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Abstract

Small urban parks are the dominant form of green spaces in most Japanese cities and hold
great potential for heat stress mitigation. However, most research has focused on large
urban parks, leaving a knowledge gap in how small parks can be designed to mitigate
heat. Given that small parks are primarily used for rest, we focused on resting areas and
assessed their thermal conditions in three typical small parks in Kyoto, Japan. We then
examined how the spatial arrangements of park elements influenced thermal conditions.
Results revealed that nearly half of the resting areas were uncomfortable, underscoring the
urgent need for spatial design improvements. Linear mixed-effects models showed that
while shade elements, such as tree canopies and roofs, most effectively enhanced thermal
perception, their effectiveness was distance- and orientation-dependent. We also found
a critical mismatch between green ground and shade elements that adversely affected
thermal conditions. Our findings highlight that strategic spatial design, particularly the
thoughtful placement of shade elements and resting areas, is the key to providing thermal
comfort in small urban parks. This study provides evidence that small parks can act
as urban heat spots if poorly designed, but with appropriate design they can become
cool refuges.

Keywords: urban green spaces; heat mitigation; physiological equivalent temperature;
green space design; thermal comfort

1. Introduction
The IPCC [1] states that the most significant impacts of climate change on East Asia are

increasing hot summer days and decreasing cold winter days. In Japan, such changes have
occurred in most cities during the last few decades, and the trend is predicted to continue [2].
The increase in hot summer days and nights causes various issues such as promoting
greenhouse gas emissions owing to the increased use of cooling systems [3,4], limiting
outdoor physical activities [5], and resulting in increased mortality [6] and morbidity [7].

The cooling effects of urban parks, namely park cool islands effects (PCI), have been
demonstrated in various regions in the past decade (Table 1). Previous studies indicate
that the cooling effect of urban parks is associated with their size, suggesting the need to
increase park sizes [8,9]. However, spaces for urban parks are restricted in many cities,
particularly in densely populated cities. Taking Kyoto, Japan, as an example, more than
half of the urban parks are smaller than 500 m2, and over 90% are smaller than 5000 m2

(Figure 1a). These small urban parks serve as the primary public open spaces in most
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Japanese cities. Notably, urban parks in Japan are parks and green spaces established and
managed by national or local governments. Many existing urban parks were constructed in
the late 20th century, primarily for disaster evacuation and children’s play. Due to limited
space, small urban parks typically consist of a few trees, benches, and play equipment
(Figure 1b). In highly urbanized cities, where green spaces are generally limited, these small
urban parks are valuable green spaces that provide various ecosystem services. However,
the challenge of small urban parks in heat mitigation has been documented by Chang et al.,
who conducted a comprehensive study of 61 urban parks in Taipei, Taiwan [10]. Their
research revealed that smaller parks are more likely to be hotter than their surroundings.
While large green spaces benefit from abundant vegetation that provides extensive shade
and cooling through evapotranspiration, small green spaces are particularly vulnerable to
the heat-amplifying effects of surrounding built environments.

 

Figure 1. (a) Histogram of the area of urban parks in Kyoto, Japan; (b) an example of small urban
parks in Kyoto.

Effectiveness is especially critical for small urban parks due to the limited space
available for implementing heat mitigation measures, but knowledge of how to maximize
the effectiveness within a small space is limited. This is because most research on PCI
has primarily focused on parks larger than 1 hectare, with a significant portion centering
on comparing air temperature (Ta) or land surface temperature (LST) between parks and
their surroundings (Table 1). While these studies contribute to urban heat island effects
mitigation, Ta and LST are insufficient proxies for understanding thermal perception
because they do not account for factors such as humidity, wind speed, and radiation.
Therefore, to better capture how people experience thermal environments, it is essential
to use thermal comfort indices such as physiological equivalent temperature (PET) and
universal thermal climate index (UTCI) to assess the heat stress mitigation function of
green spaces.

Moreover, small parks are often overlooked in research and planning, likely because
their benefits are assumed to scale with size. In effect, they play an essential role in urban
resilience. They are located closer to people’s homes, and therefore are more accessible,
more frequently used by children [11], and more convenient for daily activities. Improving
the summer thermal comfort of small urban parks is thus both important and increasingly
necessary in the context of rising global temperature.

Among the many factors that affect thermal comfort, researchers suggest tree canopies
and shade shelters play a pivotal role in reducing heat stress by intercepting solar radi-
ation [12,13]. Accordingly, as the ambient temperature rises, people naturally seek out
shaded areas for relief [14–16]. Shade provision is particularly critical in hot regions. Che-
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ung and Jim [17], who have explored the effect of shade provision on temperature in a
humid-tropical region, recommend a very high level of tree cover (90%) for thermal com-
fort. Recent studies focusing on maximizing the heat mitigation effect of shade provision
highlight the importance of strategically positioning shade elements. Cui and Shibata [12]
found that Japanese gardens are strategically designed to protect visitors from the summer
heat, and the cooling effect is attributed to the extensive shade (about 70%) provided by
roofs positioned within a 10 m radius of resting areas. Lachapelle et al. assessed the cooling
effect of different tree placements in street canyons, concluding that evenly distributed
trees are more effective for heat mitigation than clustered arrangements [18]. Nonetheless,
several key questions remain unanswered, such as how the orientation of shade elements
influences thermal comfort and what the optimal size of shade elements is to ensure thermal
comfort. Such insights are important for small green spaces where room for shade elements
is limited.

Grass and pavement are other primary park elements that can potentially influence
thermal perception. Multiple studies have demonstrated that grassy surfaces provide better
summer thermal conditions compared to impervious surfaces like pavement [19,20]. This
difference stems from several key characteristics of grass: its lower albedo, potential for
evapotranspiration, and soil water evaporation, which collectively contribute to lower air
and surface temperatures during summer days [21,22]. However, research indicates that
grass is less effective at reducing heat stress compared to trees [12,21,23–25]. Moreover,
Cui and Shibata [12] suggest that while grassy surfaces can improve thermal comfort in
shaded areas, the effect requires a substantial area of grass to be meaningfully noticeable.
However, the nighttime cooling effect of grass is highly recognized, it is even better than
that of trees, because the heat trapped in the grassy area can be released through longwave
exchange with the night sky [19,26,27]. Some studies suggest irrigated grass can greatly
increase cooling effects [28,29], but concerns remain as few cities can provide irrigation for
public parks, especially in regions with arid climates. Overall, while the effects of grass on
air and surface temperatures are relatively well-understood, how the distribution of grass
and pavement in small green spaces impacts thermal perception remains less explored.

In small urban parks, limited space often restricts visitor activity to designated resting
areas like benches, making these areas the primary sites of user interaction. Consequently,
the thermal conditions within these resting areas play a critical role in determining overall
user comfort. We hypothesize that the spatial arrangement of park elements surrounding
these resting areas significantly impacts users’ thermal perception. Therefore, strategically
designing the immediate surroundings of resting areas can enhance the heat mitigation
performance of small urban parks.

To test this hypothesis and address gaps in the spatial design strategies of small urban
parks for effective heat mitigation, we conducted field measurements and spatial analysis
to answer the research question: How can the arrangement of park elements around resting
areas be optimized to enhance thermal comfort in small urban parks?

This main question is further examined through two specific sub-questions:

(1) How are park elements positioned around resting areas in small urban parks?
(2) How does the placement of park elements, such as their orientation relative to resting

areas and their proportions within a defined proximity, influence thermal perception?
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Table 1. Literature on Park Cool Islands.

Reference Park Number Park Scale Methods PCI Presented By City Climate

[30] 1 4.5 ha Simulation
(Envi-met)

Ta (Air
temperature) Chongqing Hot and humid climate

[31] 27 1–106 ha In situ
measurement

LST (Land surface
temperature) Melbourne Temperate oceanic

climate

[32] 1 680 ha In situ
measurement Ta Beijing

Monsoon influenced
humid continental

climate

[8] 10 15.2–285.3 ha In situ
measurement Ta Beijing

Monsoon influenced
humid continental

climate

[9] 153 0.3–461.7 ha Remote sensing LST Changsha Subtropical monsoon
climate

[33] 1 2.0 ha Simulation (CFD) Ta Ljubljana Temperate oceanic
climate

[34] 1 14 ha In situ
measurement Ta Argentina Arid continental climate

[35] 8 0.3–7.7 ha Remote sensing LST Granada Mediterranean climate

[36] 3 1.5–26 ha In situ
measurement LST Melbourne Temperate oceanic

climate

[37] 1 355 ha Simulation
(Envi-met) PET and Ta Berlin Temperate oceanic

climate

[38] 1 1.5 ha In situ
measurement Ta Melbourne Temperate oceanic

climate

[39] 266 0.4–5654 ha Remote sensing LST Beijing
Monsoon influenced
humid continental

climate

[40]
7 locations on
a university

campus
/

In situ
measurement and

simulation
(Envi-met)

Ta and MRT Portland Temperate oceanic
climate

Note: The reference list is a result of a literature search conducted on ScienceDirect using the keyword “park cool
island” in November 2023.

2. Study Area and Methods
2.1. Study Area

The study area, Kyoto (35◦00′ N, 135◦46′ E), has a warm temperate climate (Cfa,
Köppen climate), with an annual precipitation of 1522.9 mm, and a daily mean maximum
temperature in August of 33.7 ◦C (average based on the values observed from 1991 to
2020) [41]. It is not the hottest city in Japan, but it ranks at the top for the number of
extremely hot days (defined as days with temperatures exceeding 35 ◦C) among all cities in
Japan. As a historic former capital, Kyoto’s city center is characterized by narrow streets
and dense construction, with a population density exceeding 11,000 people per km2 [42].
This compact urban form poses significant challenges for green space planning, leaving
very limited room for urban parks or other vegetated areas. As a result, most parks in the
city center are small in scale, with a median area of 830 m2 [43].

We selected three typical small urban parks, Parks A, B, and C (Figure 2 and Table 2),
that are near each other, differ in scale and environments, and are equipped with resting
areas such as benches and pavilions. All the study sites are in residential areas facing
narrow streets. As shown in Figure 2b, Park A is particularly small and is only equipped
with two benches. However, it is the most profoundly shaded park among the three study
parks. Park B is the biggest one, including three benches, one pavilion, and one wisteria
trellis. A line of cherry trees is planted on the west, and the north and east of the park are
forested with big trees. In the middle of the park is an island planted with pine trees. Park
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C has the features of typical urban block parks, being relatively small and having some
benches and play equipment.

Figure 2. (a) Location of the study parks; (b) satellite images of the three study parks and study
points. A1, A2, B1-B5, and C1-C4 are the investigation points of the resting areas, and A-o, B-o, and
C-o are the reference points.
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Table 2. Profile of the three study parks.

Park A Park B Park C

Construction year 2004 1998 2006
Area (m2) 192 3120 703

Park-wide tree canopy
cover (%) 89 41 34

Dominant arbor tree
species

Quercus glauca Acer
palmatum

Pinus densiflora,
Cerasus × yedoensis

Cerasus × yedoensis,
Acer palmatum

Number of resting areas
within the park 2 benches

3 benches
1 pavilion

1 wisteria trellis
4 benches

Note: Italicized text indicates the scientific names of the species.

2.2. On-Site Meteorological Measurement

Meteorological measurements were conducted for three non-continuous days in each
park from August to early September 2019. All the measurements were conducted on
sunny or partly cloudy days, from 9:00 to 17:00. Since small parks are primarily used for
resting, we focused on the thermal perception in resting areas. All resting areas, including
benches and the seating areas under pavilions and trellises, were designated as study points
(Figures 2b and 3). For each park, we also established a reference point in a nearby open
area to compare the difference in thermal perception between resting areas and the open
area. Notably, as illustrated in Figure 2b, all three parks are located along narrow streets,
making it difficult to find areas perfectly isolated from surrounding buildings and trees.
We carefully selected reference points within or near the parks that were less likely to be
shaded by surrounding buildings or trees and minimally affected by vehicle traffic.

The Kestrel 5400 Heat Stress Tracker (hereafter referred to as Kestrel) and the WatchDog
2400 Mini Station (hereafter referred to as WatchDog) were used to monitor thermal
conditions (see Supplementary Material Table S1 for specifications). The Kestrel records
air temperature (Ta), relative humidity (RH), wind speed (v), and globe temperature (Tg),
all of which are necessary for evaluating physiological equivalent temperature (PET). Its
high mobility allowed rotation between multiple resting areas with limited number of
instruments (n = 3). In Park A, two Kestrels were placed by two benches, with one at the
reference point (A-o). In Park B, three Kestrels were moved between paired study points (B1
& B2, B3 & B4, B5 & B-o) every 15 min. In Park C, two Kestrels were moved between C1 & C2
and C3 & C4 every 15 min, with a third placed at the reference point (C-o). As the sensor for
measuring Ta requires approximately eight minutes to reach 95% accuracy, only data after
this period were used for thermal perception evaluation. A notable limitation of the Kestrel
is its lack of radiation shielding, leading to higher Ta readings due to solar radiation. To
address this, Ta was simultaneously measured at reference points (A-o, B-o, and C-o) using
the radiation-shielded WatchDog. All Kestrel-measured Ta values were calibrated against
WatchDog data to ensure accuracy (see Supplementary Material Figure S1 for calibration
details). In resting areas, sensors were tripod-mounted at the seated breast height of
resting areas. For the reference point, sensors were mounted at 1.5 m, corresponding to the
standing breast height of an average adult (Figure 3).
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Figure 3. Photos of the resting and open areas. Notably, the reference points A-o and C-o were placed
to the south of the buildings and therefore were not shaded by the buildings during the study period.

2.3. Thermal Perception Evaluation

Physiological equivalent temperature (PET) was used to evaluate the thermal per-
ception experienced in the resting areas of the parks. Höppe developed PET in the 1990s
according to the Munich Personal Energy Balance Model [44], and today it is the most
widely used index to assess thermal comfort [45]. RayMan model 1.2 [46] was used to
calculate PETs. In Central and Western Europe, PET values ranging from 18 to 23 ◦C indi-
cate thermally comfortable conditions [47] (Table 3). People in different regions perceive
thermal conditions differently, hence researchers have calibrated the perception ranges of



Climate 2025, 13, 234 8 of 21

PET for different climates so that the evaluation can accurately reflect local people’s thermal
perception. In this study, due to the lack of relative studies conducted in Japan, we used the
PET perception ranges that were calibrated for people in central Taiwan (Table 3). Although
central Taiwan is at a lower latitude, its hot and humid climatic conditions are closest to
those of Kyoto compared to other cities that have calibrated PET perception ranges [12].

Table 3. Physiological equivalent temperature (PET) values and relevant thermal perception in
Central Western Europe and Central Taiwan.

Central/Western Europe (◦C) [47] Central Taiwan (◦C) [48] Thermal Perception

8~13 18~22 Cool
13~18 22~26 Slightly cool
18~23 26~30 Comfortable
23~29 30~34 Slightly warm
29~35 34~38 Warm
35~41 38~42 Hot

>41 >42 Very hot

The estimation of PET values requires the input of the mean radiant temperature
(MRT), Ta, RH, and v as meteorological parameters, as well as personal parameters and
clothing-insulation data. The metabolic rate was set to a sitting-quiet level (58 W). The
clothing insulation was set to typical summer clothes (0.5 clo), and the personal data was
set to a typical Japanese man at 35 years old (1.72 m tall and 71 kg, referred to the official
statistics of Japan).

MRT represents the radiative exchange between the human body and its surrounding
environment. It is a key factor for evaluating outdoor thermal conditions because people’s
thermal perception is predominantly affected by radiation. We estimated MRT by using
Equation (1) which was calibrated by Ouyang et al. [49] for estimating MRT in hot and
humid regions.

MRT =
[
(273 + Tg)4 + 0.678 × 108v0.019(Tg − Ta)/εD0.4

]0.25
− 273 (1)

where Tg is the globe temperature, Ta is air temperature, v is wind velocity, ε is the emissivity
of the globe (0.95), and D is the globe diameter (0.025 m) of the globe thermometer.

2.4. Spatial Analysis

Spatial analysis was performed to examine the placement of key park elements, namely
trees, roofs, green ground, and pavement in relation to resting areas. Definitions of these
park elements are provided in Table 4. We first measured the area of park elements within
5, 10, and 20 m radii from the resting areas by using QGIS (version 3.16.11). These distances
were selected because the composition of park elements was the most diverse within these
ranges without extending too far beyond the park boundaries (Figure 4). The areas of roofs,
green ground, and pavement were measured based on site plans of the parks provided
by Kyoto City, while tree canopy coverage was measured using high-resolution aerial
photographs taken in August 2020 (provided by Geospatial Information Authority of Japan),
and cross-checked by Google Earth satellite imageries and onsite confirmation. Second, we
analyzed the directional relationship between shade-providing elements and resting areas.
Given the importance of shade for summer thermal comfort [50], the combined area of tree
canopies and roofs (TR) was additionally divided into four cardinal directions (Figure 4)
and the proportion of TR in each direction was calculated.
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Table 4. Definitions of the park elements considered in this study.

Garden Elements Definition

Tree canopy Tree canopy at a height of 3 m or more
Roof Roofs of pavilions and buildings

Green ground Ground surface materials, including moss, grass, and shrubs, that are less than 3 m in height
Pavement Paving materials, including concrete, asphalt, stone, gravel, and soil

Tree canopy and roof (TR) The area that is covered either by tree canopies or roofs

Figure 4. Satellite images of resting areas, within a radius of 20 m from the investigation points.

2.5. Statistical Analysis

A linear mixed-effects regression analysis was conducted to examine the relationship
between the proportions of park elements and thermal perception in resting areas. In
addition to the park elements’ proportions (fixed effects), variations in locations and survey
dates (random effects) could influence thermal perception as well, because meteorological
measurements were conducted on different days across the three parks. In this sense, linear
mixed-effects regression models provide a more accurate estimation of the fixed effects
on thermal perception, accounting for the random effects [17]. All statistical analysis was
conducted with R (version 4.1.1), and the linear mixed-effects regressions were analyzed
with the lme4 package.

3. Results
3.1. Thermal Perception in the Resting Areas and Surrounding Open Areas

The maximum temperature on all nine survey days exceeded 30 ◦C, and, on five of
those days, surpassed 35 ◦C (see Supplementary Material Table S2 for weather conditions).
As shown in Figure 5, thermal conditions at the reference points were evaluated mainly
as “hot” (PET of 38–42 ◦C) and “very hot” (PET > 42 ◦C), revealing severe hot conditions
urban Kyoto would experience without heat mitigation measures. Compared to open areas,
the thermal perception in the resting areas was generally improved but to different degrees.
In Park A, the thermal perception at the two benches remained relatively stable during
the survey period, ranging from “slightly warm” (PET of 30–34 ◦C) to “warm” (PET of
34–38 ◦C). This indicates that Park A was suitable for resting even on the hottest days in
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Kyoto. In contrast, the resting areas in Parks B and C exhibited varying thermal conditions.
While some resting areas were mainly “slightly warm” and “warm,” about half of the
resting areas were primarily “very hot,” indicating Parks B and C cannot comprehensively
ameliorate heat stress.

Figure 5. Hourly mean PETs of resting and open areas during the survey period. Dashed lines
represent PET trends in open areas and solid lines represent those in resting areas. Shaded areas
indicate variability (±SD) around hourly mean PET shown by the lines of the same colors.

3.2. Spatial Relationship Between Park Elements and Resting Areas

The proportions of the four park elements surrounding the resting areas highlight the
diverse spatial environments of the resting areas (Figure 6). The most notable variation
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was observed in the tree canopy, the proportion of which ranged from 8% to 100% within a
5 m radius. On average, tree canopy cover within a 5 m radius was 47.2% but gradually
decreased to 39.5% within a 20 m radius. As only one resting area (B3) was located under a
pavilion, the average roof area was 2.1% and 1.3% within 5 and 10 m radii, respectively.
However, the roof proportion increased to 6.7% within a 20 m radius due to the inclusion
of nearby building roofs in the measurements. Pavement accounted for an average of over
85% within 5 and 10 m radii, making it the most extensively used park element surrounding
the resting areas. The proportions of green ground and pavement within these radii were
significantly and negatively correlated (see Supplementary Material Figure S2-1 for the
full results).

Figure 6. Area (%) of the four park elements in 5, 10, and 20 m radii from the resting areas.

The cardinal distribution of tree canopies and roofs (TR) in relation to resting areas
was presented in Figure 7. The orientation of TR is important when assessing whether the
shade elements provide shade throughout different times of the day. For instance, B1 had
42.2% of TR within a 5 m radius but they were distributed mostly to the north and east of
B1 (Figure 7). This spatial relationship left B1 exposed to solar radiation during noon and
afternoon hours, resulting in high heat stress as shown in Figure 5. Similarly, although B1
and B2 had comparable proportions of TR within a 5 m radius (42.2% and 44.8%), thermal
perception in B1 was significantly hotter than that in B2. This disparity arose because the
TR around B1 were primarily located to the north and east, whereas around B2 they were
positioned to the south, offering more effective shading during the hottest hours. The
relationship between the orientation of shade elements and thermal perception is further
discussed in Section 3.3.
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Figure 7. Proportion of shade elements (tree canopies and roofs) across the 11 resting areas within
the radii of 5, 10, and 20 m, presented in four cardinal directions.

3.3. Effects of Park Element Placement on Thermal Perception in Resting Areas

Among the four park elements examined, tree canopies and green ground signifi-
cantly influenced the thermal perception (Figure 8a). In line with previous studies, resting
areas with a higher proportion of surrounding tree canopies exhibited improved thermal
conditions from morning to afternoon. A novel finding of this study, however, is that this
relationship is significant only within a 5 m radius. Taking resting area B5 as an example,
because most trees were in some distance to it, it experienced “very hot” thermal conditions
throughout the survey period despite it having about 60% tree canopy coverage within
a 20 m radius. This highlights the importance of proximity and the shade effect of trees,
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underscoring that the cooling effect of trees is most effective when they are located close
to resting areas. Although roofs could have effectively improved thermal perception, as
there was a very limited area of roofs near the resting areas (2.1% within a 5 m radius), no
significant relationship was found between roof areas and PET values.

Figure 8. Relationships between the PETs in the resting areas during the morning, noon, and afternoon
hours and (a) the area of park elements, as well as (b) the area of shade elements in four directions.
The horizontal dotted line at 38 ◦C marks the threshold for “hot” thermal conditions. Note that only
the significant relationships (p < 0.05) were plotted on this figure. Each point represents a resting area,
and its PET value represents the average PET value for morning, noon, or afternoon at that location.
See Supplementary Material Tables S3 for the full results.

To further investigate the effect of shade orientation on thermal comfort, the correlation
between TR (the combined proportion of tree canopies and roofs) in four cardinal directions
and PET was examined. As shown in Figure 8b, PET values were influenced by TR in
specific directions, with the effects varying by time of day. In the morning (9–11 AM), TR
to the south of resting areas (TR_S) within a 5 m radius significantly reduced PET. During
midday (11 AM–15 PM), TR_S within a 5 m radius and TR_W within 5 and 10 m radii had
strong heat mitigation effects. In contrast, TR to the north (TR_N) within a 20 m radius
significantly worsened thermal perception during this period. This phenomenon persisted
into the afternoon, lasting until 17:00. This negative effect was probably attributed to
TR_N’s inability to provide shade and its potential to obstruct air movement and increase
humidity, thereby reducing thermal comfort. In the afternoon (15–17 PM), TR_S and TR_W
within a 5 m radius continued to be negatively correlated with PET. Meanwhile, TR_E
showed no significant correlation during any of the survey periods. While many studies
have emphasized the benefits of tree canopy coverage, our findings highlight that trees are
not always beneficial but only when they are strategically oriented to provide shade over
resting areas.
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Linear mixed-effects models further suggest that, to maintain thermal perception
below the “hot” condition (PET < 38 ◦C) during morning hours, about 8% coverage of TR_S
is needed within a 5 m radius. As heat intensifies over time, the required shade coverage
increases as well. At noon, TR_W coverage is suggested to exceed 63% and TR_S coverage
should exceed 66% within a 5 m radius. Notably, TR_S plays a slightly more important role
at noon, whereas in the afternoon, greater coverage of TR_W is required, about 40% TR_W
and 34% TR_S, to maintain PET below 38 ◦C.

While previous studies have suggested that green ground contributes to summer
thermal comfort, our findings indicate the opposite, that larger areas of green ground
were associated with increased heat stress (Figure 8a). Specifically, green ground within a
10 m radius was negatively correlated to thermal comfort during the morning (9:00–11:00)
and green ground within a 20 m radius had negative effects from noon to late afternoon
(11:00–17:00). This adverse effect is likely attributable to the fact that green ground in these
parks was more frequently paired with open sky than with shade elements. Supporting this
interpretation, the linear correlation analysis of park element proportions revealed a nega-
tive association between green ground within a 20 m radius and tree canopy within a 5 m
radius, as well as TR_W within 5 and 10 m radii (see Supplementary Material Figure S2-2).
These results suggest that high thermal stress in some resting areas was not directly caused
by the presence of green ground, but rather by a lack of shade over both the resting areas
and the adjacent green ground. This points to a potential mismatch in park spatial design:
resting areas surrounded by green ground are more likely to be open, and thus exposed to
direct solar radiation, while those adjacent to paved surfaces are more often shaded and
thermally comfortable.

Overall, the results suggest that shade elements—particularly those located to the
west and south of resting areas and positioned nearby—play a crucial role in enhancing
thermal comfort. In contrast, shade elements that do not provide shade to resting areas,
whether due to their distance or orientation, as well as green ground lacking overhead
shade, do not contribute to thermal comfort during hot summer days in Kyoto.

4. Discussion
4.1. Thermal Perception in the Resting Areas of Small Urban Parks

Urban thermal conditions in Kyoto apply high heat stress on people as exhibited by the
high PET values in the open areas (Figure 5). Therefore, cool urban parks are essential for
helping pedestrians and outdoor workers relieve heat stress and enabling children to safely
enjoy outdoor activities during the summer. This study focused specifically on resting areas
within small urban parks to examine whether they are strategically designed to alleviate
heat stress for visitors seeking relief from urban heat. Contrary to the common belief
that urban parks provide cooling effects, not all resting areas in the study parks offered
sufficiently cool environments for comfortable rest. From noon to the afternoon, half of the
resting areas were “very hot”, while the other half were “warm” or “hot.” These findings
suggest that a considerable number of small urban parks in Kyoto may not effectively
mitigate heat stress, particularly during the hottest hours of the day. Considering the
warming climate and increasing frequency of extremely hot days, enhancing the thermal
conditions of resting areas in small urban parks will be crucial to maintaining their usability
and contributing to a climate-resilient urban environment.

4.2. Suggestions for Small Urban Park Design for Thermal Comfort

The findings of this study suggest that shade provision is the most critical intervention
for improving thermal comfort in the hot and humid climate of Kyoto. This aligns with
previous studies conducted in regions with similar climatic conditions, such as southern
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Taiwan [14], Hong Kong [51], and central Japan [52], where shade from trees and shelters
was identified as the dominant factor reducing heat stress.

Many studies have proposed practical design and planning strategies for effective
shading. Kántor et al. [53] examined the heat mitigation effect of trees and sun sails in
southwestern Hungary and found that both significantly improved thermal perception,
with dense canopy reducing PET the most, followed by sparse canopy, and sun sails.
Similarly, a study conducted in central Japan reported that building and pergola shades
improved thermal perception to a comparable degree [54]. These findings suggest that
shade elements with low transmissivity, such as dense canopies, buildings, and pergolas are
effective in enhancing thermal comfort. In addition, numerous studies have explored ways
to improve pedestrian comfort. Research in Colombo (Sri Lanka) [55] and Hong Kong [56]
found that deeper street canons are positively associated with pedestrians’ thermal comfort,
as narrower streets and taller buildings provide more extensive and longer-lasting shade.

A novel and significant contribution of this study is the emphasis on the strategic
placement and orientation of shade elements in relation to resting areas within small
urban parks.

(1) Orientation and placement of shade elements:
To block solar radiation effectively, shade elements should be placed to the west and
south of resting areas. We also recommend placing shade elements and resting areas
in proximity, ideally within a 5 m radius. While this may seem obvious, especially
for artificial shelters like pavilions and roofs, as benches are typically placed beneath
them, the alignment between trees and resting areas is often less consistent. For
instance, in our study parks, nearly half of resting areas lacked effective shading,
while some well-shaded spots under large tree canopies were left unused simply due
to the absence of seating amenities.
The sun’s position varies throughout the day, causing shifting shadow patterns.
During the morning hours (9:00–11:00), when the sun was high in the southeast, shade
elements to the south within a 5 m radius had a significant influence on thermal
perception. Around midday (11:00–15:00), with the highest solar altitude, shade
elements with sufficient horizontal spread became essential for providing effective
shade. Accordingly, shade elements to the west and south within a 5 m radius showed
the strongest mitigation effect. As the sun moved westward during this period, west-
side shade elements within a 10 m radius still provided some shading, though less
effectively than those positioned closer to the resting areas (Figure 8b). In the afternoon
(15:00–17:00), as the sun lowered toward the west and shadows extended, west-
oriented shade became more important while the required TR proportion decreased.
Overall, close-proximity shade elements provide shading benefits in low-latitude
summer conditions. In practice, the placement of shade elements can also be adjusted
according to typical periods of use. For example, green spaces in busy districts require
a more extensive and evenly distributed shade to support full-day use, whereas spaces
primarily used for morning or evening exercises may be effectively shaded with a
moderate amount of cover concentrated on the south or west.

(2) Proportion of shade elements:
The results indicate that positioning over 60% of shade elements to the west or south
of resting areas, within a 5 m radius, can prevent those areas from becoming “hot”
during peak daytime temperatures (11:00–15:00). For afternoon comfort (15:00–17:00),
30–40% shade elements are required. As morning thermal conditions are relatively
cool, approximately 10% shade coverage to the south is sufficient. A study on Japanese
gardens in Kyoto [12] suggest maintaining about 85% and 80% shade coverage within
5 and 10 m radii, respectively, to maintain a PET below 38 ◦C. These quantitative
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thresholds offer practical value for park designers and urban planners, enabling the
creation of thermally comfortable rest spots in limited spaces using the minimum
number of trees or shelters.
Beyond hot and humid regions, the strategic placement of shade elements is also
critical for summer thermal comfort in other warm climates. However, the optimal
density and type of shade should be calibrated to local climatic conditions. For
instance, evergreen trees provide continuous shading and are advantageous in regions
with extended hot seasons, while deciduous trees can enhance seasonal comfort in
temperate climates by offering shade in summer and allowing solar warming in
winter. Therefore, while the design suggestions proposed in this study have broad
applicability, vegetation selection and seasonal management should be tailored to
regional climate characteristics.

(3) Balancing shade and ventilation:
In this study, the effects of trees and buildings (roofs) were primarily assessed through
their contributions to shade provision. However, these elements may also influence
thermal perception by blocking wind. A simulation study of urban canyons reported
that higher green coverage ratios and denser tree canopies weaken airflow [57]. Simi-
larly, in this study, the proportion of tree canopies and roofs located to the north within
a 20 m radius (TR_N) was negatively associated with thermal perception (Figure 8b).
Although this effect was not explicitly quantified in the present analysis, it should be
further examined in future studies and carefully considered in practical park design.

(4) Ground materials:
The effect of green ground on thermal comfort has been found to be weak in many
studies [17,58], including the present study. This is likely due to the small volumes
of ground vegetation in small green spaces and inappropriate placement of green
ground. Although small patches of green ground may not substantially improve
thermal perception, increasing green ground coverage reduces pavement area, which
is important because paved surfaces can intensify heat stress, especially under direct
sunlight [17]. In this study, green ground was negatively correlated to thermal comfort
(Figure 8a) because resting areas surrounded by a large proportion of green ground
were often designed to be open with fewer trees. As this study examined only three
parks, further research is needed to determine whether this pattern is widespread in
park design. Nevertheless, unshaded green ground not only provides limited cooling
but is also vulnerable to water stress under solar radiation, whereas shaded green
ground can further enhance thermal comfort due to lower surface temperatures [58].
Similarly, both Cui and Shibata [12] and Cui et al. [24] suggest that green ground
enhances thermal comfort when it is extensive and shaded. Taking these findings into
account, along with the broader benefits of green ground, including habitat provision
and flood mitigation, we recommend prioritizing green ground over pavement in
urban parks, provided that effective shade is ensured during the hottest hours of
the day.

4.3. Limitations

This study has several methodological limitations that should be considered when
interpreting the findings.

This study only investigated three small urban parks. While the results indicate that
many resting areas lack thermal comfort, the small sample size limits the generalizability of
findings. A comprehensive evaluation of thermal conditions across urban parks is therefore
needed to identify those lacking cooling capabilities, which could serve as a first step
toward enhancing cities’ heat resilience. Such assessments would help the government
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develop long-term heat-mitigation strategies, improve the thermal conditions of existing
urban parks, and ultimately contribute to more resilient urban environments.

The limited number of study points (n = 11) also restricts the ability to generalize
the relationships between park spatial design and thermal perception. Future studies
should collect a larger volume of meteorological and spatial data to improve the accuracy
of regression models. This approach, however, is time-consuming, labor-intensive, and
expensive. In this sense, numerical simulations could serve as valuable tools for quantifying
the efficacy of various spatial designs and suggesting practical green space designs that
can mitigate heat stress under prevailing and future climates.

Due to the limited number of instruments, thermal conditions in Parks B and C were
measured at 15 min intervals using rotation protocol. This may have introduced temporal
aliasing, potentially missing short-term peak exposures. To mitigate this bias, measure-
ments were conducted over three days at each site under similar weather conditions,
allowing the temporal variation to be averaged across the dataset.

Air temperatures were obtained using a combination of Kestrel and WatchDog. Al-
though empirical calibration was applied, certain errors remained (RMSE = 0.872 ◦C). This
was likely because the calibration was based on open conditions, while field measurements
included both shaded and sun-exposed locations, which may have introduced site-specific
deviations. Nevertheless, because all data were collected and processed consistently and
the calibration was based on a large dataset (n = 2254), we consider the overall thermal
patterns and comparative findings to be robust.

Thermal perception was evaluated based on the PET thresholds calibrated in central
Taiwan. Although previous studies suggest that populations in hot and humid climates
tend to exhibit similar summer thermal perceptions [48,59], this study did not verify
whether the PET thresholds derived from central Taiwan are appropriate for the population
in Kyoto. Therefore, further research should establish locally calibrated PET thresholds
that accurately reflect thermal perception in Japanese cities.

Heat mitigation strategies should not sacrifice winter thermal comfort. Kyoto’s winters
are cold and humid, making open and bright environments desirable during this season.
Deciduous trees should be ideal for placement near resting areas, as they provide shade in
summer while allowing sunlight to penetrate in winter. However, this study focused exclu-
sively on summer conditions, and therefore the findings primarily reflect heat mitigation
performance rather than year-round thermal comfort. Future studies need to incorporate
multi-seasonal measurements to seek the most ideal design strategies for the thermal com-
fort of urban parks in all seasons. In addition, airflow affects thermal perception differently
in hot and cold seasons. Studies exploring the relationships between spatial configurations
and desirable wind conditions would further enhance climate-responsive park designs.

5. Conclusions
In this study, we evaluated the thermal conditions of 11 resting areas across three

typical small urban parks (<5000 m2) and assessed whether these parks can protect people
from summer heat in a hot and humid city. Approximately half of the resting areas were
found to be unsuitable for use on hot summer days. As urban temperatures continue
to rise, these conditions are likely to worsen, leading to underutilization of valuable
urban green spaces. Immediate improvements in park design and thermal conditions
are therefore required. Our findings indicate that strategic placement of park elements
is key to ameliorating heat stress. Shade elements should ideally be placed within a 5 m
radius of resting areas. Orientation also matters. Shade elements placed to the east or
north of resting areas contribute little to thermal comfort, whereas placement to the west
and south maximizes heat mitigation, with hottest hour thermal comfort achieved when
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shade elements occupy more than 60% of the area within a 5 m radius. Notably, thermal
comfort at noon relies more on south-facing shade, while afternoon comfort relies more
on west-facing shade. While green coverage and accessibility are widely acknowledged
as important park qualities, our observations suggest that not all parks effectively reduce
heat stress, highlighting the need for evidence-based design guidance. As cities become
hotter, accessibility alone is insufficient if parks do not provide comfortable shelters. We
recommend that cities, especially in hot regions, establish design guidelines to ensure
every neighborhood has access to parks with high heat mitigation capacity. Such parks
are especially critical in neighborhoods with low-income residents or a high share of older
adults, who are more vulnerable to summer heat and have a greater need for cool public
spaces [60,61]. In Japan, which has the world’s highest share of elderly citizens—28.9% aged
65 and above in 2021 [62]—strategically designed urban parks can significantly enhance
both park value and citizens’ well-being [61,63].
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