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Abstract

High-density commercial areas in northern monsoon coastal cities face dual microclimate
challenges: hot summers and harsh winters. This study aims to optimize year-round out-
door thermal comfort (Physiological Equivalent Temperature, PET) by exploring morpho-
logical optimization strategies in Qingdao. Combining field observations with ENVI-met
simulations, we evaluated the impact of building density, street aspect ratio (H/W), and
orientation. The results reveal a fundamental “seasonal mechanism conflict.” In summer, a
45% density point-tower configuration with a deep canyon profile (H/W ≈ 2.5) maximizes
shade and sea-breeze ventilation. Conversely, in winter, a 35% density enclosed topology
with an open profile (H/W ≈ 1.6) optimally blocks cold northwesterly monsoons and
increases solar gain. To resolve these conflicting seasonal requirements, we propose a
dynamic morphological equilibrium. We recommend adjusting the H/W ratio dynamically
between 1.6 and 2.5 and adopting a southeast block orientation of 15–30◦ to synergistically
guide summer breezes while blocking winter winds. Ultimately, this study shifts the de-
sign paradigm from static parameters to dynamic seasonal trade-offs, offering actionable
morphological guidelines for climate-resilient built environments.

Keywords: outdoor thermal comfort; urban block morphology; climate-responsive
design; high-density commercial built environment; ENVI-met simulation; Physiological
Equivalent Temperature (PET)

1. Introduction
With the rapid development of global urbanization, the intensity of urban construction

is also gradually increasing. According to a United Nations report, more than 64% of the
world’s population currently lives in cities, and this figure is expected to increase to 68% by
2050 [1]. The rapid development of urbanization will lead to the intensification of the urban
heat island effect. Population growth and land consumption will also lead to large-scale
urban construction activities. The natural environment is gradually replaced by the urban
environment, and urban forms show a trend of more high-density development. At the
same time, it will lead to the degradation of the urban microclimate environment, which
has an important impact on human activities and has a significant impact on the thermal
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comfort of the urban outdoor environment [2,3] especially in high-density centers. Santa-
mouris’s research pointed out that the peak power demand of urban buildings may double
due to the influence of UHI, while significantly reducing outdoor thermal comfort [4]. In
order to deal with this urban environmental problem, Oke TR, Mills G et al. [5] proposed
that climate suitability-based urban form optimization is considered to be one of the most
cost-effective passive strategies for improving the urban microclimate environment.

Research on urban microclimate began in the early 20th century. Nunez and Oke [6]
conducted extensive field surveys on street temperatures in summer nights, using major re-
gional cities in Australia and the United States as their research targets. The results showed
that the street sky coefficient was negatively correlated with air temperature, and the smaller
the sky coefficient, the higher the air temperature in the city at night. Existing literature
has extensively discussed the regulation mechanism of urban geometry on microclimate
parameters. Muniz-Gäal LP et al. [7] used ENVI-met software to simulate 36 scenarios
between buildings in winter and summer to evaluate whether the geometric parameters of
urban street canyons affect their microclimate and pedestrian thermal comfort. The results
showed that canyons with a high height-to-width ratio increase wind speed and building
shading, thereby improving pedestrian thermal comfort, especially in summer. Zhang J
et al. [8] extracted 30 architectural spatial morphology scenarios with different gradients
from typical plots in Beijing and selected 6 indicators to characterize architectural spatial
morphology. Through a combination of field measurements and software simulation, they
explored the interaction mechanism between architectural spatial morphology and urban
microclimate and thermal comfort in multiple dimensions. Guo et al. [9] investigated
typical cold-region plain cities (Shijiazhuang, Zhengzhou, Xi’an), establishing linear and
non-linear correlations between microclimate indices at the 1 km2 scale and quantitative
block morphology indicators to guide ventilation and temperature regulation designs.
Zhang L et al. [10] took Urumqi, a city with a temperate continental climate, as an example
and used ENVI-met simulation software to quantitatively analyze the correlation between
microclimate environmental parameters and square spatial geometry. Chatzidimitriou
A et al. [11] took a typical high-density mixed commercial and residential street block
as the research object, conducted an on-site survey of its outdoor thermal environment
under high-temperature conditions in summer, and used ENVI-met software to conduct a
comprehensive numerical optimization simulation of street block shading facilities (such
as street trees and building shading), water landscape configuration, and green cover-
age. Studies have shown that comprehensively increasing green coverage, introducing
water features that provide evaporative cooling, and designing reasonable shading facili-
ties can produce a significant synergistic cooling effect and greatly improve the outdoor
thermal comfort level of the neighborhood in summer. Castrejon-Esparza NM et al. [12]
evaluated 94 relevant studies on optimizing climate-responsive and performance-based
urban morphology from a multi-objective perspective over the past decade (2015–2024).
Through comprehensive analysis, the global trends of key performance indicators, design
variables, and optimization objectives for sustainable urban development were studied,
and the methods, tools, and algorithms available in the literature were summarized. The
results highlighted studies conducted in 22 countries, 64 cities, and 14 climate zones, with
the majority of the studies conducted in subtropical humid climates (33%), followed by
subtropical semi-humid climates (18%) and Mediterranean climates (12%). The results indi-
cate that applying multi-objective optimization models in the urban design process helps
determine urban configurations, thereby improving energy efficiency, reducing greenhouse
gas emissions, and mitigating urban overheating and the urban heat island effect. Recently,
Tang et al. [13] developed an integrated framework using artificial neural networks and
spatial regression to assess morphological impacts on high-density thermal environments
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in Beijing. By classifying blocks via self-organizing maps (SOM) with 2D and 3D metrics,
they identified dense low-rise zones (DLZ, average temperature 50.2 ◦C) as the primary
UHI contributors, noting that building patch density (PD_B) and building number density
(BND) are the strongest predictors of land surface temperature (LST). A recent scoping
review tracking data from 2000 to 2024 highlights that developing zero-carbon urban
buildings (ZCUBs) has emerged as a critical paradigm during the current era of climate
change and energy transition [14]. Within this macro framework, integrating resilient
cooling technologies into the building stock directly influences final energy consumption
and systemic greenhouse gas (GHG) emissions [15]. Furthermore, strategic optimization of
microclimate-responsive urban morphology acts as a proactive climate adaptation strategy,
balancing building energy demands and outdoor thermal comfort under evolving regional
climate pressures [16].

However, although there is a growing body of literature studying the year-round ther-
mal performance of various urban forms [11,17,18], these studies are primarily conducted
in Mediterranean, temperate oceanic, or subtropical climates. In coastal cities affected by
the northern monsoon, there is still a significant lack of systematic quantification regarding
seasonal morphological contradictions, particularly the dual need to capture summer sea
breezes while blocking the harsh winter monsoon. To address this theoretical gap, this
study takes Qingdao—a typical northern monsoon coastal city—as a case study to explore
the climate-responsive mechanisms of high-density commercial block morphologies. By
extracting local topology baseline models (point-tower, linear-tower, and enclosed-tower)
through field surveys and morphological clustering, this research employs the ENVI-met
simulation platform to systematically quantify the bidirectional influence of key built envi-
ronment parameters (building density, street aspect ratio, and orientation) on Physiological
Equivalent Temperature (PET). Ultimately, this study aims to reveal the seasonal trade-offs
between wind shading and winter shelter, offering quantitative, actionable morphological
guidelines for climate-resilient urban design in similar climatic zones.

To systematically guide this numerical study, we propose three explicit and testable
hypotheses:

1. In high-density monsoon coastal environments, high-porosity point-tower topologies
are more effective than enclosed structures in mitigating summer thermal stress for
pedestrians, while low-density enclosed structures optimize winter comfort through
microclimate buffering.

2. The relationship between street aspect ratio (H/W) and trans-seasonal thermal comfort
is non-linear, with deeper canyons maximizing summer comfort through shading,
while open profiles enhance winter comfort by trapping solar radiation.

3. Street orientation can serve as a harmonizing parameter, promoting ventilation from
summer sea breezes while mitigating harsh winter monsoons.

2. Materials and Methods
2.1. Selection of Research Subjects and Typical Neighborhoods

This study selected Qingdao (36◦03′ N, 120◦19′ E) as the research object. It is a typical
northern cold monsoon coastal city in China. Crucially, the aerodynamic environment of
Qingdao is not determined solely by the macro monsoon but is composed of a complex
three-layer superposition effect. This multi-scale aerodynamics includes: (1) the macro
seasonal monsoon background (southeast wind in summer, northwest wind in winter);
(2) the mesoscale diurnal sea–land wind circulation driven by the thermal gradient be-
tween the ocean and land; and (3) the micro-local aerodynamic circulation caused by the
urban heat island effect in the high-density commercial core area [19]. It is this continuous
superposition of diurnal sea wind and the prevailing summer monsoon that fundamen-
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tally distinguishes the microclimate characteristics of coastal areas from those of inland
urban areas.

Although the participating institutions are primarily located in Henan Province, Qing-
dao was rigorously selected due to its unique coastal multi-scale aerodynamic character-
istics. Crucially, the research team possessed a solid local academic foundation; its core
members conducted ongoing field monitoring and urban morphology surveys in Qingdao
during their postgraduate studies from 2020 to 2023, ensuring a high degree of familiar-
ity with the data and its scientific reliability. In 2019, Tsinghua University conducted a
statistical analysis of street data in the central areas of major cities across the country and
divided 63 cities into five categories: multi-story high-density, composite high-density,
multi-story uniform density, low-rise, and composite uniform density [20]. Qingdao be-
longs to the high-density category and has the typical characteristics of a coastal city and a
high-density city.

To ensure the scientific rigor and regional representativeness of the numerical sim-
ulation model, this study conducted field surveys and spatial parameter statistics on
22 high-density commercial districts in the core area of Qingdao. The survey data, analyzed
by clustering (Figure 1), shows that the building density of the surveyed samples mainly
ranged from 30% to 50% (accounting for 13 out of the 22 surveyed blocks, or approximately
59%), and the plot ratio was primarily between 3.0 and 7.0, accounting for approximately
81.8% of the total sample. This indicates that the Qingdao coastal business district exhibits
significant medium-to-high intensity agglomeration characteristics. The average street
height-to-width ratio mostly ranged from 1.6 to 3.0; the average number of building floors
mainly varied between 9 and 25, with 10–15 floors being the majority, and >20 floors
accounting for 21.4%.

Figure 1. Distribution of building density and plot ratio for the 22 surveyed commercial blocks (red
points represent the surveyed block samples, and building density is indicated in %).

This study uses a widely accepted and mature spatial classification framework in urban
morphology to classify the spatial forms of high-density commercial districts along the
coast into three typical types: point-tower, linear-tower, and enclosed-tower. Through the
aforementioned cluster analysis, this mature framework is systematically correlated with
the actual parameter ranges of high-density commercial districts along the Qingdao coast.
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Based on these locally extracted morphological threshold ranges, representative districts
are selected as the main study subjects, and comprehensive data collection is carried out to
provide a local morphological baseline for the design of subsequent simulation experiments.
The specific distribution of measuring points is as follows (Figure 2).

Figure 2. Schematic diagram of conceptual baseline models and the spatial distribution of empirical
measuring points.

2.2. Field Data Measurement
2.2.1. Measuring Point Layout

The selection of measurement points was systematically predicated on the following
three dimensions:

1. Variance in street orientation:

Considering that the street orientation directly determines the amount of solar ra-
diation received and the angle with the prevailing wind direction, the measurement
points were arranged to cover typical north–south and east–west streets in order to
compare and analyze the differences in wind speed and thermal environment under
different orientations.

2. Spatial diversity:

To quantify the impact of urban geometry on microclimate, the selected monitor-
ing points covered a variety of typical spatial types, including highly enclosed street
canyons, open building plazas, and road intersections (such as T-junctions). This lay-
out aimed to capture the variation patterns of microclimate parameters under different
spatial configurations.

3. Reduce human interference:

To eliminate interference from non-meteorological factors and ensure data accuracy,
the measurement points were strictly located away from traffic congestion hotspots, build-
ing air conditioning vents, and areas with high population density. This minimized the
impact of anthropogenic heat and vehicle exhaust on the microclimate.

The overview of each measuring point is shown in Table 1:
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Table 1. Overview of each measuring point.

Measuring Point Number Reason for Selection Surrounding Environment Information

Test point 1 North–South (N-S)
orientation, T-junction

Flanked by high-rise office buildings and mixed
commercial-residential structures. The street width is
12 m, with an aspect ratio (H/W) of 4.9.

Test point 2 East–West (E-W)
orientation, enclosed space

The road width is 30 m, yielding an aspect ratio (H/W) of
approximately 1.5.

Test point 3 Open plaza space
Nuode Commercial Plaza, comprising a 118 m office
building combined with a four-story commercial
complex.

Test point 4 North–South (N-S)
orientation

Characterized by significant variations in building
heights. The road width is 35 m, with an aspect ratio
(H/W) of approximately 2.6.

Test point 5 Enclosed space Surrounded entirely by high-rise structures.

Test point 6 T-junction Composed of high-density commercial building clusters.

2.2.2. Instrument Introduction and Data Collection

The four microclimate elements of the street, namely air temperature, air humidity,
wind speed, and solar radiation, were measured using actual measuring instruments. The
main measuring instruments used are shown in Table 2.

Table 2. Instrument details and parameters.

Instrument Name Measurement Parameters Measurement Range Accuracy

Testo 405i Wireless Hot-Wire
Anemometer

Wind speed (WS) 0–30 m/s 0.1 m/s + 5%

Air temperature (Ta) −20–60 ◦C ±0.5 ◦C

HOBO U12-013 Extendable
Temperature and Humidity Recorder

Relative humidity (RH) 5–95%RH ±2.5%RH

Air temperature (Ta) −20–70 ◦C ±0.35 ◦C (0~50 ◦C)

Black Sphere Temperature Recorder
RS-HQ-USB Black sphere temperature (Tg) −40–120 ◦C Standard precision: ±0.2 ◦C

High precision: ±0.1 ◦C

Field microclimate measurements were conducted within the representative blocks
on a typical summer day (8 August 2022) and a typical winter day (18 December 2022)
(Figure 3). The monitored parameters included air temperature (Ta), relative humidity
(RH), wind speed (WS), and Black sphere temperature (Tg), all recorded at a height of 1.5 m
above ground level [21].

 

Figure 3. Field monitoring photographs at Measuring Points 1 and 2.
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These specific dates in 2022 were deliberately chosen to capture ideal, typical clear
weather conditions to represent a standard local microclimate baseline, thereby avoiding
abnormal weather or localized microscale construction disturbances in the following years
(until 2025).

2.2.3. PET Value Calculation

To comprehensively assess the outdoor thermal environment, this study measured
the mean radiant temperature (MRT), which represents the total infrared and solar radiant
heat load experienced by the human body. The mean radiation temperature (MRT) was
calculated using the formula based on the measured data of winter and summer, and then
the PET value was calculated using Rayman Pro (Version 3.1 Beta) software. The Rayman
model can simulate the radiation flux of shortwave and longwave in a three-dimensional
environment, and can estimate the radiation flux density and thermophysiological evalua-
tion indicators using limited meteorological data and other input data [22]. The basic data
required to be input into Rayman software include latitude and longitude, altitude, and
clothing thermal resistance, etc. The specific parameter settings are shown in Table 3.

Table 3. Rayman settings parameters.

Input Quantity Calculation Formulas and
Numerical Values Remark

Latitude and Longitude 120.38 E/36.06 N

Tg refers to the temperature of the
black ball, V refers to wind speed,
and Ta refers to air temperature.

Altitude 0 m

Clothing Thermal Resistance 0.7 clo

Height (H) and Weight (kg) 1.7 m/70 kg

Human Metabolic Rate 85 W/m2

Air Temperature, Humidity and
Wind Speed Measured data

Mean Radiation Temperature (MRT) Tmrt = Tg + 2.44
√

V
(
Tg − Ta

)
2.3. Numerical Simulation

For the research content of this paper, ENVI-met version V5.03 was used. It can
perform numerical simulations of the interactions between various elements in the urban
environment, including the atmosphere, soil, vegetation and buildings, at the microscale. It
can simulate the interactions between urban surfaces, vegetation and atmosphere [23,24].
It can simulate major climate variables such as air, wind speed and direction, and radiation
flux. It can also calculate human thermal comfort evaluation index PMV and physiological
equivalent temperature PET based on various indicators, which has strong applicability.

First, we generated a block model file (.inx) using the Space module of ENVI-met.
We set the geographical location of the simulation area and defined the computational
boundary based on the actual spatial scale of the representative block. In the modeling
process, we strictly adhered to the principle of placing the target block at the center of
the simulation area in order to fully consider the microclimate effects due to surrounding
buildings and environmental factors. The specific modeling parameters of the block area
are detailed in Table 4. The simulation validation parameters detailed in Table 4 correspond
directly to the three typical morphological archetypes (point-tower, linear-tower, and
enclosed-tower) previously established in Figure 2.
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Table 4. Summary table of study area modeling information.

Point-Type Blocks Linear-Type Blocks Enclosed-Type Blocks

Site size: 380 m × 400 m Site size: 330 m × 380 m Site size: 400 m × 300 m

The tallest building on the site: 160 m The tallest building on the site: 135 m The tallest building on the site: 151 m

Grid resolution: 5 m × 5 m × 5 m Grid resolution: 5 m × 5 m × 5 m Grid resolution: 5 m × 5 m × 5 m

Grid size: 76 × 80 × 64 Grid size: 66 × 76 × 54 Grid size: 80 × 60 × 60

Software modeling diagram Software modeling diagram Software modeling diagram

In the next phase, core simulation parameters were set, including the simulation dates,
initialization time, and total duration. The simulation dates strictly matched the field
measurement dates of 8 August 2022, and 18 December 2022. To properly account for the
necessary software startup time, the total simulation duration was set to 12 h (07:00 to 19:00).
To establish stable simulation boundary conditions, we use daily average meteorological
data (including temperature, relative humidity, and solar radiation) as baseline inputs. This
approach enables the simulation to effectively capture steady-state macro-microclimate
trends of typical seasonal days, rather than introducing transient hourly fluctuations that
may mask structural correlations. For the summer measurement days, an average wind
speed of 2.2 m/s and an average wind direction of 165.75◦ were entered, while for the
winter measurement days, an average wind speed of 3.6 m/s and an average wind direction
of 264.92◦ were set.

2.4. Calibrating ENVI-Met

To calibrate the simulation model, the measured and simulated profiles of temperature
and relative humidity across the two seasonal study days (8 August 2022, and 18 December
2022) were comparatively analyzed. A systematic comparison was executed between the
on-site empirical datasets and the software-generated numerical outputs. Furthermore, the
maximum, minimum, and mean values obtained from all monitoring points under both
the field measurement and simulation scenarios are detailed in Table 5.

The model calibration in this study primarily focuses on air temperature and relative
humidity data, as these are the most stable and descriptive baseline parameters for urban
thermodynamic microclimates. However, since the core findings of this study heavily
rely on aerodynamic variables and radiative flux, the validation of wind speed and black
sphere temperature requires a clear methodological context. Pointwise empirical validation
of instantaneous wind speed and mean radiative temperature faces inherent multi-scale
challenges; microscale wind fields are highly sensitive to transient local turbulence and
micro-topography, while radiative flux fluctuates dynamically due to cloud drift in the
real world. Steady-state grid-averaged boundary layer calculations in ENVI-met cannot
perfectly reflect these highly stochastic factors. Therefore, validating the absolute values
of these variables introduces high empirical uncertainty, a data limitation that has been
clearly identified. However, since the robust consistency of Ta and RH demonstrates
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the accurate initialization of the underlying thermal balance equations of the model, the
uncalibrated wind and radiative fields remain highly reliable for relative comparative
analyses. The established parameter matrix evaluates the relative performance changes
under different ideal geometries, rather than absolute local predictions, thus ensuring
the scientific validity of the derived design guidelines. Furthermore, Figure 4 shows
the results of linear regression analysis of all measured and simulated temperature and
humidity data at six observation sites in winter and summer. The results show that the
linear approximation is robust and that there is a high degree of agreement between the
measured dataset and the numerical predictions.

Table 5. Comparison between the average, maximum, and minimum values of air temperature and
air humidity variables.

Period Variable
Air Temperature (◦C) Relative Humidity (%)

Measured Simulated Measured Simulated

Summer

Minimum 27.35 27.31 69.88 69.05

Mean 32.62 31.97 77.60 77.01

Maximum 35.98 34.28 90.64 89.68

Winter

Minimum −4.57 −3.46 27.16 26.06

Mean −1.63 −1.45 36.90 35.89

Maximum 2.86 1.95 46.78 45.65

Figure 4. Linear regression of: (a) Summer air temperature, (b) summer relative humidity, (c) winter
air temperature and (d) winter relative humidity.

In order to evaluate the accuracy of the model between the measured and simulated
values, the root mean square error (RMSE), mean absolute error (MAE), mean percentage
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error (MAPE), and coefficient of determination (R2) are also used [25]. Specifically, RMSE
and MAE are used to intuitively quantify the level of absolute deviation between the
simulated and measured values. Among them, RMSE is based on the calculation mech-
anism of the sum of squares of errors and is more sensitive to local large errors; while
MAE objectively reflects the average benchmark of the overall error of all weather. MAPE
eliminates the interference of the difference in dimensions between different microclimate
variables and presents the error in the form of a relative percentage, which is mainly used
for the assessment of air humidity [26]. In addition, R2 (ranging from 0 to 1) is used to
characterize the degree to which the simulation output sequence explains the time series
variation of the measured data. The closer R2 is to 1, the more accurate the numerical model
is [27].The RMSE and MAE for summer temperatures are 0.98 and 0.75, respectively, with
an R2 value of 0.88. The corresponding values for summer relative humidity are 1.01, 0.91,
and 0.96, with a MAPE of 1.17%. The corresponding values for winter temperatures are
1.06, 0.67, and 0.83, respectively. The corresponding values for winter relative humidity
are 1.11, 1.05, and 0.99, with a MAPE of 2.93%. These results are sufficient to validate the
accuracy of the model.

2.5. Simulation Experiment Design
2.5.1. Original Model Design

To systematically isolate and quantify the precise impact of urban morphological
parameters (particularly building density, street aspect ratio, and orientation) on outdoor
thermal comfort (PET), this study shifts from specific, real-world sites to a parametric
approach using idealized topological baseline models. Abstracting the complex built
environment into standardized prototypes is a crucial methodological requirement in
urban physics. By keeping non-morphological variables invariant, this controlled modeling
framework eliminates irrelevant noise specific to each site. This ensures that any variations
in the simulated thermal environment are strictly attributable to human-controlled spatial
configuration. Therefore, this approach transcends the limitations of evaluating only a
single local site, enabling the extraction of universally applicable, climate-responsive design
guidelines for high-density coastal neighborhoods.

Balancing morphological representativeness with computational efficiency, param-
eter thresholds for actual urban blocks (area 30,000–80,000 square meters, side length
140–350 m) were referenced, and a standardized benchmark plot size of 190 m × 190 m
(area 36,100 square meters) was set. Furthermore, considering the “Provisional Rules on
Urban Planning Allocation Indicators” and the regional characteristics of Qingdao’s road
network, the width of major roads in the models was set to 30 m. In the different forms,
the base structure was uniformly set to 4 stories (height 12.8 m), and the tower section to
30 stories (height 96 m). Table 6 details the specific core spatial parameters corresponding
to these three typical baseline models.

To quantify the independent and synergistic effects of spatial morphology on the mi-
croclimate, we constructed a multi-scenario parameter simulation matrix using the control
variable method. Using three previously extracted idealized baseline models and statisti-
cally derived threshold ranges for each morphological element, we set gradient changes for
three key independent variables: (1) Building density (BD) was set to three gradient levels:
35%, 40%, and 45%. (2) Street aspect ratio (H/W) was set to three levels: 1.6, 2.0, and 2.5
based on empirical thresholds. (3) Street orientation was set to five angles: 15◦, 30◦, 45◦,
60◦, and 90◦. Orthogonal combinations of these control variables allowed us to perform
independent numerical simulations under typical summer and winter scenarios to evaluate
the sensitivity of each morphological parameter to latent evapotranspiration (PET).
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Table 6. Initial model overview.

Plan View Basic Information

point-tower

Site area: 36,100 m2

Total building area: 151,200 m2

Ground floor area: 14,440 m2

Plot ratio: 4.2
Building density: 40%
Average building height: 37.8 m

linear-tower

Site area: 36,100 m2

Total building area: 134,400 m2

Ground floor area: 12,800 m2

Plot ratio: 3.7
Building density: 35.4%
Average building height: 37.8 m

enclosed-tower

Site area: 36,100 m2

Total building area: 230,400 m2

Ground floor area: 16,000 m2

Plot ratio: 6.4
Building density: 44%
Average building height: 51.8 m
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2.5.2. Parameter Settings

In this study, the horizontal and vertical grid resolution of the simulation’s central
region was uniformly set to 5 m × 5 m × 5 m (as listed in Table 4). To eliminate interference
from model boundary effects on the flow and radiation fields in the central region, 3 to
5 layers of nested grids were set around the main model. The surface material properties of
both the road surface and building facades were assigned values using the standard default
database built into ENVI-met V5.03 to represent standard urban infrastructure. Specifically,
urban road surfaces were modeled using a baseline albedo of 0.25 and emissivity of 0.90,
while building facades used a standard albedo of 0.35 and emissivity of 0.90.

The initial meteorological boundary conditions for the simulation were extracted
from observational data from the Qingdao National Standard Climate Observatory, with
8 August 2022 (typical summer) and 18 December 2022 (typical winter) selected as the
weather-forced dates. These specific simulated dates were rigorously selected based on
the following three criteria as highly representative seasonal dates for Qingdao: (1) Tem-
perature consistency: The daily average temperature on these two dates closely matches
the multi-year historical meteorological average for August and December in Qingdao.
(2) Maximized radiation: Both dates exhibit stable, cloudless clear skies, maximizing solar
radiation intensity and providing the necessary microclimate contrast to separate geo-
metric influences. (3) Monsoon consistency: The prevailing wind direction is completely
consistent with the dominant monsoon wind direction in the region. To ensure sufficient
thermodynamic spin-up time, the total execution time for each simulation was set to 12 h
(7:00 to 19:00).

3. Results
3.1. Analysis of Measured Results
3.1.1. Summer

The summer measured data from six typical street locations, including air temperature,
air humidity, wind speed, and black sphere temperature, are presented in Figure 5.

As shown in the figure, due to differences in microclimate, temperatures vary sig-
nificantly at different points, with the highest temperature occurring in the plaza space
enclosed by tall buildings. In the high-rise area with narrow roads and a large street-to-
height ratio (point 3), the temperature is relatively low due to limited direct radiation
reception. Although the open plaza at a street corner (point 4) receives more solar radiation,
its temperature does not rise significantly thanks to good ventilation. Regarding humidity,
the overall trend is that it decreases as temperature increases, but the overall data is lower
than the meteorological station data because the Qingdao meteorological station is located
at the northern end of Fulong Mountain, where trees are lush in summer, resulting in
higher relative humidity than the measured points. For the same reason, the air temper-
ature recorded at the meteorological station is also overall lower than that at the urban
measuring points, as illustrated in Figure 5a. Point 2 has the highest wind speed value
because it is located in a large enclosed center with greater airflow, while point 4 has the
lowest value and is located in an open street plaza with relatively gentle airflow. The black
sphere temperature is directly related to solar radiation and is a significant influencing
factor. The variation trends of black sphere temperature and air temperature are highly
consistent with the daily fluctuation of solar radiation, with all three parameters reaching
their peak values during the midday period.
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Figure 5. Summer measured data curves: (a) Air temperature (b) Air humidity (c) Wind speed
(d) Black sphere temperature.

3.1.2. Winter

For the winter measurement points, the specific daily variation curves are shown in
Figure 6 Measurement point 5 has the highest daily average temperature, while measure-
ment point 3 has the lowest. This is mainly because the significant differences in building
heights around these points affect the stability of the local thermal environment. As can be
seen from the temperature line graph trend, the continuous change in the sun’s position
leads to differences in the intensity of solar radiation received by different measurement
points, causing some fluctuations in the data.

In the graph, the air humidity trends at all measuring points are generally consistent,
indicating low overall humidity and relatively dry air. Regarding wind speed, diurnal
variations are more significant during winter. Measuring point 2 is located in a street-level
space enclosed by high-rise buildings, resulting in greater airflow. Comparing different
spatial layout types, the wind speed in enclosed layouts is generally higher than in point
and linear layouts. Under winter conditions, the black sphere temperature at point-layout
spatial layouts is generally higher than at measuring points in other spatial layouts. The
significant difference between black sphere temperature and air temperature is mainly
because black sphere temperature directly reflects the shortwave solar radiation received
by the human body and is more affected by solar radiation than air temperature.
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Figure 6. Winter measured data curves: (a) Air temperature (b) Air humidity (c) Wind speed (d) Black
sphere temperature.

3.1.3. PET Value Results Analysis

Analysis of the measured results and PET values (Figure 7) reveals differences in
microclimate environments caused by different spatial layouts. The specific results can be
summarized as follows:

1. In summer, when temperatures are high, there are few comfortable periods for PET
values. The comfort level of the three spatial layouts, from highest to lowest, is:
enclosed-type > point-type > linear-type.

2. In winter, when temperatures are low, the comfort level, from highest to lowest, is:
point-type > linear-type > enclosed-type.

3. Qingdao experiences significant temperature differences between winter and summer,
necessitating a balance between cold protection and heat dissipation.

It must be pointed out that the above-mentioned empirical PET rankings reflect local,
instantaneous conditions, limited by a finite sample of measurement points and specific
diurnal variation conditions. These field observations are inevitably affected by some
uncontrollable realities, such as transient cloud cover, specific daily solar trajectories, and
extreme local shading caused by nearby tall buildings (e.g., persistent shadows at point 5).
Therefore, the primary use of these field measurements is strictly limited to recording
specific microclimate environments and providing basic empirical data for the calibration
of the ENVI-met model, rather than establishing universally applicable principles regarding
morphological dominance.
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Figure 7. Actual PET value data curves for summer and winter: (a) Summer (b) Winter.

To systematically quantify the real-world mechanisms influencing spatial morphol-
ogy and eliminate interference from the real world, subsequent numerical studies are
based on an idealized, standardized benchmark model. Within this controlled simulation
framework, this study systematically assesses the varying degrees of impact of key spa-
tial parameters, particularly building density, street aspect ratio, and block orientation.
Ultimately, this study focuses on exploring how to synergistically regulate these morpho-
logical elements and determine their optimal threshold regions to effectively improve the
urban microclimate.

3.2. The Impact of Spatial Morphology on Outdoor Microclimate

This experiment was conducted using a controlled variable approach. For example,
when investigating the impact of building density on the outdoor thermal environment, the
floor area ratio and street orientation were kept constant. Table 7 presents the simulation
conditions for 33 scenarios of the original model under different spatial forms, including
building density, street orientation, and street aspect ratio.

Table 7. Operating condition table.

Spatial Form Building Density Street Orientation Block Orientation

Point-tower
35% 40% 45% 15◦ 30◦ 45◦ 60◦ 90◦ 1.6 2.0 2.5

A1 A2 A3 D1 D2 D3 D4 D5 G1 G2 G3

linear-tower B1 B2 B3 E1 E2 E3 E4 E5 H1 H2 H3

enclosed-tower C1 C2 C3 F1 F2 F3 F4 F5 I1 I2 I3

3.2.1. The Impact of Building Density on High-Density Commercial Districts

Under typical summer and winter meteorological boundary conditions, numerical
simulations were systematically conducted for nine different scenarios (labeled A1–A3,
B1–B3, and C1–C3, respectively) for three spatial morphologies. Table 8 details the specific
average values of relevant microclimate variables for each scenario at pedestrian height
(1.5 m above the ground).
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Table 8. Average values of simulation elements for different building densities in winter and summer.

Simulation
Scheme

Average PET Value (◦C) Average Ta Value (◦C) WS Average Value (m/s)

Summer Winter Summer Winter Summer Winter

A1 30.26 2.83 29.04 −0.11 1.51 1.49

A2 30.01 2.55 28.91 −0.15 1.48 1.46

A3 28.76 2.22 27.74 −0.19 1.42 1.45

B1 39.80 1.73 30.93 −0.16 1.29 1.59

B2 39.50 1.58 30.91 −0.21 1.27 1.58

B3 39.19 1.43 30.88 −0.27 1.25 1.52

C1 38.31 2.90 30.87 −0.27 1.53 1.37

C2 38.18 2.78 30.84 −0.30 1.48 1.34

C3 37.80 2.69 30.82 −0.34 1.42 1.31

Based on the average parameter analysis results of winter and summer simulations
shown in Table 9, the outdoor thermal environment in high-density commercial areas varies
significantly with the seasons, and these differences depend on the spatial configuration. In
extremely high-temperature scenarios, point tower-type buildings exhibit the best thermal
mitigation effect (reducing PET by approximately 10 ◦C and stabilizing it in the range of
28–31 ◦C). Particularly at a building density of 45%, this building type achieves the best mi-
croclimate improvement effect by maximizing shaded area and maintaining the necessary
ventilation ratio (thermal comfort level: point tower type > enclosed type > linear type).

Table 9. Average values of simulation elements for different working conditions in winter and
summer street orientation.

Simulation
Scheme

Average PET Value (◦C) Average Ta Value (◦C) WS Average Value (m/s)

Summer Winter Summer Winter Summer Winter

D1 38.56 1.97 30.96 −0.11 1.38 1.63

D2 38.39 2.74 30.91 −0.15 1.39 1.65

D3 38.98 2.11 30.99 −0.19 1.38 1.62

D4 39.75 2.02 31.00 −0.16 1.36 1.52

D5 30.01 2.55 29.01 −0.21 1.48 1.46

E1 38.46 3.08 30.96 −0.19 1.47 1.45

E2 38.82 3.82 30.91 −0.12 1.41 1.54

E3 39.92 2.69 30.98 −0.17 1.33 1.60

E4 41.06 2.01 30.98 −0.15 1.24 1.61

E5 39.79 1.74 30.93 −0.16 1.29 1.59

F1 37.25 1.35 30.76 −0.33 1.36 1.67

F2 37.11 2.44 30.73 −0.30 1.44 1.59

F3 37.51 2.18 30.78 −0.33 1.47 1.48

F4 38.23 2.23 30.81 −0.34 1.48 1.35

F5 37.80 2.69 30.82 −0.34 1.48 1.31

Conversely, under extremely cold winter conditions, the logic of microclimate opti-
mization is completely reversed, with enclosed tower structures becoming the optimal
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topological form, achieving the highest PET value at a relatively low building density
(35%). The core mechanism lies in the significant reduction in shortwave solar radiation
shading due to the decrease in building density. Combined with the sunny, covered plazas
formed by the enclosed interface, this structure maximizes the acquisition of radiant heat
by pedestrians (thermal comfort level: enclosed > point > linear). The comparative analysis
above clearly demonstrates that the interplay between spatial form and density is a crucial
element in achieving bidirectional seasonal adjustment in coastal urban areas.

3.2.2. The Impact of Street Orientation on High-Density Commercial Districts

According to the analysis results shown in Table 9 changes in building orienta-
tion result in significant seasonal differences in outdoor thermal comfort. In summer,
enclosed layouts generally exhibit the best thermal comfort (thermal comfort levels:
enclosed > point > linear). Influenced by various morphological characteristics, the op-
timal summer orientation varies considerably depending on the layout. The minimum
PET values for point, linear, and enclosed layouts correspond to orientations of 90◦, 15◦,
and 30◦, respectively. The PET value at D5 drops to a relatively comfortable 30 ◦C, which
is primarily driven by the superior ventilation performance of this specific configuration.
Among the five simulated cases for the point-tower layout, the 90◦ block orientation yields
the highest local wind speed (WS). This enhanced air circulation significantly promotes
convective heat dissipation from the human body, thereby effectively mitigating summer
thermal stress and resulting in a markedly lower PET value.

However, under winter conditions, microclimate effectiveness reverses significantly,
with strip layouts taking precedence due to their ability to maintain higher PET values
(comfort ranking: strip > point > enclosed). Simultaneously, the optimal orientation shifts
in winter: both point and strip layouts exhibit the best thermal insulation performance
at a 30◦ orientation, while the enclosed layout performs best at a 90◦ orientation. These
results indicate that the optimal orientation for high-density urban blocks is not a sin-
gle constant but highly dependent on their inherent topological structure and seasonal
climatic requirements.

3.2.3. The Impact of Street Block Height-to-Width Ratio on High-Density
Commercial Streets

Table 10 shows the results of multifactor simulation analysis for both winter and
summer. The synergistic effect of spatial topology and street height-to-width ratio (H/W)
has a decisive impact on the changes in the street microclimate. From the perspective
of form selection, the point-type + tower-type layout shows the best microclimate ad-
justment potential throughout the year (the ranking of thermal comfort is consistently
point-type > enclosed type > linear type). Its physical properties are as follows: In sum-
mer, this form shows the most significant air-cooling effect (overall temperature < 30 ◦C),
and in winter, the temperature difference between different forms converges to a very
small range of 0.2 ◦C. Furthermore, influenced by the induction mechanism of high-rise
buildings, street wind speeds in both seasons show a positive acceleration trend with
increasing height-to-width ratio.

Evaluation using the core index (PET) revealed significant seasonal differences in
the requirements for microclimate optimization based on aspect ratio. In summer, deep
valley-shaped streets (aspect ratio approximately 2.5) provide the greatest shading effect
and effectively mitigate thermal stress, while in winter, relatively open streets (aspect ratio
approximately 1.6) are needed to balance cold protection with natural lighting. This study
supports the idea that exploring dynamic equilibrium thresholds for aspect ratios 1.6–2.5
using point tower structures as the core topology matrix is an important approach for opti-
mizing the year-round thermal environment of high-density coastal commercial districts.
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Table 10. Average values of simulated elements for different working conditions of street block
height-to-width ratio in winter and summer.

Simulation
Scheme

Average PET Value (◦C) Average Ta Value (◦C) WS Average Value (m/s)

Summer Winter Summer Winter Summer Winter

G1 29.87 2.07 29.22 −0.18 1.49 1.53

G2 29.40 1.82 29.17 −0.21 1.55 1.61

G3 28.72 1.41 29.05 −0.27 1.66 1.75

H1 39.08 1.08 30.89 −0.23 1.32 1.66

H2 38.40 0.91 30.84 −0.26 1.36 1.71

H3 37.37 0.62 30.76 −0.33 1.47 1.81

I1 34.73 1.84 30.60 −0.49 1.76 1.60

I2 34.03 1.44 30.54 −0.54 1.87 1.81

I3 33.47 1.02 30.49 −0.61 1.99 2.04

4. Discussion
4.1. Synthesized Mechanisms and Seasonal Conflicts

The results of this study indicate that the microclimate advantages of specific spatial
morphologies are not driven by isolated variables, but rather by a combination of dual
mechanisms. For example, the optimal summer performance of a point-tower building com-
plex with a density of 45%, a deep canyon profile (height-to-width ratio of approximately
2.5), and an orientation of 15–30◦ is not simply a matter of “shading and ventilation.” From
an aerodynamic perspective, alignment with the prevailing southeasterly winds in summer
creates a “wind tunnel effect,” while the spatial porosity of the point-tower buildings allows
sea breezes to effectively remove accumulated sensible heat [28,29]. From a thermody-
namic perspective, the deep canyon significantly reduces the sky visibility factor (SVF),
traps high-angle solar radiation, and substantially reduces the mean radiative temperature
(Tmrt) within the pedestrian layer [17,30]. These factors together constitute a synergis-
tic “ventilation infiltration-radiation reduction” cooling mechanism. Conversely, optimal
winter performance relies on an “aerodynamic shading-radiation trapping” mechanism.
The low-density (35%) enclosed tower structure, combined with a more open streetscape
(height-to-width ratio of approximately 1.6), moderately enhances the vertical angle of
incidence (SVF), thereby capturing low-angle winter sunlight [31,32]. At the same time, the
continuous building facade acts as a huge physical windbreak, increasing aerodynamic
surface roughness and buffering the harsh northwest winds, thus creating a sheltered and
warm microclimate [18].

This inherent seasonal conflict fundamentally distinguishes it from existing literature.
While many previous studies [7] have emphasized that deep street canyons and low vertical
visibility (SVF) generally contribute to mitigating summer heat stress, this study shows that
the optimal morphology for a single season is not equivalent to the optimal morphology for
the entire year [11,33]. We quantitatively highlight a critical goal conflict: the morphological
requirements for summer cooling (deep canyons, wind channeling) directly contradict
those needed to capture solar radiation and buffer cold monsoons in winter (open spaces,
wind shielding) [31]. Therefore, urban design in such climates cannot rely on extreme static
thresholds, but must seek a dynamic morphological equilibrium [12].

Crucially, the mechanisms and morphological thresholds identified in this study are
strictly bounded by specific geographic and meteorological conditions. These conclusions
are explicitly tailored for high-density commercial blocks in northern coastal cities, which
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are characterized by pronounced monsoon shifts, severe winter cold-wind pressure, and
distinct land–sea thermal breezes. Consequently, these morphological strategies should
not be directly extrapolated to humid-subtropical coastal cities (e.g., Guangzhou or Shen-
zhen), where winter cold mitigation is negligible and high humidity dominates thermal
perception [34,35], nor are they applicable to inland hot-arid cities that experience intense
radiative heating without the moderating influence of summer sea breezes [36,37].

To systematically analyze these dual-mechanism coupling relationships, this study
proposes a “seasonal target conflict matrix”. Based on established microclimate thermo-
dynamics, variations in potential evapotranspiration (PET) are primarily driven by wind
speed and mean radiant temperature. By cross-referencing simulated PET results with
plot geometry (e.g., shading effect and spatial porosity), morphological parameters can be
clearly categorized into two types: contradictory and compatible.

As shown in Table 11, geometric variables such as building density and aspect ratio
(H/W) are inherently contradictory parameters. For example, maximizing summer shade
requires deep valley terrain, which directly conflicts with the need for open spaces in winter
to absorb solar radiation. Conversely, street orientation is a rare compatible parameter.
An orientation of 15◦ to 30◦ cleverly resolves this conflict: it utilizes summer sea breezes
for cooling while effectively blocking prevailing winter monsoons. Recognizing this ma-
trix of conflicts, urban design paradigms shift from seeking universally “optimal” static
geometries to strategically balancing these inherent seasonal trade-offs.

Table 11. Seasonal microclimate target conflict matrix and built environment strategies.

Urban Form Feature Primary Microclimate
Mechanism

Summer Efficacy: Heat
Stress Mitigation

Winter Efficacy: Cold
Stress Buffering

Seasonal Attribute &
Design Strategy

High Density & Deep
Canyons
(H/W ≈ 2.5)

Radiation Control:
Shading & Solar Access

Positive: Intercepts
shortwave solar
radiation, maximizing
canopy-level shading.

Negative: Severely
blocks low-angle
winter sunlight,
exacerbating local cold
stress.

Contradictory
Parameter
Action: Dynamic
sectional design (e.g.,
stepped terraces,
asymmetrical canyons).

High Spatial Porosity
(Point-Towers)

Aerodynamic
Ventilation: Wind
Speed Control

Positive: Channels cool
sea breezes into the
street level, removing
sensible heat.

Negative: Accelerates
the penetration of
harsh winter winds,
increasing convective
heat loss.

Contradictory
Parameter
Action: Vertical
morphological split
(e.g., enclosed
windbreak podium +
porous upper towers).

Grid Orientation
(15–30◦)

Wind Path Alignment:
Channeling & Blocking

Positive: Aligns with
summer southeasterly
winds, creating a
natural ventilation
corridor.

Positive: Intersects
winter northwesterly
monsoons at a large
angle, acting as a
physical bluff body.

Compatible Parameter
Action: Establish as a
mandatory, static
planning baseline for
street grids.

Building upon these fundamental mechanisms and boundaries, the subsequent section
details the specific microclimatic optimization strategies for these core morphological
parameters.

4.2. Microclimate Optimization Strategies for High-Density Coastal Blocks

To address the unique climate of coastal cities heavily influenced by the northern
monsoon, this section details a series of spatial morphology optimization strategies. The
fundamental objective of these strategies is to harmonize seasonal trade-offs, specifically, to
balance the needs of “ventilation and shade” in summer with the needs of “wind protection
and insulation” in winter.
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1. Optimization Strategies for Building Density

Building density directly affects the proportion of open space in streets and the sun-
shading effect of buildings, and its impact on the microclimate in summer is far greater
than in winter. This study confirmed that a building density of 35% to 45% is optimal for
maintaining a comfortable thermal environment throughout the year.

In terms of spatial form optimization, the combination of “bottom-level enclosed
podium + high-rise point tower” should be actively promoted (Figure 8). In the pedestrian
floor (podium floor), an enclosed layout is adopted, and the continuous building interface
forms a wind barrier to effectively block the fierce northwest wind in winter [38]. The upper
part adopts a staggered layout of point towers, which retains the necessary ventilation gaps,
which is conducive to the sinking and penetration of the southeast sea wind in summer [39].

Figure 8. Optimization Strategies for Building Density.

In actual urban planning and design, the urban heat island effect at night in high-
density environments can be effectively mitigated by increasing the setback distance of
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buildings, providing auxiliary ventilation passages, and incorporating central green spaces
and public leisure areas [40].

2. Optimization Strategies for Block Orientation

The orientation of a region influences the distribution of sunshine hours and the
trajectory of surface air currents, thereby determining the region’s radiation balance and
heat dissipation efficiency.

Optimal orientation established: Simulations confirm that 15–30◦ (southeast) is the
key angle for balancing the optimal microclimate requirements of winter and summer
(Figure 9). In summer, this orientation forms a small angle with the prevailing southeasterly
winds in Qingdao, which can induce a significant “wind channeling effect,” accelerating
the dissipation of heat and pollutants; while in winter, it intersects with the northwesterly
monsoon at a large angle, forming an effective physical windbreak.

Figure 9. Optimization Strategies for Block Orientation (the red cross indicates “not recommended”
and green checkmarks indicate “recommended”).

Placement Principles: In the planning and design framework, priority should be given
to the southwest-northeast (SW-NE) direction, or strictly the north–south (N-S) direction.
At the same time, to mitigate the strong effects of low-angle sunlight in summer, east–west
(E-W) oriented block designs should be strictly avoided.

3. Optimization Strategies for Street Aspect Ratio (H/W)

Analysis indicates that the ideal street shape for main streets in summer is a deep-
valley shape (height-to-width ratio of approximately 2.5). This shape utilizes the broad
shadows created by the deep valleys to intercept shortwave solar radiation, thereby re-
ducing the PET value. Conversely, a relatively open street shape (height-to-width ratio of
approximately 1.6) is needed in winter to promote the penetration of low-angle sunlight
and effectively enhance heat absorption in the street space. To achieve optimal thermal
comfort throughout the year, it is strongly recommended to maintain the height-to-width
ratio of core blocks within a dynamic equilibrium range of 1.6 to 2.5.

For major roads, the visibility factor (SVF) can be improved by widening the roads or
lowering the height of buildings. Such spatial interventions ensure ventilation capacity in
street canyons and effectively mitigate heat buildup (Figure 10). Conversely, for secondary
roads and pedestrian canyons, the height-to-width ratio can be appropriately increased.
Morphological interventions such as stepped terraces can significantly improve shading
and create a very comfortable pedestrian micro-environment [41].
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Figure 10. Optimization Strategies for Street Aspect Ratio (H/W).

5. Conclusions
This study, using Qingdao as an example, assessed the microclimate adaptability of

a high-density commercial area in a northern monsoon coastal city. By integrating field
measurement data and ENVI-met simulation results, we systematically quantified the
mechanism by which spatial morphology regulates outdoor thermal comfort (PET) in
different seasons. Crucially, this study advances the theoretical framework by decoupling
the coastal aerodynamic environment into a three-layer superimposed model (macro-
monsoon, meso-sea–land breeze, and micro-urban heat island circulation). This method
effectively bridges the theoretical gap in bidirectional microclimate regulation—reconciling
the inherent conflict between “winter insulation and summer ventilation induction”—while
establishing a universally reproducible methodological framework (survey → clustering
→ baseline modeling → bi-seasonal simulation).

Research has confirmed that a single spatial configuration cannot meet the distinctly
different microclimatic requirements of Qingdao’s winter and summer. In summer, a “point-
and-tower” configuration with a density of 45% is most effective in mitigating heat stress
by balancing efficient sun protection with sea breeze penetration. In winter, a “closed-type
+ tower” configuration with a density of 35% effectively blocks cold northwesterly winds
and increases shortwave radiation. To comprehensively address the needs of both seasons,
it is recommended that actual development adopt a complex spatial topology layout of “
bottom-level enclosed podium + high-rise point tower”.

Addressing the inherent morphological conflict between the requisite deep-canyon
profiles (H/W ≈ 2.5) summer and the relatively open street configurations (H/W ≈ 1.6)
for winter, this research reveals that a single, static aspect ratio cannot perfectly satisfy
year-round thermal demands. Consequently, it is highly advised that the aspect ratio of
coastal high-density commercial blocks be dynamically regulated between 1.6 and 2.5.
Planners should adopt differentiated design strategies—such as applying higher ratios to
secondary pedestrian canyons to enhance summer shading, while maintaining lower ratios
on primary avenues to secure winter solar access—thus avoiding extreme ‘street canyon
effects’ while reconciling seasonal microclimatic contradictions.

In Qingdao, a minimum orientation of 15◦ to 30◦ (southeast) has been designated
as a mandatory reference direction for newly constructed coastal commercial districts.
In summer, this creates a “wind tunnel effect” along the path of the southeast monsoon,
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promoting ventilation within the district. In winter, it intersects with the prevailing cold
northwest winds at a large angle, creating an effective physical windbreak.

Crucially, the general applicability of the research findings must be clearly defined.
The specific optimization strategies derived in this study—such as the optimal orientation
of 15–30◦ and the dynamic adjustment of the aspect ratio between 1.6 and 2.5—were
formulated based on Qingdao’s unique geographical and meteorological conditions. Rather
than universal laws, these values should be interpreted as localized engineering references
strictly applicable to similar northern monsoon coastal cities (e.g., Dalian, Weihai, and
Yantai). However, the primary contribution of this research transcends these specific
localized parameters; it lies in the comprehensive methodological framework developed.
This systematic evaluation protocol can be readily replicated and applied to extract localized
morphological thresholds in other distinct climatic zones.

Although this study proposes a clear morphological threshold, there are still some
methodological limitations in the numerical simulation scheme. First, although the thermo-
dynamic variables have been successfully calibrated, the wind speed has not been clearly
verified because it is difficult to reconcile the highly localized instantaneous empirical
readings with the grid-averaged aerodynamic output of ENVI-met. This introduces some
uncertainty into the absolute potential evapotranspiration (PET) value [25], but does not
affect the comparison of relative microclimate performance between different morpho-
logical types. Second, the current modeling framework mainly focuses on the physical
disturbance of the building interface, without fully coupling the dynamic latent heat ex-
change of high-intensity anthropogenic heat emissions (e.g., air conditioning exhaust and
traffic) or complex vegetation communities. Future research will introduce multi-source
thermodynamic boundary conditions and integrate the effects of evapotranspiration to
further improve this comprehensive microclimate assessment framework.
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