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parameters—tree height, branching height, crown spread, and canopy edge
distance—on CO concentration were systematically quantified. Range and variance
contribution analysis indicate that branching height is the absolute dominant factor
governing CO dispersion with a contribution rate of 49.97%, which significantly
promotes the dissipation of bottom-level pollutants by expanding the under-canopy
clearance. Crown spread, with a contribution rate of 25.58%, exhibits a marginally
significant positive correlation with CO concentration due to enhanced
aerodynamic resistance, whereas the effect of tree height does not reach statistical
significance. Furthermore, by eliminating redundant variables through stepwise
regression analysis, a multivariate empirical prediction model for CO concentration
(R? = 0.77) was established, incorporating branching height, crown spread, and
canopy edge distance as independent variables. This study reveals the decisive role of
under-canopy spatial permeability in regulating the microclimate environment, and
provides a solid quantitative basis for the topological optimization of urban green
spaces targeting low pollutant retention and the precise selection of street trees.
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1. Introduction

With the acceleration of urbanization in China and the continuous rise in the number of motor vehicles, road
traffic has become one of the primary sources of urban air pollution. Economic growth has driven motor vehicles
to become the main mode of transportation for urban residents, further exacerbating the impact of road pollution
on the urban environment. According to forecasts by the Organisation for Economic Co-operation and
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Development (OECD), if no effective intervention measures are taken, air pollution is expected to become the
leading cause of environment-related deaths by 2050 [1]. As of 2025, the national motor vehicle fleet had surpassed
450 million vehicles, with 559 million licensed drivers [2]. Although new energy vehicles have developed rapidly
in recent years, traditional fossil fuel-powered vehicles remain the mainstay of urban transportation. Pollutants
emitted by motor vehicles, such as carbon monoxide (CO), fine particulate matter (PM,s), and nitrogen oxides
(NOy), tend to accumulate in street canyons, and CO emissions from vehicles are the primary source of urban CO.
As a fundamental unit of urban spatial structure, street canyons serve as one of the primary spaces for residents’
daily outdoor activities. The accumulation of air pollutants in these spaces can severely impact pedestrian
respiratory health, and the geometric configuration of streets can significantly alter wind field structures and
pollutant dispersion pathways [3]. Therefore, in-depth investigation of pollutant dispersion mechanisms within
street canyons, particularly the influence of greenery, is of great significance for improving urban air quality and
safeguarding public health.

Currently, research methods for pollutant dispersion in street canyons primarily include field monitoring,
wind tunnel experiments, and computational fluid dynamics (CFD) numerical simulations. Field monitoring can
reflect pollutant distribution under real-world conditions, but due to limitations in spatiotemporal resolution and
environmental controllability, it is difficult to investigate the global spatial distribution of pollutants and the precise
effects of specific influencing factors on pollution [4,5]; while wind tunnel experiments allow for variable control,
they are costly and struggle to replicate complex urban topographies [6]. CFD simulations, with their flexibility,
reproducibility, and low-cost advantages, have become the mainstream tool for studying pollutant dispersion at
the street scale [7,8]. For example, Gong et al. used a CFD model validated by wind tunnel experiments to
investigate the impact of asymmetric building layouts on pollutant dispersion in street canyons, finding that
adjusting building heights to 2H and 3H significantly improved ventilation efficiency [9]. Cui et al. analyzed the
spatiotemporal distribution characteristics of pollutants such as CO and PM,s in street canyons using mobile
observation technology, revealing the correlation between meteorological factors and pollutant concentrations [10].
Ahmadi et al. employed a hybrid RANS-LES method to perform high-precision simulations of pollutant dispersion
in urban street canyons, demonstrating the advantages of CFD technology in characterizing complex turbulence
and dispersion processes [11].

Existing studies have largely focused on the effects of street geometric characteristics—such as aspect ratio and
symmetry, intersection types, and building layouts—on pollutant dispersion. For example, Luo et al. [6] found through
OpenFOAM simulations that three-way intersections exhibit the poorest ventilation efficiency, and that an increased
street aspect ratio further inhibits pollutant dispersion. Zhou et al. noted that in symmetric street canyons, an increased
aspect ratio leads to a more complex flow field structure and alters pollutant dispersion pathways; in asymmetric street
canyons, the leeward side of ascending canyons is prone to pollutant accumulation [12]. Zhao et al. compared six types
of building block configurations and found that descending blocks had the best ventilation, while level blocks had
the worst [7]; furthermore, differences in building heights can enhance vortex structures within the canyon,
promoting pollutant dispersion. Liu et al. further investigated the impact of roadway layout on pollutant dispersion
in street canyons, finding that air quality in shallow canyons was generally better than in deep canyons, and that
the position of the roadway significantly influenced the uniformity of pollutant distribution [13]. These studies
reveal the significant impact of street morphology on pollutant dispersion, providing a theoretical basis for street
design. Field studies by Miao et al. similarly confirm that morphological characteristics of street canyons, such as
the height-to-width ratio and length-to-width ratio, have a significant impact on the concentration of particulate
matter at pedestrian height [14], collectively offering important references for urban planning and street design
optimized for ventilation performance.

However, while street greening serves as a key means of regulating the urban micro-environment, its
mechanisms of influence on pollutant dispersion have not yet been fully elucidated. Vegetation can affect pollutant
distribution through canopy interception, deposition, and alterations to the flow field; however, its effects are dual-
natured: on the one hand, vegetation can adsorb particulate matter and reduce local concentrations; on the other hand,
dense canopies may impede ventilation, leading to the accumulation of pollutants at pedestrian height [15,16]. Hu et
al. found through ENVI-met simulations that street greening can increase PM» s concentrations on pedestrian paths
by 9.34-99.70% [15]. A study on shrub vegetation indicated that in shallow street canyons, the presence of shrubs may
increase pollutant concentrations, with higher concentrations associated with greater shrub height and density [17]. Zhao
et al. further noted that excessive canopy closure and enclosure of green spaces can inhibit pollutant dispersion,
whereas increasing green space area and average height facilitates pollutant dilution [18]. Karttunen et al. used large-
eddy simulation to investigate the impact of street tree layout on pedestrian-level aerosol concentrations and
explored possibilities for optimizing the layout [19]. These studies indicate that there is a complex trade-off
between greening structures and pollutant dispersion, which urgently requires systematic quantification;
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furthermore, there is a complex nonlinear relationship between greening structures and pollutant dispersion,
necessitating systematic quantitative analysis.

Although previous studies have examined the effects of green coverage, vegetation types, and layout on
pollutant dispersion, systematic, comprehensive research on the three-dimensional morphological parameters of
street trees—such as tree height, crown spread, branching height, and canopy edge distance (planting spacing)—
remains limited. As the primary component of street greening, the three-dimensional parameters of street trees
directly influence the interaction between canopy structure and wind fields, thereby altering pollutant dispersion
pathways and pedestrian exposure levels. For example, excessively large canopies or dense planting may create a
“micro-canal effect”, inhibiting near-surface ventilation [20]; conversely, appropriate branching heights and tree
spacing may facilitate airflow penetration and enhance vertical pollutant dispersion. Currently, most studies
simplify vegetation as a homogeneous medium and investigate the impact of only one or a few tree-related factors
on pollutant dispersion, failing to fully account for the differences in the actual three-dimensional morphology of
trees and their coupling effects with various parameters [19].

Therefore, this study focuses on typical summer meteorological conditions and urban roads in Xi’an,
selecting CO as a representative pollutant from vehicle exhaust. By constructing an ENVI-met numerical model
and employing a factorial design, the study systematically investigates the synergistic effects of four three-
dimensional morphological parameters—street tree height, branching height, crown spread, and canopy edge
distance—on CO diffusion within street canyons. The study aims to: (1) clarify the extent to which the three-
dimensional parameters of street trees influence CO diffusion; (2) quantify the main effects of each morphological
parameter and their interactions; (3) propose a prediction model and street tree planting strategy optimized for
pollutant diffusion, providing a scientific basis for the maintenance and renewal of urban street greening, and
contributing to the creation of a healthy and sustainable street living environment.

2. Materials and Methods

This study selected roads within the old city area inside Xi’an’s city walls as the case study, primarily based
on the following considerations: First, streets in the old city typically exhibit a classic street canyon morphology,
where poor ventilation causes pollutants such as CO from vehicle emissions to easily accumulate near the ground,
making the pollution problem particularly prominent; second, streets in the old city support high-density pedestrian
and bicycle traffic as well as daily resident activities, resulting in extremely high health risks from pollution
exposure; more importantly, the old city faces the practical dilemma of an extreme scarcity of available green
space, making traditional greening strategies difficult to implement. Therefore, exploring how to facilitate
microclimate circulation and promote the dispersion of pollutants by finely adjusting the three-dimensional form
of street trees, without altering the existing two-dimensional land use layout, holds urgent practical significance
and provides guidance for current urban renewal efforts focused on micro-renovation. This study establishes a
closed-loop scientific research methodology system ranging from variable dimensionality reduction and screening
to quantitative predictive modeling, specifically comprising the following four aspects. The specific technical route
is shown in Figure 1.

2.1. Experimental Design

To overcome the “curse of dimensionality” and high computational costs associated with full-factorial
experiments involving multiple factors and levels, a design of experiments (DOE) was conducted around four
factors with four levels each: tree height (14/16/18/20 m), branching height (4/5/6/7 m), crown spread (6/7/8/9 m),
and distance to the canopy edge (0/1/2/3 m). An L16(45) orthogonal array was used to arrange 16 experimental
groups, with each group corresponding to a specific parameter combination (Table 1). This method leverages the
mathematical property of spatial uniformity to capture the core response patterns of the global parameter space
with a minimal sample size.

Table 1. Factors, Levels, and Orthogonal Experimental Groups.

] 4-Factor
GExperlment Tree Height (m) Branching Height (m) Canopy Spread (m) Canopy Edge Distance (m)
roup Factors 4 Levels
d Level
andLeves 14161820 (m) 4/5/6/7 (m) 6/7/8/9 (m) 0/1/2/3 (m)
1 14 4 6 0
2 14 5 7 1
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Table 1. Cont.

. 4-Factor
Experiment . Height (m) Branching Height (m) Canopy Spread (m) Canopy Edge Distance (m)
Group Factors 4 Levels
and Levels  14/16/18/20 (m) 4/5/6/7 (m) 6/7/8/9 (m) 0/1/2/3 (m)

3 14 6 8 2

4 14 7 9 3

5 16 4 7 2

6 16 5 6 3

7 16 6 9 0

8 16 7 8 1

9 18 4 8 3

10 18 5 9 2

11 18 6 6 1

12 18 7 7 0

13 20 4 9 1

14 20 5 8 0

15 20 6 7 3

16 20 7 6 2
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Figure 1. Technical Route.
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2.2. Numerical Simulation and Data Acquisition

Based on a survey of residential street spaces in Xi’an’s old city, common street dimensions were selected as
the basis for the street’s physical boundaries: a street width of 18 m, with 7-story residential buildings 21 m high
on both sides. The vegetation was set to the most common tree in Xi’an, the Chinese scholar tree (Sophora
japonica). The morphological parameters—tree height, branching height, crown spread, and canopy edge
distance—are shown in Figure 2. Using ENVI-met software, a three-dimensional numerical model was constructed
for the study, and numerical simulations were conducted. This software has the capability to simulate atmospheric
processes, radiation transfer, vegetation physiology, and pollutant dispersion within the urban canopy at high
resolution. The model settings are listed in Table 2. The simulation was set for 3 August 2024, a typical summer
day in Xi’an. Meteorological parameters—including temperature, humidity, wind speed, and wind direction—
were sourced from the Jinghe National Meteorological Station (Table 3). The number of motor vehicles was set
in accordance with the “Planning Standards for Urban Integrated Transportation Systems (GB/T 51328-2018)”,
for urban secondary arterials, the bidirectional traffic volume during peak hours is set at its upper limit of 2000
pcu/h. The vehicle exhaust emissions were based on the “Emission Limits and Measurement Methods for Light-
Duty Vehicles (China Stage VI b)”; the CO emission factor for motor vehicles is quantified as 50 mg/km. It is
worth noting that, to prevent model instability induced by fluctuations in wind speed and direction, the daily mean
value was adopted for wind speed, while the daily prevailing wind direction was employed for wind direction. To
ensure the software was fully warmed up and to guarantee the accuracy of the simulation results, the simulation
period began at 17:00 on 2 August and continued until 23:00 on 3 August. The study selected data from two time
periods: 3 August, 7:00-9:00 and 18:00-20:00, when urban traffic and pedestrian congestion were at their peak,
and CO concentrations had the most direct and intense impact on pedestrians, the subjects of analysis. In line with
previous research, data at a pedestrian height of 1.5 m were selected for averaging and analysis. The accuracy of
ENVI-met in simulating pollutant dispersion has been validated by numerous studies [21-23]. At the same time,
in order to eliminate boundary interference and ensure the authenticity of the physical environment in the core
area, data from a residential building and the inter residential area in the middle of the model were extracted for
analysis (Figure 2a).
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Figure 2. Schematic diagram of numerical model and data collection.

Table 2. ENVI-met Simulation Parameter Settings.

Site length (x) x width (y) x height (z) =200 m x 120 m x 48 m (grids: 200 (x) x
Simulation area size (grid) 120 (y) x 32 (z), vertical-grid (z) starts to increase after 23m, increasing factor 20%)
Building length x width X height =54 m x 12 m x 21 m

Spatial resolution ImXImx1m
Simulation running period From 17:00 on 2 August 2024 to 23:00 on 3 August 2024
Meteorological file Hourly meteorological data of Jinghe National Meteorological Station on that day

Greening conditions with 4 different tree heights + 4 different branch point heights +

Greening conditions 4 different crown amplitudes + 4 different crown edge distances

Leaf area density 0.4 m*m’
Wind speed and direction Speed: 2.4 m/s at 10 m height; Direction: North-east
Boundary condition Advanced detailed meteorology
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Table 3. Hourly meteorological data on August 3rd.

Air Temperature  Relative Humidity Air Temperature Relative Humidity

Time ©C) (%) Time ©C) (%)
00:00 30.5 79.2 12:00 33.2 63.2
01:00 29.8 81.3 13:00 32.5 63.3
02:00 29.5 82.5 14:00 32.1 74.4
03:00 28.8 84.3 15:00 33.2 61.3
04:00 28.6 83.3 16:00 334 58.2
05:00 28.1 84.1 17:00 32 62.2
06:00 28.2 83.3 18:00 32 62.2
07:00 28.4 81.2 19:00 31.1 63.1
08:00 28.7 70.1 20:00 30.6 68.5
09:00 29.7 77.2 21:00 29 76.6
10:00 30.6 73.4 22:00 28.2 76.5
11:00 32.4 66.2 23:00 27.4 79.2

2.3. Identification of Key Factors

After obtaining the simulation results, range analysis was first conducted to intuitively assess the relative
importance of each factor. The core logic of range analysis involves calculating the average CO concentration (i.c.,
K1, K2, K3, K4) corresponding to each level of a given factor, then subtracting the minimum value from the
maximum value to obtain the range (R value). A larger R value indicates that variations in the factor’s levels cause
more significant fluctuations in CO concentration, thereby assigning a higher weight to that factor. Additionally,
to address the statistical masking issue of “no significant effects” often caused by insufficient degrees of freedom
in small-sample orthogonal experiments, the study introduced rigorous error pooling techniques. By reducing the
dimensionality of minor factors with weak contributions (identified in the results as tree height) and incorporating
them into the residual term, the core signals were amplified. Based on the pooled analysis of variance and
contribution analysis, the dominant factors controlling CO concentration were precisely identified.

2.4. Mathematical Model Development

After identifying the dominant factors, the study employed multiple stepwise regression analyses to construct
a predictive model. The algorithm automatically eliminated statistically insignificant redundant variables, thereby
avoiding the risks of multicollinearity and over-fitting. Ultimately, a multivariate linear equation with high
statistical significance was fitted, achieving a transition from qualitative trends to quantitative weighting and
revealing the specific positive and negative physical synergistic effects of various factors in pollutant dispersion.

2.5. Generalization Capability Testing

To overcome the limitations of the original orthogonal sample points and ensure the engineering practicality
of the predictive equations, the study adopted the principle of restricted random sampling. Under objective physical
boundary constraints, a computer random seed was used to conduct an equal-probability blind selection from the
unsimulated combinations, resulting in the four experimental groups listed in Table 4 as a test set independent of
the orthogonal experimental training set. By comparing the mean absolute percentage error and root mean square
error between the model predictions for the test set experimental groups and the new simulated actual values, the
generalization ability and robustness of the regression model were rigorously tested, ensuring that these research
findings can be effectively applied to the quantitative guidance and optimized design of urban neighborhood
greening patterns.

Table 4. Specific Combinations of the Test Set.

Factor A: Tree Factor B: Branching  Factor C: Crown Factor D: Canopy Edge

Test ID Height (m) Height (m) Spread (m) Distance (m)
1 19 4 6 2
2 15 5 7 0
3 19 4 9 0
4 14 4 7 1
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3. Results
3.1. Analysis of the Effect of Tree Three-Dimensional Parameters on CO Concentration
3.1.1. Analysis of CO Concentrations on Streets

Figures 3 and 4 show that the overall patterns of CO concentration distribution are similar across all
experimental groups: CO concentrations are lower in the northeast and northwest corners. This may be due to the
model’s boundary wind direction being set to the prevailing northeast wind in Xi’an, with winds blowing from the
upwind direction through gaps between buildings, carrying away CO from the northeast and northwest corners;
CO concentrations are also lower along the southern edge near the building area. This is because the northeast-
bound incoming wind encounters obstruction from the southern buildings, causing part of the airflow to divert
upward or toward the northwest, thereby carrying away the CO in that area; CO concentrations are higher in the
western part of the road’s central section, with all points exceeding 100 pug/m? concentrated there. This may be
due to the wind blowing from both the north and south sides of the road, causing CO to accumulate in this area.

e
R‘PBE
Sl et
F“P'__

_:—

0.00 32.00 64.00 96.00 128.0 160.0 192.0 pg/m’

Figure 3. Plan view of CO concentration distribution at pedestrian height along the experimental streets for each
group (Groups 1-16 correspond to the orthogonal experimental combinations listed in Table 1).
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wind direction

Figure 4. Distribution of Wind Speed and Direction at Pedestrian Height on Experimental Streets in Each Group
(Groups 1-16 correspond to the orthogonal experimental combinations listed in Table 1).

Furthermore, as shown in Figures 3 and 5, the minimum CO concentrations across the experimental groups
fluctuated minimally, while the maximum values fluctuated significantly. Experiment 13 recorded a maximum
value exceeding 188 pg/m?®, while Experiments 9 and 10 exceeded 170 pg/m>. In contrast, Experiments 4 and 16
exhibited lower CO concentrations, both below 145 pg/m3. Regarding the box length (25-75%), there was little
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variation. Experiment 13 had the longest box length, with a difference of 55.82 pg/m?® between the third and first
quartiles, while Experiment 12 had the shortest, with a difference of 42.62 pg/m® between the third and first
quartiles. The median values in each experimental group were close to the mean, indicating a symmetrical data
distribution typical of data without strong skewness. The mean values exhibited a concentrated distribution with
localized variations; the maximum mean was 88.15 pg/m?, and the minimum was 63.5 pg/m?. The overall average
CO concentration across all experimental groups was approximately 75.52 pg/m?3. The average CO concentration
in most experiments (11 groups) fell below 75.52 pg/m3, accounting for 68.75% of the total, indicating that CO
concentrations remained in a relatively low range under most parameter combinations. However, the difference
between the highest and lowest average values was significant, reaching 24.65 pg/m?, suggesting that different
parameter combinations had markedly different effects on regulating the overall CO concentration along the street.
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Figure 5. Box plots of CO concentrations at pedestrian height on experimental streets (Groups 1-16 correspond to
the orthogonal experimental combinations listed in Table 1).

3.1.2. Analysis of the Strength of the Effect of Tree Three-Dimensional Parameters on CO Concentration

The summary of the range analysis results is shown in Table 5. The data indicate that the ranges of the four
tree morphological parameters exhibit a very distinct hierarchical pattern. The strict ranking of range values is:
branching height (R = 12.21) > crown spread (R = 8.20) > canopy edge distance (R = 6.13) > tree height (R =
4.34). This ranking quantitatively confirms that branching height and crown spread are the two dominant factors
controlling CO concentrations in the street canyon. After clarifying the primary and secondary factors, a closer
examination of the trends in the K-values of the core factors provides intuitive evidence for the physical
mechanisms of the microclimate. First, regarding branching height, which ranked first, the mean CO
concentrations at the four corresponding levels were 79.07, 73.03, 71.14, and 66.86, respectively, presenting a
highly regular monotonically decreasing curve. Physically, this implies that as branch points rise, the lower street
space—previously blocked by dense foliage—is released, opening up ventilation corridors at pedestrian height
and allowing vehicle exhaust to be efficiently carried away by lateral airflow.

Table 5. Range Analysis.

Range Experimental Levell Level2 Level3 Level4 Range Physical Trend Observations

Ranking Factor (K1) K2) (K3) (K4 ®R)
1 Branching height 79.07  73.03  71.14 66.86 1201 CO concentrations decrease significantly
(B) (4dm) (5m) (6m) (7 m) ) with increasing branching height
By Crown spread (C) 68.82  70.51 73.74 77.02 32 As the amplitude increases, the CO
P (6m) (7m) (8m) (9 m) ) concentration rises significantly
3 Canopy edge 73.62 7550  71.60 69.37 6.13 There is some volatility, but the overall
distance (D) (0 m) (Im) (2m) (B m) ) trend is downward
. 70.06 74.41 72.19 73.44 Minimal fluctuations; no obvious linear
4 Treeheight (A) 14 1y (l6m) (18m) (om) 3% pattern

3.1.3. Main Effects of Tree Morphological Factors on CO Concentration

As illustrated in Figure 6, the main effect trends derived from the range analysis clearly demonstrate the
directional impact of each morphological factor on the CO concentration. Specifically, the mean CO concentration
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exhibits a consistent, monotonic decrease as the branching height increases from level 1 to level 4 (Figure 6b).
This graphical trend reinforces the dominant role of vertical clearance beneath the canopy in promoting
aerodynamic flushing, as corroborated by the regression and ANOVA results in Table 6. Conversely, crown spread
(Figure 6¢) displays a highly regular, monotonic upward trajectory, with the mean CO concentration rising steadily
across the four levels. This distinct positive correlation reveals that excessive lateral expansion of tree crowns
significantly intensifies aerodynamic drag, creating a heavy canopy blocking effect that hampers airflow
circulation and leads to the severe entrapment of pedestrian-level vehicle exhaust. For canopy edge distance
(Figure 6d), the curve presents an overall descending trend despite a minor localized fluctuation at level 2. This
negative trend demonstrates that widening the spacing between adjacent crowns effectively enhances the street’s
longitudinal spatial permeability, allowing wind fields to pass through more freely to dilute bottom-level pollution.
In sharp contrast, the trend line for tree height (Figure 6a) remains relatively flat, showing only minor fluctuations
without a clear monotonic or linear pattern. This stagnant trajectory visually confirms that variations in tree body
height exert a negligible direct impact on near-surface pollutant dispersion within the studied canyon
configuration, aligning with its low range value ranking. In summary, univariate analysis confirms that branching
height and crown spread are the key factors driving variations in CO concentration. These results corroborate the
conclusions of the range analysis, providing clear quantitative evidence for regulating air quality through tree
morphological design.

80

80

e
\
78 78 \
\
\
\
76 76 \
\
\
=, ] = \
& ~ &
L ey =M \
£ , N o £ X
2 , 7/ P - il g Y
-~ s —
o ’ e o S~
on . o ~ .
’ Te
F 4 N
\
70 [ ] 70 L
N
N
N\
68 68 \
N\
‘®
66 1 1 1 1 L 1 1 66 Il L 1 L n L
14 15 16 17 18 19 20 4 5 6 7
Tree height (m) Branching height (m)
(a) (b)
80 80
78 78
2
rd
76 d 76
> 4
e L
, -
, il N
- / - - N
M = TM s N
El 7 El \
= rd =
— ’ T N .
7
Sn " Sn N
P [
' > ~
¥ 3 &
70 - - 70 Sa
-~ = ‘
[ 3
68 68
66 L Il 1 L 66 Il I 1 L I L
6 7 8 9 0 1 2 3
Crown spresd (m) Canopy edge distance (m)
(©) (d)

Figure 6. Main effects of tree morphological factors on pedestrian-level CO concentration (points represent the

mean values at each orthogonal level. (a) Trend between tree height and CO concentration. (b) Trend between

branching height and CO concentration. (¢) Trend between crown spread and CO concentration. (d) Trend between

canopy edge distance and CO concentration.
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Table 6. Analysis of variance and contribution rates for CO concentration (after error-pooling).

Source of Sum of Degrees of Mean F-Value Value Contribution  Significance
Variance Squares (SS) Freedom (df) Square (MS) P Rate (%) Test
Branching o .
height (B) 308.14 3 102.71 9.13 0.012 49.97% Significant
Crown spread 157.73 3 52.58 4.67 0.052 25.58% Marginally
(© significant
Canopy edge o Not
distance (D) 83.33 3 27.78 2.47 0.159 13.51% significant
Pooling error 67.49 6 11.25 - - 10.95% -
Total 616.7 15 - - - 100.00% -

3.1.4. Analysis of Interactions Among Tree Three-Dimensional Parameters

The regulatory effects of trees’ three-dimensional parameters on CO concentrations in the street exhibit
multidimensional interactions; these effects are not a linear superposition of individual dimensional indicators but
rather arise through the combined influence of branching height, crown spread, and tree height (A, B, and C). The
following sections provide a detailed analysis of each interaction.

As shown in Figure 7a, the combination of branching height (B) and tree height (A) has a significant effect
on CO concentration. When the branching height is 4 m, CO concentration generally increases with tree height,
reaching a peak at 20 m (88.15 pg/m®), indicating that a combination of low branch points and tall trees tends to
lead to pollutant accumulation. When the branching height was 7 m, the CO concentration first increased and then
decreased with increasing tree height, dropping to a relatively low level (63.50 pug/m?) at 20 m, indicating that a
high branching combined with a tall tree body promotes vertical ventilation. When the branching height was 5 m
and 6 m, CO concentrations fluctuated with height without a clear monotonic pattern, reflecting that the influence
of tree height at medium branching heights is modulated by other factors.

Figure 7b reveals the interaction between crown spread (C) and tree height (A). When the crown spread was
6 m (narrow crown), CO concentration decreased continuously with increasing tree height (from 75.08 pug/m? at
14 m to 63.50 ug/m? at 20 m); the combination of a narrow crown and a tall tree formed a better vertical channel,
which was conducive to pollutant dispersion. Conversely, when the crown spread is 9 m (wide crown), CO
concentrations rise significantly with increasing tree height (from 63.61 pug/m? at 14 m to 88.15 pg/m? at 20 m);
the combination of a wide crown and a tall tree trunk tends to create a shading effect, hindering near-surface air
circulation. Under moderate crown spreads (7 m, 8§ m), CO concentrations exhibited a pattern of first increasing
and then decreasing, or fluctuating, with height, indicating the presence of a critical crown-to-height ratio (crown
spread/tree height) that influences ventilation efficiency.

The interaction between the canopy edge distance (D) and tree height (A) exhibits complex nonlinear
characteristics (Figure 7c). Specifically, when the canopy edge distance is small (0 m and 1 m), CO concentrations
fluctuate with changes in tree height, showing no obvious monotonic trend, indicating that under densely arranged
canopies, the influence of tree height on pollutant distribution is strongly modulated by other factors. However,
when the canopy edge distance increased to 2 m and 3 m, CO concentrations followed a trend of first increasing
and then decreasing with tree height: the concentration peak occurred at 18 m for both distances, but the location
of the peak differed—at a canopy edge distance of 2 m, the concentration corresponding to a 20-m-tall tree was
lower; at a 3 m canopy edge distance, the concentration corresponding to a 14 m tall tree was lower. This reflects
a threshold effect in the interaction between canopy edge distance and tree height: a moderate canopy edge distance
combined with tall trees promotes diffusion (e.g., 2 m + 20 m), while an excessively large canopy edge distance
may disrupt the continuity of canopy cover and requires coordination with shorter trees to achieve better results
(e.g., 3 m + 14 m). Overall, the interaction between canopy canopy edge distance (D) and tree height (A) cannot
be summarized by a simple linear relationship; in practical design, comprehensive judgment must be made by
considering parameters such as branching height and canopy spread.

The synergistic effect of branching height and crown spread is the core mechanism regulating street
ventilation (Figure 7d). When the branching height is 4 m, and the crown spread is 9 m, CO concentration reaches
its peak (88.15 pg/m?); this “low branching height-wide crown” combination exacerbates pollutant retention.
Conversely, when the branching height is 7 m, and the crown spread is 6 m, CO concentrations drop to the lowest
level (63.50 ug/m?), indicating that the “high branching point-narrow crown” combination significantly improves
dispersion conditions. This trend aligns with the direction of the main effects: both high branching points and
narrow crowns favor lower concentrations, and their combined effect is the strongest.

The interaction between branching height and distance to the canopy edge was also significant (Figure 7e).
The highest CO concentration (88.15 pg/m?®) was observed when the branching height was 4 m, and the canopy
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edge distance was 1 m; the lowest concentration (63.50 ug/m?) was observed when the branching height was 7 m,
and the canopy edge distance was 2 m. Notably, when the canopy edge distance was 2 m, concentration differences
varied significantly across different branching heights, indicating that this distance favors high branch points and
disadvantages low branch points; whereas when the canopy edge distance was 1 m, concentrations were extremely
high at low branch points and moderate at high branch points, suggesting that 1 m may be a sensitivity threshold
for low branch points.

The interaction between crown spread and canopy edge distance further confirms the importance of
morphological matching (Figure 7f). The combination of a narrow canopy (6 m) and a 2 m canopy edge distance
resulted in a lower CO concentration (63.50 ug/m?), whereas the combination of a wide canopy (9 m) and a 1 m
canopy edge distance yielded the highest concentration (88.15 ug/m?). A wide canopy requires a larger canopy
edge distance (e.g., 3 m) to achieve a lower concentration (63.61 pg/m?), whereas a narrow canopy performs best
at a moderate canopy edge distance (2 m). This indicates that crown spread and canopy edge distance must be
coordinated to balance shading and ventilation.

90 90
—a— 4m branching height —=&— 6m crown spread
—=— 5m branching height —o— Tm crown spread
85 - —a— 6m branching height 85 F—e— 8m crown spread
—o— 7m branching height —— 9m crown spread
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Figure 7. Interaction Analysis Plot of Tree Three-Dimensional Parameters.
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In summary, the three-dimensional parameters of trees collectively influence the distribution of CO
concentrations in the street through multidimensional interactions. Optimal configurations were observed in two
combinations: first, a combination of high branching height (7 m), narrow canopy spread (6 m), moderate canopy
edge distance (2 m), and tall trees (20 m) results in 63.50 pg/m* CO concentration; and second, a combination of
high branching height (7 m), wide canopy (9 m), large canopy edge distance (3 m), and short trees (14 m) (CO
concentration: 63.61 pug/m?). The worst configuration was a combination of a low branching height (4 m), wide
canopy (9 m), 1 m canopy edge distance, and tall trees (20 m) (88.15 ug/m?). The results indicate that optimizing
the relationship between branching height, crown spread, and canopy edge distance can significantly improve
street ventilation efficiency, providing quantitative evidence for street greening design.

3.2. Analysis of the Combined Effects of Tree Three-Dimensional Parameters on CO Concentration
3.2.1. Analysis of Variance and Contribution Rates

Table 6 presents the results of the analysis of variance (ANOVA) and contribution rates following error
pooling, aiming to precisely quantify the actual explanatory power of each tree morphological parameter on
fluctuations in micro-environmental CO concentrations. To enhance the power of statistical testing, the study
combined “tree height”, which had the smallest range and minimal influence, with the initial residuals to construct
a “pooled error” with 6 degrees of freedom, thereby eliminating the interference of systematic noise. The analysis
revealed that branching height is the primary factor driving CO concentration variations, with an independent
contribution rate as high as 49.97% and statistical significance (p = 0.012 < 0.05). Crown spread serves as the
secondary dominant factor, contributing 25.58% and exhibiting marginal significance (p = 0.052 = 0.05). Together,
these two factors account for over 75% of the variation in concentration, providing quantitative confirmation that
the “opening of the lower ventilation corridor” and the “aerodynamic shielding of the upper canopy” are the most
critical physical mechanisms controlling the dissipation of pollution in street canyons. Furthermore, although the
canopy edge distance did not reach the significance threshold in the ANOVA due to local nonlinear fluctuations
(p = 0.159), its substantial contribution rate of 13.51% indicates that it still exerts a significant physical influence;
therefore, it was retained to prevent model distortion. Ultimately, the pooled error accounting for unknown
environmental disturbances accounted for only 10.95%. This extremely low error proportion demonstrates that the
orthogonal experimental design successfully captured the primary factors influencing CO diffusion, and the
extracted patterns possess extremely high statistical robustness and practical significance.

3.2.2. Multiple Linear Regression Analysis

Based on a least-squares fit and following a multivariate stepwise regression analysis, the mathematical
relationship between CO concentration and the various morphological factors (B, C, D) was established as follows:

Yeo = 7533 —3.85%B + 2.78 * C— 1.66 x D ()

where:

Yco—CO concentration (ug/m?);
B—Branching height (m);
C—Crown spread (m);
D—Canopy edge distance (m).

The multiple regression model for the relationship between tree 3D parameters and CO concentration is
shown in Equation (1), and the comprehensive analysis results are presented in Table 7. As shown in the table, the
adjusted R? of the regression model is 0.77, indicating that the model explains 77% of the variation in CO
concentration, suggesting a high level of model fit. The Durbin-Watson statistic is 2.103, which is extremely close
to the ideal value of 2. This indicates that the residuals from each sample are independent of one another, with no
autocorrelation, suggesting that the model is well-specified. The model’s F-statistic is 18.400, with p < 0.001,
proving that this multiple regression equation is highly statistically significant overall. The p-values for both
branching height and crown spread are less than 0.01, indicating that their respective effects are highly significant.
However, it is worth noting that when conducting a one-way ANOVA on crown spread (C) alone (without
controlling for other variables), the p-value was 0.052, indicating only marginal significance. In the multiple
regression model, the simultaneous inclusion of covariates such as branch point height and edge distance
effectively reduced residual variance and controlled for confounding factors, thereby highlighting the net effect of
crown spread—its p-value was less than 0.05, reaching the level of significance. From the standardized regression
coefficients, comparing the absolute magnitude of influence among the factors, branching height (|-0.693|) >
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crown spread (|0.501]) > canopy edge distance (|—0.300]), which proves that branching height has the greatest
contribution to pollutant dispersion. The p-values for all three independent variables were less than 0.05 (with B
being highly significant, C highly significant, and D significant), indicating that their respective effects on CO
concentration are valid and reliable. A VIF of 1.000 indicates that the VIF values for all variables are 1.0,
suggesting that there is absolutely no risk of multicollinearity or mutual interference among the independent
variables, and that the model coefficients are clean and robust.

Table 7. Comprehensive Analysis of the Multiple Regression Model for CO Concentration Based on Tree Three-
Dimensional Parameters.

Adjusted  Durbin- p-Value ndependent Sﬁa:g?eﬁgifﬁd t p-Value  VIF
2 - : -
R Watson Variables Coefficient

Branching _ _ <0.001

height (m) 0.693 2684 (significant) 1.0
Crown spread 0.001

0.77 2103 18400 <0.001 (m) 0.501 4107 onificany 0
Canopy edge _ . 0.030

distance (m) 0.300 2435 (significant) 1.0

Constant term - 11.723 <0.001 -

3.2.3. Generalization Test Analysis

Table 8 shows that the results of the generalization test indicate that when the multiple regression model is
applied to unknown parameter combinations, the MAPE between the predicted values and the actual values
simulated by ENVI-met is only 2.15%, the RMSE is as low as 1.90, and the R? from the external independent
validation reaches 0.76. This fully confirms that the constructed CO concentration prediction model for the
neighborhood micro-environment not only avoids the limitations of orthogonal sample points and the risk of over-
fitting but also possesses extremely high generalization capability and practical engineering prediction value.

Table 8. Generalization Test Results.

Predicted CO Concentration from ENVI-Met Simulated CO

2
Test ID Regression Model (pg/m?) Concentration (pg/m’) MAPE  RMSE R
1 73.29 73.25
2 75.54 73.27 . X
3 84.95 82.78 2.15% 1.90 ng/m* 0.76
4 77.73 75.60

4. Discussion
4.1. Mechanisms of Individual Morphological Parameters Affecting Pollutant Dispersion

Through orthogonal experiments and numerical simulations, this study found that branching height is the
primary controlling factor influencing CO concentrations at pedestrian height in street canyons (contribution rate:
49.97%) and exhibits a highly significant negative correlation with CO concentrations. This result is consistent
with the conclusions of the CFD simulations by Guo et al.—increasing the height of the canopy can effectively
open up the space beneath the canopy, promoting horizontal and vertical airflow exchange [24]. He et al. similarly
confirmed through ENVI-met studies in hot-humid urban blocks that street trees with high branching height
significantly reduce traffic-related PM, 5 concentrations, with this effect being more pronounced in narrow street
canyons [21]. The underlying mechanism is that branching height determines the vertical clearance of the trunk
space: a high branch point creates a well-ventilated “air corridor” beneath the canopy, which enhances momentum
exchange between the near-surface layer and upper airflow while reducing direct obstruction of horizontal inflow,
thereby accelerating lateral transport and vertical dilution of vehicle emissions. Thus, the dominant role of
branching height appears robust across different climates and canyon geometries.

In contrast to branching height, crown spread shows a significant positive correlation with CO concentrations,
meaning that wider crowns actually exacerbate pollutant accumulation. This result challenges the conventional
intuition that “larger canopies lead to stronger adsorption” and supports a mechanism dominated by aerodynamic
blockage. Maison et al. found through CFD parameterization that canopies can reduce average horizontal wind
speed by up to 68% and vertical exchange coefficients by 23%, with these effects increasing as leaf area index and
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canopy volume increase [25]. Li et al. also noted that while increasing leaf area density or planting density
improves thermal comfort, it leads to greater pollutant retention; tall trees with low near-surface leaf area perform
best under high wind speed conditions [26]. The core mechanism here is that a wide crown substantially increases
aerodynamic roughness and drag, causing a sharp decrease in wind speed and enhanced turbulent dissipation,
which weakens convective diffusion; meanwhile, the deposition capacity of foliage is limited and cannot offset
the blocking effect. Therefore, wide canopies primarily degrade near-surface air quality through increased
aerodynamic resistance rather than adsorption.

Furthermore, edge distance showed a significant negative correlation in this study, consistent with the
conclusion by Gromke and Ruck that increasing tree spacing can reduce pollutant concentrations [27]. The
mechanism is that a larger edge distance provides buffer space between the crown and the source, allowing some
lateral dilution before the plume reaches the canopy. Tree height showed a weak positive correlation, possibly
because taller crowns increase total canopy volume and overall drag, offsetting any vertical uplift benefit; its net
effect depends on interactions with other parameters.

4.2. Synergistic Effects among Multiple Parameters and the Causes of Optimal/Worst Configurations

This study also identified the optimal and worst-case combinations of morphological traits: the lowest CO
concentrations occurred in trees with “high branch points + narrow crowns + moderate edge distance + tall stature”,
while the highest concentrations corresponded to “low branch points + wide crowns + 1 m edge distance + tall
stature”. This suggests that the spatial alignment between branching height and crown spread is key to determining
ventilation efficiency, rather than the independent action of individual factors. When branching height is high and
crown spread is narrow, a large open space is created under the canopy, allowing horizontal airflow to pass through
the trunk zone and carry away pollutants; the narrow crown reduces overall blockage, and the two factors
synergistically enhance air exchange. In contrast, low branch point combined with wide crown forms a dense
“canopy barrier” that nearly blocks near-surface flow, trapping emissions at breathing height. Tang et al. found
that higher crown extent and trunk height prolong the residence time of pollutants [28]. Wang et al. emphasize in
their review that the obstructing effect of tree canopy cover is closely related to the street canyon aspect ratio, wind
direction, and source intensity, and that there is no universally optimal tree form [29]. Guo et al. similarly argue
that tree-based air quality improvement requires targeted design that integrates tree form, street canyon geometry,
and meteorological conditions [24]. Our interaction analysis further revealed that when crown spread is large (e.g.,
9 m), planners must simultaneously increase edge distance (e.g., 3 m) to avoid severe accumulation; conversely,
dense planting (1 m edge distance) with low branching height should be strictly avoided, as it creates a “micro-
canal” effect trapping pollutants at pedestrian level. Therefore, street tree configuration should shift from “single-
parameter optimization” to “multi-parameter collaborative design”, physically balancing shading against
ventilation, which depends on under-crown void fraction and overall drag coefficient.

4.3. Limitations and Planning Implications

Although the adjusted R? of the multiple regression model in this study was 0.77 and the MAPE was only
2.15%, indicating that the model has good generalization ability, several limitations remain. First, CO, as a tracer,
failed to distinguish the dynamic variations in emissions from traffic sources; future studies could incorporate
simultaneous observations of multiple pollutants. Second, seasonal and phenological differences were not
considered, whereas Maison et al. noted through LAI parameterization that ventilation conditions differ
significantly between the leafless (dormant) period and the full-leaf period, and He et al. also suggested that street
tree morphological parameters should account for seasonal requirements [21,25]. Finally, this study examined only
single-row street tree configurations and did not address complex scenarios such as multi-row green belts or
vertical green walls, which may introduce different turbulent exchange mechanisms. Nevertheless, through
orthogonal experiments and cross-validation of multiple methods, this study provides quantifiable evidence for
the scientific configuration of street trees in urban blocks: in street environments where ensuring ventilation
beneath the canopy is a priority, increasing branching height and moderately controlling canopy spread should be
the primary design principles, while an overreliance on tree height requires reevaluation.

The findings of this study provide a quantitative foundation for the topological optimization of urban street
greenery, moving beyond simple two-dimensional green coverage metrics. From a spatial planning perspective,
the topological structure of street trees dictates the aerodynamic permeability of the near-surface layer. For high-
density urban street canyons, such as those in the old city of Xi’an, planners should prioritize tree species with
natural morphological traits characterized by a high branch point height and a narrow crown. This specific
topological combination effectively expands the clearance beneath the canopy, facilitating the lateral dissipation
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of vehicle emissions. Furthermore, these quantitative results offer actionable strategies for resolving the trade-off
between thermal comfort (shading) and pollutant dispersion. If landscape requirements necessitate the use of trees
with wide crowns (e.g., 9 m), our interaction analysis reveals that planners must simultaneously increase the
canopy edge distance to a wider spacing (e.g., 3 m) to prevent severe pollutant accumulation. Conversely, dense
planting schemes (e.g., 1 m canopy edge distance) with low branch point heights must be strictly avoided, as they
form a micro-canal that traps pollutants at the pedestrian level. Therefore, these quantitative design guidelines
allow for precise, site-specific topological optimization during the selection, planting, and pruning phases of urban
green space management.

5. Conclusions

This study combined ENVI-met numerical simulation with orthogonal experimental design to systematically
quantify the regulatory effects of four three-dimensional parameters—tree height (A), branching height (B), crown
spread (C), and canopy edge distance (D)—on CO concentrations under the canopy in urban streets. It clarified
the influence patterns, interaction effects, and optimization directions of each parameter. The main conclusions
are as follows:

1.  The order of influence and optimal combination of factors were identified. The intensity of influence on CO
concentration, from primary to secondary, is as follows: branching height (B) > crown spread (C) > canopy
edge distance (D) > tree height (A). The simulated lowest CO concentration (63.50 pg/m?) occurred in the
combination of “tree height 20 m, branching height 7 m, crown spread 6 m, and canopy edge distance 2 m”,
demonstrating the synergistic advantages of a high branching, narrow crown, and moderate canopy edge
distance; The second-lowest concentration (63.61 pg/m?®) occurred in the combination of “14 m, 7 m, 9 m, 3
m”, demonstrating another effective combination of a high branching point, wide crown, and large canopy
edge distance.

2. The analysis revealed the key influence of interactions among morphological factors. The effects of tree
morphological factors are not independent; complex interactions exist among them. The interaction between
branching height and crown spread is most significant: a combination of high branching height and a narrow
crown promotes dispersion, whereas a combination of low branching height and a wide crown leads to severe
pollutant accumulation (maximum concentration of 88.15 pg/m3, corresponding to 20 m, 4 m, 9 m, 1 m).
Design should avoid optimizing a single indicator in isolation; instead, it should focus on the overall synergy
among branching height, crown spread, and canopy edge distance.

3. The study distinguished between statistical influence and engineering contribution, identified core regulatory
factors, and, through contribution analysis, demonstrated that branching height (49.97%) and crown spread
(25.58%) are the dominant factors driving changes in CO concentration, with a combined contribution rate
exceeding 75%, indicating clear engineering regulatory value. Canopy edge distance (D) is a statistically
significant predictor (p = 0.03) and participates in important synergistic interactions (e.g., C x D). When fine-
tuning models or optimizing complex canopy structures, it should still receive appropriate attention.

4. A quantitative prediction model was established, and key regulatory pathways were identified. Based on
multiple linear regression analysis, a quantitative prediction model linking CO concentration to major
influencing factors was developed, and its accuracy was verified through generalization tests. The model
indicates that, in the practical optimization of street greening structures, increasing branching height,
reducing crown spread, and appropriately increasing the canopy edge distance are the most direct and
effective technical approaches to reducing CO concentrations under the canopy.

The findings of this study provide a theoretical basis and quantitative tools for the refined design of trees in
old street aimed at regulating the dispersion of air pollutants. In the future, the optimization design system for the
ecological functions of urban roadside green spaces can be further refined by incorporating the characteristics of
additional tree species, variations in road cross-sections, and complex wind field conditions.
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