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ARTICLE INFO ABSTRACT
Keywords: Urban trees are widely recognized as effective nature-based solutions for urban heat mitigation, yet current
Outdoor thermal comfort (OTC) design strategies focus predominantly on optimizing summer cooling, leaving their potential for winter thermal

Street canyon regulation understudied. This oversight raises a critical question: Do tree configurations optimized for summer

EEIIX i;;mfctal winter cooling remain thermally beneficial in winter? To address this issue, this study conducted a parametric analysis
PET P using ENVI-met to evaluate the seasonal thermal performance of urban trees in subtropical coastal city Hong

uTCl Kong under extreme summer and winter conditions. Multi-scenario simulations were run, incorporating eight
urban canyons characterized by discrete sky view factors (SVF=0.1-0.8) based on typical morphological cate-
gories, two street orientations (N-S, E-W), and two tree species (evergreen Ficus microcarpa, deciduous Lager-
stroemia speciose). Results indicate that both evergreen and deciduous trees provided comparable cooling in
summer, with mean differences of 0.21 °C in PET and 0.35 °C in UTCI. A consistent peak cooling of up to 8 °C in
PET and 5 °C in UTCI was observed at SVF = 0.7 for both species. In winter, evergreen trees improved comfort by
wind shielding in deep, low-SVF canyons (up to 1 °C in PET; 6 °C in UTCI), while deciduous trees enhanced
comfort through solar access in shallow, high-SVF canyons (over 0.3 °C PET; 1 °C in UTCI). For subtropical
coastal contexts, our findings suggest that tree selection and placement should be seasonally adaptive. This study
provides a methodological framework and preliminary insights for climate-adaptive planting strategies in urban
canyons from a year-round perspective.

these, trees have been identified as the most effective in moderating

1. Introduction pedestrian-level thermal comfort [12,13], through shade provision,
evapotranspiration, and airflow regulation [14-16]. Empirical studies
1.1. Trees as Nature-based Solutions for urban heat mitigation underscore the superior cooling performance of trees compared to other
GI typologies (e.g., green roofs and walls). For instance, field measure-
The escalating impacts of global warming and climate change are ments in subtropical Hong Kong demonstrate that trees can reduce
intensifying urban overheating, posing significant challenges to human pedestrian-height air temperature by up to 4 °C and mean radiant
health and energy sustainability [1-3]. Urban green infrastructure (GI) temperature (MRT) by 16 °C during summer, outperforming alternative
has been recognized and increasingly implemented as an efficient design GI solutions [10]. This aligns with global meta-analyses indicating that
strategy to mitigate urban heat [4-7], owing to its nature-based mech- tree-based interventions effectively lower peak temperatures below 26
anisms and cost-efficient cooling potentials [8]. Ground trees, green °C in 83 % of 110 cities across 17 climate zones [17].
roofs, and green walls (also referred to as green facades or vertical However, the efficacy of urban trees is highly context-dependent,
greenings) are three widely implemented GI typologies [9-11]. Among influenced by four key factors: (1) background climate conditions, (2)
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Nomenclatures
CFD Computational Fluid Dynamics
EBM Energy Balance-based Model
FM Ficus microcarpa
GI Green Infrastructure

H/W Aspect ratio, building height/canyon width
HKO Hong Kong Observatory

LAD Leaf area density (m%/m>)

LAI Leaf area index (m?/m?)

LS Lagerstroemia speciose

MRT Mean Radiant Temperature (°C)

PET Physiological Equivalent Temperature (°C)
RH Relative humidity ( %)

R? Coefficient of determination

RMSE Root mean square error

SLF Seasonal leaf factor

SR Global solar radiation (W/m?)

SVF Sky View Factor

T, Air temperature (°C)

UTCI Universal Thermal Climate Index (°C)
wsS Wind speed (m/s)

urban morphological characteristics, (3) species-specific tree traits, and
(4) planting design strategies [17,18], which underscores the need for
site-specific design guidelines to optimize their thermal benefits.

1.2. Seasonal dynamics of tree effects and the need for winter assessment

While the summer cooling benefits of urban trees are well-
documented, their winter performance remains understudied [19],
particularly in hot regions [20]. Trade-offs between wind shielding and
solar access are critical for winter outdoor thermal comfort yet over-
looked. For instance, evergreen trees may improve winter thermal
comfort by blocking wind to reduce wind chill in urban canyons but
simultaneously limit desirable solar penetration. Conversely, deciduous
trees allow greater solar access in winter due to leafless canopies but
offer less wind protection.

Regional studies highlight these trade-offs; though limited literature
is available for winter conditions (Table A in Appendix A). In tropical
Singapore, evergreen trees provide year-round cooling [21], whereas in
hot-summer and cold-winter regions they can worsen cold stress by
blocking sunlight, with a reported reduction of 3.6 °C in physiological
equivalent temperature (PET) [19]. In cold-winter cities like Lhasa,
deciduous trees enhance winter thermal comfort through solar access,
with PET increased by up to 10.6 °C [22]. Subtropical coastal cities like
Hong Kong present unique challenges in winter, where strong winds
may compromise pedestrian comfort [23,24]. In such contexts, wind
control is a key factor in winter urban tree planning, yet the trade-off
between wind-sheltering effect of evergreen trees and solar access pro-
vided by deciduous trees remains largely unexplored. Addressing this
gap is essential for developing climate-resilient urban landscapes that
balance seasonal thermal demands in these regions from the year-round
perspective.

1.3. Impacts of urban morphology on tree effects

In addition to climate background and tree species, urban
morphology is another significant factor influencing tree effects [25].
The urban canyon (or street canyon), a fundamental basic geometric
unit of cities, plays a particularly important role. Its geometry, for which
the sky view factor (SVF) serves as a holistic indicator of openness, is a
well-documented critical driver of microclimate and outdoor thermal
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comfort [26,27]. SVF is defined as the proportion of visible sky from a
point within the canyon [28]. It represents the ratio of the radiation
received by a planar surface to that from the entire hemispheric envi-
ronment, ranging from 0 to 1. A value of 0 indicates that all outgoing
radiation is blocked by obstacles while a value of 1 means that all ra-
diation propagates freely into the sky without any obstruction [29].
Following SVF-based literature [30,31], we adopt three classification
levels: Low-SVF (SVF<0.3) for dense spaces, Moderate-SVF
(0.3<SVF<0.7) for moderately dense spaces, and High-SVF (SVF>0.7)
for open spaces. This indicator governs solar access and radiative heat
exchange within canyons. For instance, deeper canyons with lower SVF
exhibit reduced daytime temperatures due to building shading but
experience higher nighttime heat retention, potentially complementing
or counteracting tree effects. Trees in low-SVF canyons (where building
shadows dominate) demonstrate weaker daytime cooling
(AMRT=21°C) compared to high-SVF canyons (AMRT=26°C) evi-
denced by summer field measurements [32]. Furthermore, a parametric
study promotes a morphology-based tree selection strategy tailored to
low-, moderate-, and high-SVF canyons based in hot summer conditions
[33]. However, existing research predominantly focuses on hot summer
conditions, neglecting seasonal interactions between tree species and
canyon geometry.

1.4. Numerical approaches to understanding tree effects in urban canyons

Research on tree-canyon interactions employs field measurements
[32,34], wind tunnel tests [35,36], and numerical simulations [33,37,
38]. Among these, numerical modeling has become a primary method
due to advances in computational power, enabling systematic analysis of
the complex parametric space defined by climate, morphology, and tree
characteristics. For urban greenery simulation, two key modeling fam-
ilies are commonly used [39]: Energy balance-based models (EBM) such
as SUEWS, RayMan, and SOLWEIG, and Computational Fluid Dynamics
(CFD)-based models such as OpenFOAM, urbanMicroclimateFoam [38,
40], Fluent, Phoenics, and ENVI-met.

Compared to EBM tools, CFD-based models enable coupled simula-
tions of fluid dynamics, heat transfer, and radiative exchange within
urban canyons at higher resolution. This capability has made them
widely applicable in urban canyon studies. Concerning vegetation
parameterization, ENVI-met stands out among CFD-based tools for its
advanced and detailed representation of vegetation [41]. It corporates
dedicated modules for various greenery types, including simple plants
for grass and hedges, green roof/facade module for building envelope
greening, 3D-plants, and Lindenmayer-Systems-based trees [42], and
also integrates these with a detailed solver for in-canyon radiation ex-
change. This makes ENVI-met a particularly suitable and powerful tool
for investigating tree effects within complex built environments.

1.5. Research gaps and objectives

Despite extensive research on urban trees as heat mitigation tools,
critical knowledge gaps persist.

e While the summer cooling benefits of urban trees are well-
documented, their holistic thermal performance across seasons is
insufficiently studied, especially in winter. The trade-offs between
wind shelter (reducing convective heat loss) and solar access
(enhancing radiant gain) remain unexamined in winter.

Existing research often evaluates tree species in isolation or focuses
solely on evergreen trees in fixed urban settings. A comprehensive
understanding of how evergreen and deciduous trees interact with
different urban geometries across seasons in lacking, limiting
context-specific design strategies.

Although tree efficacy is known to depend on climate, urban
morphology, species traits, and planting strategies, practical guide-
lines that integrate these factors are absent, particularly for
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subtropical coastal cities with unique winter wind exposure. A “right
tree, right place, right time” framework that balances summer
cooling and winter warming is urgently needed to translate theo-
retical research into climate-adaptive design practice.

To address these gaps, this study evaluates the seasonal effects of
urban trees using ENVI-met simulations. We assess urban canyons with
eight SVFs, two street orientations, and two tree species (evergreen/
deciduous) during summer and winter in Hong Kong. This approach
significantly advances existing ENVI-met-based tree studies by moving
beyond a summer-only focus, to provide an explicit, systematic com-
parison of seasonal trade-offs in a subtropical coastal context. By inte-
grating a comprehensive parametric analysis of urban morphology (via
SVF and orientation) with a comparison of evergreen and deciduous
species, this study aims to provide actionable, site-specific, seasonally-
aware tree design guidelines that are currently absent for subtropical
coastal cities like Hong Kong.

2. Materials and methods

The workflow of this study is outlined in Fig. 1. First, building upon
the previous research work of the authors’ team [33], a framework of
“right tree, right place, right time” was proposed, incorporating urban
geometry, urban tree species, and season. Second, guided by these three
key factors, microclimate model ENVI-met was employed to simulate 16
idealized urban canyons, characterized by combinations of 8 SVF classes
(0.1-0.8) and 2 street orientations (N-S, E-W). Each canyon model was
assigned 2 greening schemes—evergreen tree (Ficus microcarpa, FM) and
deciduous tree (Lagerstroemia speciose, LS), alongside a “Notree” base-
line, resulting in a total of 96 scenarios simulated during 2 seasons.
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Third, the output data, including air temperature (T,), relative humidity
(RH), wind speed (WS), and MRT, were extracted for microclimate
assessment. Additionally, PET and UTCI, computed by BIO-met module,
enabled a detailed seasonal analysis of thermal comfort. Finally,
actionable tree design guidance was derived, tailored to subtropical
coastal cities from a year-round perspective.

2.1. Study area and climatic background

Hong Kong (22°08'N-22°35’N, 113°49’E-114°31E), a typical sub-
tropical coastal city on the southern coast of China, experiences a humid
subtropical climate (Cwa) under the Koppen-Geiger classification [43].
The city is characterized by prolonged hot seasons and relatively short
cold periods, which has led to a predominant research focus on the heat
mitigation benefits of urban greenery during hot periods. Long-term
climatic records (Fig. 2) from the Hong Kong Observatory (HKO) [44]
show that, in summer season (May to Sept), daily temperatures typically
range from around 26 °C to above 31°C, while during winter months
(Dec to Feb), temperatures typically average between 15 °C and 19°C,
occasionally interrupted by cold fronts accompanied by dry northerly
winds [23]. The monthly mean RH fluctuates between 70 % and 80 %
throughout the year, and solar radiation peaks at nearly 800 W/m? in
summer.

Wind regime in Hong Kong is strongly influenced by the East Asian
Monsoon system, resulting in distinctly seasonal prevailing wind pat-
terns. In summer, winds predominantly originate from the south to
southeast, bringing warm, moist maritime air from the South China Sea
under the influence of the southwest monsoon. Conversely, winter is
characterized by prevailing northeasterly winds that convey cooler and
drier continental air masses, driven by the northeast monsoon. Notably,

A framework of “right place, right tree,
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Fig. 1. Research framework of this study.
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_{a) Monthly Air Temperature (b) Monthly Relative Humdity
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{c) Monthly Wind Speed (d) Monthly Solar Radiation
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Fig. 2. Monthly means of daily maximum, mean, and minimum (a) air temperature, (b) relative humidity, (c) wind speed recorded at the Hong Kong Observatory
(HKO) station, and (d) global solar radiation recorded at King’s Park between 1991-2020. (Source: [44]).

wind speeds tend to be higher in winter than in summer (Fig. 2c), with
occasional cold surges producing sustained wind speed up to 16.7 m/s in
urban areas [23]. These climatic backgrounds are essential consider-
ations for sustainable climate-adaptive urban design [45].

2.2. Summer/winter day selection and meteorological characteristics

Selecting representative meteorological conditions is crucial for
reliable microclimate simulations [46]. To ensure the results reflect
typical seasonal extremes, we selected the hottest (13 July 2015) and
coldest (5 February 2018) days, based on daily mean temperature, from
a 2010-2020 dataset, obtained from the Hong Kong Observatory (HKO)
station located in the downtown of Hong Kong (22°1807'N,
114°1027"E; https://www.hko.gov.hk/en/cis/stn.htm), for summer
and winter scenario simulations. To isolate the thermal effects of tree
configurations from wind variability, this study employed constant wind
speeds (set to daily averages) and preserved the prevailing wind di-
rections (180° in summer and 0° in winter, which are parallel to urban
canyons) throughout all simulation hours. Key input meteorological
parameters, including T,, RH, WS, and global solar radiation (SR), are
presented in Fig. 3, with statistical characteristics summarized in Table 1
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Table 1
Statistical summary of key meteorological parameters for the selected summer/
winter days.

Parameter Season Max Min Mean Median

T, Summer 37.1 30.0 32.4 31.0
0 Winter 12.5 4.4 8.4 8.2

RH Summer 83.9 40.5 63.5 69.3
(%) Winter 35.6 13.4 25.4 28.3

ws Summer 3.0 0.1 1.8 1.8
(m/s) Winter 4.5 2.6 3.9 4.0

SR Summer 970 0 273 48
(W/m?) Winter 761 0 186 0

and detailed hourly data provided in Tables B1 and B2 of Appendix B.

2.3. ENVI-met selection and model overview
ENVI-met, a three-dimensional microclimate model based on CFD

and thermodynamics, was employed for this parametric study. ENVI-
met was chosen for its proven capability to simulate the coupled

(b) Input Relative Humidity
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Fig. 3. Diurnal variations of key input meteorological parameters for the selected summer (13 Jul 2015) and winter (5 Feb 2018) days: (a) air temperature (Ty), (b)
relative humidity (RH), (c) wind speed (WS, wind averages were used as the inputs), and (d) global solar radiation (SR). (Data source: HKO station; https://www.hko.

gov.hk/en/cis/stn.htm).
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interactions between urban geometry, vegetation, and radiative ex-
change at the pedestrian level [8], which align with our research
questions. It can compute the surface energy fluxes among buildings,
vegetation, soil, and the atmosphere. The latest version (v5.8.0) offers
improved features for tree modeling, including detailed 3D tree geom-
etry, advanced soil and root models, and the TreePass module for
assessing wind risks and growth conditions [47], which helps better
understand street tree effects in urban environments. For a detailed
description of ENVI-met model architecture, including the atmospheric,
soil, vegetation, and building models, as well as its discretization scheme
and numerical methods, readers are referred to the technical documents
[42].

ENVI-met has been widely validated for simulating urban greenery
and its microclimatic impacts [8,48-50]. Specifically, its performance
has been confirmed for modeling urban street trees in Hong Kong’s hot
summer climate through previous validation work by the authors [12,
33,34], and its applicability has also been demonstrated in subtropical
cold environment, such as winter conditions in Shanghai, China [51]. It
is also important to acknowledge the limitations of ENVI-met, including
grid-dependency [52] and potential biases in thermal fields and comfort
indices [53]. To address these issues, the present study incorporates the
following mitigation strategies: (1) a mesh sensitivity analysis to ensure
grid-independent results for key variables (Appendix C); and (2) the
application of established, localized parameterizations for materials and
vegetation (Section 2.4.2 & 2.4.3).

(a) High-density districts

A

(b) ENVI-met canyon model
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2.4. Parametric study design

2.4.1. Generic urban canyon model

The generic urban canyon models were simplified from prototypes in
the high-density districts of Mong Kok and Sham Shui Po in Hong Kong
(Fig. 4a), ensuring their representativeness of the prevalent urban
morphology of this city. Each canyon model consists of two parallel rows
of building groups (50 m x 20 m), with building heights varying from 10
to 60 m to achieve different SVF scenarios. To account for the influence
of surrounding buildings, the model also includes 10 neighboring
buildings, identical in form to the central ones, as illustrated in Fig. 4b.
This simplified model, established and validated in our previous work
[12,54], captures the essential urban morphology while providing a
controlled environment for focused analysis. Following Oke’s estimation
method [55] and the typical morphological categories used in previous
research [12,33,54], eight SVF scenarios were generated by adjusting
the building height / street width (H/W) combination. These SVF clas-
ses, ranging from 0.1 to 0.8, represent a comprehensive spectrum of
urban forms in Hong Kong. The corresponding H/W ratio for each SVF
threshold and their geometries are provided in Fig. 4c. Morphologically,
these values span from deep urban canyons (e.g., SVF=0.1, character-
istics of dense cores) to wide, open streets (e.g., SVF=0.8, like boule-
vards or parkways), with intermediate values representing
medium-depth canyons typical of mixed-use areas.

(c) Urban canyons with 8 SVFs

Wwdah

A
0.2 50 20 2.5
0.3 40 26 1.5
04 30 26 1.2
50 m
: : 0.5 20 24 0.8
0.6 20 30 0.7
—

SVF=0.1 SVF=0.5
SVF=0.2 SVF=0.6
SVF=0.3 SVF=0.7
SVF=0.4 SVF=0.8

SVF | Height (m) | Width (m) | H/W

0.1 60 12 5.0

0.7 10 20 0.5
0.8 10 28 0.4

Fig. 4. Illustration of generic urban canyon model parameterization: (a) prototype of typical neighborhood and urban canyons in Mong Kok & Sham Shui Po, Hong
Kong (Source: Google Earth), (b) idealized neighborhood model with generic urban canyons (focused central canyon marked in blue, analysis zone marked in orange)
and 3D view model domain with mesh in ENVI-met, and (c) urban canyon models with 8 SVF classes and the corresponding table.
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2.4.2. Tree selection and settings

Ficus microcarpa (FM) and Lagerstroemia speciose (LS) were selected as
the representative evergreen and deciduous species, respectively. These
trees are characterized by large crowns and dense canopies (Table 2),
which are effective for shading and wind shelter. Both species rank
among the top 20 most common urban trees in Hong Kong’s Street Tree
Selection Guide [56] and are also prevalent in subtropical South China
cities [41]. Moreover, these two species are planted within the urban
canyons of the investigated districts. Key morphological and thermo-
physical parameters and model settings for these two species are
detailed in Table 2. Trees were planted in a line along the streets at
intervals of 2 m, as illustrated in Fig. 4b.

To standardize the comparison and control variables, both trees were
set to the same height and crown diameter. The values for tree height,
crown diameter, and bole height were sourced with approximation from
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the ENVI-met tree model library specific to subtropical vegetation,
which was developed by [41] based on extensive review of previous
field measurements and ENVI-met greenery studies. The values of leaf
albedo and LAI (Leaf Area Index) were also referenced from this library.
LAD (Leaf Area Density) at each height level was calculated from LAI
using the following empirical formula developed by Lalic and Mihailovic
[58]:

H— Zmax " H- Zmax
LAD(2) = LADyax (ﬁ) exp {n(l - ﬁ)} (@D)]
LAI = / LA (00 exp [ (1 = H =) | g @)
=)y e \TH =% P H-z

n=6,0 <2< Znax
n=0.52m <2<H

Table 2
Main parameters and specifications for tree model in ENVI-met.

Type Item Evergreen Deciduous

Tree species Name Ficus microcarpa (FM) Lagerstroemia speciose (LS)
Native/Exotic Native Exotic

Tree physical trait Height (m) 10 10
Crown diameter (m) 11 11
Bole height (m) 1.3 1.5

Microclimate-sensitive modeling parameters Foliage albedo * 0.31 0.31
Foliage transmittance 0.1 0.3
Foliage emissivity 0.96 0.96
LAI (m%>/m?) " 3.88 3
LAD (m%*/m®) ©
Atlm - -
At2m 0.3253 0.1613
At 3 m 0.4243 0.2341
At4m 0.5237 0.3334
At5m 0.5753 0.4473
At6m 0.5676 0.5139
At7 m 0.5322 0.5023
At8m 0.4297 0.4408
At9m 0.1741 0.2293
At10 m - -
Tree calendar SLF ¢ =1.0 Summer: SLF=1.0 (leaf-on)

Typical photograph Front view

ENVI-met model Front view

Winter: SLF=0.2 (leaf-off)

2 Foliage albedo: The value of 0.31 is sourced from [41,48].
> LAL: The value of 3.88 is sourced from [41,48], and value of 3 from [41,57].

¢ LAD: The LAD value at each height level was calculated using the empirical relationship by Lalic and Mihailovic [58].

4 SLF: Seasonal leaf factor.
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Where LAD (2) is the leaf area density at the height of z within the
canopy (mz/ms), LADq,x is the maximum leaf area density at 2max (m%/
m3), H is tree height (m), LAI is the leaf area index (mz/mz), n is the
empirical constant. zpayx is set to 5 m and 6 m for Ficus microcarpa and
Lagerstroemia speciose respectively based on field surveys of Hong Kong
local street trees.

The Tree Calendar in ENVI-met is a dynamic module that simulates
phenological changes in vegetation, including leaf growth and shedding,
to accurately represent seasonal variations in biometeorological pro-
cesses [47]. It incorporates the Seasonal Leaf Factor (SLF), a dimen-
sionless parameter ranging from O (leafless) to 1 (full foliage),
modulating LAD over time. This factor affects shading, transpiration,
and turbulence patterns. In this study, SLF values were maintained
constant at 1.0 for evergreen (FM), while for deciduous (LS), values were
set to 1.0 in summer and 0.2 in winter, respectively. However, it should
be noted that the simplified representation of phenology via SLF may
introduce uncertainties in OTC assessments, particularly in winter
radiative and latent heat exchanges.

2.4.3. Model configurations and scenario design

Generic urban canyon models with 20 m boundary spaces and 10
nesting grids were developed in ENVI-met for different SVF scenarios,
employing a grid resolution of 2 m. A mesh sensitivity analysis was
conducted as detailed in Appendix C. The analysis showed no significant
variations (<5 %) in key output metrics across grid resolutions of 2 m,
1.5 m, and 1 m. Therefore, the 2 m grid was considered sufficiently
accurate for the scope of this study. The domain was discretized using an
orthogonal Arakawa C-grid. Simulations were run from 0:00 to 23:00 in
full-forcing mode, driven by the user-defined meteorological boundary
conditions for the selected summer and winter days (see Section 2.2),
including air temperature, relative humidity, direct/diffuse shortwave
radiation, longwave radiation, wind speed/direction, and precipitation,
with full hourly data provided in Tables B1 and B2 in Appendix B. A
fixed time step of 2 s was used. A spin-up period of 24 h was performed
prior to the analysis period to minimize the influence of initial
conditions.

For materials and surfaces, we applied representative thermophys-
ical values to reflect typical urban conditions. The building walls were
modeled as heavy concrete with cement, the roof as concrete tile, and
the ground surface as concrete pavement. The material properties were
the average of these component materials. The chosen values were
adopted from the building envelope database [59] and previous obser-
vational and validation studies [60-62]. Detailed specifications for
material properties can be found in Table D, Appendix D. Tree models
for evergreen (FM) and deciduous (LS) were created using the Albero
module, with main parameters specified in Table 2. Key parameters for
model configurations are listed in Table 3.

The scenario design for parametric studies can be found in Table E of
Appendix E. This study combines 8 urban canyons configurations
(varying by SVF), 3 greening schemes (evergreen, deciduous, Notree),
and 2 street orientations (N-S, E-W), resulting in 96 simulation runs
across summer and winter seasons.

2.5. Methods of data analysis

2.5.1. Assessment indicators

The outputs of T,, RH, WS, and MRT were extracted as microclimatic
indicators. For outdoor thermal comfort (OTC) assessment, both the
Physiological Equivalent Temperature (PET) and Universal Thermal
Climate Index (UTCI) were employed. This dual-index approach was
adopted to provide a more robust and mechanistically detailed analysis.
While both indices are well-validated and widely used in outdoor ther-
mal comfort studies [63-65], and both incorporate key meteorological
and human physiological parameters for a holistic assessment, they
exhibit different sensitivities to key meteorological parameters. Specif-
ically, according to the literature, PET demonstrates greater sensitivity

Table 3
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ENVI-met model configurations.

Category

Item

Specification

Grid settings

Simulation time
Meteorological

boundary
conditions

Soil settings

Domain size
Building size
Grid resolution
Vertical grid
generation

Nesting grids
Date

Time

Scheme
Hourly inputs

Site roughness
Temperature and

Scenario-specific

20m x 50 m

2mx2mx2m

Telescoping factor: 20 %

Start telescoping after height:
building height

10

Summer: Jul 13; Winter: Feb 5
0:00-23:00

Full forcing

Hourly direct/diffuse shortwave
radiation, air temperature, relative
humidity, wind speed, wind
direction, precipitation (Section
2.2, Tables B1 and B2 in Appendix
B)

0.20

Observations from field

humidity profiles measurements [60]
Building Wall Heavy concrete with cement
(Table D in Appendix D)
Roof Concrete tile (Table D)
Soil and surface Ground Concrete pavement (Table D)
Vegetation Tree Evergreen: Ficus microcarpa [FM] (

Table 2)
Deciduous: Lagerstroemia speciose
[LS] (Table 2)

to variations in radiant temperature, making it a strong indicator for
assessing the impact of shading from trees and buildings [66]. In
contrast, UTCI is more sensitive to changes in wind speed and humidity,
thereby better capturing the effects of ventilation and evaporative
cooling [67]. By utilizing both indices, this study aims to not only
characterize thermal comfort levels but also elucidate the dominant
physical processes—whether radiative or convective-driven—through
which street trees modify the microclimate. This comparative analysis is
conducted for both summer and winter to determine if the relative
performance and interpretation of these indices change with seasonal
weather patterns.

PET and UTCI were calculated using the BIO-met module of ENVI-
met. Biometeorological values for a 35 y-old male adult (75 kg, 1.75
m) with slow-walking activity (1.34 m/s) were applied. Clothing insu-
lation was set at 0.3 clo for summer [65] and 0.9 clo for winter to align
with subtropical conditions. Tree effects were quantified by the differ-
ences between the tree-planting scenario and Notree scenario:

AV(Xi,yi) = Vme(xi,yi) - VNoTree(Xi-,yi) (3)

Where V(x;,y;) is the variable (T,, RH, WS, MRT, PET, UTCI) at grid
cell (x;, y;). Negative values represent cooling effects while positive
values indicate warming effects.

2.5.2. Analysis domain and temporal period

To avoid model boundary effects and to better capture the micro-
climate impact of street trees on roadside pedestrian spaces, the analysis
was confined to the central urban canyon zone, i.e. the core space be-
tween the surrounding buildings (as delineated by the orange rectangle
in Fig. 4b) at a pedestrian-level height of 1.4 m (dz=3). Model outputs
were then evaluated over a diurnal cycle (0:00-23:00) following the
spin-up period. A daytime period from 07:00 to 18:00 was selected to
represent human activity hours.

3. Results
3.1. Spatial distribution of microclimate and thermal comfort

This section analyzes the spatial distribution of pedestrian-level
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microclimate and thermal comfort in summer and winter under three
planting scenarios: Notree (without tree), Evergreen (with FM trees),
and Deciduous (with LS trees).

Figs. 5 and 6 present maps of four primary microclimatic variables
(Te, RH, WS, MRT) and two OTC indices (PET, UTCI) at pedestrian
height of 1.4 m. These maps compare the three planting scenarios under
SVF=0.1, N-S orientation, for summer afternoon (14:00) and winter
morning (07:00).

On hot summer afternoon, the air temperatures in the central canyon
were lower in both tree-planting scenarios than in the Notree scenario,
with cooling effects exceeding 1.5°C. The RH maps showed higher
values in the central canyon for tree-planting scenarios due to evapo-
transpiration. For the wind field, narrow ventilation corridors were
observed within the N-S oriented street canyons. Compared to the
Notree scenario, trees reduced pedestrian-level wind speed by up to 56
%. Cooler zones with low MRT values were found across tree zones in the
central canyon, demonstrating the cooling effect of tree shading. The
combined effects on thermal comfort were illustrated in the PET and
UTCI maps. The central canyon, which was hotter in the Notree sce-
nario, was locally cooled by approximately 3 °C in PET and 1 °C in UTCI
on average under tree-planting scenarios, indicating substantial heat
relief provided by street trees during summer afternoons.

On cold winter morning, air temperature was uniformly distributed
across the neighborhood in all three scenarios, ranging from 3 to 5°C,
with the evergreen scenario showing slightly lower T, in the central
canyon. The RH map for the evergreen scenario showed higher values in
the central canyon than Notree and deciduous scenarios. This resulted
from evapotranspiration and reduced wind speeds (due to the wind-
break effect of evergreen trees), which limited moisture removal. The
WS map showed lower wind speeds in the evergreen scenario compared
to the other two with the spatial maximum reduction of up to 30 %
relative to the baseline. This highlights the significant windbreak effect
of evergreens in ventilation corridors. MRT maps showed similar dis-
tributions to T, across all three scenarios due to weak solar radiation on
early winter morning. Regarding thermal comfort, the evergreen sce-
nario showed a moderate improvement of up to 0.5 °Cin PET and 2 °C in
UTCI compared to the Notree scenario. In contrast, the deciduous sce-
nario exhibited thermal comfort conditions similar to the Notree
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scenario. This demonstrates the superiority of evergreen trees for
improving winter thermal comfort in deep, narrow canyons with low
SVF.

3.2. Diurnal variations of microclimatic and thermal comfort variables

This section further examines the diurnal variations of pedestrian-
level microclimatic and thermal comfort variables across the central
canyon, using spatial averaged values (Fig. 7). It covers three planting
scenarios under both low (SVF=0.2) and high (SVF=0.7) sky view fac-
tors, during summer and winter, and for two street orientations (N-S and
E-W).

In summer (Fig. 7a), both evergreen and deciduous trees effectively
reduced daytime heat stress compared to the Notree scenario, demon-
strating their comparable cooling capacity. This is evidenced by their
closely aligned diurnal curves for T,, RH, MRT, and the resulting thermal
comfort indices PET and UTCI. The cooling effect primarily stemmed
from significant attenuation of solar radiation via tree shading and the
evapotranspiration during peak daylight hours. Moreover, cooling was
more pronounced in E-W oriented canyons than in N-S ones due to the
combined effect of tree shading and building shadows, as indicated by
larger discrepancies between the Notree and tree-planting scenarios in
the E-W scenarios.

In winter (Fig. 7b), both tree species produced a modest reduction in
air temperature relative to the Notree scenario across all SVFs and ori-
entations, as their T, curves are similar. However, a more pronounced
divergence appeared in MRT. The persistent canopy of evergreen trees
continued to block valuable winter solar radiation in winter, often
resulting in lower MRT than under deciduous trees. This effect was
particularly detrimental in narrow, low-SVF canyons (SVF=0.2), where
the incoming solar radiation was already limited. In contrast, the bare
branches of deciduous trees allowed considerable solar penetration,
maintaining relatively higher MRT levels on cold, sunny days for both
low- and high- SVF canyons. Despite providing weak solar access, ev-
ergreens offered markedly superior wind shelter compared to deciduous
trees, especially in narrow, low-SVF canyons under N-S orientation. This
windbreak effect resulted from the higher LAI and perennial foliage of
evergreens, which create a denser, more persistent aerodynamic barrier
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Fig. 5. Maps of pedestrian-level (1.4 m) T,, RH, WS, MRT, PET, UTCI for Notree, evergreen (FM), and deciduous (LS) trees at 14:00 of SVF=0.1, N-S oriented,

summer scenario.
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Fig. 6. Maps of pedestrian-level (1.4 m) T,, RH, WS, MRT, PET, UTCI for Notree, evergreen (FM), and deciduous (LS) trees at 07:00 of SVF=0.1, N-S oriented,

winter scenario.

during windy coastal winters. Additionally, in those narrow canyons,
the Venturi effect can accelerate wind flow when aligned with the pre-
vailing wind direction, yielding a relatively high baseline wind speed
(nearly 4 m/s in the Notree scenario). This high reference wind speed
enhanced the potential for a measurable wind-reduction effect. How-
ever, deciduous trees, after leaf drop, offered less wind reduction under
the same conditions.

This fundamental trade-off between solar access and wind shelter
provided by evergreen and deciduous trees across SVFs was a key driver
of seasonal thermal comfort. Consequently, in low-SVF canyons
(SVF=0.2), where wind shielding dominated comfort improvements,
PET and UTCI values for evergreens were consistently higher than for
the Notree and deciduous scenarios. Conversely, in high-SVF canyons
(SVF=0.7), PET and UTCI under deciduous trees closely tracked the
Notree scenario and higher than those of evergreen trees during sunlit
hours, reflecting their greater solar access in open, shallow canyons.

In summary, both tree species provided similar summer cooling
benefits, but their winter performance involved a trade-off that varied
with SVF and street orientation. Evergreen trees tended to exacerbate
winter cold stress in shallow, high-SVF canyons while offering improved
thermal comfort in narrow, low-SVF canyons with N-S orientation due to
wind protection. Deciduous trees, by contrast, provided better thermal
conditions in open, high-SVF canyons through solar gain but had less
impact in closed, low-SVF canyons where wind shelter is more critical.

3.3. Impacts of evergreen and deciduous trees on thermal comfort across
SVFs and orientations

This section assesses the overall seasonal impacts of evergreen and
deciduous trees on thermal comfort (as calculated by Eq. 3), across SVF
(0.1-0.8) and street orientations (N-S and E-W), using the Notree sce-
nario as the reference baseline. The spatial average results for the central
canyon are summarized in the boxplots of Fig. 8.

For summer conditions (Fig. 8a), both tree species produced a
consistent cooling effect (negative AT,) across all SVFs and orientations,
with peak cooling observed at SVF=0.7. At this SVF class, the mean
reductions were up to 1.5 °C for AT, 12.6 °C for AMRT, 8.1 °C for APET,
and 5.6 °C for AUTCL. Critically, the magnitude of AT, differed only
minimally between the two tree species, and neither showed a

consistent, significant advantage over the other, with the mean absolute
cooling difference between evergreen and deciduous was 0.37 °C by PET
and 0.56 °C by UTCI (as listed in the statistical summary tables in Ap-
pendix F). Through evapotranspiration, both species also increased
ambient humidity (positive ARH), with a maximum observed increase of
approximately 6 % at SVF=0.7. This indicates that, while adding
moisture, neither species would substantially exacerbate the already
humid local climate. Additionally, both species exhibited windbreak
effect. Evergreen trees, with their larger LAI, provided a stronger shel-
tering effect, as shown by AWS values of up to 0.8 m/s in N-S oriented
canyon at SVF=0.1. In contrast, the wind-reduction effect was insig-
nificant in E-W oriented canyons, where AWS values remained neutral
across all SVFs. This disparity is attributed to the sheltering effect of E-W
oriented buildings, which lie perpendicular to the prevailing wind.

For winter conditions (Fig. 8b), evergreens maintained a stronger
cooling effect (i.e., more negative AT,) than deciduous trees across all
SVFs and orientations. This cooling effect was more pronounced in
canyons with higher SVFs, reaching a peak reduction of up to 1 °C in T,
suggesting that evergreen trees are more likely to exacerbate winter cold
stress in open, shallow canyons. Notable inter-species differences also
emerged in humidity: evergreens caused a marginally greater increase in
RH relative to deciduous trees, attributable to their perennial foliage
sustaining transpiration, whereas leafless deciduous trees provided
minimal humidification. Furthermore, the wind-sheltering effect of
evergreen trees became even more significant in winter, especially in N-
S oriented canyons with lower SVFs, where peak reductions averaged up
to 1.5 m/s at SVF=0.2. Leafless deciduous trees, by comparison, showed
limited wind shelter capacity across all SVFs.

Moreover, winter MRT data revealed a clear divergence between
species in solar radiation blocking. The persistent canopy of evergreen
trees consistently attenuated incoming solar radiation throughout the
day with a maximum reduction of 15.1°C, whereas the leafless canopy of
deciduous trees allowed considerable solar penetration with the differ-
ence in AMRT up to 6.6°C. Consequently, the differing solar access
characteristics along with the wind shelter effect of the two species
produced distinct impacts on thermal comfort, governed by both tree
type and urban geometry.

As evaluated by PET and UTCI, evergreens improved winter comfort
primarily through wind shelter. This benefit was most effective in deep,
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Fig. 7. Diurnal variations (0:00-23:00) of pedestrian-level (1.4 m) T,, RH, WS, MRT, PET, UTCI for Notree, evergreen (FM), and deciduous (LS) trees, under low
(SVF=0.2) and high (SVF=0.7) sky view factors with two street orientations during (a) Summer and (b) Winter.
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Fig. 8. Boxplots of daytime (07:00-18:00) pedestrian-level (1.4 m) AT,, ARH, AWS, AMRT, APET, AUTCI for evergreen (FM) and deciduous (LS) trees across eight

SVF canyons and two street orientations during (a) Summer and (b) Winter.

narrow canyons (e.g., SVF=0.1, 0.2, 0.3) with N-S orientation, where
APET and AUTCI values were positive with maximums of 1.2 °C and
6.3°C. Conversely, deciduous trees enhanced winter comfort mainly by
permitting solar gain especially in E-W oriented canyons. Their leafless
canopy allowed greater solar penetration into the street canyon, thereby

11

elevating MRT and, in turn, PET and UTCI, particularly in open, high-
SVF canyons (e.g., SVF=0.7, 0.8), with the peak warming effects of
0.3 °CPET and 1.2 °C UTCL
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4. Discussion
4.1. Seasonal thermal performance of evergreen and deciduous trees

The most salient finding of this study is the pronounced seasonal
divergence in the thermal performance of evergreen and deciduous
trees, governed by their distinct phenological cycles interacting with the
microclimates of urban canyons of varying geometry and orientation.

In summer, both species provided comparable and substantial im-
provements in thermal comfort, as evidenced by similar reduction in T,
MRT, and consequently, PET and UTCI. The negligible difference in
summer cooling performance (mean difference in APET=0.21 °C and
AUTCI=0.35°C) indicates that for mitigating summer heat stress, the
choice between a densely foliated evergreen and a deciduous tree with
similar physical traits and LAI is of secondary importance across all
canyons regardless SVFs and orientations. The primary mechanism for
summer comfort improvement was shading [68], which drastically
reduced MRT (peak AMRT of -21°C), with evapotranspiration contrib-
uting to a modest additional cooling effect.

In winter, the phenological difference became the dominant factor,
creating a critical trade-off that varied with urban geometry, resulting in
a balance between wind sheltering and solar access for winter thermal
comfort. The evergreen tree acted as a year-round windbreak, proving
most thermally beneficial in deep, wind-prone canyons (low-SVF) where
mitigating wind chill is the primary objective for winter comfort.
However, in open and less windy canyons (high-SVF), it often exacer-
bated cold stress by blocking valuable winter sunlight, resulting in lower
T, and MRT; this negative effect was most detrimental in E-W oriented
canyons where solar access was already limited. Conversely, the de-
ciduous tree acted as a seasonally adaptive solar regulator, proving most
beneficial in open, sun-exposed canyons (high-SVF) where maximizing
solar access is the key to improving thermal comfort on cold, sunny
winter days. However, it was less beneficial in windy, shallow, low-SVF
canyons. This understanding of the distinct winter roles of evergreen
and deciduous trees in subtropical coastal regions differs from conclu-
sions drawn for regions with colder winters [19], warranting caution in
transferring planting strategies across climate zones.

It should also be noted that the effect size of urban trees reported in
this study are subject to contextual uncertainty arising from model
simplifications, idealized canyon geometry, fixed meteorological con-
ditions, and parametric uncertainty. In practice, actual benefits may
vary with local climates, urban morphology, and tree species.
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4.2. Comparison with prior studies

Table 4 compares the cooling/warming magnitudes from this study
with prior studies that examined the influence of trees within urban
canyons. Overall, the reviewed literature demonstrates that the thermal
effects of trees in such settings are highly context-dependent, varying by
climate region, season, tree species, and urban geometry. Summer
cooling magnitudes range widely from a 1.2 °C decrease in T, in
Guangzhou to 10 °C reduction in PET in Lhasa, with many studies
reporting reductions between 3 to 8 °C in thermal indices (MRT, PET,
UTCI). Winter effects are more divergent: trees can provide mild cooling
(e.g., reductions of 1.3 °C in MRT to 4 °C in PET in Lecce and Changsha)
or, in some cases, substantial warming (e.g., an increase of 11 °C PET in
Lhasa). This contrast underscores the dual role of trees, shading versus
solar access, and its seasonal variability across climates.

Results of this study align with established findings that urban trees
significantly reduce summer heat stress, with cooling magnitudes (e.g.,
up to 8 °C in PET) consistent with ranges reported in prior research. The
primary divergence lies in winter thermal performance. While limited
prior winter studies report either strong winter warming in cold-dry
regions or continued cooling in temperate regions, this study reveals a
strategy-dependent trade-off for mild winter climates. It demonstrates
that evergreen and deciduous trees provide distinct winter benefits in
canyons with different openness—through wind shielding and solar
access, respectively, a form of seasonal specialization not emphasized in
the existing literature. Consequently, it challenges the single-season
optimization focus prevent in existing design guidance, highlighting
that year-round thermal comfort in subtropical coastal cities requires
deliberate species selection and placement tailored to seasonal
mechanisms.

4.3. Inconsistency in OTC assessment between PET and UTCI

4.3.1. Different performance in tree evaluation

While both PET and UTCI indices confirmed the overarching sea-
sonal trends, a notable discrepancy emerged in their sensitivity to spe-
cific meteorological parameters, particularly in winter.

The PET index appeared to be more strongly influenced by radiative
fluxes. This was demonstrated by the significant comfort improvement
(less negative APET) provided by deciduous trees in open, high-SVF
canyons, where solar penetration was greatest. Year-round measure-
ment of seasonal tree effects in subtropical Hong Kong further confirm

Table 4
Comparison of tree cooling/warming effects within urban canyons: This study versus prior research.
Region Time period Method Tree Canopy openness ¢ Cooling/warming magnitude ° Ref.
(climate type™) b ¢
Lhasa, China (BSk) Summer days (Aug 6-7) o D Varying SVF (0.06-0.96) Summer: -10 °C PET; Winter: +11 °C PET [69]
Winter day (Dec 26)
Changsha, China (Cfa) Annual oO&M E&D  High SVF (=0.7) * Winter: —4 °C PET by evergreens [19]
Lecce, Italy (Csa) Summer day (Jul 7) o&M E&D Moderate SVF (~0.3, 0.5) * Summer: -7 °C MRT [70]
Winter day (Dec 3) Winter: -1.3 °C MRT
Lahti, Finland (Dfb) Summer day (Jul 17) o&M E&D Moderate SVF (~0.3, 0.5) * Summer: -3 °C MRT [70]
Winter day (Feb 18) Winter: -1.5 °C MRT
Guangzhou, China Shoulder season days (Oct 22, 29; S E Low to moderate SVF -1.2°CT, [71]
(Cfa) Nov 3, 13) (=~0.1-0.4) *
Melbourne, Australia Summer months (May 2011-Jun [¢] E&D Moderate to high SVF -1.5°C T, [72]
(Cfb) 2013) (0.6-0.8) -6 °C UTCI
Montreal, Canada Summer heat wave (May 27-29) M G Low & high SVF (~0.3, 0.8) * -5°C UTCI [38]
(Dfb)
Hong Kong (Cwa) Summer day (Jul 13) M E&D  Varying SVF Summer: -8 °C PET, -5 °C UTCI; This
Winter day (Feb 5) (0.1-0.8) Winter: +1 °C PET, +6 °C UTCL -12 °C PET, study
-8 °C UTCI

# Climate types are according to the K6ppen-Geiger climate classification [43].
b 0: Observation; M: Modeling; E: Scaled experiment.

¢ E: Evergreen; D: Deciduous; G: General tree.

4 SVF values marked with “** are calculated indirectly from literature data.

¢ Magnitude of cooling/warming effects refers to the temperature difference between the tree and no-tree scenarios. ‘-’ denotes cooling and ‘+’ denotes warming.
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the higher weight of radiation in PET calculation [73]. In contrast, the
UTCI demonstrated a higher sensitivity to wind speed variations. This
was clearly evidenced in the winter N-S scenario, where the wind
sheltering effect of evergreen trees in deep, low-SVF canyons resulted in
strongly positive mean AUTCI values, indicating a warming effect in
canyons with SVFs from 0.1 to 0.6. However, PET, under the same
conditions, registered only marginally positive or less negative values.
The consistently larger interquartile ranges and absolute |Diff| values in
Table F2 for UTCI further underscore its heightened responsiveness to
wind chill effects, a finding corroborated by sensitivity tests on different
meteorological variable for UTCI [67].

4.3.2. In-depth mechanisms
This inconsistency likely stems from the fundamental differences in
the definition and derivation of the two indices.

e Definition and derivation of PET

PET is defined as the air temperature at which, in a typical indoor
setting (without wind and solar radiation), the human energy budget
would maintain the same core and skin temperatures as in the complex
outdoor conditions being assessed [74], i.e., what indoor temperature
would feel the same as this current outdoor weather conditions?

PET is derived from the Munich Energy-balance Model for In-
dividuals (MEMI) [74]. This is a sophisticated model of the human
body’s thermoregulation that calculates the body’s energy balance
based on: 1) Meteorological inputs: T,, RH, WS, and MRT; 2) Personal
parameters: Metabolic rate and clothing insulation (which are typically
standardized for comparison, e.g., to a person walking at 4 km/h in 0.9
clo level). The model solves the heat balance Eq. for the human body.
The output is the PET that would produce the same physiological strain
(skin and core temperature) as the outdoor environment. Its derivation
through a complete energy balance model gives significant weight to
radiant heat exchange, meaning it is highly sensitive to changes in MRT
caused by shading or sunlight.

e Definition and derivation of UTCI

UTCI is defined as the air temperature of a reference environment
that provides the same physiological response for a hypothetical person
walking at 4 km/h as the actual outdoor environment [75]. It represents
the “isothermal” temperature of a reference condition.

UTCI is derived from a multi-node, dynamic model of human ther-
moregulation—UTCI-Fiala model. This model simulates the body’s
physiological responses (e.g., skin blood flow, sweating) to environ-
mental stress [75]. A key outcome of its sophisticated derivation is that it
is particularly sensitive to wind speed and humidity variations, as the
multi-node model meticulously simulates convective (wind chill) and
evaporative (sweating) heat loss processes. This often makes it more
responsive to wind variation than PET.

This fundamental difference in their underlying models and the
parameter weighting is the root cause of the inconsistency in assessing
tree performance in different urban geometry. The inclusions of wind-
chill effect for UTCI underscore the role of combined radiant-and-wind
effect in shaping winter outdoor thermal comfort, while PET stay sta-
ble under such contexts. This finding highlights that the choice of
thermal index can influence the interpretation of a tree’s comfort ben-
efits, which is crucial for urban planners, suggesting that the assessment
of planting strategies should be based on understanding the basis of the
index used for proper applications and accurate interpretations.

4.4. Implications and recommendations for climate-adaptive planting
strategies

There is no doubt that urban trees can provide many benefits to cities
in hot summers and thus serve as an efficient design intervention.
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Results of this study move beyond the generic advice to “plant more
trees” and provide a more comprehensive framework for species selec-
tion based on specific urban canyon geometries and seasonal priorities
from a year-round perspective.

Deciduous trees are generally the optimal choice for maximum
annual comfort. They provide near-equivalent cooling benefits to ever-
greens in summer while permitting beneficial solar gain in winter. This
makes them particularly suitable for open, high-SVF canyons (e.g.,
SVF=0.7) where winter solar access is ample and their positive impact
on MRT is maximized. Evergreen trees are superior, dedicated wind-
breaks for targeted wind protection. They should be strategically plan-
ted in narrow, deep canyons (low-SVF) with a N-S orientation, where
wind tunneling effects (Venturi effect) are most pronounced. The values
of PET and UTCI were higher in these scenarios, where mitigating harsh
winter winds is a greater priority than gaining solar radiation.

While it is empirically safer and more common to plant evergreen
trees in subtropical cities for easier maintenance, a mixed planting
strategy is likely more robust. Utilizing deciduous trees along south-
facing sidewalks in wide streets maximizes winter sun, while employ-
ing evergreens as windbreaks in exposed, windy locations or on the
windward side of deep, N-S canyons can create a more comfortable and
resilient urban microclimate year-round.

4.5. Limitations and future works

While this study offers informative insights, some limitations should
be acknowledged and addressed in future research.

First, this study simulated two specific tree species (Ficus microcarpa
for evergreen, Lagerstroemia speciose for deciduous) with fixed physical
traits and LAI, using a single-row roadside planting strategy. Future
work should investigate a wider range of species and different planting
strategies [76,77], including deciduous trees with varying branch
structure and evergreens with different canopy densities, as well as
configurations like double rows or staggered planting, to create a more
comprehensive portfolio for designers. Additionally, the generic urban
canyon model was simplified to a fixed canyon consisting of two parallel
buildings. Future work should be extended to more complex urban
forms, as building morphology can significantly affect the thermal per-
formance of urban trees via building shadows [49,78].

Second, while the Seasonal Leaf Factor (SLF) in ENVI-met provides a
practical method to approximate the drastic leaf-on/leaf-off transition of
deciduous trees, our modeling approach incorporated two inherent
simplifications that warrant further discussion. (1) The seasonal shift
from summer to winter was simulated solely by modulating LAD via SLF
(from 1.0 to 0.2). Although LAD is a primary driver of biophysical
processes like radiation interception, transpiration, and wind drag, this
approach does not capture full tree phenology. Real seasonal adaptation
involves a suite of physiological changes beyond leaf drop, including
alterations in leaf optical properties (e.g., chlorophyll content), stem
hydraulic conductivity, and root activity [79,80]. These factors collec-
tively influence energy partitioning. For instance, the albedo of a
dormant deciduous tree’s branch structure differs from that of its sum-
mer foliage and from an evergreen, a subtle not captured by a simple
LAD reduction. Consequently, while our model effectively captured the
gross changes in shading and permeability, it may not fully replicate the
subtler radiative and energetic exchanges of a real tree undergoing
complex phenological change. This introduced a degree of uncertainty
in the simulated effect sizes, particularly for winter radiative exchange
and latent heat fluxes. Quantifying this uncertainty would require more
advanced phenological parameterization or validation with
multi-season field measurement data. (2) The soil moisture conditions
were held unchanged between summer and winter simulations due to a
lack of site-specific, seasonal data to inform this parameter. In reality,
soil moisture exhibits strong seasonal dynamics, influenced by precipi-
tation patterns, evaporation rates, and plant water uptake. In our model
simulation, the soil moisture profile set likely sustained transpiration
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rates at a realistic level in summer. However, in winter, the combination
of leafless deciduous trees (SLF=0.2) and unchanged soil moisture could
have led to an overestimation of soil evaporation from the tree pits [81],
as the model’s energy balance at the soil surface was not constrained by
the drier conditions typical of the cool season. For evergreen trees, the
assumption of unchanged soil moisture and its availability for winter
transpiration was a simplification that merits further validation. These
issues suggest that the simulated humidity effect of trees (ARH) in
winter, while minimal, might be slightly overestimated, and the
concomitant latent heat effects may not be fully representative.

Third, it is also important to acknowledge the intrinsic limitations of
the ENVI-met model itself. As a model with a “black-box” structure,
certain aspects of its internal calculations—particularly the CFD
formulation, turbulence modeling, and numerical convergence criter-
ia—are not fully user-modifiable. Moreover, the model’s reliance on a
Cartesian grid limit its precision in representing complex geometries.
Therefore, the findings of this study should be interpreted within this
context, recognizing that the model provides valuable insights into
relative trends and patterns rather than absolute predictions of micro-
climate variables.

Last, this research focused on physical microclimatic parameters.
Future studies should integrate these findings with human subjective
perception through field surveys to calibrate the model predictions and
validate the thermal comfort indices used [82,83].

5. Conclusions

While the cooling effects of urban trees during summer have been
widely explored, their influence on winter thermal comfort, especially in
subtropical coastal environments, has received far less attention. This
study bridges that gap through parametric simulations using ENVI-met,
examining the year-round performance of evergreen (Ficus microcarpa)
and deciduous (Lagerstroemia speciose) trees in eight diverse urban
canyons in Hong Kong. By shifting away from a summer-only focus, our
work offers a comprehensive view of the benefits and trade-offs these
trees bring to pedestrian comfort across seasons.

In summer, both species deliver substantial cooling, primarily
through shading that slashes mean radiant temperatures, leading to
notable improvements in thermal indices like PET and UTCI, with peak
cooling effects of 8 °C in PET and 5 °C in UTCI occurring in moderately
open canyons (SVF around 0.7) where shade and geometry strike an
ideal balance. The choice between evergreen and deciduous trees mat-
ters less here. Winter, however, reveals stark trade-offs shaped by tree
behavior and urban form: evergreens excel as wind shields in narrow, N-
S oriented canyons with low SVF, curbing chill in windy spots with
warming effects up to 1 °C in PET, 6 °C in UTCI, while deciduous trees
shine in wider, shallower canyons by allowing vital solar warmth to
penetrate with warming magnitudes of up to over 0.3 °C in PET, 1 °C in
UTCI.

These patterns hold across thermal comfort metrics, though PET
better highlights radiative gains from deciduous trees, and UTCI em-
phasizes wind protection from evergreens, reminding us to pick indices
wisely based on local conditions. Ultimately, our results call for a
tailored “right tree, right place, right time” approach over blanket so-
lutions. In subtropical coastal cities, deciduous trees with broad, dense
canopies should be the go-to for open areas, boosting winter solar access
without skimping on summer relief. Evergreens, meanwhile, are best
reserved as targeted windbreaks in deep canyons prone to tunneling
effects. A blended planting strategy, mixing both types to suit micro-
locations, could yield the most resilient urban microclimates.

These insights equip urban planners, landscape architects, and pol-
icymakers with practical tools to weave seasonal dynamics and
morphology into green infrastructure design, paving the way for cities
that stay comfortable and livable year-round in the face of climate
challenges.
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