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Abstract:

Urban growth and the rapid migration of rural populations to cities have directly contributed to climatic changes in urban areas and have
raised concerns regarding global warming. Accordingly, studies of urban climate can contribute to improving outdoor thermal comfort. The
urban heat island (UHI) is a phenomenon in which the air temperature within a city becomes higher than that of its surrounding areas,
primarily because of human activities. Urban heat island intensity (UHII) is used to quantify the magnitude of the UHI effect and the
temperature difference between urban and rural areas. Over the past four decades, Sari, the largest city in Mazandaran Province, has
experienced substantial changes in its urban structure. These transformations have affected both the older parts of the city and newly
developed neighborhoods, many of which initially emerged as informal peripheral settlements. Changes in building regulations during the
implementation phase, along with the construction of buildings without obtaining the required permits in many peripheral neighborhoods,
have transformed the urban morphology of this historic Iranian city. The morphological characteristics of these areas include low-rise
buildings with high building density, narrow streets and alleys, limited vegetation, a lack of urban open spaces, and high building coverage
ratios. Extensive calculations conducted using Landsat 8 satellite imagery acquired on August 8, 2021, the hottest day of that year in Sari,
were used to investigate the formation of urban heat islands. The findings showed that the Normalized Difference Vegetation Index (NDVI)
was distributed relatively uniformly across Sari, and its effect on reducing ambient temperature was therefore approximately similar
throughout the city. Regarding the moisture index, neighborhoods with higher moisture levels also exhibited higher temperatures, while wind
strength was unable to produce a meaningful reduction in moisture. However, in locations with similar wind conditions, urban morphology
was the determining factor influencing ambient temperature. Unless urban morphology facilitates airflow, wind strength alone cannot reduce
ambient temperatures in areas affected by urban heat islands. Wind strength by itself cannot prevent the formation of urban heat islands and
functions only as a contributing factor in reducing ambient temperature under favorable urban morphological conditions. Consequently,
modifying urban morphology, as the most fundamental determinant of urban heat island formation, can help mitigate and control the urban
heat island effect.
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Extended Abstract

Rapid urbanization, population concentration, and the physical expansion of cities have substantially altered urban climatic
conditions and increased demand for energy, water, infrastructure, and environmental resources. Urban areas currently account
for a considerable proportion of global energy consumption and greenhouse gas emissions, mainly because of the concentration
of residential buildings, transportation systems, industrial activities, and service functions within limited geographical spaces
(2, 4). Although urban growth can promote economic development and improve access to services, it can also generate
significant environmental consequences, including local climate change, air pollution, surface warming, increased energy
consumption, and the deterioration of human thermal comfort (6, 31). One of the most important manifestations of urban
climatic transformation is the urban heat island phenomenon, in which urban areas exhibit higher surface and air temperatures
than their surrounding rural or less densely developed areas. The urban heat island effect is influenced by the replacement of
natural surfaces with buildings, roads, asphalt, and other impervious materials, as well as by anthropogenic heat emissions,
reduced evapotranspiration, limited vegetation, and restricted atmospheric circulation (10, 50). These changes can increase
cooling energy demand, intensify thermal discomfort, contribute to air pollution, and increase heat-related health risks (8, 11,
16). Consequently, understanding the spatial and physical determinants of urban heat accumulation has become an essential
requirement for climate-responsive urban management, sustainable planning, and the development of effective mitigation
strategies.

Urban morphology is one of the principal factors affecting the formation, spatial distribution, and intensity of urban heat
islands. The arrangement, density, height, orientation, and spacing of buildings determine the amount of solar radiation received
and stored by urban surfaces, the capacity of the urban fabric to release longwave radiation, the degree of shading, and the
movement of air through streets and open spaces (39, 40). High-density urban blocks, narrow streets, low sky-view factors,
limited open spaces, and continuous building coverage can restrict wind movement and retain heat within urban canyons,
particularly during warm seasons. Conversely, appropriate building spacing, height variation, vegetation, permeable surfaces,
and connected open spaces can support ventilation and reduce thermal accumulation (27, 28). The relationship between urban
form and heat is therefore not limited to surface characteristics, because urban geometry also determines whether prevailing
winds can penetrate the built environment and remove accumulated heat. Research has shown that wind flow in urban areas is
strongly modified by the configuration of building blocks and that the cooling effect of air movement is dependent on the
degree to which the physical structure of the city permits ventilation (26, 48). Vegetation is also important because it reduces
land surface temperature through shading and evapotranspiration, although its effectiveness varies according to spatial

distribution, density, and morphological arrangement (44, 46). Accordingly, the combined analysis of land surface temperature,
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vegetation, moisture, wind speed, wind power, wind direction, and urban form can provide a more comprehensive explanation
of urban heat island development than the isolated assessment of any single climatic or physical variable.

The present study focused on Sari, the largest city and administrative center of Mazandaran Province in northern Iran. Sari
is located in a temperate and humid climatic region near the Caspian Sea and at the foothills of the Alborz mountain range.
During recent decades, the city has experienced substantial population growth, physical expansion, informal peripheral
development, and significant changes in its urban structure. The transformation has affected both older neighborhoods and
newly constructed peripheral districts, many of which initially developed through unplanned or weakly regulated construction.
These areas are commonly characterized by low-rise buildings, high building density, narrow streets and alleys, high plot
coverage, limited vegetation, insufficient urban open spaces, and inadequate consideration of local climatic conditions and
natural ventilation. Previous studies conducted in Sari have shown that urban growth patterns, changes in land use, and spatial
development have contributed to the intensification and redistribution of urban heat islands (17, 18). The city therefore provides
an appropriate context for examining how urban morphology interacts with wind conditions in the formation of localized
thermal hotspots. Particular attention was given to whether wind speed and wind power could independently reduce urban
temperatures or whether their effectiveness depended on the physical permeability of the urban fabric. The research was based
on the assumption that areas exposed to similar wind conditions may still exhibit different land surface temperatures because
of differences in building density, street width, vegetation, surface coverage, and the capacity of the built environment to
facilitate or obstruct airflow.

The study used a quantitative spatial-analytical design based on satellite remote sensing, geographic information systems,
climatic data, and urban morphological interpretation. Landsat 8 imagery acquired on August 8, 2021, which represented one
of the hottest days of the year in Sari, was used as the principal remote-sensing dataset. The imagery was subjected to
radiometric and atmospheric correction using the FLAASH method in ENVI 5.3 to improve the accuracy of subsequent
calculations. Land surface temperature was estimated through the split-window algorithm using the thermal infrared bands of
Landsat 8. This process involved converting digital numbers to spectral radiance, calculating satellite brightness temperature,
estimating land surface emissivity, determining vegetation cover proportions, calculating the difference and mean emissivity
of the thermal bands, and incorporating atmospheric water vapor information. The Normalized Difference Vegetation Index
was calculated using the red and near-infrared bands to evaluate the spatial distribution of vegetation and its potential
contribution to surface cooling. NDVI is widely used in thermal remote-sensing studies because of its sensitivity to vegetation
density and its applicability in estimating surface emissivity and temperature variations (43, 47). Column water vapor was also
calculated to improve the accuracy of land surface temperature retrieval. Wind-speed values derived from meteorological
stations in Sari, Qaemshahr, Behshahr, and Neka were spatially interpolated using the inverse distance weighting method. Wind
power and meteorological wind direction were subsequently calculated, mapped, and compared with the spatial distribution of
land surface temperature and urban heat island locations. The integration of these layers enabled the identification of areas
where similar climatic conditions produced different thermal outcomes because of variations in urban morphology.

The results indicated that land surface temperature across the study area ranged approximately from 24°C to 40°C, with a
temperature difference of about 6°C between several urban hotspots and surrounding areas. The most intense urban heat island
locations were concentrated in neighborhoods characterized by compact low-rise development, narrow passageways, limited
vegetation, inadequate open space, and extensive building coverage. The NDVI results showed that vegetation was distributed
relatively uniformly across large portions of Sari; therefore, its cooling effect did not vary sufficiently to explain the most

pronounced temperature differences. Although vegetation is generally associated with lower surface temperatures and the
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mitigation of urban heat islands (34, 38), the relatively similar spatial pattern of vegetation in the study area suggested that
urban morphology exerted a stronger influence on localized thermal conditions. The moisture analysis also showed that some
neighborhoods with higher moisture values experienced higher temperatures, indicating that moisture alone did not produce an
effective cooling outcome under the prevailing climatic and morphological conditions. Wind-speed values ranged from
approximately 2.5 to 3.7 miles per hour, while wind power ranged from approximately 26 to 79 W/m2, and wind direction
varied between 209° and 254°. However, comparison of the wind layers with the surface-temperature map revealed that
locations exposed to similar wind strength did not necessarily exhibit similar temperatures. In areas where dense buildings and
narrow streets obstructed airflow, wind was unable to remove accumulated heat effectively. This finding supports the argument
that the thermal benefits of wind movement depend on the spatial configuration and ventilation capacity of the built
environment rather than merely on measured wind speed (28, 29).

The study concludes that urban morphology is the most decisive factor governing the formation and persistence of urban
heat islands in Sari, while wind acts primarily as a secondary cooling mechanism whose effectiveness depends on favorable
physical conditions. Wind strength alone cannot prevent urban heat island formation when the urban fabric is compact, poorly
ventilated, and dominated by narrow streets, high building coverage, limited vegetation, and insufficient open space. The
findings demonstrate that neighborhoods exposed to comparable wind conditions may experience substantially different
temperatures because their morphological structures differ in the degree to which they permit air circulation and heat
dissipation. Therefore, urban heat mitigation in Sari requires more than increasing vegetation or relying on natural wind; it
requires the systematic reform of urban form. Planning measures should include controlling building density, reducing
excessive plot coverage, widening critical ventilation corridors, preserving connected open spaces, improving building spacing,
introducing height variation, preventing unregulated peripheral development, and aligning street orientation with prevailing
wind directions. The integration of climate-responsive urban design principles into municipal regulations, land-use planning,
redevelopment programs, and building-permit procedures can substantially improve thermal comfort and environmental
quality. Overall, the research demonstrates that correcting urban morphology provides the most effective foundation for
reducing urban heat island intensity, while wind can contribute to cooling only when the spatial structure of the city allows it

to penetrate, circulate, and remove accumulated heat from the urban environment.
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