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Abstract

Outdoor open spaces are essential for daily activities in ageing rural environments, yet the
thermal effectiveness of vegetation under varying structural configurations remains unclear.
Most existing Outdoor Thermal Comfort studies focus on dense urban canyons; the present
study addresses this gap by examining a complexity threshold in vegetation cooling under
high-SVF rural conditions and the radiation–ventilation trade-off that underlies it. An
ENVI-met model was calibrated using field data from a typical village on the North China
Plain and 17 vegetation scenarios were simulated. The findings reveal a non-linear rela-
tionship between vegetation complexity and cooling efficiency. A threshold of complexity
was observed: the cooling performance declined with an increase in stratification from a
double-layer (Scenario 12) to a triple-layer (Scenario 14) structure, with the change in mean
radiant temperature (∆Tmrt) dropping from 23.16 ◦C to 21.10 ◦C. This is due to a radiation–
ventilation trade-off, in which denser vegetation increases shading but reduces near-surface
ventilation. Dense arrangements exhibit a heat trap effect, with the long-wave radiation
flux changing from a cooling (−3.42 K/h) to a heating (+2.11 K/h) state. The results show a
threshold effect in vegetation cooling and that thermal comfort is not necessarily enhanced
by increased complexity. A shaded-canopy and permeable-understory structure is found
to be optimal. The findings inform vegetation design in climate-adaptive rural settings.

Keywords: outdoor thermal comfort; complexity threshold; cooling effect; aging rural
environments; nature-based solutions

1. Introduction
Open spaces are vital for rural residents’ daily social and productive activities [1].

In the era of global warming and urbanisation, China’s rural microclimate is becoming
warmer [2]. Traditionally, rural microclimate adaptation has been based on urban expe-
riences. But the rise in impervious surfaces and homogeneous landscape patterns has
increased the fragility of rural ecosystems [3], leading to greater outdoor thermal stress
and shorter outdoor activity times for rural residents [4,5]. With the lack of rural financial
resources, affordable optimisation measures based on Nature-based Solutions (NbS) are
needed [6]. As a result, tree planting has emerged as a key approach to enhance Outdoor
Thermal Comfort (OTC) [7] through shading [8], wind regulation [9] and evaporative
cooling [10].
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The microclimate regulation by trees is multifaceted [9,11]. While trees shade and
block sunlight, their resistance to airflow increases surface roughness and reduces venti-
lation, which may reduce the cooling effect [12]. Recent research has begun to recognise
that this dual effect produces non-linear, threshold-dependent cooling behaviour rather
than a monotonic relationship with greening volume [13,14]. Denser canopies can sup-
press pedestrian-level airflow and offset the radiative shading gains, producing localised
feedbacks that complicate the assumed linearity between greening intensity and cooling
performance. Numerical simulations (e.g., ENVI-met) have been extensively used in previ-
ous research to study tree morphology, leaf area density (LAD) and planting patterns in
urban settings [15,16], with recent methodological advances refining the representation of
vegetation aerodynamic and radiative interactions in microclimate models [17]. Studies
show that proper tree placement can lower the Physiological Equivalent Temperature (PET)
by 20% [9]. For instance, species selection considering street orientation and building
distance balances seasonal temperature extremes [11]. However, the existing evidence for
these threshold effects is overwhelmingly drawn from dense urban canyons, where low
sky view factor (SVF) and high building density define the radiative regime [18]. But it
remains unclear if increasing vegetation structural complexity always enhances thermal
comfort in rural areas with large Sky View Factors (SVF), or if there is a threshold beyond
which the cooling effect weakens due to a heat trap effect. This is largely due to the lack of
research on the trade-off between radiative shading and ventilation under a dense canopy.

Moreover, current research mostly applies to high-density urban settings, which differ
from rural settings in spatial structure, building typology and SVF [19–22]. A key difference
in rural China is the vulnerability of the elderly population. Older people may have
a lower thermoregulation ability [23,24], making them more sensitive to microclimate
variations [25]. This vulnerability is amplified in rural settlements with high SVF and
limited shading during the transitional month of April. Although average ambient air
temperatures (Ta) are relatively benign during this time of year, high solar radiation can
result in elevated mean radiant temperatures (Tmrt). For elderly residents who rely on
natural ventilation [26,27], these radiative Tmrt increases are a major source of thermal
stress. However, their vulnerability to cold drafts means that excessive vegetation, which
can reduce wind speed Va at the pedestrian level, may cause cold discomfort or prevent
heat loss from the ground [25,28]. As such, the design of rural NbS is a trade-off between
two considerations: the need to reduce Tmrt through canopy shading and the need to ensure
adequate ventilation for climate-sensitive residents [27,29,30].

This study seeks to answer the following questions: (1) Is there a threshold in veg-
etation structural complexity above which thermal benefits diminish or are reversed in
high-SVF rural areas? (2) How do radiative shading and ventilation interact? (3) What
are the implications of these thresholds for climate-adaptive vegetation design for rural
elderly? In addressing these questions, this study contributes to rural OTC research in three
respects. First, it identifies a complexity threshold in vegetation cooling under high-SVF
rural conditions, where cooling efficiency declines beyond a dual-layer canopy structure
and a corresponding greenery coverage of approximately 38%. Second, it links this thresh-
old to a radiation–ventilation trade-off, in which long-wave radiation in dense multi-layer
assemblages shifts from a net-cooling toward a net-heating regime, while the aerodynamic
resistance of the added understory suppresses pedestrian-level ventilation. Third, by focus-
ing on the rural radiative environment characterised by low building density and high sky
exposure, this study extends current OTC research beyond the dense urban canyon settings
that dominate the literature. Based on the thermal characteristics of rural settlements in
cold regions of China, the findings further support a vegetation design approach that
combines shaded tree canopies with a permeable understory for ageing villages.
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This study focuses on the transitional month of April, rather than the extreme summer,
when rural residents are more likely to spend time outdoors [31–33]. April in the North
China Plain features moderate air temperatures combined with high solar radiation, making
it a radiation-dominated regime particularly suited for examining the shading–ventilation
trade-off central to this study. This research disentangles tree geometric factors (height
and crown width) from distribution measures to examine the shading–ventilation balance.
It seeks to improve the understanding of vegetation structural efficiency from linear to
threshold effects in rural microclimate regulation.

2. Materials and Methods
2.1. Study Site and Experimental Typologies

The research was carried out in Xixin Village (36◦ N, 114◦ E), which has an orthogonal
grid pattern and brick-concrete structure typical of rural settlements on the North China
Plain (Figure 1). The village is located in the northern part of Henan Province. The region
experiences a temperate continental humid climate (Dwa) according to the Köppen climate
classification and is categorised as a cold region in China. The Dwa climate is characterised
by cold, dry winters and warm, humid summers. Over the past decade, the mean annual
air temperature in the region has been approximately 16.5 ◦C, with summer (June–August)
monthly means approaching 30 ◦C. The mean annual relative humidity is approximately
65%, and the mean annual wind speed is approximately 2.8 m/s. Atmospheric and
meteorological data were obtained from the China Meteorological Information Center. The
12.1 ha village centre is dominated by low-rise buildings (3.5–7.0 m) and a low vegetation
cover. To evaluate the thermal environment of various rural morphologies, four typical
sites were chosen and classified by their SVF, measured with fisheye photos (Canon EF
8–15 mm f/4L Fisheye USM, Canon Inc., Tokyo, Japan) (Table 1). These locations have
different degrees of solar exposure and spatial geometry: a north–south street (NS) (SVF
= 0.77) as a narrow canyon with maximum building shading; an east–west street (EW)
(SVF = 0.89) as a wide corridor among low-rise buildings; a fitness open square (SQ) (SVF
= 0.90) as an exposed public space; and a green land (GL) (SVF = 0.85) with dispersed
understory vegetation. These values defined the boundary conditions of the baseline
thermal environment (Scenario 1), which is dominated by radiant heat.

Microclimatic modelling was conducted with ENVI-met V5.8 (Table 2), a three-
dimensional non-hydrostatic microclimate model developed by Bruse and Fleer [34] and
widely used for urban and vegetation–microclimate interaction studies [17,35,36]. The
computational domain was divided into a 50 × 50 × 20 grid with a horizontal resolution
of 2.0 m and five sub-grids. A geometric simplification approach at sub-grid scale was
used to preserve aerodynamic continuity in narrow rural streets (3–5 m wide). Simula-
tions were conducted for 24 h, from 20:00 on 19 April to 20:00 on 20 April 2025. The first
12 h (20:00–08:00) were used to spin up the model. The Full Forcing mode was used to
apply hourly meteorological data from station 53899 near Xixin Village to ensure realistic
diurnal forcing.
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Figure 1. Geographical location, meteorological forcing, and simulation domain of Xixin Village.

Table 1. Morphological characteristics and SVF of the four representative sample sites.

Site Site Photos SVF Site Characteristic

EW Street

 
 

SVF = 0.89

East–west orientation, width 5 m,
building height 3.5 m, low

height-to-width ratio (H/W ≈
0.7); concrete base surface

(Albedo = 0.30); extremely low
building shading effectiveness.

NS Street

 
 

SVF = 0.77

North–south orientation, width 3
m, building height 7 m,

height-to-width ratio (H/W ≈
2.33); concrete base surface
(Albedo = 0.30); significant
geometric shading effect.

Fitness Open SQ
 

SVF = 0.90

Open irregular plaza with
concrete and Dutch brick paving

(Albedo = 0.30); surrounding
buildings 3.5–7 m; extremely high

radiation exposure intensity.

Green Land
 

SVF = 0.85

Open layout dominated by
groundcover plants and shrubs,

with scattered trees;
well-ventilated but lacking

continuous shade.
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Table 2. Model Parameter Setting.

Item Parameters

Location Coordinates 36 N, 114 E, Station height of 196 m

Climatic Characteristics Dwa

Simulation Period 20:00 (4.19)–20:00 (4.20)

Result Output Interval 60 min

Number Of Grids X = 50 Y = 50 Z = 20

Grid Size ∆X = 2, ∆Y = 2, ∆Z = 1

Number Of Nested Grids 5 columns in each X/Y direction

Atmospheric Boundary Conditions Full Forcing (Supplementary Materials (Atmospheric
Boundary Conditions))

Interval Setting for Non-Stationary Calculations 1 min

Subsurface/Soil Temp. and Humidity Initial temperature (2 m below ground) = 293 K
Relative humidity (2 m below ground) = 50%

Building Settings

Indoor air temperature = 293 K (constant)
Heat transfer coefficient of wall = 1.94 (W/m2·K)

Roof heat transfer coefficient = 3 (W/m2·K)
Wall reflectivity = 0.2
Roof reflectance = 0.3

Surface Albedo
Concrete = 0.30

Dutch brick pavement = 0.30
Grey stone paving = 0.20

Single Tree Parameters Table 3

Scenario List Table 4

Table 3. Tree Parameter Settings in ENVI-met.

Type Item Low-Level Medium-Level High-Level

Species Latin Name Juglans regia Ginkgo biloba Styphnolobium
japonicum

Geometric shapes
of the canopy

Tree Height Short Medium Tall

Height (m) 4 8 15

Crown Diameter (m) 2.2 4.5 9.0

Under-branch
Height (m) 1.8 2.5 3.5

Geometric shapes
of the root

Root Diameter (m) 5 6 10

Root Depth (m) 4 5 6
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Table 3. Cont.

Type Item Low-Level Medium-Level High-Level

Leaf
Characteristics

LAI (m2/m2) 1.65 4.03 4.05

LAD (m2/m3) Absolute height-based

1 m 0 0 0

2 m 0.43 0 0

3 m 1.05 0.57 0.02

4 m 0.43 0.84 0.42

5 m 0.01 1.14 0.43

6 m — 0.89 0.73

7 m — 0.88 0.69

8 m — 0.14 0.74

9 m — — 0.88

10 m — — 0.73

11 m — — 0.66

12 m — — 0.73

13 m — — 0.64

14 m — — 0.59

15 m — — 0.01

Table 4. Scenarios List.

NO. Tree Sizes * ART Grids in
ENVI-met Spacing (m) PGC (%)

1 No trees — — — —
2 Short 0.75 3 6 5
3 Short 1.5 2 4 8
4 Short 2.5 1 2 21
5 Medium 0.75 5 10 12
6 Medium 1.5 3 6 19
7 Medium 2.5 2 4 24
8 Tall 0.75 10 20 22
9 Tall 1.5 5 10 38

10 Tall 2.5 3 6 45
11 Short + Medium 1.5 3 6 —
12 Medium + Tall 1.5 3 6 —
13 Short + Tall 1.5 3 6 —
14 Tall + Medium + Short 1.5 3 6 —
15 Medium + Grass 1.5 3 6 —
16 Medium + Shrubs 1.5 3 6 —

17 Medium + Shrubs +
Grass 1.5 3 6 —

* The specific parameters of the trees were derived from Table 3.

2.2. Representative Tree Species and Parameterisation

A comprehensive vegetation survey in Xixin Village revealed 11 major tree species.
We chose three functional prototypes for local green infrastructure: short (Juglans regia),
medium (Ginkgo biloba) and tall (Styphnolobium japonicum). The morphological parameters
(tree height, crown diameter, leaf area index (LAI)) and vertical LAD profiles were ob-
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tained from literature on similar latitudes [37,38] and verified through field measurements
(Table 3).

To disentangle the effects of morphology and spatial density, 17 scenarios were created
(Table 4).

Aspect Ratio of Tree (ART), defined as the ratio of tree height (H) to the distance
between two adjacent trees (W) (ART = H/W), is used to characterise both the planting
density and the resulting spatial enclosure of the tree array. The use of a height-to-spacing
ratio to describe tree-array spatial form has been applied in prior outdoor microclimate
studies of residential tree arrangements [39]. In landscape design terms, ART encodes the
perceived spatial typology of the planted environment—open (ART ≈ 0.75), semi-open
(ART ≈ 1.5), and enclosed (ART ≈ 2.5)—providing a design-oriented descriptor of tree-
array spatial form that complements, rather than replicates, species-level canopy attributes
(crown width, crown shape, LAD). The latter are independently varied through the tree
species selection and reported in Tables 3 and 4.

The discrete nature of the ENVI-met grid (2.0 m) required a modification of the tree
spacing in the models to the nearest grid size. As a result, the ART values shown in this
study are rough estimates of the design scenarios. The different scenarios were grouped
into four stages (Table 4): a bare ground scenario, a morphology-density matrix (ART = 0.75,
1.5, 2.5), vertical structural heterogeneity using mixed height planting, and community
complexity using tree-shrub-grass combinations.

All microclimate variables were extracted at 1.5 m above ground, the pedes-
trian breathing-level height specified in ISO 7726 and consistently adopted in OTC re-
search [17,35,39,40]. This measurement height reflects the research objective of quantifying
the thermal environment experienced by people at standing height, rather than characteris-
ing radiative or aerodynamic processes within or above the canopy. The relative position of
the 1.5 m sensor with respect to the canopy therefore varies by tree size category—within-
canopy for short trees (UBH = 1.8 m) and below-canopy for tall trees (UBH = 3.5 m)—but
this vertical offset reflects the actual pedestrian experience under each planting design
rather than a measurement artefact.

2.3. Model Calibration and Validation

The model was validated against hourly air temperature (Ta) and mean radiant tem-
perature (Tmrt) measured at 1.5 m (AZ87786, AZ Instrument Corp., Taichung, China) above
ground at four typical locations: the east–west street (EW), north–south street (NS), green
land (GL), and fitness open square (SQ). Tmrt was derived from in-situ globe temperature
(Tg), relative humidity (RH), and wind velocity (Va) measurements following ISO 7726 [40].
Following established practice in ENVI-met validation studies [17,35,36], Ta and Tmrt were
selected as the two principal validation targets because they integrate the dominant convec-
tive and radiative forcings, respectively, and have been most extensively benchmarked in
the outdoor microclimate community. Tg, RH, and Va are inputs to the Tmrt calculation, and
RH/Va are partially constrained by the Full Forcing boundary conditions used in this study;
their measurement accuracy is therefore implicitly captured in the Tmrt validation. PET
was subsequently computed using the BIO-met post-processing module of ENVI-met with
elderly-specific physiological parameters (male, age = 80, weight = 65 kg, height = 1.65 m,
outdoor clothing insulation = 0.5 clo) to represent the target rural population.

The model’s predictions are satisfactory, as shown in Figure 2. For Ta, R2 exceeded
0.86 with an RMSE of 0.94–1.03 ◦C. For Tmrt, the RMSE (4.65–7.73 ◦C) was less than the
permissible 10 ◦C error for outdoor simulations [35]. Moreover, the R2 values for Tmrt

(0.59–0.77) suggest that the model accurately simulates rural radiation patterns, making it
suitable for the parametric simulations.
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Figure 2. Model Calibration and Validation.

3. Results
3.1. Basic Scenario

The baseline simulation (Scenario 1) reveals significant spatial variations in thermal
stress, mainly influenced by building form and solar radiation (Figure 3). In the absence
of vegetation, the GL was the hottest spot, with a maximum PET of 38.74 ◦C. This peak
is a result of high solar radiation (Tmrt ≈ 56.3 ◦C) and low air velocity (Va = 0.65 m/s).
In contrast, the NS Street, with a deep canyon geometry (H/W ≈ 2.33), exhibited the
lowest PET (29.02 ◦C) due to shading, creating the lowest thermal stress level in the village
(Table 5). Although Ta and RH exhibited little difference across the domain (<0.3 ◦C
and <3.1%, respectively), Tmrt varied considerably (50.36 ◦C and 56.69 ◦C). This variation
confirms that the radiative load is the most significant factor affecting the baseline OTC in
the study domain. For the performance metrics, this study uses a consistent definition: ∆Va

is defined as Vscenario-Vbaseline, where a positive value represents an increase in wind
speed. On the other hand, the changes in air temperature (∆Ta), mean radiant temperature
(∆Tmrt), and Physiological Equivalent Temperature (∆PET) are defined as baseline-scenario,
with positive values indicating cooling or thermal load reduction.

Figure 3. Scenario 1 Model and Simulation Results (PET).
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Table 5. Scenario 1 Simulation Results Detailed Data.

Scenario Site PET (◦C) Va (m/s) Ta (◦C) Tmrt (◦C) RH (%)

S1

SQ 34.51 1.71 25.41 56.69 43.89
GL 38.74 0.65 25.50 56.30 43.77
EW 31.10 2.38 25.71 52.52 43.10
NS 29.02 2.92 25.69 50.36 43.17

Mean 33.34 1.915 25.58 53.97 43.48

3.2. Single-Species Tree Arrangement

This subsection examines the cooling effects of nine single-species scenarios (Scenarios
2–10) to separate the effects of plant density, tree shape and site geometry (Figure 4).
The findings show that while all vegetation scenarios improve OTC, they have different
nonlinearities and threshold effects. The average microclimatic changes are presented in
Table 6.

Figure 4. Scenario 2–10 Simulation Results (PET).
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Table 6. Summary of microclimatic regulation performance for single-species scenarios (Mean values).

Scenario Tree Type Density
(ART)

∆PET
(◦C)

∆Tmrt
(◦C)

∆Va
(m/s)

∆Ta
(◦C) Efficiency Note

S2 Short Tree Low (0.75) 0.84 3.43 −0.21 0.08 Minimal
impact

S3 Short Tree Med (1.5) 2.44 5.46 −0.17 0.14

S4 Short Tree High (2.5) 5.52 8.98 +0.49 0.28 Density
dependent

S5 Medium Tree Low (0.75) 4.77 10.22 −0.12 0.22
S6 Medium Tree Med (1.5) 6.24 14.24 −0.2 0.37 Balanced
S7 Medium Tree High (2.5) 7.89 18.23 −0.2 0.51 High efficiency
S8 Tall Tree Low (0.75) 4.37 7.73 +0.33 0.27
S9 Tall Tree Med (1.5) 6.69 12.93 +0.39 0.46

S10 Tall Tree High (2.5) 8.04 15.87 +0.49 0.56 High shading

3.2.1. Non-Linear Impact of Planting Density

We found a positive relationship between the ART and the improvement in thermal
comfort (∆PET), but the increase was not linear. The short trees were the most sensitive
to densification, with the mean ∆PET increasing from 0.84 ◦C at ART = 0.75 to 5.52 ◦C at
ART = 2.5, which is a more than six-fold increase. Conversely, for tall trees, the increase in
cooling became saturated after ART = 1.5, suggesting that once a certain canopy coverage
is achieved, the marginal gain in radiative shielding from increased canopy density is
minimal. Additionally, medium-sized trees did not exhibit a plateau within the range of
ART, implying that canopy density is the limiting factor below ART = 2.5.

3.2.2. Marginal Effects of Tree Morphology

Comparing tree sizes shows a diminishing return of tree height. The change from short
to medium trees at ART = 2.5 led to a significant decrease in PET of 2.37 ◦C (from 5.52 ◦C to
7.89 ◦C). But further growth of tall trees (Scenario 10) only led to a marginal reduction of
0.15 ◦C. This implies that medium trees represent a threshold size for retrofitting rural areas
in this region, providing adequate shading without the possible maintenance or ventilation
issues caused by tall trees.

This threshold was further validated by a sensitivity analysis under April-representative
LAI conditions (Juglans regia: LAI = 0.99, or 60% of peak; Ginkgo biloba: LAI = 1.21, or
30% of peak; Styphnolobium japonicum: LAI = 1.62, or 40% of peak). Under these field-
realistic conditions, the cooling effects of tall trees (Scenario 10) were reduced, with mean
∆Tmrt dropping from 15.87 ◦C to 10.99 ◦C and mean ∆PET from 8.04 ◦C to 7.35 ◦C, a 31%
and 9% reduction, respectively. This suggests that the marginal benefit of tall trees over
medium trees is sensitive to seasonal foliage growth and is significantly reduced during
the transitional season, further confirming that medium-sized trees are a structurally and
seasonally optimal choice for rural greening projects.

3.2.3. Spatial Sensitivity to Vegetation Shading

The cooling performance of identical tree arrangements was highly sensitive to the
underlying spatial context. The most exposed GL site was the most responsive to all
strategies, with maximum ∆PET values consistently above 12 ◦C for high-density config-
urations. This site is not initially shaded by buildings, and the addition of any canopy
immediately reduces Tmrt. In contrast, the narrow NS street was the least responsive, with
a maximum ∆PET of less than 5 ◦C. The NS site already has a high building-to-height ratio
(H/W ≈ 2.33), which means it is already heavily shaded. In this case, the trees mainly
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obstruct residual airflow, rather than blocking radiative heat transfer, leading to the smallest
cooling efficacy.

3.3. Tree Arrangement Parameters and Cooling Effect

To determine the influence of vegetation configuration on thermal mitigation, this
section uses ten parametric scenarios (Table 7) in a statistical analysis. The study assesses
the impact of individual tree structure (height, crown diameter, and LAI) and tree spatial
configuration (ART, spacing, tree number and PGC) on mean ∆PET.

Table 7. Tree Arrangement Parameters in the Model.

NO Tree Size Height
(m)

Crown
Diameter

(m)

UBH
(m)

LAI
(m2/m2) ART Spacing

(m)
No. of
Trees

PGC
(%)

Mean ∆PET
(◦C)

1 No 0 0 0 0 0 0 0 0 0
2 Short 4 2.2 1.8 1.65 0.75 6 119 5 0.84
3 Short 4 2.2 1.8 1.65 1.5 4 180 8 2.44
4 Short 4 2.2 1.8 1.65 2.5 2 458 21 5.52
5 Medium 8 4.5 2.5 4.03 0.75 10 78 12 4.77
6 Medium 8 4.5 2.5 4.03 1.5 6 111 19 6.24
7 Medium 8 4.5 2.5 4.03 2.5 4 172 24 7.89
8 Tall 15 9.0 3.5 4.05 0.75 20 37 22 4.37
9 Tall 15 9.0 3.5 4.05 1.5 10 64 38 6.69

10 Tall 15 9.0 3.5 4.05 2.5 6 96 45 8.04

3.3.1. Statistical Association Matrix: Individual Quality vs. Aggregate Quantity

The correlation matrix reveals that Percentage of Greenery Coverage (PGC) and ART
are the main factors affecting thermal comfort (Figure 5). PGC was the most positively
correlated with ∆PET (r = 0.87, p < 0.01), suggesting that the volume of greening is a
primary driver of cooling performance. ART also showed a strong correlation (r = 0.79,
p < 0.01), implying that enclosure and shading performance are important factors in PET
reduction.

Among individual morphological parameters, LAI showed the strongest bivariate
correlation with ∆PET (r = 0.82, p < 0.01), although this strong association is partly at-
tributable to its collinearity with tree height and UBH (see Section 3.3.2). UBH (r = 0.75,
p < 0.05), tree height (r = 0.69, p < 0.05) and crown diameter (r = 0.68, p < 0.05) followed. LAI
represents the ability of the canopy to shade, while UBH controls the vertical decoupling of
canopy resistance and pedestrian microclimate. This dual influence accounts for the fact
that structural quality is more important for cooling than greening volume.

In contrast, spatial parameters, including planting distance (r = 0.19) and the number
of trees (r = 0.22) were insignificant (p > 0.05). This suggests that in resource-limited rural
areas, simply planting more trees is not enough. Instead, optimisation should focus on
improving the morphological quality and spatial arrangement of trees to achieve optimal
cooling effects.
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Figure 5. Tree Arrangement Parameters and OTC Heat Map.

3.3.2. Multiple Regression and Optimisation Pathways

Multicollinearity between vegetation morphological variables was diagnosed prior to
regression. LAI was found to be highly correlated with tree height (r = 0.85) and under-
branch height (r = 0.90) because the three tree categories (Short, Medium, Tall) have fixed
species-specific LAI values. To avoid the resulting parameter identifiability problem, the
multivariate regression of ∆PET adopted PGC and ART as predictors: PGC characterises the
horizontal canopy coverage, determined jointly by crown diameter and planting density,
while ART characterises the vertical-to-horizontal aspect of the tree array, determined
jointly by tree height and planting spacing. PGC and ART together capture the horizontal-
coverage and vertical-density dimensions of the planting design and exhibit only moderate
intercorrelation (r = 0.68, VIF = 5.5), which is acceptable for regression inference. To prevent
multicollinearity among morphological indices (VIF > 10), a stepwise OLS regression was
used. PGC and ART were selected as the main independent variables (VIF < 5), resulting in
a significant model:

∆PET = 0.604 + 0.121 × PGC + 1.217 × ART

The model is statistically significant (F = 17.1, p = 0.002) and explains 78% of the
variance in ∆PET (R2 = 0.83, Adj R2 = 0.78), with PGC contributing the dominant linear
effect (coefficient = 0.121, p = 0.024) and ART contributing the spatial-enclosure effect
(coefficient = 1.217, p = 0.115). The regression coefficients suggest two key avenues for
improving rural thermal comfort. While the p-value for ART (0.12) is due to the small
sample size (n = 10), the large effect size (coefficient of 1.22) suggests that enhancing thermal
comfort is very sensitive to spatial geometry. PGC, with a lower per-unit coefficient (0.12)
but consistent significance (p < 0.05), is an accumulative factor. The cooling effect of the tree
height-to-spacing ratio (ART) is significant, while increasing total canopy coverage (PGC)
is still a critical strategy to enhance the cooling effect.
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While the linear regression (R2 = 0.83) suggests a positive correlation between PGC
and thermal comfort, it fails to capture the diminishing returns in high-density cases. To
explore the complexity threshold, a quadratic regression was conducted on the radiative
response (∆Tmrt):

∆Tmrt = 0.29 + 0.78 × PGC − 0.0103 × PGC2

The first-order derivative of this function (R2 = 0.74, F = 9.87, p = 0.009; Shapiro–Wilk
W = 0.99, Durbin-Watson = 2.01) reveals a key turning point at PGC ≈ 38.0%. To assess
robustness, the quadratic model was refitted separately for each of the four sites, which
together span an SVF range of 0.77–0.90 and a baseline wind speed range of 0.65–2.92 m/s.
The site-specific thresholds (SQ: 34.4%, GL: 35.1%, NS: 42.5%, EW: 44.2%; mean 39.0%)
all clustered within a narrow [34.4%, 44.2%] band, indicating that the threshold is robust
across the SVF and ventilation conditions examined. This point marks a decrease in the
cooling rate, confirming the heat trap effect mentioned in Section 3.4.

3.4. Synergistic Effects and Complexity Thresholds of Vegetation Groups

This section explores the microclimatic performance of multi-layered vegetation as-
semblages, such as tree groups of varying heights and tree-shrub-grass combinations. The
microclimatic simulations reveal that the cooling effect of vegetation does not necessarily
increase with increasing complexity. As shown in Table 8, the peak cooling effect of Scenario
12 is associated with the greatest reduction in Tmrt (23.16 ◦C). As shown in Figure 6, the two-
layered tall and medium tree configuration (Scenario 12) resulted in the maximum mean
cooling effect (∆PET = 10.29 ◦C), which is much greater than the triple-layered Scenario 14.
These results suggest a critical level of vegetation complexity above which thermal comfort
does not increase or even decreases.

Table 8. Performance Summary of Vegetation Combinations (Mean values).

Scenario Composition ∆PET
(◦C)

∆Tmrt
(◦C)

∆Va
(m/s)

∆Ta
(◦C)

S11 Short + Medium 6.58 15.13 −0.24 0.4
S12 Tall + Medium 10.29 23.16 0.45 0.78
S13 Tall + Short 8.36 16.91 0.46 0.58
S14 Tall + Med + Short 9.63 21.10 0.43 0.7
S15 Tree + Grass 6.44 14.91 −0.25 0.39
S16 Tree + Shrub 7.27 17.28 −0.35 0.46
S17 Tree + Shrub + Grass 6.91 16.19 −0.31 0.44

Figure 6. Quantitative Evaluation of Multi-layered Vegetation Performance.
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Table 9 compares the peak-summer and April-representative LAI conditions for the
two structurally critical scenarios and confirms the consistency of all thermal indicators
across different parameterisation settings.

Table 9. Sensitivity analysis of Scenarios S12 and S14.

Scenario LAI Condition ∆PET (◦C) ∆Tmrt (◦C) ∆Va (m/s)

S12 Peak-summer LAI 10.29 23.16 +0.45
S12 April LAI (sensitivity) 8.30 15.36 +0.68
S14 Peak-summer LAI 9.63 21.10 +0.43
S14 April LAI (sensitivity) 7.55 14.24 +0.46

Note: April LAI values: Juglans regia = 0.99 (60% of peak); Ginkgo biloba = 1.21 (30% of peak); Styphnolobium
japonicum = 1.62 (40% of peak). Positive ∆Va indicates wind speed increase relative to baseline.

3.4.1. Optimal Tree Stratification: The Efficiency of Dual-Layer Groups

The most effective mixed height tree assembly is the two-layered tall and medium tree
combination (Scenario 12), with a mean ∆PET of 10.29 ◦C. By comparison, the triple-layer
tall, medium and short tree combination (Scenario 14) produced a smaller cooling effect of
9.63 ◦C. This efficiency drop is mainly attributed to the loss of radiative cooling, rather than
ventilation blockage. This threshold effect is shown in Figure 7, where the extra understory
layer in Scenario 14 is unable to increase the high-cooling areas relative to Scenario 12.

Figure 7. Spatial Visualisation of Structural Complexity Thresholds.

To examine the thermodynamic reason for this efficiency reduction, Figure 8 compares
the ventilation (panel a), long-wave radiative regime (panel b), and shortwave radiation
components (panel c) between the dual-layer (Scenario 12) and triple-layer (Scenario 14)
configurations in the four representative sites. This analysis shows a clear heat-trapping
effect of increased complexity. Figure 8a reveals that the dual-layer S12 consistently out-
performs the triple-layer S14 in terms of ventilation. S12 has higher pedestrian-level wind
speeds at SQ (1.73 vs. 1.66 m/s) and NS (3.56 vs. 3.24 m/s), is identical at EW (2.54 vs.
2.54 m/s), and is lower only at GL, where both configurations significantly outperform the
calm baseline (1.64 vs. 1.94 m/s, compared to the baseline of 0.65 m/s). Across the four
sites, S12 has a 0.02 m/s advantage.
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Figure 8. Thermodynamic mechanism analysis of vegetation structural complexity.

Panel (b) reveals the main mechanism. At three of the four sites, S12 yields more
long-wave cooling than S14, with the greatest effect at the very open SQ site, where the long-
wave flux divergence flips from a net cooling state (−3.42 K/h) under S12 to a net heating
state (+2.11 K/h) under S14. The site-averaged values (S12: −1.81 K/h; S14: +0.04 K/h)
confirm that the extra short tree understory of the triple-layer configuration converts the
mean radiative regime from cooling to near-neutral, thus offering quantitative evidence of
the heat trap effect. Panels (a) and (b) show that the complexity threshold works primarily
through long-wave radiative entrapment, and secondarily through ventilation suppression,
which is site-dependent.

A decomposition of the shortwave radiation budget (Figure 8c) further reinforces
this mechanism. Direct shortwave radiation was zero at all four sites at 15:00 due to ge-
ometric shading, indicating that the threshold is not driven by direct solar interception.
Among the three non-zero components, both diffuse (SW_dif) and reflected (SW_ref) short-
wave radiation increased in S14 relative to S12 (site-averaged ∆SW_dif = +21.1 W/m2;
∆SW_ref = +17.4 W/m2), reflecting the reduced effective shading of the triple-layer con-
figuration. The magnitude of this degradation is again site-dependent: at the open SQ,
all three components reached their peak unfavourable change (∆SW_dif = +68.7 W/m2,
∆SW_ref = +61.4 W/m2, ∆LW_div = +5.53 K/h), driving a 6.77 ◦C Tmrt penalty. At the
more shaded sites (EW, NS, GL), the differences between S12 and S14 across all components
were small, and the resulting Tmrt differences were correspondingly minor. The long-wave
heat trap effect therefore remains the most diagnostic signal of the threshold, but is now
placed within a fuller radiative budget showing that all non-zero shortwave components
also shift unfavourably at high-SVF open sites. Full radiation-component data for all
17 scenarios are provided in Supplementary Material (S1–S17).

3.4.2. Understory Optimisation: Shrubs and Grass

Likewise, the optimisation of understory combinations revealed the existence of this
threshold. Maximum cooling (∆PET = 7.27 ◦C) was achieved with the tree and shrub
combination (S16), which was much greater than the tree and grass combination (S15,
6.44 ◦C), adding dense grass to the tree and shrub mix (S17) decreased cooling to 6.91 ◦C,
along with lower radiative regulation efficiency (Tmrt decreased from 17.28 ◦C to 16.19 ◦C)
and increased aerodynamic resistance (∆Va ≈ −0.07 m/s). These findings suggest that
although shrubs offer a useful secondary shading component, dense grass may reduce
near-surface ventilation without significant radiative gains.

3.4.3. Spatial Heterogeneity and Design Implications

The effectiveness of multi-layered vegetation is site-dependent. At the GL site, the
greatest benefit was consistently achieved with complex structures, with maximum ∆PET
values of 15.32 ◦C in Scenario 14. This highlights the importance of multi-layered vegetation
in open landscapes. On the other hand, in the NS street, the benefits of increasing understory
vegetation were negligible. Overall, these results suggest a “shaded canopy, permeable
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understory” design approach. To achieve the best thermal performance in rural residential
areas, landscape design should focus on two-layered structures (tall and medium trees) to
intercept radiation without trapping heat in complex vertical structures.

4. Discussion
This research offers a key insight that challenges the traditional “more is better” maxim

of “maximising greening”, showing that this is not always the case when it comes to OTC.
The ENVI-met simulations in Xixin Village reveal a key insight: greening is not always the
answer. There are limits to both the structural complexity and vegetation density; beyond
these thresholds, thermal comfort improvement levels out or even worsens. This study
combines physical simulations with field surveys to understand the effects of different
tree species, morphological characteristics and pattern variations on the thermal comfort
of the elderly in cold climates. This debate clarifies the role of vegetation structures in
microclimate regulation through radiation and convection, thus guiding context-based
approaches to improve rural public spaces. Additionally, this study discusses these results
within the theoretical framework of non-urban OTC studies.

4.1. The Ventilation–Shading Trade-Off and Complexity Thresholds

In all of the scenarios, the mitigation of Tmrt was identified as the key mechanism
through which trees improve OTC. This result is consistent with previous studies that have
shown that the shading effect is the primary driver of OTC, often surpassing the effects of
air temperature [41,42]. Additionally, radiation has been recognised as a major driver of
thermal sensations in the cold climates of China [43]. As a result, canopy characteristics such
as tree height, crown diameter and PGC were significantly associated with cooling effects.

However, this relationship is not purely linear. It is highly dependent on spatial
arrangements. While radiative forcing is the major driver, Va variation had a significant
impact on PET. Our findings suggest that the influence of vegetation on wind speed is
non-linear. In rural areas with low building density, the high canopy closure (S12) obstructs
the flow of air and provokes an acceleration at the pedestrian level, akin to a canyon effect,
with the average Va increasing from 1.91 m/s to 2.37 m/s. A marked decrease in wind
speed is observed only when the vegetation structure is extended downwards, such as
S16 with the addition of shrubs, which adds considerable mechanical resistance [44]. This
highlights a key ventilation–shading balance: high canopy closure blocks convective heat
exchange, as also highlighted in particular tree arrangements [45]. The presence of dense
understory vegetation that impedes airflow near the ground results in empirical evidence of
a reduced decrease in Tmrt, implying that complex vertical structures can retain long-wave
radiation. This results in heat build-up at the pedestrian level and confirms the presence of
a specific ventilation–shading trade-off.

This trade-off can be linked to an architectural variable. The single-species results
also show that the response of the wind speed at the pedestrian level is determined by the
relative location of the UBH to the measurement plane (see Section 2.3 for the rationale for
the fixed 1.5 m measurement height). If the UBH is much greater than 1.5 m, such as the tall
trees with UBH = 3.5 m, the higher canopy places the pedestrian layer in the trunk space
and creates a horizontal acceleration effect similar to a shaded corridor, with ∆Va ranging
from +0.33 to +0.49 m/s. In contrast, for short and medium trees, the UBH is similar to
the pedestrian level (UBH = 1.8–2.5 m). The lower canopy is at the same height as the
human body, and provides mechanical resistance, leading to negative ∆Va. This process
offers a physical basis for the design strategy of shading and ventilation. The UBH is more
important than leaf density in breaking the shading–ventilation trade-off, also explaining
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why the tall and medium two-layer structure (S12) provides the greatest cooling and the
largest wind speed gain.

This research clarifies the linear greening principle. The exploration of non-linear
thresholds identified a key efficiency threshold at PGC ≈ 38%. The heat trap effect caused
by extreme aerodynamic resistance of complex multi-layered assemblies, such as the triple-
layer (Scenario 14) or tree, shrub, and grass (Scenario 17) arrangements, drives the total
greenery coverage beyond this threshold, where the additional shading effect is outweighed
by the heat trap effect. This threshold was demonstrated by the fact that the tall and medium
tree combination (∆PET = 10.29 ◦C) was more effective than the structurally complex tree
assembly, consisting of tall, medium, and short trees (∆PET = 9.63 ◦C). Likewise, the tree
and shrub combination outperformed the triple-layer tree, shrub and grass combination.
This suggests that rural OTCs should be optimised for structural efficiency rather than vol-
ume, confirming that the cooling efficiency is non-linearly related to structural features, not
size [27,46]. An ideal vegetation system offers a shaded canopy and permeable understory.
Large and medium trees create high crowns to shade the sun, while the lower part remains
open, allowing air to flow through the tree system while keeping wind speed high.

To test the validity of this complexity threshold under realistic field conditions, a
phenological sensitivity analysis was performed for the two structurally important scenar-
ios (S12 and S14) using April-representative LAI values based on species-specific leaf-out
curves in the North China Plain. Under these conditions, Scenario 12 again performed
better than Scenario 14 in all thermal metrics: mean ∆Tmrt (15.36 ◦C vs. 14.24 ◦C), mean
∆PET (8.30 ◦C vs. 7.55 ◦C), and mean ∆Va (+0.68 m/s vs. +0.46 m/s relative to baseline).
Crucially, the ventilation difference between the two structures was enhanced, rather than
reduced, under April LAI conditions: the two-layer structure (S12) produced a much
larger increase in pedestrian-level wind speed than the three-layer structure (S14). This
demonstrates that the penalty of excessive complexity in the aerodynamic performance is
determined by branch architecture, not leaf area. This result confirms that the complexity
threshold is not a byproduct of peak-summer LAI settings, but is driven by structural
complexity and remains robust under seasonal LAI variability. Site-level analysis also
confirmed that the difference was greatest at the open SQ site (∆Tmrt difference between
S12 and S14: 6.77 ◦C), as discussed in Section 3.4.3.

4.2. Theoretical Implications for Rural Environments in China’s Cold Regions

This study improves understanding of rural thermal environments by identifying mi-
croclimatic regimes in rural areas of China’s cold regions, especially the North China Plain.

First, it defines a radiative-dominated rural regime, as opposed to dense urban areas
with low SVF. The North China Plain villages have low building density and high sky visi-
bility. Research on Chinese villages stresses that rural thermal environments are sensitive to
specific spatial factors and require specific planning approaches, rather than generic urban
models [47,48]. In rural areas with low building density and high sky visibility, radiative
control through canopy shading is more dominant than convection and evaporation in
thermal comfort.

Second, it defines a ventilation–shading threshold. This study establishes a quantita-
tive threshold point, specific to the low-density spatial structure of plain villages. Through
the description of the Tmrt-Va trade-off, the study defines an operational threshold where
the shading–ventilation effect is maximised in terms of PET reduction.

Third, it defines optimal structural complexity. In North China’s rural context, a
unimodal relationship is observed between vegetation complexity and thermal comfort.
The optimal performance is achieved with moderate structural complexity, while simpler
or denser structures perform worse.
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From a landscape design perspective, the value of ART lies precisely in its ability to
translate a microclimate result into a directly applicable spatial design parameter. Rather
than asking designers to specify crown width or LAI—which depend on species availabil-
ity and growth stage—ART offers a single, intuitive geometric variable that determines
whether the resulting space feels open, semi-open or enclosed. Combined with the dual-
layer canopy principle identified in this study, this spatial typology framing enables design
recommendations that are simultaneously climate-adaptive and locally implementable.

4.3. Limitations and Future Research Directions

This study provides valuable insights, but is limited by several factors. While the main
simulations used peak-summer LAI values to define the theoretical maximum of vegetation
cooling potential under maximum biological load, targeted sensitivity tests under April-
representative LAI values (Sections 3.2.2 and 4.1) have shown that the complexity threshold
and the superiority of the dual-layer structure are robust to seasonal LAI changes. This
conservative approach to parameterisation is a stress test: if the radiation–ventilation
trade-off and the consequent heat trap effect remain under maximum foliage load, the
threshold mechanisms are likely to be more pronounced under realistic transitional-season
LAI conditions. The LAI sensitivity tests thus partly extend the inference beyond the April
window, although they do not substitute for full seasonal forcing. However, future research
should include seasonally dynamic LAI profiles coupled with extreme summer and winter
meteorological forcing to better quantify the threshold values across the full annual cycle.

Future studies should overcome these limitations in strategic ways. In particular, field
measurements of PET and Tmrt at the pedestrian level should be performed for typical
vegetation setups. In addition, future studies should incorporate dynamic phenological
information to better understand the seasonal dynamics of thermal comfort. Finally, simula-
tions should be extended to consider seasonal dynamics and growth, and should be coupled
with Computational Fluid Dynamics (CFD) models to supplement the ENVI-met results.
ART in this study functions both as a quantitative descriptor of tree planting density and as
a qualitative descriptor of landscape spatial typology (open, semi-open or enclosed). It is
therefore not intended as a comprehensive canopy-geometry index; crown-level attributes
such as crown width and LAD are captured through species selection rather than through
ART itself. Future work could develop composite descriptors that integrate ART-based
spatial typology with canopy-level geometric attributes, which may improve predictive
power in mixed-species rural settings. While this study focuses on pedestrian-height (1.5 m)
thermal conditions in line with the OTC research paradigm, ecology-oriented vertical pro-
file analyses of canopy-scale radiative and aerodynamic processes would complement the
present analysis and are identified as a direction for future research.

4.4. Practical Design Implications

The integration of simulation results with behavioural findings offers the following
recommendations for rural designers.

Vertical stratification should employ a two-tiered approach with tall and medium-
sized trees. This approach adopts a shaded canopy and open understory approach, striking
a balance between Tmrt and Va.

Planting density should be calibrated using variable ART values for different spatial
forms. Dense planting (ART ≈ 2.0–2.5) should be applied in large open spaces. In contrast,
lower planting densities (ART ≈ 1.0–1.5) should be adopted in linear streets to allow for
free air movement.
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In terms of species selection, preference should be afforded to trees with tall stature,
high branching and a wide crown spread. This approach strikes a balance between shading
and ventilation.

5. Conclusions
This study demonstrates that vegetation cooling efficiency in high-SVF rural envi-

ronments follows a unimodal—rather than monotonic—relationship with structural com-
plexity, with an inflection point near a greenery coverage of 38% and beyond a dual-layer
canopy. Beyond this threshold, mean ∆Tmrt declined from 23.16 ◦C (dual-layer, S12) to
21.10 ◦C (triple-layer, S14), as the long-wave radiation regime shifted from net cooling
(−1.81 K/h) to near-neutral (+0.04 K/h) and the aerodynamic resistance of the added
understory suppressed pedestrian ventilation.

Three findings emerge from this analysis. First, radiative regulation is the dominant
cooling mechanism in rural high-SVF environments, with canopy coverage and spatial-
enclosure metrics (PGC and ART) showing the strongest independent associations with
∆PET. Second, the complexity threshold is driven by a radiation–ventilation trade-off
in which dense multi-layer assemblages convert the long-wave radiative regime from
cooling toward heating while suppressing near-surface airflow. Third, the optimum is
reached by a dual-layer “shaded canopy, permeable understory” structure, in which tall and
medium trees intercept radiation aloft while the open understory preserves pedestrian-level
ventilation.

These findings indicate that rural OTC optimisation is governed by structural efficiency
rather than greening volume, refining the prevailing greening paradigm inherited from
urban research. The resulting design strategy—vertically stratified canopies with permeable
understories, calibrated planting density for spatial context, and species selection favouring
tall stature with high under-branch height—provides an affordable, locally implementable
approach to climate-adaptive renewal of ageing villages in China’s cold regions. The
applicability of these recommendations is bounded by the climatic and morphological
context examined: a temperate continental cold region (Köppen Dwa), the radiation-
dominated transitional season, and low-density rural settlements with high SVF (0.77–0.90).
Future research should test the transferability of this threshold under contrasting climates
and seasons, and incorporate elderly-specific thermal perception metrics to refine the
design recommendations.
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Abbreviations
The following abbreviations are used in this manuscript:

NbS Nature-based Solutions
OTC Outdoor Thermal Comfort
LAD leaf area density
PET Physiological Equivalent Temperature
EW east–west street
NS north–south street
SQ fitness open square
GL green land
SVF sky view factor
Tmrt mean radiant temperature
Tg globe temperature
Va wind speed
Ta air temperature
ART aspect ratio of trees
LAI leaf area index
PGC percentage of greenery coverage
UBH under-branch height
CFD computational fluid dynamics
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