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Abstract: Iraq is experiencing a significant rise in temperatures and frequent heat waves,
increasing exposure to heat stress due to these extreme temperatures. This study provides
a comprehensive analysis of temperature variations in Iraq using two temperature indices:
the standardized temperature index and the heat index, in addition to a spatial analysis of
heat stress using a geographic information system (GIS). Air temperature and relative
humidity data on a daily timescale for the period 1981-2024 from NASA POWER
(Prediction of Worldwide Energy Resources) were used. The results clearly demonstrate
the impact of rising temperatures resulting from climate change. Trend analysis of the heat
index indicated a significant increase in heat stress across Irag. Furthermore, the spatial
analysis of the heat index showed a significant increase in extreme index values,
confirming that northern Iraqg is more affected by climate change than other regions. In this
study, a mathematical equation was developed to estimate the heat index using gene
expression programming to reduce the steps and time required to calculate the heat index
using traditional methods. The equation proved its efficiency, as the value of the coefficient
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of determination was 0.99 in the training phase and 0.98 in the model validation phase.
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Introduction

Climate change is intensifying the frequency, duration, and
severity of extreme heat events, making heat one of the most
important weather-related hazards for human health,
ecosystems, and economies worldwide. Rising global mean
temperatures, coupled with changes in humidity patterns, have
increased the number of days with potentially dangerous thermal
conditions in many regions, particularly in urban areas and
developing countries with limited adaptive capacity [1]. In such
contexts, extreme heat not only increases the risk of heat-related
illness and death, but also exacerbates energy demand,
degrades outdoor labor productivity, and stresses critical
infrastructure [2,3]. Consequently, understanding how heat-
related indices evolve over time has become central to climate
risk assessment and adaptation planning [4].

Traditional indicators of climate change, such as mean air
temperature, maximum daily temperature, and heatwave counts,
provide essential information about warming trends but can be
insufficient to describe how heat is actually experienced by
humans [5]. These metrics typically overlook the combined role
of temperature and atmospheric moisture in shaping human
thermal stress, even though humidity strongly influences
evaporative cooling from the skin and thus the body’s ability to
regulate internal temperature [6]. In humid climates or during
moist heat events, relatively moderate air temperatures can still
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result in severe physiological stress because sweat evaporation
is inhibited, leading to a higher perceived temperature than
indicated by dry-bulb measurements alone. This gap has
motivated growing interest in bioclimatic and biometeorological
indices that integrate multiple atmospheric variables to more
accurately represent human-experienced heat [7].

In recent decades, the world has witnessed a significant rise
in temperatures due to global warming and climate change,
exacerbating environmental and health problems and leading to
dire consequences for human health [8]. Irag is among the
countries most affected by climate change, having recorded
unprecedented record temperatures in recent years [9]. This
marked increase in temperatures has intensified the heat stress
already experienced by the population [10]. The use of heat
indices is one of the methods used in analyzing heat stress and
showing how heat stress affects humans [11].

A growing body of research has documented rising heat
stress under climate change in many regions, including the
Mediterranean basin, East and Southeast Asia, and at the global
scale. These studies consistently show increases in the
frequency, intensity, and duration of dangerous heat conditions,
often emphasizing the combined role of temperature and
humidity and, more recently, compound heat—precipitation
extremes. However, most of this work has focused on other
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regions and has not examined in detail how human-perceived
heat stress is evolving across Iraq’s diverse climatic zones [12—
17].

In [18], a new method is proposed for calculating the Wet
Bulb Globe Temperature (WBGT), a widely used heat stress
index, to overcome the problem of sparse observations of globe
and wet-bulb temperature that hinder accurate WBGT
estimation, while [19] examines four decades of Universal
Thermal Climate Index (UTCI) changes across the Middle East
and North Africa (MENA), revealing an accelerating rise in
human heat stress with pronounced hotspots in eastern Saudi
Arabia, much of Irag and Syria, and parts of North and West
Africa; building on this, [20] highlights that climate change is
already inflicting severe environmental and socio-economic
damage in Iraq, particularly through increasing water scarcity,
land degradation, and escalating human and ecological crises.
Complementing this, and [21] synthesizes evidence that the
Eastern Mediterranean and Middle East (EMME) has emerged
as a major global climate-change hotspot, warming nearly twice
as fast as the global mean and experiencing rapidly increasing
extreme events, dust, and related socio-economic risks under
continued greenhouse gas emissions.

For Iraq, previous studies have demonstrated pronounced
warming, increased drought, and expanding desertification,
confirming that the country is highly vulnerable to climate
change. Yet, there remains a lack of comprehensive
assessments that quantify human-perceived heat stress using
combined temperature—humidity indices and that compare these
metrics across Irag’s northern, central, and southern regions. In
particular, few studies have simultaneously applied the heat
index (HI) and a standardized temperature index (STI),
integrated trend analysis, and explored data-driven equations for
heat-index estimation. Recent international assessments
indicate that Irag is among the countries most vulnerable to the
impacts of climate change, including extreme heat, drought, and
water scarcity.

Traditional heat index calculations, which use maximum
daily temperature data and are commonly employed in the
medical field to determine the impact of maximum daily
temperature on human health on a given day, do not provide an
accurate picture of the hydrological impact of climate change on
heat. In this study, the average daily heat index will be used
instead of the maximum daily heat index to assess heat stress in
Irag as a case study. This is because the average daily heat
index reflects the impact of daily temperature and humidity on
the heat index for the entire day, thus contributing to the analysis
of climate change and facilitating comparison with other indices,
such as the STI. Furthermore. A gene expression programming
algorithm will be used to develop a mathematical equation for
estimating the heat index easier than the traditional equations
used to calculate the heat index.

Study area and data

The study area covers the entire territory of Iraq, represented
by 21 reference locations corresponding to national
meteorological stations distributed across all Iragi governorates.
Mean daily and monthly air temperature (°C) and relative
humidity (%) for the period 1981-2024 were obtained from the
Prediction of Worldwide Energy Resources (POWER) project of
the National Aeronautics and Space Administration (NASA) via
the NASA POWER data access system [22]. For each station
coordinate, the corresponding NASA POWER grid-cell values

were extracted, representing satellite-driven reanalysis of
meteorological data. The spatial distribution of the 21 station
locations (POWER grid points) is shown in Figure 1.
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Figure 1: Map of Irag and locations of meteorological stations

The NASA POWER meteorological data were used in [23]
against observations from 10 Iraqi stations over 12 years for
temperature, rainfall, wind speed, solar radiation, and relative
humidity. The study has managed to showcase a high degree of
accuracy for temperature (with a correlation close to 0.75-0.91)
and strong to very strong correlations for radiation using
Kendall’'s Tau and mean bias error. The same lends credence to
its applicability in solar assessments. The weak to moderate
correlations between rainfall and wind suggest that NASA
POWER can be used as a supplementary source but have to be
calibrated.

In general, NASA POWER is a reliable source but should
be validated for specific applications and regions in Irag. Table 1
presents daily temperature and relative humidity statistics for the
meteorological station considered in this study.

Heat index (HI)

The heat index indicates how hot and humid air feels when
temperature and humidity are combined. For example, at the
same temperature, high humidity reduces the body’s ability to
cool naturally and increase the perceived temperature because
high humidity makes it harder for sweat to evaporate. The heat
index helps identify conditions that lead to heat stress in humans.
It is calculated using regression equations developed by the
National Weather Service (NWS) in 1990, known as the
Rothfusz equation (Eq. 1).

HI = —42.379 + 2.04901523T + 10.14333127RH
— 0.22475541T x RH — .00683783T?
— 0.05481717RH? + 0.00122874T2 x RH
+0.00085282T X RH?
—0.00000199T2 x RH? €Y

The variables are defined as follows: T represents daily
temperature in degrees Fahrenheit, RH indicates relative
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humidity in percent, and HI refers to the heat index, which is the
apparent temperature also measured in degrees Fahrenheit. If
the relative humidity is under 13% and the temperature falls
between 80- and 112-degrees Fahrenheit, the following
adjustment will be subtracted from heat index (Eq. 2).

Adjustment =

)

If the relative humidity exceeds 85% and the temperature
falls between 80 to 87 degrees Fahrenheit, then the following
adjustment is added to heat index (Eqg. 3).

RH —85\ (87 —T
) (5 @

The Rothfusz equation is not appropriate when temperature
is equal or below 80 degrees Fahrenheit. In those cases, the
following formula is used to calculate the heat index (Eq. 4).

HI = 0.5(T + 61 + 1.2(T — 68) + (0.094RH)) 4

Adjustment = (

To calculate the monthly heat index, the daily heat index is first
calculated, and then the monthly average is calculated for each
month of the year. Table 2 shows the heat index classifications.
Visual Basic program was developed to calculate the heat index
and make all necessary adjustments in case of low or high
relative humidity according to the conditions (temperature,
relative humidity) specified by the National Weather Service.

Table 1. Daily temperature and relative humidity statistics for the
studied meteorological stations.

. Temperature (°F)

Station name Min. Max. Mean SD

Baghdad 333 110.0 74.8 18.88
Basra 36.4 111.8 79.2 18.32
Diwania 325 109.9 75.4 18.76
Dohuk 15.1 98.0 62.1 20.81
Erbil 25.6 105.0 69.4 19.24
Al-Hai 35.4 111.8 78.0 19.08
Hila 33.8 110.2 75.8 18.94
Karbalaa 33.0 107.5 74.4 19.00
khanigen 27.6 103.9 70.1 18.77
Kirkuk 25.4 106.4 69.9 19.09
Mosul 25.1 105.3 68.2 19.39
Najaf 33.7 110.1 76.1 19.20
Nasirya 35.7 111.5 78.7 18.96
Nukhib 31.2 105.9 72.2 18.79
Ramadi 32.5 106.3 73.2 18.71
Rutba 23.8 103.3 69.1 19.11
Samawa 34.8 111.0 77.1 18.88
Sinjar 24.5 101.9 66.3 19.79
Sulaymania 18.1 97.2 62.2 19.53
Telafer 25.4 104.7 68.3 19.63
Tikrit 30.2 108.7 72.6 18.86

Relative humidity (%)
Min. Max. Mean SD

Baghdad 16.57 91.85 36.02 19.13
Basra 16.61 94.45 32.53 19.37
Diwania 16.78 95.39 34.89 18.51
Dohuk 14.63 98.21 44.90 23.12
Erbil 15.40 94.66 41.07 21.24
Al-Hai 15.30 93.86 31.93 19.94
Hila 16.43 91.59 33.89 18.45
Karbalaa 19.00 90.93 36.97 17.06
khanigen 14.82 92.30 36.50 20.32
Kirkuk 15.30 95.37 39.29 21.31
Mosul 14.67 95.45 42.36 22.51
Najaf 15.77 89.77 32.58 18.17
Nasirya 15.25 93.37 29.96 18.69
Nukhib 15.47 91.70 32.90 18.00
Ramadi 19.69 95.39 38.68 18.03
Rutba 17.05 93.55 35.24 18.28
Samawa 15.15 92.55 31.06 18.36

Sinjar 17.36 96.10 44.58 22.43
Sulaymania 15.87 98.00 44.62 22.95
Telafer 16.33 95.93 42.28 22.32
Tikrit 17.79 94.85 37.46 19.51

Standardized Temperature Index (STI)

The Standardized Temperature Index (STI) was used to
evaluate the hot condition and was calculated in a similar way to
the SPI [24]. The temperature data is first subjected to a gamma
distribution and then converted to the standardized standard
normal distribution. The STI indicates that a positive value
corresponds to warmer temperatures, while a negative value
indicates colder conditions. Table 2 summarized the STI
classifications. A one-month timescale was used for the
standardized temperature index to determine the monthly
characteristics of temperatures throughout the year.

Table 2: HI and STI classifications.

Heat index

Heat index range (°F) HI Classification

< 80°F Normal/Safe
80°F — 90°F Caution
90°F — 103°F Extreme Caution

103°F — 124°F Danger
125°F or higher
Standardized temperature index
STI Threshold

Extreme Danger

STI Classification

STI=225 Extreme Hot
1.5<8TI<25 Severe Hot
0.5<STI<15 Mild Hot
0.0=<8STI<0.5 Normal Hot
-0.5<STI<0.0 Normal Cold
-1.5<8TI<-05 Mild Cold
-25<8Tl<-15 Severe Cold
STI<-25 Extreme Cold

Gene Expression Programming (GEP)

GEP is an evolutionary algorithm that is structurally similar
to genetic algorithm that developed by Candida Ferreira [25].
The GEP program has received increasing attention from the
scientific community over the past few years, leading to an
increase in its applications in various research fields. The GEP
algorithm uses a fixed-length linear representation of computer
programs, which is ultimately converted into an expression tree
structure. Each genome, or chromosome, in this algorithm
consists of a linear sequence of fixed-length codes, which can
represent one or more genes. There are two main types of
elements in GEP; functional elements and terminal elements. In
a gene expression tree, genes consist of two elements: the head
and the tail. The head contains the variables and constants,
while the tail represents the functions. Using a programming
language called Karva, the gene expression tree is developed in
the GEP algorithm. Developing a gene expression programming
model requires completing five initial steps. To start, we identify
the independent variables that constitute the individual
programs. Next, we defined the required mathematical
operations for the expression. After identifying these
components, the fitness function is determined by fixing the
number of genes and the linking function. The last step involves
specifying the genetic parameters. Figure 2 shows an example
to present the gene consisting of head length 4 and tail length of
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5, aimed at square root the expression ((a + b) * (x —y)). In this
tree example, the head section is depicted in red, while the tail
section is shown in blue. For further details about the GEP
algorithm, refer to [25].

Figure 2: Expression tree diagram for the mathematical

equation /(a + b) * (x — y).

Results and Discussion

The heat index and the standardized temperature index
were calculated across Irag using a computer program
developed using the Visual Basic programming language. The
heat index data were analyzed in terms of spatial distribution and
impact, as well as in terms of temporal distribution, using two-
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time scales: daily and monthly. Analysis of the daily heat index
data for Iraq reveals that the majority, 62.4%, falls within the
normal classification. while the caution classification constitutes
22.6%. The extreme caution classification constitutes 14%. It's
worth noting that the danger classification is minimal, not
exceeding 1%. Analysis of the monthly heat index shows that the
percentage of classifications for the normal, caution and extreme
caution were 62%, 22.3% and 15.7% respectively. Figure 3A
shows the frequency of daily heat index classifications, while
Figure 3B shows the frequency of monthly heat index
classifications for each of the meteorological stations under
study. The spatial analysis of heat index classifications in Iraq,
as shown in Figure 4, indicates that the northern region has a
higher percentage of the “normal” classification when compared
to the central and southern regions. Notably the western area
records the highest percentage of the "caution" classification,
while the northern and southern regions show lower. This trend
can be attributed to the elevated humidity levels in the southern
and northern regions, contrasting with the drier climate prevalent
in the western region, which is influenced by its desert
conditions. Furthermore, the analysis reveals that the northern
and western parts of Iraq report a lower incidence of the “extreme
caution” classification, while the southern region stands out with
the highest frequency. This variation is linked to the high
temperatures experienced in the southern regions, especially
during the months of July and August.
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Figure 3: Frequency of daily and monthly heat index classifications for meteorological stations under study.
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Figure 4. Spatial distribution for frequencies (months) of heat index classifications in Iraq for the period 1981-2024, interpolated using the

kriging method.

The Mann-Kendall test was used to analyze the trend of the
heat index. The results of this test, conducted at all the
meteorological stations used, indicate a significant upward trend
in the heat index at a subset of stations. The Sen’s slope test
was used to estimate the slope of the time series trend of the
heat index. Time series analysis of the heat index using the
Sen’s slope test for all studied meteorological stations showed
that the slope of the heat index series in stations located in

northern Iraq ranged between 0.085 and 0.102 °F per year, while
in stations located in the central region it ranged between 0.071
and 0.090 °F per year, and in stations located in the southern
region it ranged between 0.068 and 0.078 °F per year. Table 3
summarizes the results of the Sen’s slope test for all
meteorological stations under study. Northern Iraq is warming at
a faster rate Sen's slope 0.096 and 0.108 °F per year, but
southern Iraq still records the highest absolute frequency of
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"extreme caution” classifications (Figure 4). This is attributed to
the extreme temperatures that northern Iraq has begun to
experience as a result of climate change, in addition to the
decrease in relative humidity levels. By analyzing the Sen'’s
slope results, it is evident that northern Iraq is warming faster
(steeper Sen’s slope), whereas southern Irag remains the hotter
region in absolute terms.

Table 3. results of the Sen’s slope test (°F per year) for all
meteorological stations under study.

Station name Kendall's tau p-values Sen's slope
Sulymania 0.051 0.080 0.0852
Erbil 0.053 0.068 0.0948
Dohuk 0.058 0.048 0.0984
Kirkuk 0.050 0.084 0.0900
Mosul 0.057 0.049 0.1020
Telafar 0.055 0.060 0.0972
Sinjar 0.057 0.052 0.0984
Tikrit 0.050 0.084 0.0900
Ramadi 0.050 0.086 0.0900
Rutba 0.051 0.081 0.0792
Baghdad 0.045 0.119 0.0804
Khanigeen 0.046 0.118 0.0768
Hila 0.042 0.145 0.0744
Hai 0.042 0.151 0.0708
Karbalaa 0.045 0.121 0.0816
Najaf 0.041 0.154 0.0720
Severe hot Mild hot Normal hot
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Station name Kendall's tau p-values Sen's slope
Samawa 0.041 0.160 0.0684
Diwania 0.041 0.157 0.0708
Nasria 0.041 0.157 0.0708
Basra 0.045 0.122 0.0732
Nukhib 0.048 0.098 0.0780

By analyzing the temperature series trend of all the
meteorological stations under study using the Mann-Kendall test,
it was found that all the stations under study had an upward trend
that is statistically significant only at a subset of stations,
primarily in the north. Analysis of the relative humidity series
trend for all the meteorological stations under study using the
Mann-Kendall test showed that all the stations under study had
a downward trend with a slope ranging from -0.001 to -0.002
according to the Sen’s slope test.

Analysis of the standardized temperature index in Iraq
reveals some interesting insights. The data shows that severe
hot classifications account for 2% of the total STI classifications,
while Mild hot classifications make up 36.3%. Normal hot
classifications represent 14.2%, with normal cold classifications
at 8%, mild cold at 36.2%, and severe cold at 3.3%. Notably, Mild
cold and mild hot classifications form the largest segments of the
STI classifications throughout the year. Figure 5 shows the
frequency of STI classifications for all meteorological stations
under study.

= Normal cold = Mild cold mSevere cold

Figure 5. frequency of STI classifications for all meteorological stations under study.

Analyzing the spatial distribution of the STI in Iraq, as
illustrated in Figure 6, reveals that the normal cold classification
occurs more often in the northern region compared to the central
and southern regions. and this classification is noticeably less
frequent in the southern part of the country. It was observed that
the northern region of the country exhibited a greater prevalence
of the normal hot classification of STI when compared to the
central and southern regions. Analysis of the mild cold
classification shows that this classification was more common in
northern Iraq compared to central and southern Iraqg, while the
mild hot classification was more common in southern Iraq
compared to the north. This is one of the characteristics of Iraq's
climate. Analysis of the STI classification of severe cold shows
that it was more frequent in southern Irag and less frequent in

the north, while severe hot classifications were more common in
northern Iraq than in the south. This, logically, contradicts the
usual climatic characteristics of Irag, which is typically colder in
its northern regions than in its southern regions. Nevertheless,
recent years have witnessed unprecedented high temperatures
in northern Iraq and unprecedented low temperatures in the
south. This is attributed to climate change, which is impacting
Irag.
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Figure 6. Spatial distribution for frequencies (months) of STI classifications in Iraq for the period 1981-2024, interpolated using the kriging
method.
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By comparing the STI and HI indices, we note that both
indices are used to measure heat conditions but with different
objectives: the STI is a statistical measure to compare
temperature against the historical series of temperatures for the
same meteorological station, while the HI measures the
immediate physiological stress caused by air temperature and
humidity. Analysis of the two indices shows that temperatures in
Iraq are still within acceptable ranges for human tolerance, and
relative humidity plays a pivotal role in mitigating the impact of
extreme temperatures on humans.

The GEP algorithm was used to develop a mathematical
equation to facilitate the steps for calculating the heat index in
Iraq and to obtain a simpler mathematical equation for estimating
the heat index in Iraq. Daily heat index data were analyzed using
a GEP algorithm. The data were divided into two sets: 80% for
model training and 20% for model validation.

Equation 5 illustrates the mathematical expression
developed using the GEP algorithm with a coefficient of
determination (R?) 0.99, Root Mean Squared Error (RMSE =
1.101, Mean Squared Error (MSE = 1.213), Mean Absolute Error
(MAE = 0.877), and Mean Absolute Percentage Error (MAPE =
1.334) in the training phase and R? = 0.98, RMSE = 1.104, MSE
= 1.390, MAE = 0.958, and MAPE = 1.338 in the testing phase
to estimate HI in Iraq. Table 4 summarizes the GEP settings
used to develop equation 5. The equation can be used for all
ranges of mean daily temperature and relative humidity values
recorded in Iraq. The equation was trained over the (T, RH)
envelope of approximately T = 15.1 to 111.81 °F and RH = 14 to
98%. The equation is an empirical relationship with no
dimensions, and the coefficients are not physical.

HI = (T + 2.098(RH)%%> + (RH + T)*37%) — 10.935 &)
Where, HI = heat index in Fahrenheit, RH = relative humidity in

(%), and T = temperature in Fahrenheit.

Table 4: GEP setting

Function set [ + -* 1 power
General

Population size 50
Genes per chromosomes 8

Gene head length 16
Fitness function MAE
Linking function Addition
Genetic operators

Mutation rate 0.044
Inversion rate 0.1
Gene transportation rate 0.1
Gene recombination rate 0.3

Figure 7 shows the scatter plot of the Heat index (estimated by
NWS) versus the Heat index (estimated by GEP Equation 5) for
the test set. The scatter plot in Figure 7 demonstrates the
efficiency of Equation 5, as most of the data fall within the 1:1
line.

Limitation

This study is subject to several limitations that should be
acknowledged. First, meteorological variables were obtained
from the NASA POWER satellite-based meteorological dataset
rather than in situ observations. Although NASA POWER
provides spatially and temporally consistent fields, it remains an

indirect estimate that may deviate from ground-based
measurements at some locations and time periods, particularly
in regions with complex terrain or sparse station coverage.
These uncertainties can propagate into the calculated heat index
and standardized temperature index values. Second, we relied
on mean daily and monthly air temperature to compute the heat
index, instead of using maximum temperature or sub-daily
extremes. The use of mean values provides a robust indicator of
general heat conditions but likely underestimates short-lived
peak heat stress events, such as afternoon heat spikes or multi-
hour heat waves, that are critical from a human health
perspective. Future work should therefore incorporate maximum
and/or high-frequency temperature data to better capture these
extremes. Third, the spatial patterns presented in the GIS maps
depend on the kriging interpolation approach and the distribution
of the 21 station locations. Kriging assumes spatial
autocorrelation and relatively smooth variation between sampled
points and may not fully resolve local-scale heterogeneity arising
from land use, topography, or urban heat-island effects. As a
result, fine-scale hotspots or cool spots may not be represented
accurately on the maps. Increasing station density, testing
alternative interpolation schemes, and combining satellite-based
land-surface information could improve the robustness of the
spatial analysis in future studies.

Despite these limitations, the consistency of the trends
across stations and time scales supports the main conclusion
that heat stress is increasing in Irag and that northern regions
are becoming more exposed to extreme heat conditions under
ongoing climate change.
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Figure 7. HI (estimated by NWS)-vs-HI (estimated by GEP Eq.

5) scatter plot for the test set

Conclusion

The study demonstrated the feasibility of using a daily heat
index in Iraq, utilizing temperature and relative humidity data
from NASA POWER (Prediction Of Worldwide Energy
Resources). Furthermore, using the daily average of
temperature and relative humidity contributes to calculating the
average daily heat index for climate analysis, which helps
identify the effects of climate change in the study area. This
represents an innovative approach to calculating heat index
values, which previously relied on the highest temperature of the
day, yielding results for the hottest times of day for purely
medical purposes. This opens new avenues for further research
in this field.

The study demonstrated the efficiency of a gene expression
programming algorithm in developing mathematical equations
with easily applicable expression formulas for calculating the
daily heat index in the study area. The researchers recommend
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conducting a study to predict daily heat index values using data
derived from climate change models, in order to determine the
values of this index for the period from 2026 to 2100 in Iraqg, and
to assess future changes in heat stress levels.
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