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Highlights:
 ■ digital maps of surface water were produced by Modified Normalized Difference Water Index using QGIS;
 ■ investigate relationship between urban surface water and discomfort index;
 ■ summer months of 2021 have the highest discomfort with severe thermal stress;
 ■ discomfort index decreases exponentially when increasing the amount of surface water.

Article History:  Abstract. In urban areas, surface water bodies play an important role in mitigating thermal discomfort, which 
is mainly caused by increasing air temperatures. Based on daily temperature and relative humidity data re-
corded by the Baghdad weather station for the two years 2018 and 2021, the monthly human discomfort 
index was calculated and then combined with monthly surface water areas extracted by a modified normal-
ized difference water index using Sentinel-2A satellite imagery for the same period. The results show that the 
winter and most spring months of these years have no discomfort, and the summer months (July and August) 
in 2021 have the highest discomfort with severe thermal stress due to the large deficit in rainfall events. The 
monthly relationship between urban water surfaces and the level of the discomfort index was also studied, 
which was non-linear and followed the exponential decay function. This means that as the amount of surface 
water increased, the levels of the discomfort index decreased exponentially until no discomfort conditions 
existed.
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the human body and the near-surface atmosphere. Thermal 
stress has many implications for the energy (Kazmi et al., 
2022) and health (Ncongwane et al., 2021) sectors and has 
been widely used as a criterion for microclimate assessment 
(Mushore et al., 2019; Nurmaya et al., 2022).

Surface water bodies have demonstrated their ability 
to regulate the microclimate of the surrounding regions, 
where they act as a natural source of cooling due to the 
humidity caused by evaporation during the day. These 
bodies can also reduce the air temperature and increase 
the humidity in their surroundings (Syafii et al., 2016; 
Hong et al., 2023). The main element, temperature, has the 
greatest impact on human activities. The air temperature 
near or over bodies of water is very different from that 
over land due to differences in the way water heats and 
cools (Febrita et al., 2021).

Ammant Baghdad is the central government of 
Iraq and a large and densely populated city, so it has 

1. Introduction

Surface waters in urban environments are critical freshwa-
ter resources for human (Le Sève, 2023), ecological (Cheng 
et al., 2022) and local climate systems (Cheng et al., 2022; 
Zeng et al., 2017). They are of paramount importance in 
sustaining all living things (Karpatne et al., 2017; Genjebo 
et al., 2023) and suppressing rising dust emissions during 
dry seasons. Urban surface water bodies are considered nat-
ural resources that provide a cooling effect, where they can 
reduce air temperature during the day (Wong et al., 2011), 
but also provide humidity (Xu et al., 2010). Consequently, 
these meteorological factors can be formed and called heat 
stress, which can be originally expressed in terms of human 
thermal discomfort, as proposed by Thom (1959). It is a 
biometeorological parameter for measuring the degree of 
discomfort experienced under different climatic conditions, 
which depends on the principle of heat exchange between 
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experienced severe adverse climatic and thermal condi-
tions under global warming, especially in summer (Wa-
hab et al., 2022; Al-Jiboori et al., 2020). Therefore, it is 
important to study the impact of surface water changes 
on human physiological comfort and urban living. As the 
urbanization process continues, as in Baghdad, the higher 
air temperature would be a more serious problem. Water 
bodies such as rivers, ponds, streams and wetlands can 
improve outdoor comfort in the summer, which is free of 
clouds and rain (Zahraa et al., 2020).

Numerous previous studies have shown that human 
physiological changes are directly affected by most me-
teorological elements in nature (Al-Jiboori, 2007; Pantoja 
et al., 2021; Cheng et al., 2022; Dasari et al., 2021). The 
studies achieved to assess heat stress and discomfort in 
dry thermal environments such as Baghdad are by Al-Ji-
boori (2007), Yousif and Tahir (2013), Dasari et al. (2021) 
and Kishta et al. (2022). In Iraq, Al-Jiboori conducted 
temperature-humidity complaints in three major cities: 
Basra, Baghdad and Mosul, over a period of ten years 
(1991–2000). He found that the discomfort interval for liv-
ing lasted five, four and two summer months in Basra, 
Baghdad and Mosul respectively. Dasari et al. (2021) also 
found discomfort in all summer months (June to Septem-
ber) over a 39-year period (1980–2018). Finally, Yousif and 
Tahir (2013) observed that 100% of the population in Khar-
toum experienced heat stress during the hot season.

With the development of remote sensing technologies, 
Geographic Information Sensing (GIS) was considered as a 
powerful tool to observe the spatial and temporal changes 
of surface water in a given location. Since Baghdad’s land 
is part of the Mesopotamian alluvial plain, which is flat 
and roughly low-lying, GIS is a suitable method for de-
tecting wetlands. Medium-resolution remote sensing data 
acquired from the Sentinel-2 satellite is most commonly 

used to extract and monitor surface water bodies (Huang 
et al., 2018). Although water bodies in urban semiarid ar-
eas such as Baghdad are often scarce, small and surround-
ed by complex buildings, vegetation and their shadows, 
medium resolution imagery acquired from this satellite 
could detect changes in surface water. For example, Mahdi 
et al. (2024) monitored land surface water areas using the 
Modified Normalised Difference Water Index (MNDWI) for 
each month of the two years 2018 and 2021. They found 
that the largest areas were in January, while the lowest 
values were in June. Using these results of their work in 
the presented paper, we also highlight the process of ex-
tracting water bodies. The main objectives of this study 
are to (1) investigate the assessment of changes in surface 
water within Ammant Baghdad resulting from the Tigris 
River and its ponds during the interannual months of both 
2018 and 2021, (2) analyse the monthly means of air tem-
perature, relative humidity and thermal discomfort, and 
(3) explore the relationships between surface water bodies 
and discomfort categories.

2. Study area and datasets

The research was carried out in Ammant Baghdad (see 
Figure 1b), followed by Baghdad province, which is located 
at 33°12’-33°29’ N latitude and 44°10’-44°30’ E longitude. 
The topography of the area is almost entirely flat, with 
elevations ranging from 24 m in the south to 48 m in 
the north above mean sea level, covering a total area of 
894.3 km2. It is a medium-sized and densely populated city 
among all Iraqi provinces and has 16 municipalities. The 
Tigris River divides Baghdad into two parts, the eastern 
part called Rasafa and the western part called Karkh, and 
joins the Diyala River 15 km south of the Ammant (Naqi 
et al., 2021). The land is low-lying and of alluvial origin due 

Figure 1. Maps of study area for: a) Iraq; b) Baghdad province; c) Ammant Baghdad

a) c)

b)
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to the periodic large floods caused by the river. At present, 
these floods have been stopped by the construction of a 
dam on the river at Samarra to the north. Several small 
bodies of water, such as ponds, canals and streams, persist 
because they are located on semi-impermeable deposits. 
They received their water from the direct groundwater at 
a depth of (2–10) m (Al-Basrawi et al., 2015).

The climate of Baghdad is mainly semi-arid, with hot 
summers and cold winters, and is influenced by the Medi-
terranean climate. The daily mean temperature ranges be-
tween 18 °C in winter and 45 °C in summer. The annual 
mean rainfall is about 140 mm, which usually starts from 
October to May, with no rain in the remaining months (Al-
Timimi & Al-Khudhairy, 2018). Due to Baghdad being far 
from the Arabian Gulf, the annual mean relative humidity 
is 52% in winter and 15% in summer; thus, the city can 
be described as dry, and then dust storms normally occur 
(Halos et al., 2017; Adeeb & Al-Timimi, 2019).

Two dataset sources were used in this paper: Monthly 
meteorological data of both air temperature and relative 
humidity obtained from the Iraqi Meteorological Organi-
zation and Seismology, and Sentinel-2A satellite images 
acquired from the European Space Agency Hub. The time 
period was 24 months, in two years 2018 and 2021. In this 
period, 48 satellite images were downloaded through the 
link (https://scihub.copernicus.eu/) that included the study 
region. After sub setting the images in a square area, two 
images were merged to cover this region, and therefore, 
the number of images became 24, and each one repre-
sents one month of the two years 2018 and 2021. At the 
same period, monthly means of surface air temperature 
and relative humidity were computed from hourly records 
that measured by weather automatic station located at 
2 m above the ground level.

3. Methodology

The context of the framework, in general, is composed of 
three parts: detection of surface water, calculation of out-
door thermal discomfort, and statistical analysis to find out 
their empirical relations with each other. Figure 2 below 
presents the outline of the algorithm adopted in this study.

3.1. Modified Normalized Difference Water 
Index
To detect the change in surface water, the spectral index 
effectively used in urban areas is MNDWI, which is a 
powerful method for mapping water bodies, detection 
of water features from dense build-up areas, vegetation, 
shadows, and monitoring water content changes. It is 
computed as

Green SWIRMNDWI .
Green SWIR

−
=

+
       (1)

From the Sentinel-2 spectral imagery, the only two 
bands in the above equation, Green (band 3) and SWIR 
(band 11), were used in this paper. They have different 
resolutions, with the former at 10 m and the latter at 
20 m. Spatial resampling was achieved to band 11 to 
balance the resolution 10 m using the resampling tool 
in the software of Quantity GIS (QGIS). The preprocesses 
such as resampling band 11, merging the two images of 
the two bands to cover the study region, and extraction 
surface water bodies were implemented using QGIS, and 
then their digital areas (in km2) were calculated using 
r.report tool in the toolbox after classifying process. 
MNDWI values are between –1 and +1. In this paper, 
only two classifications are considered: water and non-
water bodies, according to the positive and negative 
values of MNDWI (Huang et al., 2018). For more details, 
output processing, image projection, and atmospheric 
correction, and post-processing are reported in the ref-
erence (Mahdi et al., 2023).

The urban surface water bodies were extracted by 
MNDWI (Eq. (1)) from the Sentinel-2 satellite using QGIS 
software, version 3.4, for all months of the two years 
2018 and 2021. Using unsupervised classification, all im-
ages have been classified into seven classes: build-up, 
water, rangeland, flooded vegetation, dense vegetation, 
crops, and bare land. Figure 3 shows the characteristics 
of the urban surface of Baghdad as a sampling selected 
case in which the build-up area is the largest class, es-
pecially in the center of the city.

Figure 2. Flowchart of the methodology

https://scihub.copernicus.eu/
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3.2. Thermal discomfort index
There are many various approaches to expressing the 
relationship between the outdoor environment and hu-
man well-being, for example, the wet-bulb globe tem-
perature index, discomfort index, temperature-humidity 
index, comfort index, and universal thermal climate index, 
among which is outdoor comfort. In the presented paper, 
the monthly thermal discomfort index (TDI) was applied to 
evaluate the impact of heat stress on the individual, taking 
into account the combined effect of air temperature and 
stress, which can be determined using the following equa-
tion (Pantoja et al., 2021; Dasari et al., 2021):

( ) ( )TDI 0.55 1 0.01 14.5 ,T RH T = − × − × × −           (2)

where T is the monthly mean air temperature in °C and RH 
is the monthly mean relative humidity in %. The selection 
of this index over other indices includes its simple calcu-
lation and their results are sensitive to heat levels during 
different seasons and climate conditions. Also, existing 
ambient relative humidity in Eq. (2) is necessary to evalu-
ate the effects of evaporation on sweat, which naturally 
keeps human comfort levels. So this equation could be 
applicable for the entire globe such as in humid (Nurmaya 
et al., 2022), arid and semiarid (Dasari et al., 2021), and 
cold regions (Stathopoulou et al., 2005). However, in gen-
eral, most arid regions (e.g. Baghdad) are not need to use 
a radiant temperature in case of existing the clouds which 
influence longwave radiation scattering, in which clear sky 
conditions with dry climate are often prevailed throughout 

the year, except in dawn winter (December and November) 
(Al-Timime et al., 2024). Hence, Eq. (2) could be valid for 
computing thermal discomfort in this study. In addition, 
TDI is used in urban and densely populated areas because 
of its relatively simple identification of the category of cli-
mate comfort based on essential meteorological variables 
such as temperature and relative humidity. At present, 
these elements are measured by new instruments, e.g., an 
automatic weather station that has a high temporal resolu-
tion at frequencies accustomed to measurement demands. 
The classification of TDI is reported in Table 1.

3.3. Relation between surface water area and 
thermal discomfort index
The method used to describe the relationship between the 
monthly dependent variable (i.e., surface water area) and 
independent variable (TDI) is a scatter plot, which implies 
the strength of the relationship between the variables at 
a glance. To comprehensively evaluate, some statistical 
parameters were performed in this paper through Origin 
software, issue 2016. (1) the standard deviation (SD), de-
fined as a measure of the dispersion of data relative to 
its mean, is calculated through computing monthly means 
from daily meteorological data for both air temperature 
and relative humidity as well as testing the relationship 
above. (2) Pearson correlation coefficient (R) is a measure 
the strength of relationship with its type (i.e. positive or 
negative) that returns a value of between –1 and +1. This 
further used in testing this relationship through calculating 
t-value by formula given as

Figure 3. Classification of land cover/land use in Baghdad’s surface

Table 1. Thermal discomfort index categories (source: Siami & Ramadhani, 2019)

Category I II III IV V VI

TDI (C) TDI < 21 2 ≤ TDI < 24 24 ≤ TDI < 27 27 ≤ TDI < 29 29 ≤ TDI < 32 TDI ≥ 32
Discomfort 
level

No dis comfort Less than 50% of 
the popu lation 
feels dis comfort

More than 50% 
of the population 
feels discomfort

Most of population 
suffers discomfort

Everyone feels 
severe stress

State of medical 
emergency
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1/221
2

,Rt R
n

−
 −

= ×   − 
             (3)

where n is the sample size. (3) After specifying the rela-
tion’s strength and testing, the goodness-of-fit (R2) that 
ranges from 0 to 1 will be computed when passing the 
best line through data points in scatter plot. 

4. Results and discussion

4.1. Surface water body area
To extract only water bodies, spectral MNDWI values were 
classified into only two groups: positive values include wa-
ter bodies, and negative values show other land covers. 
For executing the goals of this paper, surface water bodies 
areas at all months of the two years 2018 and 2021 are 
presented and displayed in Figure 4. All spatial figures that 
display spectral values for MNDWI, water, and non-water 
bodies are found in (Mahdi et al., 2023).

The permanent surface water during the summer 
months is approximately constant for the two years, with 
an average value of 19.5 km2, which could be considered 
a baseline for existing water in the Tigris River and other 
ponds. In other months, there were significant variations 
in the amounts of urban surface water, especially in 2018, 
which was characterized by large falling rains (total annual 
284.2 mm) and was distributed uniformly in these months. 
Meanwhile, in 2021, less surface water areas are clear, 
with the exception of January with a value of 77.2 km2, 
where in this year annual amounts of rain were the low-
est (25 mm) over the period of 40 years (1980–2021), so 
it was characterized by dryness, higher temperatures, and 
increased frequencies of dust and sand storms. In spite of 
less rain in January 2021, the urban surface water area ap-
pears high which may attribute to the use of MNDWI for 
detecting some shadows and moist land features caused 
by high rates of relative humidity (perhaps fog or mist) in 
this month as shown in next subsection (Yang et al., 2018). 

Figure 4. Monthly variation of surface water areas in 2018 and 
2021. Dashed line represents water area without adding rainfall

The interesting result can be induced by annual ac-
cumulative amounts of surface water, which reach 348.8 
and 362.7 km2 in 2018 and 2021, respectively. The base-
line surface water area in Baghdad without any rainfall, as 
shown in the summer months (June, July, and August) of 
the studied years, is about 19.5 km2 (see horizontal line 
in Figure 4). The rationale behind taking this value is for 
supporting water management as an exceeded water area 
during rainy months. If this value is subtracted from wa-
ter areas in rainy months (September–May), the result will 
be 114.8 and 128.7 km2 for both years 2018 and 2021, 
respectively. These excess surface waters can be invest-
ed for dry summer seasons instead of being partly used 
for agriculture, descending to the bottom of the earth 
through filtration processes, or rising into the atmosphere 
by evaporation and evapotranspiration processes. Water 
management, thus, in Iraq, is one of the effective strate-
gies to overcome the crises resulting from water scarcity 
and mitigate the severity of climate change.

4.2. Monthly variation of thermal  
discomfort index
According to Eq. (2), the thermal discomfort index de-
pended on temperature and relative humidity, so their 
monthly means were first analyzed. They and their SD are 
presented separately in Figures 5a and 5b for both the 
years 2018 and 2019, respectively. The monthly variation 
in temperature in these years has the same behavior but 
slightly different values. The opposite behavior between 
temperature and relative humidity is clear in two years: 
when temperature increased, relative humidity dramati-
cally decreased, and vice versa. Across all months of 2021, 
SD values around the monthly means for temperature are 
larger than those in 2018 (see Figure 5a) due to a sharp 
lack of rainfall in 2021. The monthly highest air temper-
ature in Baghdad occurred in July, and the lowest tem-
perature was in January. Also during the summer months, 
monthly mean temperatures in 2021 showed a slightly 
higher value compared to those observed in 2018. In the 
same way, the lowest values of monthly relative humid-
ity (RH < 20%) were obvious at four months (May–Au-
gust) of 2021, while they were at three months of summer 
(2018). At the end of 2018 (i.e., November and December), 
monthly RH recorded the highest values (78% and 83%), 
even though they were larger than those recorded in 2021.

Monthly outdoor thermal discomfort indexes were 
obtained from monthly data on air temperature (°C) and 
relative humidity (%) for both the years 2018 and 2021, as 
displayed in Figure 6. According to Eq. (3), TDI is directly 
proportional to the temperature. If temperatures increase, 
TDI will increase too. Therefore, in Baghdad during the 
summer months (June–September) of 2018, the monthly 
TDI was that most people felt discomfort, while in 2021 its 
peak TDI was severe heat stress (category V: TDI > 29) and 
unsuitable for performing all human activities. Also in June 
and September, most people suffer discomfort where the 
monthly TDI lies between 27 and 29 °C. In winter, some 
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spring months (March–April), and November of two years, 
the population was absolutely comfortable living and per-
forming all activities in Baghdad’s outdoor atmosphere. 
The reason is that climate conditions are usually fine and 
characterized by dropping temperatures, good humidity, 
and rainfall events, as mentioned in the study area. Finally, 
although two years had a bit of a difference in climate 
conditions, such as falling rain amounts, the two curves of 
monthly TDI coincided at one point (April), which is usually 
no discomfort for the population.

Figure 6. Monthly variation of thermal discomfort index 
(TDI) in Baghdad in 2018 and 2021

It is more interesting to compare the new results of 
TDI with those reported in Al-Jiboori (2007) for the same 
city (Baghdad) and data source, but during the period 
1991–2000. Monthly means of TDI for this period were 
added to Figure 6, which have lower values throughout all 
months of the year, except for two summer months (July 
and August) of 2018. The time difference between the two 
studies is about 20 years, and the human discomfort has 

intensified across all months, especially in 2021. This is, 
of course, because of the ongoing increase in population 
and urbanization processes, especially in Baghdad (Taw-
feek et al., 2020), which is also affected by global warming.

Figure 7 shows the frequency distribution of monthly 
mean TDI values in each year. The frequencies of no dis-
comfort conditions reach 50% for both years, which are 
concerned with the months from November to April. The 
second category, with less than 50% of the population 
feeling discomfort, was found in two months (May and 
October) of 2018, while only one month (October) of 2021 
has this category. The third category, with the same con-
ditions as above but more than 50%, was found in four 
hot months (June–September) of 2018 and in only one 
month (October) in 2021. Two months of 2021 (June and 
September) display the conditions of category, and two 
last summer months (July and August) were severe heat 
stress, and nobody felt discomfort.

Figure 5. Monthly variations of air temperature and relative humidity for: a) 2018; b) 2021

a) b)

Figure 7. Histogram of frequency distribution of discomfort 
index in 2018 and 2021. The numbers above bars represent 
number of months
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4.3. Relation between surface water areas and 
thermal discomfort index
Water bodies are regarded as an effective tool to improve 
urban thermal environments, so they were extracted by 
remote sensing techniques using satellite Sentinel-2A im-
ages within the Baghdad region. They appear to be posi-
tive in mitigating increasing outdoor thermal discomfort 
during hot summer months by cooling down through the 
evaporation process. To evaluate this influence, a scatter 
graph method between surface water bodies’ areas on 
the X-axis and thermal discomfort index values on the Y-
axis was used to find out the type of relationship between 
these variables. Figure 8 displays this graph between the 
results of these variables described in the above subsec-
tions for all months of the two years 2018 and 2021. There 
is a clear decreasing relation between these variables with 
less scatter whereas when increasing surface water areas, 
TDI values gradually drop to their lowest values.

Figure 8. Relation between values of surface water area and 
TDI in Baghdad

To comprehensively understand, this quantitative rela-
tionship was further discussed in terms of R analysis. Be-
fore calculating this statistical parameter, means with their 
SD of surface water areas and thermal discomfort index 
were separately calculated during 12 months of each year. 
The results of R statistics with p-value were summarized 
in Table 2.

Table 2. Statistical results of monthly surface water area and 
TDI for 24 months of two years 2018 and 2021

Variable Monthly 
mean SD R Direction p-value

Surf. water 
area (km2) 29.6 ±13.1 ‒0.77 Negative 1.3×10–5

TDI (°C) 20.4 ±5.4

The negative correlation between monthly means of 
surface water and TDI shows that the changes in urban 

water area correspond TDI changes in the opposite di-
rection. The strength of the correlation was 0.77, which 
represents a strong correlation (Deng et al., 2023). This 
was because surface water can largely contribute to miti-
gate higher TDI levels to lower values as shown in Figure 8 
whereas, for example, when increasing 5-km2 area of water 
over the 20-km2, it was sharply dropped by 4 °C of TDI at 
dry conditions. 

Now, we were examined several nonlinear functions 
using the OriginLab program and found an exponential 
decay function below could provide the best-fitting line 
passing through these data points.

( )water area
TDI ,TA e B

−
= × +               (4)

where A is amplitude, B is offset, and T is a time constant. 
They are empirical constants based on the results of TDI 
and water areas as input variables. The results of these 
constants are derived as follows, respectively: A = 53.1, 
B = 10.9, and T = 15.3. Also, the strong relation between 
scatter data points and its fitted values (R2) was found to 
be 0.78. We further used to t-test analysis from knowing 
R value above and sample size (n = 24) to infer whether 
the relationship between water area and TDI is significant. 
From Eq. (3), the absolute t-test value was found to be 
(5.64) with a p-value (= 1.1×10–5), which higher than the 
critical value (2.07) for significance level (0.05) and two-
tailed. This means that this relationship is statistically 
significant. However, in areas with less water, which are 
permanent bodies existing in hot summer months, hu-
man discomfort indices were highest, followed by comfort 
when increasing surface water during rainy seasons.

5. Conclusions

This study combined two monthly data sources: meteoro-
logical variables (air temperature and relative hum’idity) and 
multispectral Sentinel-2A imagery, for all months of the 
years 2018 and 2021. Spectral values of MNDWI calculated 
in Mahdi et al. (2023) were used to evaluate the influence of 
surface water areas on the thermal discomfort index in the 
semi-arid urban environment of Baghdad. Several conclu-
sions can be drawn from the research results:

1. Since the urban surface water areas (114.8 and 
128.7 km2) are available during each rainy season of the 
two years, water resource stakeholders and policy makers 
should develop strategic plans to conserve this water for 
agricultural purposes and face future challenges caused 
by climate change.

2. Due to the severe lack of rainfall events in 2021, the 
scatter of temperature values around their monthly means 
(i.e. standard deviation) was larger than in 2018. In addi-
tion, the monthly means for relative humidity were more 
variable in 2021.

3. For more than half of the year, from October to 
May, the outdoor thermal comfort index had lower values 
(24 °C), which represent relevant months for all human 
activities.
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4. The highest TDI values (>27 °C) occurred in the 
summer months (July and August) of 2021, with severe 
heat stress affecting human performance and efficiency in 
the Baghdad ambient atmosphere.

5. The relationship between urban surface water areas 
and TDI levels was non-linear and well described by the 
exponential decay function. This shows that bodies of wa-
ter can reduce levels of discomfort that are too high.

6. This study demonstrates the value of considering 
the impact of thermal discomfort when designing smart 
and sustainable cities, workplaces and learning facilities, 
and when determining the location and timing of outdoor 
activities.
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