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Obijective: The rapid growth and expansion of urban areas have caused extensive replacement of
natural land surfaces with impermeable buildings and urban materials. This process increases
thermal energy absorption and results in elevated temperatures, contributing to the Urban Heat
Island (UHI) effect—a significant temperature difference between urban areas and their adjacent
rural regions. The primary objective of this study is to examine how different urban morphological
characteristics, including spatial configuration, building height, street orientation, and urban canyon
geometry, influence urban microclimatic conditions. The focus is on cold semi-arid climates, where
thermal comfort is often compromised, to identify effective urban design strategies to mitigate UHI
and improve outdoor thermal conditions.

Method: A mixed-method research approach was adopted, involving a systematic review,
morphological classification, and numerical environmental simulation. Additionally, a systematic
analysis using VOS viewer software was conducted to explore the evolution of research trends
related to urban form and thermal comfort, covering publications from 1973 to 2023. Subsequently,
six distinct urban fabric types were selected from residential areas in Mashhad, Iran, categorized by
spatial configuration (compact versus scattered) and building height classes (low-rise, mid-rise,
high-rise). The microclimate of each typology was simulated using ENVI-met 5.1/6, a sophisticated
3D modelling tool that estimates variables such as air temperature, surface temperature, wind speed
and direction, solar radiation, shading patterns, sky view factor (SVF), and height-to-width (H/W)
ratios. Simulations were performed for three representative dates—summer solstice (June 21),
winter solstice (December 21), and a moderate season (April 15), each covering a full diurnal cycle.
Results: The results revealed that compact urban forms generally contributed to lower daytime air
temperatures due to increased shading from dense building arrangements and higher H/W ratios.
However, very compact layouts tended to reduce natural ventilation, limiting nighttime cooling.
Urban canyons with low SVF reduced solar exposure during the day but trapped heat at night,
decreasing overall thermal comfort after sunset. Proper alignment of streets parallel to prevailing
wind directions enhanced airflow and cooling, whereas perpendicular orientations impeded
ventilation. Notably, some scattered high-rise configurations created localized cooling zones due to
increased wind penetration, particularly in cruciform building layouts.

Conclusions: The study highlighted the importance of integrating climatic considerations into
urban form design. It concluded that an optimal balance of building density, canyon geometry, and
alignment with wind flow could effectively mitigate UHI impacts in cold semi-arid climates. These
findings offer valuable evidence-based recommendations for urban planners and policymakers
aiming to enhance thermal comfort and sustainability in rapidly urbanizing regions.
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Introduction

Urbanization has accelerated significantly in recent decades, transforming natural landscapes into densely built
environments characterized by impervious surfaces such as concrete, asphalt, and compact buildings. These
changes have resulted in dramatic shifts in the local climate, particularly in the form of urban heat islands
(UHIs), which manifest as significantly higher temperatures in urban areas compared to surrounding rural
landscapes. The rise in urban temperature due to UHI affects multiple aspects of city life, including energy
consumption, public health, thermal comfort, and overall environmental quality.

The UHI phenomenon has been widely acknowledged as a consequence of the combined effects of
anthropogenic land use changes and climatic conditions. Cities in arid and semi-arid regions, like those in Iran,
are particularly vulnerable to UHI effects due to their limited vegetation, high solar radiation, and rapid urban
growth. Among such cities, Mashhad—Iran’s second-largest city—serves as a compelling case study due to
its cold and semi-arid climate, population density, and the intensity of recent urban development. The city has
experienced extensive physical growth over the past few decades, resulting in an increase in air pollution,
energy usage, and, importantly, local surface temperatures.

A growing body of literature has explored the UHI phenomenon, focusing on both climatic contributors (e.g.,
solar radiation, humidity, and wind patterns) and human-induced elements such as land use change, building
materials, and urban morphology. However, many studies tend to emphasize the role of green infrastructure in
mitigating UHIs, leaving a relative gap in understanding how urban form itself—independent of vegetation—
affects microclimatic behaviour. Urban morphology encompasses the physical characteristics of the built
environment, including building layout and density, street orientation, building height, sky view factor (SVF),
and height-to-width (H/W) ratio of urban canyons. These morphological parameters affect the flow of wind,
the retention of solar radiation, and the degree of surface shading, all of which influence local thermal
conditions. Thus, investigating the role of urban form becomes essential for cities aiming to design climate-
resilient urban areas, especially in regions with extreme temperature fluctuations and limited natural cooling
elements.

Despite its vulnerability to heat accumulation and air pollution, Mashhad has not been extensively studied in
the context of urban form and urban heat island (UHI). Existing research about the city has mostly focused on
land use and air quality, with minimal attention paid to how building geometry, density, and spatial
arrangements influence temperature. This study addresses this gap by analysing how different urban
configurations contribute to or mitigate the UHI effect in Mashhad’s cold and semi-arid climate. The objectives
of the study are as follows: to identify critical morphological indicators that affect urban temperature levels,
to simulate various types of urban forms (compact vs. scattered; low-rise vs. high-rise) and evaluate their
thermal performance, and to provide practical recommendations for urban planners and designers to reduce
urban heat through urban form-based interventions.

Method

The study employed a mixed-method approach combining scient metric analysis, morphological classification,
and environmental simulation. Initially, a comprehensive literature review and scient metric analysis were
conducted using VOS viewer software to identify relevant urban form parameters associated with urban heat
island (UHI) mitigation. Articles published between 1973 and 2023 were analysed, highlighting key trends in
form-based urban climate research. Six representative urban fabric types were selected from residential areas
in Mashhad. These types were classified based on two criteria: spatial configuration (compact vs. scattered),
and building height (low-rise, mid-rise, and high-rise). Each urban fabric type was modelled using ENVI-met
5.1/6 software, a 3D microclimate modelling tool capable of simulating airflow, temperature dynamics,
radiation flux, and evapotranspiration within urban environments. The input data included accurate spatial
layouts, land cover, surface material types, and localized meteorological data. Simulations were performed
over 24-hour periods on three distinct dates reflecting seasonal conditions: December 21 (winter solstice), June
21 (summer solstice), and April 15 (moderate temperature period). The results were analysed in terms of air
temperature at pedestrian level, wind speed and direction, surface temperature, radiation and shading pattern,
and sky view factor (SVF).
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Results

The simulation outputs revealed several key patterns, including the impact of building density, revealing that
compact urban forms generally exhibited lower midday air temperatures than scattered forms due to the
shading effect provided by closely spaced buildings. However, ventilation efficiency was reduced by
compactness, especially in areas with poor alignment to prevailing winds. The influence of height-to-width
ratio indicated that urban canyons with higher height-to-width (H/W) ratios provided increased shading,
thereby reducing surface heat absorption. However, excessively high H/W ratios resulted in decreased airflow
and retention of heat during nighttime.

Analysing the sky view factor (SVF) showed a strong inverse relationship between SVF and ambient
temperature. Areas with low SVF, indicating limited sky visibility due to surrounding structures, experienced
cooler daytime temperatures because of reduced solar exposure but exhibited weaker nocturnal cooling.
Investigating the effect of street orientation revealed that streets aligned perpendicular to prevailing wind
directions hindered ventilation and increased heat retention, whereas parallel alignment facilitated airflow and
improved cooling.

Performance of scattered high-rise layouts showed that in certain scenarios, high-rise buildings arranged in
scattered patterns generated unexpected cooling pockets due to open space configurations and enhanced wind
access, particularly in cruciform layouts. Regarding temperature extremes, peak air temperatures during
summer scenarios were significantly higher in low-rise, scattered, and low-shade areas. Conversely, the lowest
temperatures were recorded in compact, high-rise areas with optimized canyon geometry.

To ensure scientific reliability and enhance credibility, the simulation results produced by ENVI-met were
validated against field measurements conducted in selected neighbourhoods of Mashhad. This validation
process involved installing digital thermometers and anemometers at multiple heights (1.5m and 10m) across
six typologies of urban fabric types, collecting data on air temperature, relative humidity, and wind speed
during peak hours. Comparing observed values with simulated outputs from ENVI-met for the corresponding
dates and time intervals demonstrated a high correlation between ENVI-met outputs and actual field data,
particularly concerning air temperature and shading patterns. Minor deviations were noted in wind speed and
humidity, mainly due to local turbulence and urban obstructions that were not fully captured in the model.
Nevertheless, the model’s performance confirmed its suitability for simulating the microclimate of Mashhad.
The findings suggested a compound interaction between urban morphology and microclimate, challenging the
perception that mitigating the impacts of UHI was the exclusive function of green infrastructure. While
vegetation is undoubtedly valuable, the ideal composition of urban form is also considered important,
particularly in dense, dry cities where space for vegetation is limited. In the case of Mashhad, strategies such
as increasing building density, optimizing canyon geometry, and aligning with prevailing winds were found to
have considerable thermal benefits. However, no single approach was found to be universally effective. Highly
compact layouts restricting airflow were shown to intensify nighttime heat stress, whereas dispersed layouts
that promoted wind movement were unlikely to provide sufficient daytime shading. This finding necessitates
the design of climatically responsive urban forms that can create a balanced synthesis between density and
ventilation. Urban planning should no longer focus solely on visual aesthetics or land use but should also
prioritize thermal performance in relation to prevailing and predicted climatic conditions.

The study provided evidence-based insights for municipal authorities and urban planning departments in
Mashhad and similar cities in terms of climate and urban form. Specific policy recommendations included the
establishment of form-based codes regulating height-to-width (H/W) ratios and building orientation,
encouraging mixed-height developments with proper ventilation corridors, incorporating climate-responsive
design guidelines in zoning and land development regulations, offering incentives for reducing reflective
materials, using permeable surfaces in urban paving, and integration of microclimate simulation tools such as
ENVI-met into pre-approval processes for new developments. These measures, when combined with green
infrastructure and energy-efficient building design, were proven to significantly mitigate urban heat stress and
improve urban sustainability.
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Conclusions

The results of the research showed that, in July, high-rise and compact urban forms, characterized by relatively
high height-to-width (H/W) ratios and low sky view factor (SVF), demonstrated the lowest potential air
temperatures during peak heat hours. This was attributed to the increased shaded areas and reduced direct
exposure to sunlight. In general, compact forms provided better thermal conditions across varying urban
densities. However, due to the limited distribution of low-temperature zones within the compact high-rise
context, scattered high-rise textures were identified as the second most effective in reducing temperature. This
effectiveness was likely due to factors such as the cruciform layout of buildings, high H/W ratios, and low
SVF values, all of which contributed to reduced thermal accumulation.

For municipal authorities and designers, the research suggested embedding microclimate simulation as a
standard tool in urban development processes, developing form-based building codes that set minimum and
maximum values for H/W ratios and sky view factor (SVF), prioritizing ventilation corridors aligned with
prevailing winds, encouraging infill development that enhanced shading without disrupting airflow, and
integrating small-scale green interventions (e.g., roof gardens, green walls, pocket parks) even in high-density
neighbourhoods.
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