil—a primary contributor to UHI—with vegetation
is an operational option to mitigate UHI.

We have two study areas—the total extent of Phoenix and the
city’s urban core—to explore LST changes based on scenario
models. Phoenix urban core is necessary to be explored due to
owning the majority of Phoenix’s population and facing more
severe heat-related issues. Scenario models demonstrate that
these two areas have the similar ranking in the importance of
LULC composition for explaining LST patterns. We observed
that unmanaged soil was the most important variable across these
two areas because open land areas are the primary reflecting
surface in desert cities. Vegetation features (trees, grass, and
shrubs) were also one of the most important variables. Other
than the whole city, buildings and roads have more significant
impacts on urban core. This is because building and road
categories are one of the main land cover types and has more
impact on UHI than the whole city. The results of UHI mitigation
derived from scenario-based models present the analogous
change trends in Phoenix total extent and urban core when
replacing 10, 20, 30, 40, and 50% of unmanaged soil by trees,
shrubs, or grass.

Our scenario models demonstrate that tree plantings represent
the best strategy to lower summer daytime LST, while grass is
more effective summer nighttime in Phoenix total extent and
urban core. The results are consistent with our regression analysis
between LULC fractions and LST where the strongest UHI
mitigating effect was shown by trees in summer daytime and
by grass in summer nighttime, respectively. Scenario-based
models present that the benefit of increased vegetation cover
on heat mitigation was more pronounced on summer daytime
than on summer nighttime. Previous studies demonstrated that
interactions between vegetation cover and land surface on higher
LST are stronger, thus producing higher cooling effect by planting
vegetation in the areas with higher LST (Ziter et al., 2019). The
benefit of planting vegetation in an urban area may be amplified
on days with extreme heat. In our study, most unmanaged soil
occurs mainly outside the urban core where the minority of the
population resides. We explored the LST changes based on
scenario models in Phoenix total extent and urban core. The
latter has the majority of population and faces more severe heat
exposure. Hence, planting vegetation in unmanaged soil needs to
focus on urban core area to achieve the optimal intervention to
mitigate UHI.

We assume that landscape compositions will determine spatial
disparities of surface temperatures under the same solar radiation
in a specific area. Therefore, LULC fractions can be used as
explanatory variables to model LST. In this study, we
demonstrated that tree or grass plantings provide the best
strategy to cool the environment. We focused solely on
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vegetation interventions for urban UHI mitigation without
considering the tradeoffs of the cost and other environmental
factors, such as outdoor water use, energy consumption,
biodiversity, air pollution, and landscape configuration. It is
reported that shade trees in xeric landscapes requires less
irrigation than grass because of different cooling mechanisms
of grass and trees—grass primarily lowers LST by latent heat of
vaporization through ET, while trees are mainly induced by
radiative shading (Wang Z.-H. et al., 2016). Different
irrigation requirement imposes the constraints on water
resource management and planning especially for cities in arid
areas. Therefore, shade provided by trees should be taken into
account more seriously than grass in addition to the point of
saving of irrigation water use by trees. Since water conservation is
crucial in a desert city, we suggest native tree species (e.g., Palo
Verde, Desert Ironwood, Mesquite, Acacia, Desert Willow)
requiring little to no irrigated water other than rainfall would
be the best option to minimize urban heat island effect in the city
of Phoenix. Drought tolerant species and less water use species
are also an option for mitigating surface temperatures. We believe
that the actionable options provided above are manageable and
can be implemented immediately to mitigate urban warming
effect in arid, semi-arid, and dry climate regions.

5 CONCLUSION AND PERSPECTIVES

We explored the relationship between urban LULC fractions,
socioeconomic factors, and LST measured from ECOSTRESS
satellite images in Phoenix. Socioeconomically vulnerable
communities are disproportionately exposed to UHI,
particularly high summer daytime temperatures; disparities in
exposure to UHI may cause a higher incidence of heat-related
health problems (e.g., asthma, bronchitis, lung diseases, heart
diseases, heat stroke) in underprivileged communities. UHI
disparities are linked to LULC composition differences, which
also vary with socioeconomic factors across the city. We found
that unmanaged soil significantly increases temperatures in the
city, followed by roads and buildings. Vegetation features help to
moderate high daytime temperatures. Trees lower daytime
surface temperature more effectively than grass and shrub
cover, making them the optimal intervention to mitigate UHI

and potentially reduce energy demand in desert cities. Through
scenario analysis, we found that replacing 50% of unmanaged soil
with trees could reduce average summer daytime temperatures by
as much as 1.97°C if the intervention was implemented across all
of Phoenix and by 1.43°C if implemented within the urban core
only. Since Phoenix city is located in a desert environment, native
trees requiring little to no additional water other than rainfall
would be ideal to mitigate urban warming effects. It is
recommended that policymakers and planners incorporate and
optimize the spatial configuration of urban landscapes by
increasing green infrastructure in unmanaged soil and pay
more attention to environmental social justice or equity in
urban planning and urban forestry programs.
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