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Abstract
Climate change-induced extreme heat events are becoming a major issue in different parts of the world, especially in developing
countries. The assessment of regional and temporal past and future change in heat waves is a crucial task for public health
strategies and managements. The historical and future heat index (HI) time series are investigated for temporal change across Iran
to study the impact of global warming on public health. The heat index is calculated, and the nonparametric trend assessment is
carried out for historical time series (1981–2010). The future change in heat index is also projected for 2020–2049 and 2070–
2099 periods. A rise in the historical heat index and extreme caution conditions for summer and spring seasons for major parts of
Iran are notable for historical (1981–2010) series in this study. Using different climate change scenarios shows that heat index will
exceed the critical threshold for human adaptability in the future in the country. The impact of climate change on heat index risk in
Iran is significant in the future. To cope with this crucial situation, developing early warning systems and health care strategies to
deal with population growth and remarkable socio-economic features in future is essential.
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Introduction
Like all living species, human survival is partially a function
of environmental temperature. It is accepted that 35 °C (95 °F)
is the threshold value for the human thermal comfort, which is
an important index for public sanitation and health. Long exposure to heat waves or high temperature can cause heart
cramps, heat syncope, heat exhaustion, and heat stroke that
are among the most important heart-related diseases and risk
(Rothfusz 1990; Kilbourne 1997). Intense thirst, heavy sweating, weakness, vomiting, and headache are other diseases
from the long exposure to heat waves or heat stress (Luber
and McGeehin 2008). The risk assessment of human exposure
to heat stress, as well as developing, and modeling weather or
temperature-related heath indices are important in terms of
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reducing morbidity and mortality in different human activities,
such as industrial, sports, leisure, and military activities
(Havenith and Fiala 2016) in modern societies, especially in
the context of global warming and climate change.
The world population growth, in recent decades, and also
global temperature rising (IPCC 2007) are considered the
main reasons of climate changes influencing human health.
By developing climate models, many researchers have investigated and reported the effect of climate change and variability on public health in recent years (Schar et al. 2004; Patz
et al. 2005; Nidumolu et al. 2014; McMichael and Lindgren
2011; Monteiro et al. 2013; Åström et al. 2013; Benmarhnia
et al. 2014; Shi et al. 2015; Ballester et al. 2016). In this
context, more than 160 different climate stress indices have
been developed during the last 70 years (de Freitas and
Grigorieva 2014), from which over 100 indicators are developed to link climate variables to heat stress (Bedford
1946; Belding 1970). The ability to adapt to heat stress is
influenced by dry bulb temperature as well as humidity,
solar radiation, and wind speed. Therefore, it may be more
appropriate to consider the interrelation between high temperature and humidity, as the human body uses evaporative
cooling as the primary mechanism to maintain physiological homeostasis (Sung et al. 2013).
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As one of the largest countries in the Middle East with a rapid
population growth in the last 40 years (28 to 78 millions), Iran
has a wide diversity of climatic, geographic, and demographic
conditions. Different races with different physiologic adaptations to a range of climate conditions from mountainous cold
and moist conditions to hot and dry deserts are living in Iran.
Although the changes and variability of the Iran’s climate are
investigated by many researchers on local and regional scales
(Kousari et al. 2013;, Ghasemi 2015;, Raziei et al. 2014; Soltani
et al. 2016; Saboohi et al. 2012; Modarres and Sarhadi 2009;
Modarres et al. 2016), very few studies on the climate-health
association in Iran can be found in the literature (Heidari et al.
2015; Dehghan et al. 2012; Dadbakhsh et al. 2017).
Using temporal variation of temperature and humidity during 1981–2010 over monitoring stations across the country,
this study aims to investigate historical and future heat stress
risk on the Iranian people’s health.

Materials and methods
In this study, we seek historical and future changes of the heat
index (HI) for near future (2020–2049 or NF) and far future
(2070–2099 or FF) periods. HI time series are constructed
based on temperature and relative humidity time series from
synoptic stations across Iran with the highest temperature data
quality and quantity. The HI is first calculated based on historical data (1981–2010).
The HI (available at http://www.nws.noaa.gov/om/heat/
heat_index.shtml) is one of the major and commonly used
indices which is a combination of ambient temperature and
relative humidity that measures effects of heat stress on human
health (Anderson et al. 2013). This index is calculated based
on relative humidity (%) and temperature (°F) based on the
following equation:
HI ¼ c1 þ c2 T þ c3 R þ c4 TR þ c5 T 2 þ c6 R2 þ c7 T 2 R þ c8 TR2 ¼ c9 T 2 R2

where
HI
T
R

HI (in degrees Fahrenheit)
ambient dry-bulb temperature (in degrees Fahrenheit)
relative humidity (percentage value between 0 and 100)

c1 ¼ −42:379; c2 ¼ 2:04901523; c3 ¼ 10:14333127; c4
¼ −0:22475541c5 ¼ −6:83783  10−3 ;
c6 ¼ −5:481717  10−2 ; c7 ¼ 1:22874  10−3 ; c8
¼ 8:5282  10−4 ; c9 ¼ −1:99  10−6 :
The HI is classified in four categories, caution (80–90),
extreme caution (90–105), danger (105–130), and extreme
danger (> 130).

To investigate historical trend, a nonparametric test
(Mann 1945; Kendall 1975) and a simple regression model
are employed to detect significant monotonic rate of
changes in historical HI time series, respectively (see supplementary for details).
In order to calculate future HI in this study, daily temperature and relative humidity from 62 synoptic stations with the
highest quality (no missing data and common data record for
temperature and relative humidity) collected by the Iran
Meteorological Organization (available at http:\\ irimo.ir)
were used. The general circulation model (GCM) outputs are
considered for two A2 and B1 emission scenarios. The A2
scenario is based on increasing population and heterogeneous
world in 2100 with 15 billion population. This scenario assumes significant decline in fertility for most regions. On the
other hand, B1 assumes the peak of population in mid-century
and decline thereafter. This scenario emphasizes on global
socio-economic and environmental sustainability with clean
and resource-efficient technologies without additional climate
initiatives (IPCC 2007).
The IPCC AR4 GCMs, CGCM3, ECHAM5/MPI-OM,
and CCSM3 are applied (Table S1). These models have
1.9*1.9, 1.9*1.9, and 1.4*1.4 degree resolution respectively
and provide better resolution than other models.
The outputs of GCM models are then used as inputs to train
Artificial Neural Networks (ANNs) to downscale historical
daily temperature and relative humidity data (1981–2010) as
the output, using MATLAB Neural Network toolbox. The
established network has three layers. The LevenbergMarquardt algorithm as a standard technique to solve nonlinear least squares problems (Abdellatif et al. 2013; Okkan and
Kirdemirb 2016) and the sigmoid transfer function were used
to train the neural network. The best ANN was selected according to the highest R2 between observed and simulated
output of the network in the training phase.
Based on the trained networks, the regional temperature
and humidity for future are simulated on the daily basis. The
HI calculation was then carried out using the average of maximum temperature taken from three different GCMs. This allows us to have one HI value on daily time scale.

Results
Under current conditions (1981–2010), the nonparametric statistics show that the HI has been (statistically significant) increasing for most parts of the country (Fig. 1a). The regions
are across the northwest to the west and southwest territories
along Persian Gulf and Caspian Sea margins, where seaneighboring low-elevation areas allow high temperature and
humidity. There is only small part in the southeastern and in
the northeastern territories, where HI shows positive but statistically insignificant increasing statistics.
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Fig. 1 MK test’s Z statistics (a) and regression slope (b) for historical HI. The trend in panel (a) is statistically significant for Z > 1.74 and the regression
slope in panel (b) is statistically significant for b1 > 0.06

The historical HI change (Fig. 1b) shows a positive rate
across the country based on the simple linear model (HI =
aT + b, where T indicates BTime^). The increasing rate (slope
of the linear line or Ba^ in the above equation) varies between
at least a = 0.02 °F to maximum a = 0.19 °F during 30 years.
The highest rate of change is observed in the northwest and
along coastal regions of the Persian Gulf, while north central
arid regions show minimum increasing HI change, mostly due
to lack of air moisture.
In order to show the spatial pattern of the HI, the average
daily HI for each season was calculated to provide the maps of
HI. The historical (1981–2010) average seasonal HI for summer and spring is illustrated in supplementary Fig. S1.
For the spring season (March, April, May), the half south
and south eastern regions expose to extreme cautious conditions (HI > 90 °F) and dangerous (HI > 105 °F) conditions
while in summer (June, July, August), extreme cautious condition (HI > 91 °F) is dominant for many places except the
north western regions. The dangerous condition (HI >
105 °F) is observed across southern Iran along the coastal
Persian Gulf lowland margins. A small region can also be seen
with extreme dangerous condition (HI > 130 °F). For winter
and fall, the average HI condition is below the dangerous or
cautious conditions during 1981–2010 (Fig. S2).
To explore the impact of climate change on HI and future
health risk assessment toward the middle and the end of the
century (2020–2049 or near future (NF) and 2070–2099 or
long-term future (FF) periods), the global circulation models

based on the 4th Assessment Report of the Intergovernmental
Panel on Climate Change (IPCC 2007) and the two GHG
concentration scenarios (A2 and B1) are employed. The future
conditions of the HI in the summer (Fig. 2) are showing extreme dangerous condition (HI exceeds 130 °F) along the
coastal regions of the Persian Gulf and the Oman Sea in the
future, while other regions will experience a range of dangerous to extreme cautions conditions (90 <HI <130 °F) in the
near and long-term future periods.
The average HI for the spring season (Fig. S3) shows that
the margins of the Persian Gulf will experience dangerous
conditions and very small regions with extreme dangerous
conditions. Moving toward the north, other parts of the country will expose to a range of extreme cautions to normal conditions. Furthermore, the results of the fall (September,
October, November) and winter (December, January,
February) seasons (Figs. S4 and S5) demonstrate that HI will
not exceed to dangerous conditions in the near and far future
for major parts of Iran; some parts of the coastal regions in the
south may experience extreme cautions conditions though.
The time series of the annual maximum average HI for
some typical stations across Iran are illustrated in Fig. 3.
This annual average is calculated based on daily maximum
HI. A remarkable monotonic increasing change is observed
through historical data, especially in the recent years. These
changes can also be observed for future HI time series. The
results show that the projected HI based on A2 scenario is not
only much higher than that for B1 but also they show a higher
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Fig. 2 Near (2020–2049) and far
(2070–2099) future projected
average HI for Summer in two
different scenarios across Iran

temporal rate of changes with larger monotonic trend.
However, in some stations such as Tabriz, Boshehr and
Chabahar, Shiraz, Tehran, and Isfahan, the monotonic trend
is not observed for B1 scenario. The movement from cautions
or extreme cautions toward dangerous conditions is another
remarkable change observed for these selected stations, especially along the seacoasts.
Additionally, we provide the historical and projected summer HI for some capital cities along coastal zone of the Persian
Gulf (Fig. 4), which will exceed the extreme dangerous
threshold of HI (130 °F) in both the near and far future. We
show that the HI will increase 15–17% up to 2049 and 30% up
to 2099. These coastal regions include the main oil-producing
territories (Khuzestan Province in the southwestern region and
its major population centers such as Abadan, Ahwaz, Bandar
Mahsahar) of Iran with a number of oil and gas industries,
major commercial harbor of the country such as Bandar
Abbas and Chabahar harbors, and fishing harbors such as
Boshehr and Bandar Mahshar where a large labor population
are working outdoors.

Additionally, the change in the probabilistic behavior is
also investigated (Fig. S6) by illustrating the probability distribution functions (PDFs) of the HI for typical stations. It is
also observed that the shape of the PDFs will change significantly. For example, a shift to right, which is an indicator of
future increasing trend in HI mean, is obvious for these stations. The descriptive statistics of the daily HI (the average,
variance, range, and interquartile range (IQR)) will change
significantly in future (Fig. S7). The range and variance of
HI will usually decrease. In other words, the HI values around
the mean will increase and the occurrence probability of outstanding extreme HI will increase as well.

Discussions
In the present study, we investigate heat stress on Iran’s population attributable to climate change in the past and future.
Variability of the HI during historical period suggests a monotonic increasing trend across the major part of the country.
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Fig. 3 Time series of the annual maximum average HI for typical stations across Iran. Green, red, and blue lines represent the historical (1981–2010), A2
and B1 scenarios for near (2020–2049) and far (2070–2099) future, respectively

This increasing rate is remarkably high for summer and spring
seasons while the risk of heat stress is negligible for winter and
summer. The highest rate of heat risk on population is especially observed along the Persian Gulf coastal regions where
high summer temperature and available humidity increase
heat risk occurrence probability. This high risk of summer heat
stress in this region is a unique feature among different parts of
the country. The map of average spatial HI also provides extreme dangerous conditions along Persian Gulf in the south
and southwestern regions of the country.
For many parts of the country, the HI will exceed the
dangerous and extreme dangerous conditions in future.
The results also showed that the south and southwestern
regions of Iran which are along the Persian Gulf and Gulf
of Oman will expose to a very higher risk of heat stress
than other parts of the country. For some major cities in
this region, the HI was projected to reach to 140 < HI < 180
which may lead to permanent immigration or incredible
heat stress during summer time.
We also provide a deeper insight into the probability
distribution functions of the HI in future which showed a
notable change in the range as well as he average of the HI.
The shift to right change in the PDFs may not only suggest

the onset of the higher extreme and rare heat waves in the
future but the change in the probability of rare and very
high heat waves. These results have a good agreement with
the results obtaining from HI time series projected for near
and far future that the magnitude of HI and its risk is increasing toward future.

Conclusion
This study provides a past and future vision on climate change
impact on heat stress in Iran based on two scenarios and two
near and far future time scales and for seasons.
In a seasonal time scale, summer and spring seasons were
shown as critical seasons when future heat stress will be nearly
1.5 times higher than human physiological comfort. It was not
only projected a rapid and monotonic increase but also the
probability of hot and risky weather was also shown to shift
from the median and average to extreme conditions, especially
in summer time. The spatial pattern of this increasing heat
stress also demonstrate a south to north and west to east risk
expansion in future and in warm seasons. Though in cold
seasons, the heat stress has a very low risk, but this study
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Fig. 4 Time series of the summer maximum HI for typical stations around Persian Gulf. Green, red, and blue lines represent the historical (1981–2010),
A2 and B1 scenarios for near (2020–2049) and far (2070–2099) future, respectively

shows a possibility of increasing heat stress in fall and winter
seasons in future for some parts in the southern regions of the
country from low to cautions conditions.
Although long-time human adaptation to changing climate
can occur through the body’s physiology, the results suggest
an urgent need for health system regulation by decision
makers to develop new early warning systems and health care
strategies to deal with population growth and remarkable
socio-economic features in future, especially in the southern
regions of the country where oil and related industries are
located. Although the mortality or morbidity data in Iran
is not well recorded and widely available for researchers,
our results indicate that under such HI conditions, climate
change would possibly lead to premature death of the
weakest people (e.g., children and elderly (Pal and Eltahir
2016; Worfolk 2000), increasing risk of infectious diseases
(Gamble et al. 2013), rising demand for air conditioners
(energy), increasing human errors in industries, and increasing the number of accident and need for changing
working hours to avoid harsh conditions.
Finally, it is worth noting that relative humidity is a key
element for calculating HI, and its uncertainty which was not
distinguished in this study is an important issue for projecting
climate change impacts. Therefore, the results should be carefully applied for developing emergency services, management
tools, or early warning systems unless the uncertainty in relative humidity is considered for HI calculation.

Recommendations for future studies
For future studies, a quantitative risk mitigation of climate
change effect on HI (as well as extreme low temperature) in
the different climate zones of Iran, as well as in the global
scale, and different demographic conditions remain as key
policy-relevant questions for epidemiologists for further studies. It is also suggested that different downscaling techniques
and climate models will be applied in future to compare with
results of this study.
An important recommendation for future work is to apply
AR5 models for projecting HI change in Iran or elsewhere on
planet Earth.
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