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Abstract: Walking is being promoted for health and transportation purposes across all climatic regions
in the US and beyond. Despite this, an uncomfortable microclimate condition along sidewalks is one
of the major deterrents of walking, and more empirical research is needed to determine the risks of
heat exposure to pedestrians while walking. This study examined the effect of street trees and grass
along sidewalks on air temperatures. A series of thermal images were taken at the average heights of
adults and children in the US to objectively measure the air temperatures of 10 sidewalk segments
in College Station, TX, USA. After controlling the other key physical environmental conditions,
sidewalks with more trees or wider grass buffer areas had lower air temperatures than those with less
vegetation. Children were exposed to higher temperatures due to the greater exposure or proximity
to the pavement surface, which tends to have higher radiant heat. Multivariate regression analysis
suggested that the configuration of trees and grass buffers along the sidewalks helped to promote
pleasant thermal conditions and reduced the differences in ambient air temperatures measured at
child and adult heights. This study suggests that street trees and vegetated ground help reduce
the air temperatures, leading to more thermally comfortable environments for both child and adult
pedestrians in warm climates. The thermal implications of street landscape require further attention
by researchers and policy makers that are interested in promoting outdoor walking.
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1. Introduction

Excessive heat exposure can cause many health problems, such as dehydration, heat strokes,
and skin cancer [1–3]. In summer, heat exposure can increase heat stress and heat-related mortality
rates [4–6]. Such heat-related risks are not equal across different population groups. For example,
children suffer from greater exposure to the pavement surface, which has higher radiant heat,
than adults because of their shorter height than adults [7,8]. Furthermore, children are often unaware
or forgetful of the importance of sun protection [9].

An uncomfortable microclimate condition has also been reported to be one of the major deterrents
of walking. Given the importance of walking as a popular source of obtaining healthy physical
activity [10–12], and weather as a key barrier to walking, providing thermally comfortable pedestrian
environments can bring many additional health benefits. Previous studies reported that undesirable
thermal conditions for pedestrians can be mediated by street-level vegetation, such as trees [13–16],
which can provide shaded surfaces, and grass cover, which can emit less long-wave radiation and
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lower the surface and air temperatures. On the other hand, the degree it can be mediated or the
potential differences in the magnitude of mediation between adults and children are unclear.

Natural environments in neighborhoods such as trees and grass areas along sidewalks can help
produce comfortable thermal conditions to encourage healthy outdoor activities among adults and
children [17–23]. Several studies have found inverse relationships between the amounts of greenery
in the neighborhood and the rates of childhood obesity [24–27]. In addition, green spaces in urban
environments can relieve the mental stress among adults and children [23,28–32], and help to promote
social interactions and the use of neighborhood public spaces [23,33–35]. Positive relationships
between the presence of trees and well-maintained grass areas around buildings, and neighborhood
safety (often manifesting as low rates of poverty, crimes, aggression, and violence) have also been
reported [35–37]. Furthermore, the greater shade provided by street trees reduces the maintenance
requirements of sidewalks, because it lowers pavement fatigue cracking, rutting, shoving, and other
distresses to the surface [38].

Despite these benefits, empirical investigation into the measurable benefits of sidewalk vegetation
on producing comfortable thermal conditions for outdoor activities has been limited. A few studies
investigated the thermal environmental conditions, but most relied on simulation methods and focused
on building designs or street canyons [39–41]. Regarding the overall green/vegetation structures as
factors affecting thermal comfort, many studies have reported that such elements serve to cool the
ambient air because tree cover/canopy blocks radiation and decreases the surface energy balance
fluxes [13,42]. One study compared two courtyards that were designed with different materials
and found that the courtyard planted with three mature trees and grass provided more comfortable
thermal conditions than the other one with bare pavement and shading mesh [15]. On the other hand,
only a few studies so far have used direct field measurements. The microclimate of streets, which are
critical urban infrastructure functioning as both transportation facilities and physical activity resources,
requires further attention. Streets hold particular significance because of their strong potential to
support physical activity, which is demonstrated by the fact that streets are the most frequently used
places for walking and outdoor physical activities [43].

To address some of the existing knowledge gaps in this area of research, the study has two main
objectives. First, this study examined the effects of street trees and grass on the air temperatures along
sidewalks, utilizing objective field measurements. Second, these effects were measured at the average
height of children (outcome 1) and adults (outcome 2), and the differences between the adult and
child measures (outcome 3) were examined. The findings from this study can offer insights into the
potential for sidewalk landscape structures to help mitigate sidewalk air temperatures that child and
adult pedestrians are exposed to while walking.

2. Methods

2.1. Study Setting and Data Measurement

This study was conducted in the City of College Station, TX, USA, which has a subtropical climate
with 214 days a year above 26 ◦C [44]. Ten sidewalk segments (Types A to J) were selected based
on having the same street orientation (North–South) and similar/adjacent locations, but different
vegetation conditions (e.g., street trees and grass areas) along the sidewalk (Table 1). The selected
sidewalks were paired to compare the air thermal conditions between the sidewalks with and without
the green features (e.g., trees on one side, trees on both sides, grass on one side, and grass on both
sides) in order to ensure comparable physical environmental conditions along the sidewalk segments
other than the presence/amounts of green features.
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Table 1. Characteristics of the sidewalk segments selected for this study (Types A to J) †.

Type A Type B Type C Type D Type E

Photo
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• Presence of tree  No  No  Yes one side  No  Yes on both sides 

• Tree height  ‐  ‐  9.02 m  ‐  6.91 m 
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• Grass width  3.51 m  2.95 m  3.35 m  4.68 m  4.68 m 

Note: The heights and widths of the trees and grass are the mean values. † Field measurements and thermal images for each sidewalk segment were taken three 
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• Sidewalk width 1.85 m 3.05 m 3.05 m 1.83 m 1.83 m
• Presence of tree Yes on one side Yes on one side Yes on one side Yes on one side Yes on both sides
• Tree height 4.52 m 5.13 m 5.13 m 10.62 m 9.87 m
• Canopy width 4.80 m 6.15 m 6.15 m 16.33 m 12.48 m
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For each sidewalk segment, three measures, including air temperature, relative humidity, and wind
speed were captured by a weather-meter (model: WM-350 WindMate, accuracy: air temperature
±2 ◦C/wind ±3% when aligned with winds axis/relative humidity ±3%, range: air temperature −20 ◦C
to 70 ◦C/wind 0.8 mph to 89 mph/relative humidity 5–95%) [45] and these measures were entered into
a thermal infrared camera to capture thermal images and estimate the ambient air temperatures from
the thermal images (model: SATIR E8-N, accuracy: ±2 ◦C, temperature range: −20 ◦C to 250 ◦C) [46]
(Figure 1). The ambient air temperatures measured by the thermal camera were used as outcome
measures in this study. Figure 1 shows the data collection instruments and protocols.
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Figure 1. (a) Air temperature, wind speed, and relative humidity captured by a weather meter;
and, (b) Ambient air temperature measured by a thermal infrared camera.

Figure 2 gives an example of a sidewalk photograph image and its thermal image captured by
the thermal infrared camera used in this study. Four thermal images were taken each time at four
different heights, representing the average heights of children (121.5 cm for a 7-year-old, 138.4 cm
for a 10-year-old) and adults (163.3 cm for female adults and 177 cm for male adults) [47]. The child
height measures may also be relevant to people using a wheel chair or a stroller. The thermal images
were taken 25 feet (ten steps) away from a measuring point indicated with an orange traffic cone
used as a distance and orientation guide to ensure consistent sight lines and distances across all of
the thermal images (Figure 2a). Sidewalk width and grass width were measured with a tape measure.
To determine the tree height and canopy width, a photo analysis using a human figure was used as a
height reference. A researcher who is 175 cm tall stood next to the street trees, while holding a 175-cm
long scale bar perpendicular to the trees. Each photograph was taken from each sidewalk segment
selected. Based on the photo taken from each street tree, the tree height and canopy width on the
sidewalks were estimated as an average of all the trees along the segment. Thermal images and field
measurements for each sidewalk segment were taken three times a day (10 a.m., 2 p.m. and 6 p.m.)
on six sunny days from June to September in 2010. Because of the proximate/adjacent locations of
all sidewalk segments, the travel times between the segments were less than 5 min and no major
changes were recorded among the measures from the same time window in terms of the traffic and
other non-physical conditions. The average air temperature, relative humidity, and wind speed for the
six days was 32.8 ◦C (range: 26.8 ◦C~39.3 ◦C), 55.7% (37.8~85.2%), and 2.7 km/h (0 km/h~8.8 km/h),
respectively. Our study protocol was designed to ensure consistency and minimize the influence of
other confounding factors.
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2.2. Data Analysis

After conducting descriptive statistics analysis, a series of paired t-tests were performed to analyze
the mean differences in air temperatures between the two sidewalk settings in each pair. To predict
the combined effects of street trees and grass on the air temperatures along sidewalks, ordinary
least squares (OLS) regressions were conducted, while considering the 0.01, 0.05, and 0.10 levels of
significance for interpreting results [48].

Three dependent variables were used for multivariate analyses: (1) air temperatures measured
at the children’s height (average between 7 and 10-year-old children); (2) air temperatures measured
at the adults’ height (average between male and female adults); and, (3) air temperature differences
between the child and adult measures. Six paired interaction terms (independent variables) between
street trees (categorical variable, 0: no tree, 1: tree on one side, 2: tree on both sides) and grass areas
(categorical variable, 0: no grass, 1: grass on one side, 2: grass on both sides) were analyzed to predict
their combined impacts on each of the three outcome variables. The interaction terms were comprised
of six dummy variables; (1) Tree0*Grass0 (1 if no tree and no grass; 0 otherwise); (2) Tree0*Grass1 (1 if no
tree and grass on one side); (3) Tree0*Grass2 (1 if no tree and grass on both sides); (4) Tree1*Grass1 (1 if
tree on one side and grass on one side); (5) Tree1*Grass2 (1 if tree on one side and grass on both sides);
and, (6) Tree2*Grass2 (1 if tree on both sides and grass on both sides). By using Tree0*Grass0 (no tree
and no grass) as the reference group and the other five dummy variables as independent variables,
the OLS regression estimated the effect of each independent variable on the three outcome variables.

3. Results

3.1. Independent Effect of Street Trees and Grass on Air Temperature

Table 2 lists the t-test results comparing the mean temperature difference between the two
sidewalk segments in each pair, which shows the independent effect of street trees and grass on the air
temperature. Four paired groups with different numbers of street trees were compared to assess the
influence of existing trees on the mean air temperature, while controlling for other physical conditions,
such as sidewalk width and the presence of grass. When only the afternoon mean temperatures were
used, the mean differences were significant at the 0.01 level in all four pairs. On the other hand,
only two out of the four pairs were significant when all of the temperature measures (taken at 10 a.m.,
2 p.m. and 6 p.m.) were used. The mean temperature of the type A sidewalk (no tree) was 1.03 ◦C
higher than that of type C (trees on one side) based on the afternoon mean temperature. The type D
(no tree) sidewalk measured in the afternoon was 1.44 ◦C higher than the type F (trees on one side)
sidewalk. The mean air temperature of type A (no tree) in the afternoon was 2.01 ◦C higher than type
E (trees on one side), and type C (trees on one side) was 0.99 ◦C higher in the afternoon than type E
(tree on both sides). The overall results from the paired analyses assessing the impacts of street trees
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indicated that having more trees along sidewalks decreased the ambient air temperatures, particularly
in the afternoon hours.

Four sidewalk pairs selected to test the roles of grass buffer along sidewalks showed statistically
significant differences at the 0.01 level. A 4.20 ◦C mean temperature difference was observed in the
afternoon between type B (no grass) and type A (grass on both sides), and a 5.80 ◦C mean temperature
difference was noted in the afternoon between type D (grass on one side) and type A (grass on both
sides). The mean of air temperature of type F (grass on one side) in the afternoon was 5.29 ◦C higher
than that of type C (grass on both sides), and type H (grass on one side) was 1.01 ◦C higher in the
afternoon than that of type G (grass on both sides). These findings suggested that grass areas along
sidewalks played a significant role in decreasing the ambient air temperature, and the temperature
reduction was greater in the afternoon, with the exception of one pair (types H and G).

3.2. Combined Effect of Street Trees and Grass on Air Temperature

Table 3 presents the results of the combined effects of street trees and grass areas on the air
temperature. Two regression models, one using the air temperature for children and the other using
the air temperature for adults, were estimated. The results showed similar outcomes in that compared
to “no trees and no grass (Tree0*Grass0)”, “no trees and grass on both sides (Tree0*Grass2)”, “trees on
one side and grass on both sides (Tree1*Grass2)”, and “trees on both sides and grass on both sides
(Tree2*Grass2)” were significantly associated with lower air temperatures by up to 3.589 ◦C, 3.115 ◦C,
and 3.667 ◦C at the child height, respectively; and, 3.589 ◦C, 3.115 ◦C, and 3.667 ◦C at the adult
height, respectively.

These findings also showed that children are exposed to higher air temperature than adults.
For example, the mean air temperature measured at the child height in the afternoon was 38.65 ◦C
(38.85 ◦C for 7-year-old and 38.45 ◦C for 10-year-old), which was 1.33 ◦C higher than that measured
at adult heights (37.75 ◦C for female adults 36.89 ◦C for male adults). To further examine whether
trees and grass cover along sidewalks help reduce the air temperature differences between children
and adults, six paired interaction terms between street trees and grass strips were examined further to
predict the mean child-adult temperature difference variable (Model 3 in Table 3). The Tree1*Grass2
variable was moderately significant (p = 0.050), indicating that the sidewalk with trees on one side and
grass on both sides had a 0.613 ◦C lower air temperature gap between children and adults, compared
to the sidewalk with no tree and no grass. The coefficient of Tree1*Grass2 variable was –0.557 (p = 0.093),
meaning that the sidewalk with trees and grass on both sides reduced the air temperature difference
between children and adults by 0.557 ◦C, when compared to the sidewalk with no tree and no grass.
In addition to reducing the overall air temperature, trees, and grass cover along sidewalks have been
shown to reduce the temperature gap between children and adults.
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Table 2. Paired comparison of the independent effects of street trees and grass on the air temperature.

Categories Paired Sidewalk Types Entire Day (10 a.m., 2 p.m., 6 p.m.) Afternoon (2 p.m., 6 p.m.)

N † Mean (◦C) SD Diff. (◦C) N ‡ Mean (◦C) SD Diff. (◦C)

Street Trees

Type D (No tree w/grass on one side) 68 38.62 4.89
0.83 *

44 41.80 2.46
1.44 **Type F (Tree on one side w/grass on one side) 68 37.79 4.42 44 40.36 2.80

Type A (No tree w/grass on both sides) 72 34.73 3.69
0.29

48 36.66 2.57
1.03 **Type C (Tree on one side w/grass on both sides) 72 34.44 2.96 48 35.63 2.57

Type A (No tree w/grass on both sides) 72 34.73 3.69
0.97 **

48 36.66 2.57
2.01 **Type E (Tree on both sides w/grass on both sides) 72 33.76 2.81 48 34.65 2.76

Type C (Tree on one side w/grass on both sides) 72 34.44 2.96
0.68 **

48 35.63 2.57
0.99 **Type E (Tree on both sides w/grass on both sides) 72 33.76 2.81 48 34.65 2.76

Street Grass

Type B (No grass w/o trees) 72 38.03 5.02
3.30 **

48 40.86 3.27
4.20 **Type A (Grass on both sides w/o trees) 72 34.73 3.69 48 36.66 2.57

Type D (Grass on one side w/o trees) 72 39.24 5.40
4.51 **

48 42.46 3.23
5.80 **Type A (Grass on both sides w/o trees) 72 34.73 3.69 48 36.66 2.57

Type F (Grass on one side w/trees on one side) 68 37.79 4.42
3.79 **

44 40.36 2.80
5.29 **Type C (Grass on both sides w/trees on one side) 68 34.01 2.42 44 35.08 1.84

Type H (Grass on one side w/trees on one side) 72 36.63 3.17
1.06 **

48 37.69 3.24
1.01 **Type G (Grass on both sides w/trees on one side) 72 35.58 3.23 48 36.67 3.18

** p < 0.01; * p < 0.05. Note: Diff. indicates a temperature difference between the paired sidewalks. SD. stands for standard deviation. † indicates the number of observations measured in
the morning (10 a.m.) and the afternoon (2 p.m. and 6 p.m.) on six sunny days (4 heights * 3 times * 6 days = 72). ‡ indicates the number of observations measured in the afternoon (2 p.m.
and 6 p.m.) on six sunny days (4 heights * 2 times * 6 days = 48).
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Table 3. Parameter estimates of the combined effects of street trees and grass along sidewalks on
thermal air temperatures measured at child and adult heights and temperature in difference between
child and adult measures, using the interaction terms in regression models.

Interaction Terms
Child Temp.

(Model 1)
Adult Temp.

(Model 2)

Diff. in Temp.
(Child–Adult)

(Model 3)

Coef. p > |t| Coef. p > |t| Coef. p > |t|

Tree0*Grass0 (no trees & no grass) Ref. Ref. Ref.
Tree0*Grass1 (no trees & grass on one side) 1.172 0.361 1.236 0.335 −0.064 0.867
Tree0*Grass2 (no trees & grass on both sides) −3.589 0.006 −3.019 0.019 −0.569 0.136
Tree1*Grass1 (trees on one side & grass on one side) −0.569 0.608 −0.554 0.617 −0.015 0.963
Tree1*Grass2 (trees on one side & grass on both sides) −3.115 0.003 −2.502 0.018 −0.613 0.050
Tree2*Grass2 (trees on both sides & grass on both sides) −3.667 0.001 −3.113 0.006 −0.557 0.093

Number of observation
Adjust R-squared

N † = 180
R2 = 0.150

N † = 180
R2 = 0.108

N † = 180
R2 = 0.031

Note: Coef., Diff., and Temp. indicate coefficient, difference, and temperature, respectively. † indicates the number of
observations measured in the morning (10 a.m.) and afternoon (2 p.m. and 6 p.m.) on six sunny days (10 sidewalks
* 3 times * 6 days = 180).

4. Discussion

This study examined the cooling effects of sidewalk vegetation on the thermal conditions for child
and adult pedestrians. This is one of the few studies to examine the relationship between sidewalk
vegetation conditions and ambient air temperatures, using objectively measured data captured from
the real-world environments.

The independent effects of trees on thermal conditions from the paired t-tests suggested that
planting more trees along the sidewalks could decrease the air temperature. On the other hand,
the independent effect of trees varies according to the presence of grass areas along the sidewalks.
In a comparison between “no trees” and “trees on one side”, the difference in air temperature was
lower in type A (no tree) and type C (tree on one side), both of which had grass areas on both sides
(1.03 ◦C), when compared to type D (no tree) and type F (tree on one side), both of which had grass
on only one side (1.44 ◦C). Furthermore, type E (trees and grass on both sides) showed a greater
temperature difference when compared to type A (no trees but with grass on both sides) (2.01 ◦C),
versus type C (trees on one side but with grass on both sides) (0.99 ◦C). These results are consistent
with previous studies that reported the cooling effect of vegetation under simulated or experimental
conditions [13–15,40].

The independent effects of grass areas on the air temperature showed that the presence of grass
areas along the sidewalks plays a significant role in reducing the ambient air temperature. On the other
hand, type A (grass on both sides) showed a greater air temperature difference than type D (grass on
one side) (5.8 ◦C), as compared with type B (no grass) (4.2 ◦C). The reason for this counter-intuitive
result might be associated with the condition of the type D sidewalk. Type D had very narrow
grass areas (0.65 m), which was built with a brick wall on the side that could absorb and store heat.
This condition may radiate energy from the asphalt pavement, which could help to increase the heat
on the brick wall due the close distance between the wall and the sidewalk segment. In addition,
there was concrete-paved parking behind the narrow grass that keeps a large amount of solar radiation
reflected from its surface. These special conditions appear to explain this result.

Grass analysis also highlighted the importance of grass locations as a buffer between sidewalks
and car roads. When compared to the sidewalk having grass on both sides, sidewalks with grass
areas on one side only between the sidewalks and roads showed higher ambient air temperatures,
as expected. On the other hand, the difference in temperature was smaller when the grass was located
outside abutting the vehicular lanes as compared to the grass located inside toward the building side
(type H versus F with difference of 1.01 ◦C versus 5.29 ◦C, respectively). This result implies that grass
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or other vegetated ground covers in the buffer area between the vehicular roadways and sidewalks
may be more important for mitigating the ambient air temperatures.

The combined effects of trees and grass on the thermal conditions were examined by multivariate
analyses using the six interaction terms, depending on the physical conditions regarding the presence
of trees and grass. While the child and adult regression models showed similar results, the coefficients
of the significant interaction terms from the child model (Model 1) were greater than those from
the adult model (Model 2). This suggests that both planting trees and adding grass strips along
sidewalks has a stronger impact on decreasing the ambient air temperature with greater benefits
to child pedestrians. Furthermore, planting trees and grass on either one side or both sides of the
sidewalks also decrease the difference in air temperatures measured at both the child and adult heights.
In terms of the air temperature difference between children and adults, only one interaction term,
Tree1*Grass2 (trees on one side and grass on both sides), remained significant (Model 3). For a more
rigorous examination of these combined effects of trees and grass, future research should better control
the types of tree species, tree heights, tree canopy sizes, and grass widths.

Like most empirical studies on this topic, this study also had several limitations and the results
need to be interpreted within its limited scope and context. First, as an exploratory pilot study,
the findings from this study are not generalizable to other areas with different climatic conditions and
different street design characteristics. Second, there is a potential for a non-randomized bias because
sidewalk segment measures were taken repeatedly on six different sunny days; hence, the results of the
paired t-tests may be biased to some extent. Third, the thermal images taken by the infrared thermal
camera that was used for this study embrace several elements of the scenes up to the sky, which are less
associated with the surface conditions of the pavements. On the other hand, this study measured the
sidewalk segments at four different heights, and the same portions of the sky in each thermal image
were obtained with the camera. Fourth, as a cross sectional field study, it was not possible to completely
control other potential confounding factors in the selected built environmental conditions (e.g., a brick
wall, proximity to vehicle roads from sidewalks, distance between trees, and tree species), and not
feasible to find a completely matching pair. Therefore, this study carefully selected the sidewalk
segments to maximize the comparability by ensuring similarity in other non-test conditions within
each pair, and to minimize the influence of other spatial factors by ensuring their proximate/adjacent
locations and minimal time gaps among the measurements within each time window. Future research
with stronger experimental designs using simulated sidewalk conditions can better handle the other
potential confounders and increase the ability to detect more accurately the temperature mitigating
impact of different street types/designs, spacing between trees, and tree species. Furthermore, future
research will need to consider the effects of the surface albedo on the microclimate conditions by
testing different types of sidewalk materials.

This study makes several contributions to the literature on this topic. First, in contrast to
previous studies on street or sidewalk thermal conditions, which relied mainly on simulated building
arrangements [40,41], street canyons [39], and outdoor experimental setup [15], this study measured the
thermal conditions of actual sidewalk segments that people use most frequently as part of their daily
routine. Second, multivariate analyses were performed to help detect more statistically meaningful
results. Third, similar to the findings from a previous study, which showed a greater improvement
of thermal comfort provided by a combination of shade trees and grass when compared to the
effect from a single landscape treatment [15], this study showed a greater cooling effect when both
trees and grass were installed along the sidewalk. In addition, the potential mitigation effect of
sidewalk landscape structure on air temperature was identified at both the child and adult height
levels, which suggests that there is no need to design different landscape structures to support the
thermal comport of adults versus children. On the other hand, the configuration of street trees and
grass along sidewalks may reduce the difference in ambient air temperatures that the children versus
adults are exposed to. To provide more comfortable thermal conditions for children who tend to be
more vulnerable to heat-related risks, planting both understory vegetation and canopy trees appears
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important. Future research may extend beyond the scope of this study by examining the relationship
between the actual thermal comfort experienced by child and adult pedestrians and the sidewalk
vegetation conditions. Fourth, for sidewalk buffers that are not wide enough to install both canopy
trees and grass areas, the findings suggest that a grass strip buffer located between vehicle roads
and sidewalks are appropriate for producing pleasant microclimate for both children and adults as it
controls the heat that is generated by both vehicles and asphalt pavement of the roadway. In addition
to the air temperature-alleviating potential of grass that this study explored, other types of understory
vegetation can also help to improve the thermal conditions of sidewalks. Future studies should examine
the potential and varying effects of different types (different sizes/heights/species) of understory
vegetation on the air temperatures of sidewalks. Finally, afternoon measures showed a much greater
air temperature reduction from trees and grass. A previous study found that the cooling effect of plants
is well detected from the afternoon to sunrise of the next day [49]. Another study utilizing satellite
images to assess the cooling effect of vegetated areas on the land surface temperature revealed such an
effect to be stronger in the afternoon [50]. This study also showed that afternoon measures might be
more sensitive and effective in detecting the temperature reduction function of sidewalk vegetation.

5. Conclusions

The presence of trees and grass areas along the sidewalks can help reduce the air temperatures for
both child and adult pedestrians, not only by providing shade, but also by limiting the amount of solar
radiation reflected from sidewalk surfaces. Furthermore, the sidewalk vegetation can help mitigate
the air temperature difference between children and adults. Therefore, policy makers, planners,
and designers should consider the thermal implications of street designs for health and transportation
purposes. The thermal benefits of planting more trees and grass strips along sidewalks should be
considered better during the relevant decision-making process.

Acknowledgments: The authors would like to acknowledge Hyung Jin Kim, who is an Assistant Professor in
the Department of Landscape Architecture and Regional & Community Planning at Kansas State University,
and Jeongjae Yoon, a post-doctoral researcher in the Center of Health Systems and Design at Texas A&M University,
for their tremendous help during the pilot test phase of this study. Jiwook Hwang, a professor in the Department
of Urban Engineering at Chonbuk National University, provided the weather meter and thermal infrared camera
used in this study.

Author Contributions: Young-Jae Kim conceived the ideas for the analysis; contributed to field data collection;
performed the statistical analysis; and prepared the first draft of the manuscript. Chanam Lee and Jun-Hyun Kim
conceived the research ideas/aims; developed the study design, sampling, data collection and analytical methods;
supervised the data collection activities; and wrote and reviewed the manuscript. All authors have read and
approved the final manuscript.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Brash, D.E.; Rudolph, J.A.; Simon, J.A.; Lin, A.; McKenna, G.J.; Baden, H.P.; Halperin, A.J.; Ponten, J. A role
for sunlight in skin cancer: UV-induced p53 mutations in squamous cell carcinoma. Proc. Natl. Acad. Sci. USA
1991, 88, 10124–10128. [CrossRef] [PubMed]

2. Elwood, J.M.; Jopson, J. Melanoma and sun exposure: An overview of published studies. Int. J. Cancer 1997,
73, 198–203. [CrossRef]

3. Kaskel, P.; Sander, S.; Kron, M.; Kind, P.; Peter, R.; Krähn, G. Outdoor activities in childhood: A protective
factor for cutaneous melanoma? Results of a case–control study in 271 matched pairs. Br. J. Dermatol. 2001,
145, 602–609. [CrossRef] [PubMed]

4. Kalkstein, L.; Smoyer, K. The impact of climate change on human health: Some international implications.
Experientia 1993, 49, 969–979. [CrossRef] [PubMed]

5. Guest, C.; Willson, K.; Woodward, A.J.; Hennessy, K.; Kalkstein, L.; Skinner, C.; McMichael, A.J. Climate and
mortality in australia: Retrospective study, 1979–1990, and predicted impacts in five major cities in 2030.
Clim. Res. 1999, 13, 1–15. [CrossRef]

http://dx.doi.org/10.1073/pnas.88.22.10124
http://www.ncbi.nlm.nih.gov/pubmed/1946433
http://dx.doi.org/10.1002/(SICI)1097-0215(19971009)73:2&lt;198::AID-IJC6&gt;3.0.CO;2-R
http://dx.doi.org/10.1046/j.1365-2133.2001.04432.x
http://www.ncbi.nlm.nih.gov/pubmed/11703287
http://dx.doi.org/10.1007/BF02125644
http://www.ncbi.nlm.nih.gov/pubmed/8253171
http://dx.doi.org/10.3354/cr013001


Int. J. Environ. Res. Public Health 2018, 15, 148 11 of 12

6. Smoyer, K.E.; Rainham, D.G.; Hewko, J.N. Heat-stress-related mortality in five cities in Southern Ontario:
1980–1996. Int. J. Biometeorol. 2000, 44, 190–197. [CrossRef] [PubMed]

7. Vanos, J.K. Children’s health and vulnerability in outdoor microclimates: A comprehensive review.
Environ. Int. 2015, 76, 1–15. [CrossRef] [PubMed]

8. Vanos, J.K.; Middel, A.; McKercher, G.R.; Kuras, E.R.; Ruddell, B.L. Hot playgrounds and children’s health:
A multiscale analysis of surface temperatures in Arizona, USA. Landsc. Urban Plan. 2016, 146, 29–42.
[CrossRef]

9. Cokkinides, V.E.; Johnston-Davis, K.; Weinstock, M.; O’Connell, M.C.; Kalsbeek, W.; Thun, M.J.; Wingo, P.A.
Sun exposure and sun-protection behaviors and attitudes among us youth, 11 to 18 years of age. Prev. Med.
2001, 33, 141–151. [CrossRef] [PubMed]

10. Davison, K.K.; Werder, J.L.; Lawson, C.T. Peer reviewed: Children’s Active Commuting to School: Current
Knowledge and Future Directions. Prev. Chronic Dis. 2008, 5, A100. [PubMed]

11. Faulkner, G.E.; Buliung, R.N.; Flora, P.K.; Fusco, C. Active school transport, physical activity levels and body
weight of children and youth: A systematic review. Prev. Med. 2009, 48, 3–8. [CrossRef] [PubMed]

12. Southward, E.F.; Page, A.S.; Wheeler, B.W.; Cooper, A.R. Contribution of the school journey to daily physical
activity in children aged 11–12 years. Am. J. Prev. Med. 2012, 43, 201–204. [CrossRef] [PubMed]

13. Grimmond, C.; Souch, C.; Hubble, M. Influence of tree cover on summertime surface energy balance fluxes,
San Gabriel valley, Los Angeles. Clim. Res. 1996, 6, 45–57. [CrossRef]

14. Mayer, H.; Kuppe, S.; Holst, J.; Imbery, F.; Matzarakis, A. Human thermal comfort below the canopy of street
trees on a typical central European summer day. Ber. Meteor. Inst. Univ. Freiburg 2009, 18, 211–219.

15. Shashua-Bar, L.; Pearlmutter, D.; Erell, E. The influence of trees and grass on outdoor thermal comfort in a
hot-arid environment. Int. J. Climatol. 2011, 31, 1498–1506. [CrossRef]

16. Park, J.; Kim, J.-H.; Lee, D.K.; Park, C.Y.; Jeong, S.G. The influence of small green space type and structure at
the street level on urban heat island mitigation. Urban For. Urban Green. 2017, 21, 203–212. [CrossRef]

17. Almanza, E.; Jerrett, M.; Dunton, G.; Seto, E.; Pentz, M.A. A study of community design, greenness,
and physical activity in children using satellite, gps and accelerometer data. Health Place 2012, 18, 46–54.
[CrossRef] [PubMed]

18. Lachowycz, K.; Jones, A. Greenspace and obesity: A systematic review of the evidence. Obes. Rev. 2011, 12,
e183–e189. [CrossRef] [PubMed]

19. Saelens, B.E.; Sallis, J.F.; Black, J.B.; Chen, D. Neighborhood-based differences in physical activity:
An environment scale evaluation. Am. J. Public Health 2003, 93, 1552–1558. [CrossRef] [PubMed]

20. Giles-Corti, B.; Broomhall, M.H.; Knuiman, M.; Collins, C.; Douglas, K.; Ng, K.; Lange, A.; Donovan, R.J.
Increasing walking: How important is distance to, attractiveness, and size of public open space? Am. J.
Prev. Med. 2005, 28, 169–176. [CrossRef] [PubMed]

21. Li, F.; Harmer, P.A.; Cardinal, B.J.; Bosworth, M.; Acock, A.; Johnson-Shelton, D.; Moore, J.M. Built
environment, adiposity, and physical activity in adults aged 50–75. Am. J. Prev. Med. 2008, 35, 38–46.
[CrossRef] [PubMed]

22. Coombes, E.; Jones, A.P.; Hillsdon, M. The relationship of physical activity and overweight to objectively
measured green space accessibility and use. Soc. Sci. Med. 2010, 70, 816–822. [CrossRef] [PubMed]

23. Sugiyama, T.; Leslie, E.; Giles-Corti, B.; Owen, N. Associations of neighbourhood greenness with physical
and mental health: Do walking, social coherence and local social interaction explain the relationships?
J. Epidemiol. Community Health 2008, 62, e9. [CrossRef] [PubMed]

24. Liu, G.C.; Wilson, J.S.; Qi, R.; Ying, J. Green neighborhoods, food retail and childhood overweight: Differences
by population density. Am. J. Health Promot. 2007, 21, 317–325. [CrossRef] [PubMed]

25. Bell, J.F.; Wilson, J.S.; Liu, G.C. Neighborhood greenness and 2-year changes in body mass index of children
and youth. Am. J. Prev. Med. 2008, 35, 547–553. [CrossRef] [PubMed]

26. Wolch, J.; Jerrett, M.; Reynolds, K.; McConnell, R.; Chang, R.; Dahmann, N.; Brady, K.; Gilliland, F.; Su, J.G.;
Berhane, K. Childhood obesity and proximity to urban parks and recreational resources: A longitudinal
cohort study. Health Place 2011, 17, 207–214. [CrossRef] [PubMed]

27. Kim, J.-H.; Lee, C.; Olvara, N.E.; Ellis, C.D. The role of landscape spatial patterns on obesity in Hispanic
children residing in inner-city neighborhoods. J. Phys. Act. Health 2014, 11, 1449–1457. [CrossRef] [PubMed]

28. Grahn, P.; Stigsdotter, U.A. Landscape planning and stress. Urban For. Urban Green. 2003, 2, 1–18. [CrossRef]

http://dx.doi.org/10.1007/s004840000070
http://www.ncbi.nlm.nih.gov/pubmed/11131291
http://dx.doi.org/10.1016/j.envint.2014.11.016
http://www.ncbi.nlm.nih.gov/pubmed/25497108
http://dx.doi.org/10.1016/j.landurbplan.2015.10.007
http://dx.doi.org/10.1006/pmed.2001.0877
http://www.ncbi.nlm.nih.gov/pubmed/11522153
http://www.ncbi.nlm.nih.gov/pubmed/18558018
http://dx.doi.org/10.1016/j.ypmed.2008.10.017
http://www.ncbi.nlm.nih.gov/pubmed/19014963
http://dx.doi.org/10.1016/j.amepre.2012.04.015
http://www.ncbi.nlm.nih.gov/pubmed/22813686
http://dx.doi.org/10.3354/cr006045
http://dx.doi.org/10.1002/joc.2177
http://dx.doi.org/10.1016/j.ufug.2016.12.005
http://dx.doi.org/10.1016/j.healthplace.2011.09.003
http://www.ncbi.nlm.nih.gov/pubmed/22243906
http://dx.doi.org/10.1111/j.1467-789X.2010.00827.x
http://www.ncbi.nlm.nih.gov/pubmed/21348919
http://dx.doi.org/10.2105/AJPH.93.9.1552
http://www.ncbi.nlm.nih.gov/pubmed/12948979
http://dx.doi.org/10.1016/j.amepre.2004.10.018
http://www.ncbi.nlm.nih.gov/pubmed/15694525
http://dx.doi.org/10.1016/j.amepre.2008.03.021
http://www.ncbi.nlm.nih.gov/pubmed/18541175
http://dx.doi.org/10.1016/j.socscimed.2009.11.020
http://www.ncbi.nlm.nih.gov/pubmed/20060635
http://dx.doi.org/10.1136/jech.2007.064287
http://www.ncbi.nlm.nih.gov/pubmed/18431834
http://dx.doi.org/10.4278/0890-1171-21.4s.317
http://www.ncbi.nlm.nih.gov/pubmed/17465177
http://dx.doi.org/10.1016/j.amepre.2008.07.006
http://www.ncbi.nlm.nih.gov/pubmed/19000844
http://dx.doi.org/10.1016/j.healthplace.2010.10.001
http://www.ncbi.nlm.nih.gov/pubmed/21075670
http://dx.doi.org/10.1123/jpah.2012-0503
http://www.ncbi.nlm.nih.gov/pubmed/24384497
http://dx.doi.org/10.1078/1618-8667-00019


Int. J. Environ. Res. Public Health 2018, 15, 148 12 of 12

29. Kaplan, R. The role of nature in the context of the workplace. Landsc. Urban Plan. 1993, 26, 193–201.
[CrossRef]

30. Ulrich, R. View through a window may influence recovery. Science 1984, 224, 224–225. [CrossRef]
31. Ulrich, R.S.; Simons, R.F.; Losito, B.D.; Fiorito, E.; Miles, M.A.; Zelson, M. Stress recovery during exposure to

natural and urban environments. J. Environ. Psychol. 1991, 11, 201–230. [CrossRef]
32. Parsons, R.; Tassinary, L.G.; Ulrich, R.S.; Hebl, M.R.; Grossman-Alexander, M. The view from the road:

Implications for stress recovery and immunization. J. Environ. Psychol. 1998, 18, 113–140. [CrossRef]
33. Kweon, B.-S.; Sullivan, W.C.; Wiley, A.R. Green common spaces and the social integration of inner-city older

adults. Environ. Behav. 1998, 30, 832–858. [CrossRef]
34. Coley, R.L.; Sullivan, W.C.; Kuo, F.E. Where does community grow? The social context created by nature in

urban public housing. Environ. Behav. 1997, 29, 468–494. [CrossRef]
35. Kuo, F.E. Social aspects of urban forestry: The role of arboriculture in a healthy social ecology. J. Arboric.

2003, 28, 148–155.
36. Kuo, F.E.; Sullivan, W.C. Aggression and violence in the inner city effects of environment via mental fatigue.

Environ. Behav. 2001, 33, 543–571. [CrossRef]
37. Kuo, F.E.; Sullivan, W.C. Environment and crime in the inner city does vegetation reduce crime?

Environ. Behav. 2001, 33, 343–367. [CrossRef]
38. McPherson, E.G.; Muchnick, J. Effects of street tree shade on asphalt concrete pavement performance.

J. Arboric. 2005, 31, 303–310.
39. Johansson, E. Influence of urban geometry on outdoor thermal comfort in a hot dry climate: A study in fez,

morocco. Build. Environ. 2006, 41, 1326–1338. [CrossRef]
40. Ali-Toudert, F.; Mayer, H. Effects of asymmetry, galleries, overhanging facades and vegetation on thermal

comfort in urban street canyons. Sol. Energy 2007, 81, 742–754. [CrossRef]
41. Shashua-Bar, L.; Tzamir, Y.; Hoffman, M.E. Thermal effects of building geometry and spacing on the urban

canopy layer microclimate in a hot-humid climate in summer. Int. J. Climatol. 2004, 24, 1729–1742. [CrossRef]
42. Picot, X. Thermal comfort in urban spaces: Impact of vegetation growth: Case study: Piazza della scienza,

Milan, Italy. Energy Build. 2004, 36, 329–334. [CrossRef]
43. Lee, C.; Moudon, A.V. Physical activity and environment research in the health field: Implications for urban

and transportation planning practice and research. J. Plan. Lit. 2004, 19, 147–181. [CrossRef]
44. U.S. Climate Cata—College Station, Texas. Available online: https://www.usclimatedata.com/climate/

college-station/texas/united-states/ustx2165 (accessed on 15 March 2016).
45. Wm350 Windmate® Multi-Function Wind Meter with Self-Calibrating Humidity Sensor and Wind Direction.

Available online: http://www.ambientweather.com/spwm350.html (accessed on 3 March 2016).
46. Atir e8-n/tn/gn Affordable, Compact, Versatile ir Camera for Entry Level. Available online: http://www.

satir-uk.com/wp-content/uploads/SATIR-Data-Sheets-2016-E8-N.TN_.GN_.pdf (accessed on 4 March 2016).
47. Average Height to Weight chart—Babies to Teenagers. Available online: http://www.disabled-world.com/

artman/publish/height-weight-teens.shtml (accessed on 15 February 2016).
48. Fisher, R.A. Statistical Methods for Research Workers; Genesis Publishing Pvt. Ltd.: Surrey, UK, 1925.
49. Wong, N.H.; Chen, Y.; Ong, C.L.; Sia, A. Investigation of thermal benefits of rooftop garden in the tropical

environment. Build. Environ. 2003, 38, 261–270. [CrossRef]
50. Dousset, B.; Gourmelon, F. Satellite multi-sensor data analysis of urban surface temperatures and landcover.

ISPRS J. Photogramm. Remote Sens. 2003, 58, 43–54. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/0169-2046(93)90016-7
http://dx.doi.org/10.1126/science.6143402
http://dx.doi.org/10.1016/S0272-4944(05)80184-7
http://dx.doi.org/10.1006/jevp.1998.0086
http://dx.doi.org/10.1177/001391659803000605
http://dx.doi.org/10.1177/001391659702900402
http://dx.doi.org/10.1177/00139160121973124
http://dx.doi.org/10.1177/00139160121973025
http://dx.doi.org/10.1016/j.buildenv.2005.05.022
http://dx.doi.org/10.1016/j.solener.2006.10.007
http://dx.doi.org/10.1002/joc.1092
http://dx.doi.org/10.1016/j.enbuild.2004.01.044
http://dx.doi.org/10.1177/0885412204267680
https://www.usclimatedata.com/climate/college-station/texas/united-states/ustx2165
https://www.usclimatedata.com/climate/college-station/texas/united-states/ustx2165
http://www.ambientweather.com/spwm350.html
http://www.satir-uk.com/wp-content/uploads/SATIR-Data-Sheets-2016-E8-N.TN_.GN_.pdf
http://www.satir-uk.com/wp-content/uploads/SATIR-Data-Sheets-2016-E8-N.TN_.GN_.pdf
http://www.disabled-world.com/artman/publish/height-weight-teens.shtml
http://www.disabled-world.com/artman/publish/height-weight-teens.shtml
http://dx.doi.org/10.1016/S0360-1323(02)00066-5
http://dx.doi.org/10.1016/S0924-2716(03)00016-9
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	Study Setting and Data Measurement 
	Data Analysis 

	Results 
	Independent Effect of Street Trees and Grass on Air Temperature 
	Combined Effect of Street Trees and Grass on Air Temperature 

	Discussion 
	Conclusions 
	References

