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Abstract: Several heatwaves (HWs) have been recorded in Egypt in recent years. Some of these
HWs were mild, while others were severe and resulted in mortalities and morbidities. On the other
hand, air pollution is considered a health issue in Egypt’s megacities, especially the capital city,
Cairo, and its surroundings, the Greater Cairo (GC) region. In this study, we examine a number
of HWs that have hit Egypt in recent years, along with the state of air quality, in terms of PM10,
NO,, and O3, during the period of HW incidence, with a focus on the GC region. During the period
of study, the frequency, intensity, and duration of HWs have been observed to increase. The total
number of recorded HW events was 190, encompassing 376 HW days. The time series of daily
mean NO, showed no correlation with temperature during the months that experienced HWs cases.
Conversely, PM10 and O3 concentrations exhibited a similar pattern as that of the daily maximum
temperature. This increase in the two pollutant concentrations led to a degradation of the air quality,
as demonstrated by the fact that the Air Quality Health Index went from “moderate risk”, on normal
days, to “high risk” during the HWs.

Keywords: extreme weather events; air pollution; particulate matter; nitrogen dioxide; ozone; air
quality health index; risk assessment; megacities

1. Introduction

Heatwaves (HWs) are caused by very hot, stagnant air masses. They form when high
pressure aloft (30007600 m) strengthens and remains over a region for several days up to
several weeks, while dew points are high and wind speeds are often low. Moreover, clear or
partly cloudy skies allow intense solar energy to further heat the ground and the air mass.
This situation is common in summer, as summertime weather patterns are generally slower
to change than those in winter, which results in slower movement of this upper-level high
pressure system [1].

There is no formal, standardized definition of a heatwave (HW). An HW can be defined
as “a period of abnormally hot weather generally lasting more than two days” [2] or can be
defined as “an extended period of hot weather relative to the expected conditions of the area
at that time of year, which may be accompanied by high humidity” [1]. Also, HW is defined
according to the Glossary of Meteorology as “a period of abnormally and uncomfortably
hot and usually humid weather” [3]. Normally, an HW is measured relative to the usual
weather in a certain area and relative to normal temperatures for the season [4]. According
to the World Meteorological Organization (WMO) and Frich et al.’s HW Duration Index [5],
an HW occurs when the daily maximum temperature of more than five consecutive days
exceeds the average maximum temperature by 5 °C (9 °F), the normal reference period
being the years from 1961-1990; however, recently, the WMO defined the HW as “a marked
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unusual period of hot weather over a region persisting for at least two consecutive days
during the hot period of the year based on local climatological conditions, with thermal
conditions recorded above given thresholds” [6].

Severe HWs can cause several adverse consequences, such as health, psychological,
sociological, and economic effects. They cause catastrophic crop failures and thousands
of deaths from hyperthermia, which is also known as heat stroke. High humidity and
elevated nighttime temperatures appear to be key factors in causing heat-related illness and
mortality. Heat stress occurs in humans when the body is unable to cool itself effectively.
Normally, the body can cool itself through perspiration, or sweating. However, high relative
humidity reduces the evaporation rate. This results in a lower rate of heat removal from
the body, hence the sensation of being overheated, potentially leading to heat stroke. When
there is no break from the heat at night, it can cause discomfort and lead to health problems,
especially for the poor, young, and elderly. Therefore, lives are endangered when these
conditions persist all day long for several days. Extremely warm weather exacerbates the
negative health effects of both heat and air pollution, and the deteriorated air quality status
may increase the mortality and morbidity toll of an extreme heat event. This can worsen
chronic respiratory and cardiovascular conditions, as well as cause heat exhaustion, cramps,
heat stroke, and in certain cases, heat-related mortality. Those with chronic conditions, the
elderly, women, and children are among the most vulnerable groups [7,8].

According to a World Bank report [9], the death toll of the 2003 HW in France was
estimated at 70,000 and that of the 2010 HW in Russia was estimated at 55,000, with more
than 1 million hectares of burned land. The WMO announced that the severe HWs of 2003
and 2010 accounted for 80% of weather-related deaths in Europe from 1970-2019 [10].

In a study shedding light on whether the global research is proportional to the growing
threat of HWs, Klingelhofer et al. [11] reported that the exposure of the populations to HWs
in some countries, including Egypt, is rising sharply, while the body of research on HWs
does not reflect this threat. However, there exists some scientific research which include
studies on the HWs over Egypt and their relationship with human comfort and health, as
well as other areas.

Aboelkhair and Morsy [12] studied the extreme warm and cold events over Egypt
between 1981 and 2020. They showed that the daily maximum and daily minimum
temperatures increased gradually throughout the study period, with south Egypt exhibiting
the highest daily minimum temperature values.

Morsy and El Afandi [13] used the ClimPACTvV2 software to identify the decadal
changes in the HWs indices over Egypt during the period from 1979 to 2018. The results re-
vealed that the decadal summations of the HW number, duration, and frequency increased
significantly in the last decade (2009-2018), with the southeastern part of Egypt subjected
to a higher summation of HW amplitude and HW magnitude than the northwestern part,
especially during the last two decades.

In a study on the extreme temperature events over Egypt, Saleh et al. [14] investigated
the HW cases during the period from 1980 to 2015 in three governorates in Egypt, with a
focus on the major agricultural climatic regions, namely Behira governorate, representing
North Delta; Giza governorate, representing Middle Egypt; and Qena governorate, rep-
resenting Upper Egypt. This study found that Egypt was exposed to several HW events
during the last decades, the most pronounced being the HWs of the winter season of 2010
and the summer season of 2015. It was also found that the highest monthly maximum
air temperature recorded in the summer season for El-Behira was in August 2015, with
a temperature of 33.4 °C, followed by August 2012, while the highest severe HWs were
recorded in the winter season of 2010, with a temperature of 22.6 °C. In addition, the highest
reduction of productivity for wheat and maize, which are major cereal crops in Egypt,
was recorded in Upper Egypt, followed by Middle Egypt, while the lowest reduction was
recorded in North Delta for wheat (winter season) and maize (summer season).
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Ceccherini et al. [15] studied the HWs across Africa over recent years (1981-2015) and
stated that the major hot spot for the increases in HW frequency and magnitude in Africa
included Egypt and the whole northern Africa region.

Regarding the air pollution state of the Greater Cairo (GC) region, a study by
Mostafa et al. [16] for the period between 2010-2014 over GC revealed that the hourly
averaged concentrations of sulfur dioxide (SO;), nitrogen dioxide (NO,), carbon monoxide
(CO), ozone (O3), and particulate matter measuring 10 um or less in diameter (PM10) in
some parts of GC were as high as 29.1 pug/m?, 61.1 pg/m3, 8.5 pug/m?3, 21.3 pg/m?3, and
223.2 ug/m?3, respectively. The almost half-yearly average (May-December) of PM2.5 in
2022 was 125.6 pg/m?, according to the AirNow Department of State, Cairo US Embassy
Air Quality project [17].

Recent works suggest that HWs could have a direct impact on the concentration of
some air pollutants, thus aggravating their adverse health effects. Theoharatos et al. [18]
investigated the relationship between the HWs of 2007 and air pollution levels in Athens,
Greece. Poor air quality conditions were observed for the HW of July, with a significant
correlation found between the heat load index and average hourly concentrations of NO,,
50, and O3, while in the June HW, there was an increased number of reported heat-affected
patients. In their study focused on Manchester, Kalisa et al. [19] examined the correlation
between temperature and air pollution during the months that experienced HW cases and
stated that the emission of air pollutants may be aggravated during HWs, and this may
result in the negative impact of high temperatures on sensitive groups, leading to increased
mortality levels. Khomsi et al. [20] investigated the concurrency of HWs and extreme
O3 episodes in two cities in Morocco—Casablanca and Marrakech—while examining the
atmospheric conditions that may lead to their occurrence. They found that the concurrency
of HWs and O3 depends on geographical and local characteristics of the city and large-scale
atmospheric circulation, stating that this finding would pave the way for the establishment
of a warning system for such hazards.

On the other hand, Pascal et al. [21] debated the need for a joint public health warning
for HWs and acute air pollution episodes. In their work, they examined the effect of
seasonality and temperature on air pollution (PM10 and O3)-related mortality on one hand,
and the impact of air pollution on heat-related mortality on the other hand. They found
that air pollution-related mortality varied among spring, summer, and HWs, and that
there was a high influence of air pollution on heat-related mortality, especially during the
most severe HWs. They recommended taking seasonality and HWs into account when
issuing air pollution warnings, while they concluded that there is a limited value added
from including air pollution information into the HW warning systems, compared to the
increased complexity it would impose to the warning systems.

This study aims at investigating some of the most pronounced HWs that have hit
Egypt in past years, along with examining the air quality state, in terms of PM10, NO;, and
O3 concentrations, during the period, with a focus on the GC region. Special attention will
be paid to the quantification of the potential correlation between extreme heat events and
episodes of high air pollution.

2. Materials and Methods
2.1. Study Area

Mostafa et al. [22] analyzed the past and future temperature and precipitation trends at
eight locations representative of the variety of Egyptian climates and found that despite the
fact that these eight locations are quite distant from each other, their year-to-year patterns
of temperature and precipitation were the same. This shows that the HWs are large-scale
phenomena striking all of Egypt simultaneously.

The GC is the name given to the metropolitan region, which spans three governorates
(Cairo, Giza, and Qalyubia) and covers a total area of 2670 km?. According to the last
national census, the GC’s estimated population is as high as 26.02 million, with a population
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density of around 9743.8 people/km?. In this densely populated megacity, air pollution is
a serious environmental problem that affects both the urban and rural areas [23].

2.2. Temperature Data

The meteorological dataset comprised hourly temperature data, measured by the
Egyptian Meteorological Authority (EMA) at the Cairo Airport station. The available
dataset was recorded during the period of January 2005 until October 2023. The daily
maximum and average temperature values were calculated from this dataset. Also, a daily
maximum temperature dataset for a reference period of 1982-2010 was available for the
Cairo Airport station.

2.3. Air Quality Data

The air quality dataset comprised daily concentrations of PM10, NO,, and O3 mea-
sured by the Egyptian Environmental Affairs Agency (EEAA) for the El-Abbasseya station
(a station not far from Cairo Airport station, around 17 km away). The air pollution concen-
trations are measured continuously, on an hourly basis. The quality of the measurements
has been discussed in previous papers, e.g., Refs. [16,23-26]. In this study, the available
EEAA dataset was gathered for the period from 2005 until 2018 as daily averages, with
some gaps in 2010 and 2012. In an attempt to compensate for these gaps, the PM10 and Os
measurements performed by the EMA for El-Abbasseya in 2010 (PM10), as well as in 2010
and 2012 (O3), were also used.

2.4. Methodology
2.4.1. Heatwave Definition

Several experiments were conducted to determine the most appropriate methodology
to identify the HWs. The approach of identifying HWs based on thresholds relative to
historical temperature distributions (e.g., the 90th or 95th percentile) was tested. However,
the 90th percentile of the maximum and minimum temperature values for the available ref-
erence period of 1982-2010 were calculated to be 36.7 °C and 22 °C (average temperature of
29.4 °C), respectively, which seemed to exaggerate the results of identifying the HW events
and days, and the 95th percentile for maximum and minimum temperature values for the
available reference period were calculated to be 37.9 °C and 22.8 °C (average temperature
of 30.4 °C), respectively, which seemed to show a lower effectiveness in capturing days
with anomalously high temperatures. Additionally, both percentiles underrated the HW of
2023, which had pronounced adverse effects on the energy and health sectors.

On the other hand, as it was observed to be most convenient for Egypt’s climate, in
this study, we adopted the HW definition proposed by Metaxas and Kallos [27]. Namely, an
HW day is defined based on two temperature criteria, as follows: the daily maximum and
the daily average temperature value should be at least 37 °C and 31 °C, respectively [28].
Despite the fact that Egypt has a common occurrence of a maximum temperature of 37 °C,
the presence of another condition, i.e., an average temperature of at least 31 °C, made this
approach more effective in capturing days with anomalously high temperatures and in
characterizing the occurrence of HW events that resulted in adverse health outcomes and
negative impacts on multiple sectors, such as the energy sector.

2.4.2. Data Analysis
The characteristics of the recent HWs were determined based on the following:

1. Analysis of the HW intensity, in terms of the number of HW days and the maximum
temperature reached during an HW event;
2. Analysis of the HW frequency, in terms of the number of HW events.

The relationship between daily mean temperature and air pollution levels, in terms
of PM10, NO,, and O3 concentration, during HW periods for GC was assessed based on
the following:
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1. Analysis of the time series of daily mean temperature and air pollutant concentration
during the months that recorded severe HW events [19].

2. Analysis of correlation between the temperature and each of the air pollutants, using
a simple linear regression model (linear correlation model) [19].

3. Analysis of the Air Quality Health Index (AQHI), which measures the air quality in
relation to public health, taking into account the daily averaged concentrations of
PM10, NO,, and O3 on a scale of 1 to 10. The largest AQHI corresponds to the highest
health risk from air pollution. The AQHI [29] also provides a word classification that
describes the degree of health risk related to the index reading (such as Low, Moderate,
High, or Very High Health Risk). It is calculated according to Equation (1) [23,30].
Table 1 shows the health risk as class indices, along with the AQHI grid showing
associated health messages:

Table 1. AQHI grid corresponding to each health risk class index [29].

Health Risk Index Class AQHI Grid

Low Risk 1-3
Moderate Risk 4-6

High Risk 7-10
Very High Risk 10+

10
AQHI = (107> % 100 x [({V,o.oooz97xpz\/110 _ 1) + (60.000871><NOZ _ 1) + (60.000537><O3 _ 1)} )
3. Results

3.1. Characteristics of Recent HWs

The number of HW events and the number of HW days that were identified per year
during the period of January 2005 until October 2023 are illustrated in Figure 1. Based on
the HW definitions applied in this study [27], the total number of recorded HW events was
190 cases, with 376 HW days. During the whole period of study, there was not a single
year that did not record an HW. The highest annual number of HW events was observed
in the year 2008, when 16 HW events were detected, followed by 2010 and 2016, which
recorded 15 HW events. On the other hand, the year 2021 recorded the highest number of
HW days (44 days), followed by 2010 (30 days), and 2016 (29 days). The slope of the linear
fit (black dashed line in Figure 1) is positive, which means that the number of yearly HW
days increased over the period of study.

mmNo.of Heat Wave Events ~ =#=No. of Heat WaveDays o Linear (No. of Heat Wave Days)

& y=07193x+ 12.96

W05 2006 2007 2008 009 2010 010 012 2003 04 NS N6 007 NI W08 2020 0A N2 03
Year

Figure 1. Number of identified HW events (blue bars) and HW days (solid black curve with black
circles) during the period 2005-2023. Black dashed line: linear fit.
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In 2005 and 2013, all the HWs lasted only one day (1-day HW), whereas HWs of two
or more consecutive days were recorded in the other years. It was also clearly observed
that the frequency of HW events lasting at least two consecutive days increased markedly
after the year 2015.

The daily maximum temperature values that were recorded during the identified HW
days are plotted in Figure 2. During the period of study, it is shown that peak temperatures
higher than 41 °C were observed, starting from the year 2006. Similarly, the average and
maximum durations of the HW events observed each year tended to increase (p-values
of 0.32 and 0.13, respectively) (Figure 3). The first long (i.e., with a duration of at least
3 days) HW event was observed in 2006 and lasted 5 days. The most prolonged event was
observed in 2021, when 11 consecutive days were identified as HW days. Interestingly, the
hottest HW events are not necessarily the longest: for instance, in 2013, all five HW events
lasted just one day, but their temperatures exceeded 41 °C. However, the results show that
over the period of study, there is a general increase in the frequency of occurrence of the
HWs, as well as an increase in their duration; however, longer observational time series
would be necessary to confirm these result.

Daily maximum temperature during heat wave events
46.00

4500 ° o o
4400 . o o
1300 ° ° o * o
o °
< 200 . o o o
2 o e $
£ 4100 oo 0 H L T $ o
' s $ . s
£ 4000 $ o o o § o 8 ¢ o o o
[ ° . [ ] ? v ° (] i
9.00 o $ o [ ] o ] | ¢ l Y
BE : N R
38.00 ° . L} L4 N . ¥
$ : 4 }H I * L ® 1 ¥
¢ ° | Y ¥ '
00 L . o $ s ! | A |

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024
Year

Figure 2. Maximum temperature of the observed HW days during the period of January 2005 until
October 2023. The colors indicate different HWs cases each year.

¥ =0.0264x - 51.23

Maximum duration (days)
Average duration (Days)

¥ =0.1684x - 334.36

2009 2011 2013 2015 2017 2019 2021 2023
Year

Figure 3. Evolution of the average (red curve) and maximum (black curve) durations of the heat
events recorded in GC each year between 2005 and 2023. The dotted lines are the best linear fits of
the two plots.
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HWs not only occurred during summer seasons (June—August), but also in March,
April, May, September, and October. However, the frequency of their occurrence in summer
is much larger. Figure 4 shows that over the last 18 years, most of the years witnessed the
occurrence of HW days between May and September, except for the years 2008, 2011, 2016,
2021, and 2022, in which HW days occurred earlier (in March for 2008 and April for the
rest of those years), and for the year 2009 and 2020, which ended in October. This indicated
that those mentioned years had longer periods prone to HW occurrence.

Heat Waves Dates

31-October

e 3
1-October r ') . s .
] ! LA } '
® . H '
1-September L . g 0
® ‘ ? ! ] t H [] !
¢
2-August ] L (] 0 ! . I . : 0 L] L
BEEESEE RN B R,
(]
3uly o o o 0 0 ] o ' .
[} (] ‘ 0 ‘ H ‘ .
) M i . ° : 0 i N ] .
. ) (] ) 0
3-June [] s [] . : U ‘ ‘ . (] L) % : :
) o s M | [
[} . ] $ ) .
' . (]
4-May [} L (]
[} ¢ [} .

4-April U ]

5-March
2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024

Year

Figure 4. Dates during the period between 2005 and 2023 when the HW days occurred.

3.2. Assessment of the Relationship between Temperature and the Pollutant Concentrations
during HWs

3.2.1. Selection of the Periods of Study

Because the longest HWs are expected to have the largest potential effect on air quality,
the rest of this study is focused only on the severe HWs. Therefore, in the first stage, only
the years with consecutive HWs days were retained; then, in these years, the month(s) with
the maximum number of HW days were selected. Finally, to narrow down the selection, a
criterion was used to further filter the HWs: only those with a duration above the general
average (5 days) were considered. As a result of this process, the most severe HWs were
found to have occurred in 2007, 2010, 2012, 2015, 2021, and 2023. Table 2 reports the exact
dates of these HWs, their duration (N, in days), the fraction (%) of the total number of HW
days in the year contributed by these specific HWSs, and other useful indicators, such as the
average maximum temperature (Tmax) and the average concentrations of PM10, NO,, and
Os. Note that the latter concentrations were not always available.

3.2.2. Time Series Analysis of Temperature and PM10 Concentration during Months with
Severe HWs

In order to examine the correlation between the temperature and the PM10 concen-
tration, time series of daily maximum temperature and daily mean concentration of air
pollutants were plotted for the months shown in Table 2 that had concentration data
(Figure 5). In 2007 and 2010, there is a clear tendency for the concentration to increase
with the temperature (p < 0.05). In 2012, there was also a positive correlation, but the
fact that the PM10 concentration remained relatively moderate for GC (around 50 pg/ m3)
masks, in large part, its variations. Conversely, in 2015, an isolated huge peak of PM10 (at
1288 pug/m?) occurred on 3 August due to the advection of mineral dust from the deserts
surrounding GC. Had it been represented on the plot, it would have made it impossible to
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observe the positive correlation linking the PM10 concentration to Tmax. This correlation
is particularly clear during the first 22 days of July.

Table 2. Details of the most severe HW periods identified between 2005 and 2023 in the GC area (see
selection criteria in the text). For the concentrations, Nil corresponds to missing data.

. Tmax PM10 NO, O3

Y Month P %

ear ont eriod N (%) e wgm®  (ugmd  (ug/m)

2007 June 24-29th 6 (31.6) 39.8 134.1 Nil Nil
July 24-28th 5(26.3) 39.2 146.2 Nil Nil
2010 June 17-23rd 7 (23.3) 39.9 186.0 14.7 13.1
August 15-20th 6 (20.0) 38.3 108.7 16.2 12.5
2012 August 7-13th 7 (41.2) 37.6 494 229 39.6
2015 August 3-11th 9 (37.5) 38.3 312.1 18.8 37.0
o1 July 15-21st  7(159) 380 Nil Nil Nil
July-August 29-8th 11 (25.0) 39.9 Nil Nil Nil
2023 July 22-28th 7 (25.0) 38.4 Nil Nil Nil

3.2.3. Correlation Analysis of Temperature and Air Pollution

More quantitatively, the dependence of the PM10 concentration on Tmax can be
evaluated by calculating the average PM10 and its standard deviation in each temperature
bin comprising a span of 1 °C between 27.5 and 40.5 °C. Note that in the calculation of
the averages, the extremely large PM10 values (i.e., those above 220 pug/m3, which is the
95th percentile of the statistical distribution) that are due to the advection of mineral dust
from the deserts surrounding GC were considered as outliers and were not taken into
account. The very large value of the coefficient of determination (R? = 0.84) confirms the
strength of the influence of Tmax on PM10, and the slope of the linear best fit to the results
(Figure 6) indicates that for each 1 °C increase in Tmax, the average increase in PM10 is
4.7 pg/m3. Over the range of temperature considered in our study, this corresponds to a
quasi-doubling of the PM10 concentration (Figure 6).

For NO, and ozone, the visual examination of the time series (not shown) does
not reveal any obvious covariation with the temperature. However, the methodology
previously used for PM10 was also applied to these two pollutants. This method confirms
the absence of the influence of Tmax on the concentrations of NO, (R? = 0.001, Figure 7a).
During the months exhibiting the severe HWs, the average daily NO, concentration varied
around 31 (£12) pg/m?, independently of the temperature. Regarding ozone (Figure 7b),
there is a significant positive correlation (R? = 0.24) with the temperature, but the slope is
so modest that the average increase in the O3 concentration is only 5.9 pg/m? between 30
and 40 °C. This increase represents about 10% of the average concentration (58 + 6 pg/m?)
of the period of study and is much smaller than the quasi doubling of the PM10 for the
same range of temperature variations.

3.2.4. Implications for AQHI during HWs

In Equation (1), the numerical evaluation of the three terms of the summation allows
for separately quantifying the effects of PM10, NO;, and O3 on the overall AQHI. Our
results show that during the summer months, NO; is little affected by the occurrence of the
HWs, which means that its contribution to the AQHI is relatively constant. With an average
concentration of 31 pg/ m? (see above and Figure 7a), this contribution is 2.6 (CI, 1.6-3.6),
which—were NO, considered alone—would correspond to a low risk (Table 1). When
the temperature increases from about 30 to 40 °C (the latter value being representative of
intense HWs), the average concentration of ozone increases from 52 to 64 pg/ m?3, that of
PM10 from 60 to 120 pg/ m3, and their individual contributions to the AQHI from 2.6 to 3.3
(ozone), and from 1.7 to 3.4 (PM10). In summary, the average AQHI is 6.9 at 30 °C, but it
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reaches 9.3 at 40 °C. This increase is mostly due to the contribution of PM10, and the health

risk shifts from “moderate” to “high” (Table 1).

Therefore, with an increasing frequency of HW days (Figure 1), one can expect a
degradation of the general air quality in GC, particularly in the summer months. This
impact is further illustrated by Figure 8, showing the good correlation (R? = 0.56) between
the number of yearly HW days between 2009 and 2016 and the average AQHI in the

same period.
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Figure 5. Co-variations of the daily Tmax and the PM10 concentrations during the summer months

of the severe HWs reported in Table 2.
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4. Discussion

Interestingly, summer is not a season during which the advection of desert dust
(frequent in spring) or biomass burning (September and October) is usually observed. This
means that we have mostly looked at the effect of temperature on the concentration of
PM10, NO,, and ozone produced locally.

There is not a lot of literature examining the correlation between HWs and air quality in
Egypt. One study conducted by Mohamed et al. [31] regarding the interaction between air
pollution and thermal discomfort, which considers temperature and humidity in assessing
human discomfort in hot and humid weather conditions, found that the thermal discomfort
had a synergy with the air quality in extreme weather conditions. This is consistent with our
findings for GC, Egypt, showing a positive correlation of PM10 and ozone with temperature.
These results also agree with those of a study of Birmingham, UK, by Kalisa et al. [19], a
study of Athens, Greece, by Theoharatos et al. [18], and a study of 17 French cities by Pascal
et al. [21]. However, our results for ozone, which indicate a significant positive, but rather
weak, correlation with temperature, do not concur with the findings of a study of three
cities in the Center Region of France by Lacour et al. [32], which found ozone to strongly
correlate with temperature, or the findings of Kalisa et al. [19], in which the time series of
ozone exhibited the most pronounced variation, among the other air pollutants, in relation
to HW.

The positive correlation between PM10 and temperature may be attributed in part to
the fact that clear skies and active photochemistry during HWs facilitate the transformation
of anthropogenic or natural volatile precursors into secondary fine particles, thereby in-
creasing the PM10 concentration in air [19]. Regarding these precursors, it is most probable
that the emission of volatile organic compounds (VOC) by the vegetation is enhanced when
plants are subjected to an intense heat stress during the HWs [33]. Moreover, air pollution
levels generally tend to increase during HWs due to low winds that prevail, leading to stag-
nancy of air and poor dispersion conditions, which results in the accumulation of all types
of pollutants in the atmosphere. However, this stagnation, which could explain part of the
PM10 increase with temperature, does not seem to be consistent with the lack of visible
effect on the NO, concentration. This contradicts what was reported by Kalisa et al. [19],
Theoharatos et al. [18], and Pearce et al. [34], namely that NO, correlated positively with
temperature. A possible explanation for this discrepancy could be that our analysis focused
mostly on summer months (June to August), when the NO, concentration is the lowest
in Cairo and when there are complex photochemical interactions with ozone triggered
by sunlight and nitrogen oxides (NOx), in which NO, can act as a source or a sink of O3,
depending on their availability [20].

For ozone, the “modest” increase could be explained by the fact that HWs coincide with
clear summer skies, which are obviously favorable for ozone formation. This finding agrees
with the results of Mostafa et al. [16], who reported that ozone concentration increased
with temperature, i.e., in the summer season and the daytime, and that the highest ozone
concentration levels in GC tend to appear in the summer season. However, the relationship
between ozone and temperature depends on the availability of local resources (sunshine,
ozone precursors, etc.) and large-scale atmospheric circulations, and it usually does not
follow a simple linear positive relationship [20]. Therefore, more research is needed in this
domain, specifically with more data available to allow for a deeper examination of the local
and global air pollution sources.

Further, the causal relationship between HWSs and air pollution, especially PM10, may
also be of interest. Indeed, a previous study of the Egyptian climate (Mostafa et al. [22])
showed that HWs are synoptic phenomena that strike the whole Egyptian territory at the
same time, while PM10 concentrations are much more variable (spatially); therefore, it can
be argued that HWs increase the PM10 concentration, and PM10 cannot be considered as
the cause of the occurrence of HWs. However, PM10 could aggravate the HWs locally.
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5. Conclusions

Between 2005 and 2023, the frequency, intensity, and duration of HWs striking the
GC area have increased. Although HW days could be occasionally observed as early
as March or as late as October, the most severe events, i.e., those lasting at least 5 days,
occurred from June to August. In these summer months, the air pollutants (PM10, NO,,
and O3) are essentially produced locally because the advection of mineral dust from the
deserts surrounding the city or the biomass burning plumes from the Nile Delta mostly
occur in spring and autumn, respectively [35]. The examination of the time series of
temperature and air pollutants concentrations, and the quantification of their correlation
yielded contrasted results:

1.  Temperature and PM10 are strongly and positively correlated (R? = 0.84). On average,
PM10 is around 60 pg/m3 when the daily maximum temperature is between 27 and
30 °C, but this concentration doubles when the temperature increases above 40 °C
during the HWs.

2. Ozone concentration is also positively correlated with temperature, but less strongly
(R? = 0.24) than PM10. On average, its concentration increases by 10% (between 50
and 60 pg/m3) when the temperature increases from 30 to 40 °C.

3. Conversely, there is no detectable impact (R*> = 0.001) of temperature on the
NO; concentration.

Generally, low winds prevail during HWs, which favors the accumulation of air
pollutants and could explain, in part, the higher levels of PM10 during HWs. However,
the NO, and ozone concentrations do not increase as do those of PM10. Therefore, the
strong positive correlation between PM10 and temperature may rather be attributed to the
more active photochemistry which accompanies the HW conditions, favors the formation
of secondary aerosols, and generates higher concentrations of PM10 in the air. Moreover,
under heat stress, the vegetation probably emits more VOCs to foster this conversion.
However, more research is clearly necessary to identify and apportion the real reasons for
the PM10 increase during HWs.

A possible explanation of the unexpected non-significant correlation of NO, with
temperature can be the timing of the study (mostly summer), taking into consideration
that NO, concentrations tend to decrease in the summer season. Regarding ozone, the
significant positive correlation between its concentration and temperature could be easily
explained by a more active generation under the clear sky condition of HWs, but the fact
that the effect of these HWs is not as marked as that in other cities still requires clarification.
Local ozone sources and atmospheric circulations must be further analyzed in order to
explain the “modest” increase in ozone observed in GC during HWs.

Our evaluation of the role of the three pollutants shows that PM10 played the great-
est role in altering the AQHI during the HWs, shifting the health risk from “moderate”
to “high”.

These findings are a matter of concern because the frequency of severe HWs is expected
to continue increasing in the future as a result of global warming of the earth’s climate.
This also emphasizes the need for more research on the correlation between HWs and
air pollution, specifically in examining the concurrent HWs and increasing air pollution
episodes. The results of such research would help in the establishment of public health
early warning systems.
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