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Abstract: Urban development and its climatic consequences have caused urban decision-makers
to establish strategies to mitigate climate change. The implementation of different green spaces is
one of the main strategies to reduce the environmental and climatic consequences of urbanization.
Therefore, the main objective of this research is to reveal the effect of different green space scenarios
on micro-bioclimatic conditions of a hospital located in Gorgan city, Golestan province. Therefore, in
order to determine the position of the hospital building relative to Gorgan’s urban heat island (UHI),
the location and changes in UHI intensity of Gorgan were determined as evidence of urban expansion.
Since 27 July was determined as the hottest day in Gorgan city based on historical data analysis,
the climatic conditions during 27 July 2021 were measured using an AR847 data logger installed in
the hospital environment. Additionally, four different conditions, including actual environmental
conditions of the hospital (actual conditions), along with the application of cypress trees (scenario
A), plane trees (scenario B), and Buxus shrubs (scenario C), have been used to analyze the impact of
different vegetation species on the bioclimatic conditions of 5 Azar Hospital during two time intervals,
including observational periods (1970–2020) and the decade of the 2040s. Finally, spatiotemporal
patterns of the predicted mean vote (PMV) thermal index were calculated for the observational period
and during the 2040s using the ENVI-met micro-scale model. Results showed that the study site is
in the UHI, which can affect the micro-bioclimatic conditions and the patient’s thermal perception.
For all designed scenarios, results indicate that the average PMV index will increase by the 2040s.
However, implementing different green space scenarios showed that the minimum and maximum
values of PMV were found in scenario B, of 2.7. The actual PMV conditions of the studied site
increased by 3.5. The scenario introduction of green spaces during the 2040s indicates that the
average PMV at the hospital site will be decreased by 0.9 compared to the actual conditions. The
study proves that appropriate green space strategies can reduce thermal loads occurring due to global
climate change and improve the thermal conditions in the study area.

Keywords: climate modeling; bioclimate; climate change; Envi-met; green space

1. Introduction

In recent decades, the world’s population increase has led to the creation of thousands
of cities and metropolises worldwide [1]. However, the urban design process has often
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neglected the impact of rapid urban expansion and land-use changes on urban public
health. This may be due to the lack of interdisciplinary urban design and planning studies
among climatologists, architects, and urban planners [2]. This disregard for unbridled
urban development causes a variety of challenges to the health of people who live in cities
worldwide. For instance, the urban heat island (UHI) effect, which is the name given to
the higher temperature found in towns and cities than in surrounding rural or suburban
areas in tropical cities, can compromise urban public health [3,4]. In other words, creating
thermal comfort conditions in outdoor spaces can encourage city walking and improve
public health and air quality [5,6]. Since citizens spend most of their time in open spaces,
they are directly affected by the bioclimatic conditions of the outdoor environment. Among
the citizens of a city, patients of a hospital are more sensitive to the bioclimatic conditions of
the outdoor environment. In fact, some patients come to the outdoor environment during
the day to enjoy the clean and fresh air of the open space of the hospital [7,8]. Therefore,
patients are more vulnerable to outdoor thermal stresses caused by the urban climate [9].

Although attention to the hospital environments and their thermal comfort conditions
is not a new topic, the outbreak of the COVID-19 pandemic again placed hospitals and
health centers in the spotlight for many scientists and researchershers during the last two
years. In 1968, Wyon, Lidwell, and Williams were among the first researchers to report
that climatic elements, especially air temperature, have a significant effect on the thermal
sensation experienced by hospital staff [10]. Research at the Bologna General Hospital
indicated that the PMV comfort index was not within the range of thermal comfort in most
rooms, especially in the summer [11]. For example, as reported in [12], hospitals’ thermal
comfort conditions and annual energy demand for cooling will be affected by global climate
change in six islands in the Indian Ocean region [12]. Hence, vulnerable hospital patients
will need more dedicated care with the concurrent challenge of creating a more appropriate
hospital environment [8].

Like many open urban environments, the bioclimatic conditions of the open spaces
of hospitals are strongly affected by artificial structures such as buildings, sidewalks,
asphalt roads, and natural structures, including green spaces, meadows, and soil-type
water fountains. However, field studies in outdoor wards of hospitals are less common.
Moreover, when considering global climate change, these designs must be sustainable and
have an excellent perspective to provide thermal comfort both in the coming decades and in
current conditions. Therefore, proper knowledge about the micro-bioclimatic environment
of the hospitals may be an appropriate way to improve outdoor thermal comfort conditions,
especially for patients and their companions or medical staff in that environment. In
contrast, patients’ family members that use the garden rather than indoor spaces to mitigate
stress can deal more efficiently with depression feelings [13]. A suitable climate-oriented
design for hospital structures and open spaces can reduce the requirement and budget for
ambient heat and patients’ vulnerability, especially under very high-temperature stresses.
However, the effect of urban climate change on the thermal sensation of patients and the
effectiveness of mitigation strategies is not well documented in the literature, represents
the main literature gap in this research topic. Therefore, the main objective of the present
study is to monitor and predict the effects of urban climate conditions on outdoor thermal
comfort conditions of a health center of Gorgan City, which is located in “Csa” climatic
conditions according to the Koppen Climate Classification. The 5 Azar Hospital in Gorgan
City (Golestan province) in the North of Iran was selected as the study area (Figure 1).
The study aims to reveal the effect of urban expansion on the thermal conditions of the
health center and the patients’ thermal sensations. Furthermore, as a mitigation strategy,
the impact of different green space scenarios on the spatiotemporal pattern of bioclimatic
comfort of the hospital environment will be discussed. Since the 5 Azar Hospital is one
of the largest hospitals in Gorgan city (Golestan province), it was selected as a case study.
The study results can effectively create a platform for urban design and urban-landscape
service structures and provide informed design decision recommendations to mitigate the
future conditions arising from climate change.



Forests 2023, 14, 1978 3 of 20

Forests 2023, 14, x FOR PEER REVIEW 3 of 21 
 

 

 
Figure 1. The map of Iran, Golestan province and 5 Azar hospital location in Gorgan. 

2. Materials and Methods 
This research aims to evaluate the most acute bioclimatic conditions of heat stress to 

analyze the efficiency of different green space scenarios and reduce the heat budget load 
of urban services structures such as hospitals. Climatic parameters were extracted from 
the Gorgan weather station, including relative humidity (%), air temperature (°C), air ve-
locity (m/s), and cloudiness (octas), and the hottest day of the year during the studied 
period (1970–2020) was determined. Furthermore, the mean radiant temperature (MRT) 
was calculated for the selected hottest day using RayMan software 1.1 (open source) 
[14,15]. For the evaluation of the thermal component of urban and regional climates, pre-
cise and high-resolution radiation data from the whole surrounding are necessary. These 
data can be either measured or calculated by use of a suitable radiation model. RayMan 
is one of these models. In the manual of this model, the calculation steps of MRT are ex-
plained . Another advantage of RayMan is that it is available for general use. Therefore, con-
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area are arid. The humidity and temperature in these arid areas depend on their proximity 
to large bodies of water and the local topography. January tends to be the coldest month, 
with temperatures ranging from 0 to 10 °C, while July stands as the hottest month, with tem-
peratures ranging from 20 to 30 °C [23]. Iran receives an average annual rainfall of approxi-
mately 240 mm. The Caspian seashore receives the highest rainfall, up to 1800 mm, while the 
sloping areas of the Alborz and Zagros mountains receive around 400 mm [24]. Gorgan is 
situated in the southeastern region of the Caspian Sea. It experiences an average annual rela-
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ever, Gorgan is an area with a diverse topography, natural features, and is surrounded by 
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Figure 1. The map of Iran, Golestan province and 5 Azar hospital location in Gorgan.

2. Materials and Methods

This research aims to evaluate the most acute bioclimatic conditions of heat stress
to analyze the efficiency of different green space scenarios and reduce the heat budget
load of urban services structures such as hospitals. Climatic parameters were extracted
from the Gorgan weather station, including relative humidity (%), air temperature (◦C), air
velocity (m/s), and cloudiness (octas), and the hottest day of the year during the studied
period (1970–2020) was determined. Furthermore, the mean radiant temperature (MRT)
was calculated for the selected hottest day using RayMan software 1.1 (open source) [14,15].
For the evaluation of the thermal component of urban and regional climates, precise and
high-resolution radiation data from the whole surrounding are necessary. These data can
be either measured or calculated by use of a suitable radiation model. RayMan is one of
these models. In the manual of this model, the calculation steps of MRT are explained.
Another advantage of RayMan is that it is available for general use. Therefore, considering
the validity of RayMan’s results in MRT modeling, which has been proven by various
researchers [14–22], this model was used in the present study. Then, the variables were
used for input into the ENVI-met micro-bioclimatic model in hourly time intervals. The
5 Azar Hospital in Gorgan City (Golestan province) was selected in the North of Iran as the
study area. Gorgan city has 480,541 people, an area of 1700 km2 area, and a height of 155 m.

The coastal areas along the Caspian Sea typically have a mild, humid climate with
relatively stable temperatures that rarely drop below 0 ◦C or rise above 29 ◦C. In contrast,
mountainous regions endure harsh winters and heavy snowfall, while other parts of
the area are arid. The humidity and temperature in these arid areas depend on their
proximity to large bodies of water and the local topography. January tends to be the
coldest month, with temperatures ranging from 0 to 10 ◦C, while July stands as the hottest
month, with temperatures ranging from 20 to 30 ◦C [23]. Iran receives an average annual
rainfall of approximately 240 mm. The Caspian seashore receives the highest rainfall, up
to 1800 mm, while the sloping areas of the Alborz and Zagros mountains receive around
400 mm [24]. Gorgan is situated in the southeastern region of the Caspian Sea. It experiences
an average annual relative humidity of 69.73% and maintains a yearly temperature average
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of 17.80 ◦C [25]. However, Gorgan is an area with a diverse topography, natural features,
and is surrounded by water bodies, forests, and mountains. Therefore, its climate is affected
by the atmospheric systems and varied local features. During the cold seasons, Siberian
high pressure and westerlies affect its environment, while the Azores high pressure from
the south controls its climate during the warm seasons. The activity and variability of
these systems throughout the year significantly alter the wind flow [26]. Based on the
Köppen climate classification, Gorgan experiences Csa Hot-summer Mediterranean climate
conditions [27].

2.1. Remote Sensing Data Analysis to Identify Gorgan’s Urban Heat Island Pattern

Modis (Moderate Resolution Imaging Spectroradiometer) Terra satellite (originally
known as EOS AM-1) data were used as 8-day composite images to evaluate changes in
Gorgan’s UHI in the hottest month of the year. Since 5 Azar Hospital is located in the
center of Gorgan, it is assumed that it is affected by anthropogenic heat consequences such
as the UHI. Urban heat islands can strongly affect thermal comfort. Hence, identifying
the geographical location of the studied area in relation to UHI can provide a warning to
urban planners and designers to use different strategies, such as increasing green space to
reduce the thermal budget and heat stress. The advantage of applying 8-day data, rather
than daily data, is that these images have less cloud cover and the least amount of lost
information in each frame. This product (MOD11A2) is a temperature indicator with a
spatial resolution of 1000 m and a time frame of 8 accumulated days, covering the period of
July 1 to July 31 for each year from 2000 to 2020. Furthermore, ArcGIS software 10.8.2 (ESRI,
Redlands, CA, USA) was applied for the spatial analysis of temperature. Accordingly, the
Getis–Ord G∗i statistics were computed for Hot Spot and air temperature analysis in context
with neighboring cell temperatures. The G∗i value is a z-score indicating where high or low
values are clustered. Statistically, a hot spot is significant when a given location will have
a high value and be surrounded by high values. The Getis–Ord statistic is calculated as
follows (Equation (1)) [28,29]:

G∗i =
∑n

j=1 Wi,j − x ∑n
j=1 Wi,j

s

√
n − ∑n

j=1 W2
i,j − (∑n

j=1 Wi,j)2

n − 1

(1)

where i is the resultant G∗i statistics (z-scores and p-values) for pixel i, xj is the land
surface temperature (LST) value for pixel j, wi, j is the spatial weight between pixel i and
neighboring pixel j, n is equal to the total number of pixels, and X and S are mean and
variance. S and X are computed as follows (Equations (2) and (3)):

X =
∑n

j=1 xj

n
(2)

and

S =

√
∑n

j=1 x2
j

n
−
(
X
)2 (3)

The statistical significance of clustering for a specified distance is determined by the
G∗i statistic (z-score) output [28]. The z-score was then compared with a range of values
entailing seven confidence levels (Table 1). The LST values were assigned to these seven
levels. The “very cold spots” and “very hot spots” are areas with extreme values, which
are very important in the analysis.

The MOD11A2 V6 product provides an average 8-day land surface temperature [31]
in a 1200 × 1200 km grid. The characteristics of the images were obtained from the Google
Earth Engine system related to the Terra satellite Modis sensor. All images for 1 to 31 July
2000–2020 were downloaded, with Kelvin evaluation unit, a numerical range of 7500 to
65,535, a scale factor of two-hundredths, pixel size of 100 m, 16-bit data type, an 8-day time
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separation. The following link shows the urban heat island analysis programming from
the Google Earth Engine website: https://code.earthengine.google.com/70551b3ca803cc6
39f87e87406008440, accessed on 1 January 2023.

Table 1. Classification based on p-value and z score [29,30].

Significance Level (p-Value) Critical Value (z-Score) Class No Class Name

−0.01 <−2.58 1 Very cold spot
−0.05 −2.58 to −1.96 2 Cold spot
−0.10 −1.96 to −1.65 3 Cool Spot

0 −1.65 to 1.65 4 Not significant
0.10 1.65 to 1.96 5 Warm spot
0.05 1.96 to 2.58 6 Hot spot
0.01 >2.58 7 Very hot spot

It is essential to underscore that the intensity of the urban heat island (UHI) is com-
puted based on the disparity between the land surface temperature (LST) in the urban
and suburban areas. However, in this particular study, the Hot Spots analysis has been
employed with the specific aim of identifying the most scorching UHI locations. The
analysis assesses the spatial variations in these hotspots at three distinct significance levels:
those exceeding 90%, 95%, and 99%. Consequently, when referring to the UHI throughout
this text, it pertains exclusively to the most elevated UHI hotspots, and their spatial changes
are examined at a statistically significant level.

2.2. Field Survey and Micro-Bioclimatic Modeling of the Study Area by ENVI-Met

From a microclimatic point of view, it is necessary to identify the details and charac-
teristics of geometric factors and the form of physical structures in the designed site on
outdoor thermal loads. Therefore, the details and characteristics of the hospital’s open
space structures, including information about the height of buildings, the width of sur-
rounding streets, sidewalks, traffic route, soil type, species, location, and height of trees and
vegetation, were obtained by field study. Notably, the collected field information (physical
structures) is considered a fixed characteristic (without any change) for all study periods as
input into the ENVI-met software V5.5 (ENVI-met GmbH, Essen, Germany).

Figure 2a shows the location of the 5 Azar Hospital as extracted from Google Map
software 7.3. It also presents the location of the 15 points selected for installing the me-
teorological data loggers. Moreover, the Landsat satellite images for two-time intervals
were used, including the TM sensor (row 163, pass 034) on 28 May (2010) and the OLI
sensor on 7 June (2020) to extract the land-use changes in Gorgan City during over time.
It is worth noting that May to July is the best period due to the lack of cloud cover. The
radiometric and spatial resolution of the satellite data was 16 bits and 30 m, respectively.
The NDVI index was used to analyze the vegetation cover of Gorgan City. Training samples
were determined by Google Earth images with a proper distribution whole over the city.
It should be noted that the number of pixels selected in each training sample should be
at least ten times the number of spectral bands of the image, which was well observed in
the present study. Therefore, 120, 100, and 150 training samples were extracted for bare
lands, rangelands, and urban areas. Finally, an Object-Oriented Algorithm and Hierarchical
Classification Method were used to generate a land-use map by eCognition Developer 9.01.
Figure 3 shows the land-use changes in Gorgan with emphasis on the location of 5 Azar
Hospital from 2010 to 2020. The area of the hospital includes 22,251 m2, of which 12,020 m2

is built-up and 10,231 m2 is related to the open space of the hospital. The 27 July was
statistically determined as the hottest day of the year during the long-term measurement
period. Hence, 27 July 2021 was selected as the field harvesting day to measure meteoro-
logical data in 15 determined points of open spaces of the hospital using an AR847 data
logger. Finally, the PMV bioclimatic index was calculated based on measured data, and the

https://code.earthengine.google.com/70551b3ca803cc639f87e87406008440
https://code.earthengine.google.com/70551b3ca803cc639f87e87406008440
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outputs were compared with the results of the ENVI-met model to evaluate the validity of
ENVI-met outputs.
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environment; (c) humidity–thermometer data logger (model AR847).

ENVI-met is a three-dimensional micro-scale climatic model that simulates surfaces,
plants, and air interactions in an urban environment with a spatial accuracy of 0.5 m and a
time accuracy of 10 s. It was introduced in 1998 by Michael Bruce and Heribert Fleer of the
University of Bochum, Germany [32,33]. The main advantage of this simulator is that it
simulates the main interactions of the atmosphere based on physical rules, such as fluid
dynamics and thermodynamics, which affect the microclimate. Furthermore, this model
simulates a set of micro-climatic factors within a daily cycle (24 to 48 h) and predicts all
processes, including wind flow, solar radiation, temperature, and humidity [21,34,35]. The
elements of the urban environment with a complex structure, such as buildings with differ-
ent shapes and heights or some architectural details comprising balconies and geometric
forms, can be considered in simulations by the ENVI-met model. Vegetation in ENVI-met
is used not only as porous masses for wind and sunlight but also for evaporation and pho-
tosynthesis processes. This model also determines the ground surface material. However,
the large volume of information processing is one of the greatest limitations of this model,
as semi-professional computers will not be able to process the require amounts [36–38].
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2.3. Thermal Comfort Index

Thermal comfort is defined as a condition or a person’s satisfaction with the thermal
conditions of the environment [39]. Different thermal indices can determine the deter-
mination of thermal comfort of a person. One of the thermal comfort standards is an
index of thermal sensation known as the Predicted Mean Vote (PMV) index. The PMV
index represents the average temperature sensed by a group of people and is calculated
based on Fanger’s heat balance model [40]. Two types of variables are used to calculate
the PMV index, including physiological (clothing insulation and metabolic rate) [41] and
environmental variables (air temperature, air velocity, relative humidity, and radiation
temperature [16,21]. For more details, see [39]. PMV was first used to evaluate indoor
thermal comfort, but after modification by adding activity and clothing factors, shortwave
and longwave radiation fluxes were also used for outdoor environments [42]. Previous
studies have also used the PMV index to evaluate outdoor thermal comfort [43–48].

2.4. Climate Projection to Model Micro-Bioclimatic Conditions for Future Decades

Since the sustainable design of the hospital’s open space to reduce thermal stress is
one of the main objectives of this study, it is necessary to investigate the effects of future
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climate change on the micro-bioclimatic conditions of the study site. Therefore, Meteonorm
software V8 (Meteotest AG, Bern, Switzerland) simulated future climate conditions in the
study area. It is worth noting that Meteonorm is a strong weather data generator used as a
source for effective climatic data in building simulations. The first version of Meteonorm
was published as a paperback handbook in 1985. Ten years later, Meteotest transferred
the handbook to desktop software. Its database comprises over 8000 weather stations,
5 geostationary satellites, and globally calibrated aerosol climatology. It can generate more
than 30 different climatic parameters such as radiation, precipitation, temperature, relative
humidity, and air velocity in monthly, daily, and hourly time intervals. The standard
periods are 1996–2015 for irradiation data and 2000–2019 for all other parameters [49].
Meteonorm also predicts future climatic conditions using RCP scenarios from 10 CMIP5
models [50]. In this study, the effect of climate change on the micro-bioclimatic pattern of
the study area was assessed using Meteonorm. The outputs of 10 global climate models
based on CMIP5 were used, and the average of all 3 scenarios was used to project climate
conditions for the 2040s (Table 2).

Table 2. Basic information on 10 global climate models based on the Coupled Model Inter-comparison
Project Phase 5 (CMIP5) embedded in Meteonorm.

Model Name Institute Country Horizontal
Resolution (km2)

CCESS1-0
ACCESS1-3

Commonwealth Scientific and Industrial Research
Organization/Bureau of Meteorology Australia 192 × 145

192 × 145

CMCC-CM Centro Euro-Mediterraneo sui Cambiamenti Climatici Italy 480 × 240

CNRM-CM5
Centre National de Recherches Météorologiques,
Centre Européen de Recherche et de Formation
Avancée en Calcul Scientifique

France 256 × 128

HadGEM2-CC_r1i1p1
HadGEM2-ES_r1i1p1
HadGEM2-ES_r2i1p1
HadGEM2-ES_r3i1p1
HadGEM2-ES_r4i1p1

Met Office Hadley Centre UK 192 × 145

IPSL-CM5A-MR Institute Pierre Simon Laplace France 144 × 143

In this study, “calibration” refers to the adjustment of data from Global Climate
Model (GCM) simulations. For the entire simulated period, the average annual standard
deviation of all variables was consistently lower than the standard deviation (STD) observed
during the reference statistical period. Given the expectation of future increases in climatic
extremes, a corrective measure has been implemented. This correction involves augmenting
the standard deviation of these variables during the base period while maintaining their
averages, to align it with the standard deviation observed in the historical data for the same
period. This adjustment is carried out using relationships 4 and 5.

F f ut = Fobs +
(

F f ut
GCM − Fbase

GCM

)
(4)

STD =
STDobs

base

STDGCM
base

× STDGCM
f ut (5)

where F f ut, Fobs, F f ut
GCM, and Fbase

GCM represent these variables denoting the projections made
by the model for the future period and the simulations conducted using the model network
for the past period. Subsequently, while maintaining the mean values, their standard
deviation was computed in accordance with Equation (5), where “STD” represents the
standard deviation of the meteorological variable [51].
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2.5. Different Scenarios of Green Space Design

In order to evaluate green space impact on micro-bioclimatic conditions of the outdoor
environment of 5Azar Hospital, three different green space design scenarios were modeled.
Then, the results of these scenarios and their impact on the heat budget were compared
with the study area’s actual conditions. Figure 4 shows the selected vegetation cover of
these scenarios, including cypress tree (A), plane tree (B), and finally, shrubs (C). In all of
these scenarios, the number of species considered is 100. In scenarios A and B, the height of
cypress and plane tree trees is 10 m, and for shrubs, the desired height is 2 m.
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Figure 4. The type of species selected for different scenarios of green space: (a) cypress tree (Cupressus
bakeri), (b) plane tree (Platanus × acerifolia) (c) shrubs (Buxus ‘Green Velvet’).

Vegetation species were selected so that the values of leaf area density (LAD) would be
similar; therefore, the effects of other physical properties of the plants, including the width
and height of the crown, can be studied more accurately. By default, ENVI-met considers
three different values for LAD: high LAD (1.1), medium LAD (0.6), and low LAD (0.3).
This study simulated all three plants with a high LAD value. The details of the simulation
process are indicated in Table 3.

Table 3. The details of the green space scenarios simulation process by ENVI-met.

No. Type System Subsystem

1 Model domain settings Model Location Lati.36◦84′ N, Long.54◦43′ E

Model Geometry X-Grids = 49, Y-Grids = 40,
Z-Grids = 30

The default setting for walls and roofs Materials Albedo
Burned brick wall with default plaster 0.5

Sandwich panel wall 0.7
Aluminum wall 0.9

Lightweight concrete tiles 0.3
Sandwich panel roof 0.7

The default setting for soil and asphalt Loamy soil with an albedo 0.2
Dark asphalt 0.2

2 General simulation
settings Simulation starting data 27 July 2021

Simulation starting time 6:00 a.m.
Simulation duration 13 h
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Table 3. Cont.

No. Type System Subsystem

3 Basic meteorological
settings

Air velocity in 10 m above the
ground(m/s) 5

Wind direction (0 = from north . . .
180 = from south) 250

The temperature of the atmosphere
(◦C)

Min = 29.2 at 18:00 p.m.; Max = 36.4 at
12:00 p.m.

Relative humidity in 2 m above the
ground (%)

Min = 48% at 9:00 a.m.; Max = 76% at
17:00 p.m.

It is noteworthy that the implementation of these different green space design scenarios
will take place for the observation period from the 1970s to the 2010s and the predicted
decade (2040s).

3. Results
3.1. Gorgan’s UHI Pattern in the Hottest Month of the Year

In order to determine the maximum heat stress during the year, the statistically hottest
day of the year during the measurement period (1970–2020) was extracted from weather
station data. Since the hospital is located in Gorgan’s UHI, which can affect the thermal
conditions of the studied site, the relationship between UHI’s spatial changes and the
hospital’s thermal conditions on the hottest day of the year and during the last two decades
was evaluated. Then, the bioclimatic pattern of the selected day was evaluated. Results
of statistical analysis of the climatic conditions of Gorgan city showed that the annual
average of daily mean temperatures of Gorgan is 17.77 ◦C, with a maximum long-term
average of 28.51 ◦C, which occurred on 27 July. Figure 5 shows the long-term pattern of
daily temperature in Gorgan.
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Figure 5. Long-term average daily temperature in Gorgan during the 1970 to 2020 statistical period
according to the shadowed air temperature under classical weather observations.

Accordingly, July was introduced as the hottest month in Gorgan. Therefore, Modis
satellite images calculated the changes in land surface temperature [31] and Gorgan’s UHI’s
in July from 2000 to 2020. Based on the long-term average of the UHI during the July in
these two decades, the average area of the UHI was calculated as about 795.63 hectares
for night hours and 517.3 hectares for daytime hours (Figure 6a,b). As shown in Figure 6c,
the maximum area of the nighttime UHI of 979.64 hectares occurred in 2018, and the
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minimum area of 430.16 hectares occurred in 2019. The maximum and minimum area
of the UHI in daytime hours, with values of 876.1 and 257.3 hectares, occurred in 2004
and 2005, respectively. The long-term average LST during night and day is 24.67 ◦C and
40.6 ◦C, respectively (Figure 7a,b). Furthermore, it is observed that the maximum and
minimum average of LST for nighttime is 27.07 ◦C (2017) and 19.46 ◦C (2003) while the
daytime maximum and minimum LST by 43.72 ◦C and 37.29 ◦C, and occurred in 2017 and
2012, respectively (Figure 7c). Accordingly, the hospital area experienced a maximum LST
threshold in daytime (>41 ◦C) and nighttime (>24 ◦C).

Forests 2023, 14, x FOR PEER REVIEW 11 of 21 
 

 

and 2005, respectively. The long-term average LST during night and day is 24.67 °C and 
40.6 °C, respectively (Figure 7a,b). Furthermore, it is observed that the maximum and min-
imum average of LST for nighttime is 27.07 °C (2017) and 19.46 °C (2003) while the day-
time maximum and minimum LST by 43.72 °C and 37.29 °C, and occurred in 2017 and 
2012, respectively (Figure 7c). Accordingly, the hospital area experienced a maximum LST 
threshold in daytime (>41 °C) and nighttime (>24 °C). 

 
Figure 6. The long-term average spatial pattern of the hot and cold islands of Gorgan during (a) 
nighttime, (b) daytime in July (2000 to 2020), and (c) the changes in the UHI area over the last two decades. Figure 6. The long-term average spatial pattern of the hot and cold islands of Gorgan during
(a) nighttime, (b) daytime in July (2000 to 2020), and (c) the changes in the UHI area over the last
two decades.



Forests 2023, 14, 1978 12 of 20Forests 2023, 14, x FOR PEER REVIEW 12 of 21 
 

 

 

 

 
Figure 7. Long-term average of LST during (a) nighttime; (b) daytime in July (2000 to 2020); (c) the 
average LST from 2000 to 2020 of hospital area, and (d) average LST related to the total area of 
Gorgan during night and day. 
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during night and day.

It is notable that the average LST for the entire area of Gorgan city during the night
time and daytime is 23.71 ◦C and 39.28 ◦C, respectively. In addition, the findings showed
that the maximum average LST (Figure 7d) occurred in 2017 (26.33 ◦C) and 2000 (42.66 ◦C).
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Generally, the study of the spatial pattern of the UHI indicated that the hospital area is
highly affected by UHI during the nighttime, while no traces of hot spots are observed in
the hospital area during the day.

3.2. Validation of Simulated Data in ENVI-Met Model by Field Measurements

Generally, the extracted results from the ENVI-met model are validated with exper-
imental data measured in the environment [21,31,43,52–56]. Accordingly, field measure-
ments of relative humidity and air temperature were performed on 27 July 2021, from 0:00 to
24:00, at receptor point R06. Additionally, smart sensor humidity-temperature data logger
model AR847 was used (±1.5 ◦C accuracy for Ta) (±3% (41~80%) ± 5% (10%~40%) accu-
racy for humidity) (Figure 8). The nearest meteorological station with historical weather
data is Hashemabad station, which is located approximately 9 km northwest of the hospital.
Therefore, for simulation in the ENVI-met software, we have to use the data from the
Hashemabad meteorological station.
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Historically, R2 and root mean square error (RMSE) statistics are used to evaluate the
simulation results from the ENVI-met model and measured data [54]. The closer that R2 is
to 1 and RMSE is to 0, the higher the validity of the data simulation results. The results
showed R2 of 0.99 and RMSE of 0.63 between simulated and measured air temperature.
Furthermore, R2 of 0.87 and RMSE of 3.87 were calculated between the simulated and
measured relative humidity, respectively. From a thermal comfort point of view, R2 of 0.81
and RMSE of 0.75 were calculated between simulated and measured PMV, respectively.
This is consistent with [57], who found a high correlation between ENVI-met simulated
data and measured data [57].

Based on the 24-hour measured temperature component, the daily average air tem-
perature was 30.51 ◦C, while the ENVI-met simulated this component as 30.93 ◦C, only
0.41 ◦C higher than the measured data. However, the measured average relative humidity
was 68.46%, while the ENVI-met simulation computed this component as about 61.70%.
Finally, the average PMV thermal index was calculated as 2.65 and 2.79 according to the
observational and simulated data, respectively. Hereupon, these results confirm the validity
of the simulated outputs of the ENVI-met model (Figure 8).

Since it is assumed that there is the highest thermal stress at midday in the summer
season, the application of different green space scenarios and their impact on the PMV
index at 14:00 on 27 July 2021is presented in Figure 9. As the results show, in actual
conditions, the maximum and minimum PMV values are 5.25 and 3.97, respectively. At
the same time, scenario B modeled the minimum values of the PMV index. Accordingly,
the upper and lower thresholds of the PMV index were computed as 3.14 and 4.53 in
scenario B, respectively. Furthermore, scenarios A and C presented the upper limit of
the PMV threshold as about 3.51 and 3.66, and the lower threshold as about 5.22 and
5.10, respectively.
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3.3. Simulation of Micro-Bioclimatic Conditions of the Hospital According to Different Green Space
Scenarios and under the Effect of Climate Change

To evaluate the effect of different green space scenarios and climate change impact on
bio-climatic conditions of open spaces of the hospital, the micro-bioclimatic conditions of
the hospital were simulated both for historical (1970–2020) and future periods (the 2040s)
based on RCPs scenarios. The simulated results were compared with the actual conditions
of the hospital from 6:00 a.m. to 6:00 p.m. local time. Accordingly, Figure 10 represents the
average PMV index for 15 selected points in the hospital’s open spaces.
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Figure 10. Hourly changes in PMV index for different decades according to different scenarios of
green space compared with the actual conditions in the hospital’s open spaces.

The results depicted that the long-term average air temperature and relative humidity
of 27 July during the historical period (1970 to 2020) are 28.51 ◦C and 69%, respectively.
However, based on the average of the three RCPs in the 2040s, the average air temperature
will increase by 1.6 ◦C to 29.90 ◦C. Additionally, due to climate change, the relative humidity
will increase by 8% compared to the observation period and reach 78%.

The results show that the PMV values have increased both in actual and green scenarios
conditions from the 1970s to the 2020s; moreover, the maximum value occurred in the 2040s
owing the effect of global climate change. However, a comparison of different green space
scenarios illustrated that the minimum increase in PMV values is associated with scenario
B, of 3.4, while according to scenarios A and C, the average PMV index will reach 3.9 and 4,
respectively. It is worth noting that the PMV value will increase to 4.3 in actual conditions.
It should be kept in mind that scenario B represents moderate heat discomfort due to the
intense shadowing of the plane tree. However, it is known that more shadowing, especially
when given by larger tree leaves, diminishes the ventilation so that at least part of the gain
from the improved thermal comfort is lost through lower ventilation. Hereupon, it can be
concluded that although the 2040s will have increased PMV, the lowest increase is related
to green space implementation scenarios. In other words, the implementation of green
space scenarios can reduce the negative effect of global warming on the open space of the
hospital. As the findings of this study show, the maximum PMV was experienced around
13:00 in local time during the 1970s and 1990s, while it was shifted to 14:00 from 2000 to
2020 and in the 2040s. The outputs also show that the average PMV index based on all
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studied decades (observational and simulated) is 2.7, 3.2, 3.2, and 3.5 for scenarios B, A,
and C and actual conditions, respectively (Figure 11).
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Figure 11. The overall average of the PMV index for the studied decades under different green space
scenarios and actual conditions.

The results agree with Roshan et al. (2020), who reported that in the 2040s, the
percentage of days with thermal comfort conditions will be 1.5% lower compared to the
2000s, due to global warming [26].

4. Discussion

The consideration of thermal issues in an urban environment is increasing significantly
due to climate change and changes in urban structure. The application of nature-based
strategies to improve urban thermal comfort conditions and mitigate urban areas’ heat
loads is expanding worldwide. The present paper describes a process for applying several
bioclimatic design scenarios under climate change effects to improve the thermal comfort
conditions in the outdoor spaces of a hospital in the subtropical climates of Gorgan City
in Iran.

4.1. Finding and Recommendations

Accordingly, the present research aimed to evaluate the impact of different green space
scenarios on micro-bioclimatic conditions of the 5 Azar Hospital in Gorgan City. Initially,
the results of this study showed that in recent decades, Gorgan city had experienced land-
use changes, causing a decrease in the vegetation cover of Gorgan, and urban land uses
have quickly expanded. Further, the expansion of urban structures in Gorgan has led to the
formation of UHI, which can certainly change the bioclimatic pattern of the city. Results
indicated that 27 July is the hottest day in Gorgan city, at 28.51 ◦C. The analysis of the UHI
pattern reveals July as the warmest month of the year in Gorgan city, indicating that the
average area of the UHI at nighttime is 579.63 hectares, while it shrinks to 517.3 hectares
during the day. Notwithstanding the changes in the UHI area, the calculated long-term
average of the LST (July 2000 to 2020) showed that the LST of the Gorgan varies between
40.6 ◦C and 24.67 ◦C during the day and night, respectively. The hospital site experiences
a maximum land surface temperature threshold at nighttime (of 24 ◦C) and daytime (of
41 ◦C) in the hottest month of the year. Since the hospital is located in Gorgan’s UHI core,
implementing green space scenarios can be an alternative strategy to reduce heat stress,
especially under future climate change conditions.
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Furthermore, the prevailing weather conditions are sultry during the warm seasons in
Gorgan. Therefore, uncomfortable climate conditions are expected to increase due to global
climate change and increasing temperatures in this region. Hence, in order to mitigate
the impact of thermal stress, especially on patients in hospital open spaces, the simulation
of different green space scenarios has indicated that implementation of the plane tree
(scenario B) is a more effective strategy to mitigate the thermal stress of open spacescape of
the hospital, both in real and future climatic conditions.

4.2. Strength and Limitations

The results align with outcomes from similar studies, including the work of [58],
who investigated the impact of climate change tree distribution in subtropical climates.
Additionally, [59] investigated the effects of climate change on urban parks and the potential
of vegetation to improve the microclimate. There is an awareness of bioclimatic landscape
design principles [60] to cool thermal conditions in outdoor spaces [26]. However, based
on observational data, most existing studies do not consider the long-term effects of
climate change in the urban context [55]. Therefore, the strength of this paper relies on its
methodology, which is based on coupling long-term observations, remote sensing data,
and advanced modeling. The use of data from the Terra satellite (EOS AM-1) allowed the
characterization of the UHI in Gorgan, and field observation provided accurate in-situ data
on the surface finishing characteristics and albedo.

Consequently, the findings of this study show that the presence of vegetation reduces
the rate of PMV enhancement. This cooling potential is different for different types of
vegetation. It is important to note that vegetation and green space can moderate thermal
comfort conditions as an influential factor, considering urban areas with a high potential
for heat events (UHI) and higher population density. Generally, although climate change,
urbanization, and demographic trends continue to contribute to the change and inten-
sification of thermal sensations, the use of green space design strategies can reduce the
negative effects of climate change on thermal thresholds. Regarding the different species
of vegetation’s impact on human thermal comfort in the open air, it is necessary to imple-
ment adaptation strategies to mitigate the negative impact of urban land uses, the UHI,
and climate change. These strategies improve thermal comfort conditions, especially in
sensitive service uses such as hospitals. The output of this research shows that the role of
green space will be even more valuable in maintaining human thermal comfort in the 2040s
than in the current climate. Considering the excellent potential of green space in urban
morphology, landscape planning is a practical approach to combat the adverse effects and
risk of severe future heat events.

5. Conclusions

The purpose of this paper was to reveal the effects of climate change on the microcli-
mate around a hospital located in the humid subtropical climate (Köppen: Cfa, Trewartha:
Cf) of Gorgan. The findings indicate that the average PMV index increased rapidly during
the 1970s and 2040s based on all green space scenarios, which could be due to global warm-
ing and anthropogenic conditions. Gorgan is located approximately 40 km away from the
nearest coast of the Caspian Sea. Indeed, increasing air temperature under climate change
will increase the evaporation from this moisture source. Finally, the relative humidity in
Gorgan will increase.

The study methodology followed a mixed approach, combining field measurements
with micro-bioclimatic modeling. Using observational data allowed calibration of the
simulations and exploration of future climate change scenarios and green vegetation
strategies. Applying different green space scenarios, especially plane trees (scenario B), was
the most effective strategy to mitigate the thermal stress of the open space of the hospital in
both current and future climatic conditions. It can be concluded that although the 2040s will
ahigher PMV index, the low increase occurs green space scenarios being implementation.
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In other words, the implementation of green space scenarios can reduce the negative effect
of global warming on the open spaces of the hospital.
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