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Abstract
The densely populated Greater Cairo (GC) region suffers from severe air quality issues caused by high levels of anthropogenic
activities, such as motorized traffic, industries, and agricultural biomass burning events, along with natural sources of particulate
matter, such as wind erosion of arid surfaces. Surface-measured concentrations of particulate matter (PM10), sulfur dioxide (SO2),
and ozone (O3) and its precursor’s gases (nitrogen dioxide, NO2; carbonmonoxide, CO)were obtained for the GC region. The PM10

concentrations were found to exceed remarkably the Egyptian guidelines (150 μg/m3). These high levels of PM10 were recorded
throughout 68% of the period of measurement in some industrial areas (El-Kolaly). The measured data of pollutants were used for
both the evaluation of environmental pollution levels and the validation of the online-integrated regional climate chemistry model
BRegCM-CHEM4.^ Calculation of the bias between the model results and the measured data was used to evaluate the model
performance in order to assess its ability in reproducing the chemical species over the area. The model was found to reproduce the
seasonal cycle of the pollutants successfully, but with a large underestimation of the PM10 values. Validation of the RegCM-CHEM4
indicated that the emission inventories of mobile sources and anthropogenic activities need to be improved especially with respect to
local and regional activities in order to enhance air quality simulations over the GC region.
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Introduction

Air pollution is one of the major problems worldwide. It is a
key factor for a number of health issues. Several health con-
ditions may include respiratory and cardiovascular diseases,
central nervous system disorders, cancer, and even mortality

(WHO 2014). Major air pollutants include sulfur dioxide
(SO2), nitrogen dioxide (NO2), carbon monoxide (CO), sur-
face ozone (O3), and particulate matter (PM1, PM10, and
PM2.5). With increasing air pollution levels worldwide, it
has become crucial to give more attention to this issue.
Greater Cairo (GC) is the largest metropolitan area in Egypt
and the world’s 17th largest metropolitan area. It has a popu-
lation density of 13,107 people/km2 with around 22.8 million
people living in an area of 1709 km2 (Central Agency for
Public Mobilisation and Statistics 2017). The large population
with the resulted huge motorized traffic along with many fac-
tories located in or around GC plays a major role in the in-
creased air pollution in the area. Additionally, Bthe Black
Cloud^ phenomenon, resulted from the advection of smoke
generated from the burning of rice straw after harvest in the
River Nile Delta, has been observed in GC duringOctober and
November when temperature inversions help in worsening the
condition (World Bank Annual Report 2013). Several studies
have tackled the issue of poor air quality in GC. Zakey et al.
(2004) studied how the dust and sand particles can increase
the aerosol optical properties in spring and autumn during
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high-velocity wind events and commented that BMokatem
Hills^ which surround Cairo City are considered as a source
of fine-sand particles. Abu-Allaban et al. (2007) measured the
24-h PM10 concentration during monitoring campaigns in the
winter and autumn of 1999 and the summer of 2002 at six sites
representing different exposure types (industrial, residential,
mobile sources, etc.). The daily mean PM10 concentration
levels were reported to range from 93.0 ± 4.8 to 360.3 ±
19.2 μg/m3, with the open waste burning shown to contribute
strongly to PM10 levels, especially during autumn. Also,
Zakey et al. (2008) reported annual PM2.5 and PM10 levels
of 85 ± 12 and 170 ± 25 μg/m3, respectively, at 17 representa-
tive sites between 2001 and 2002. El-Metwally et al. (2011)
assessed the temporal variability of the aerosol characteristics
and how strong they impact on the solar radiation transfer.
They utilized the level 2 quality-assured products obtained
by inversion of the AERONET sunphotometer data measured
in Cairo during the Cairo Aerosol Characterization
Experiment (CACHE), for the period from the end of
October 2004 to the end of March 2006. The analysis sug-
gested that the aerosols can be classified into at least three
main components produced by (1) the daily activities, (2)
the agricultural waste burning in the Nile Delta, and (3) desert
dust. Moreover, higher aerosol concentrations were reported
in July due to stable atmospheric condition. Lowenthal et al.
(2014) conducted a PMmonitoring and source apportionment
study and demonstrated that the Egyptian 24-h PM10 standard
of 70μg/m3 (EEAA 1994) was exceeded at all the chosen five
sites of variable exposure type between 91 and 96% of the
sampling periods in June and October of 2010, respectively.
They found that the re-suspended geological dust, mobile
sources, and open (biomass or trash) burning contributed
mainly to PM10 concentration levels, with the open burning
contribution exceeding that of soil and motor vehicles during
autumn, in 2010, perhaps due to the agricultural waste burning
that follows the autumn harvest season. Wheida et al. (2017)
analyzed the temporal and spatial variability of the concentra-
tions of PM10, NO2, and O3 for the period from 2000 to 2004
and from 2010 to 2015 at 18 stations of GC. The average
PM10 concentration over the whole GC area was 155 μg/m3.
The range of PM2.5 (about 50% of the PM10) concentrations
measured at all stations was well above the 20 μg/m3 Air
Quality Guidelines of the WHO, the 40 μg/m3 of the
European Union, and the 75 μg/m3 of Egypt. The analysis
of the temporal variations demonstrated that the sharp
concentration peaks are mostly due to the advection to-
wards GC of dust from surrounding deserts or agricultural
waste burning carbonaceous products in the Nile Delta.
Furthermore, NO2 concentration levels exceeded the
10 μg/m3 recommendation of the HRAPIE project
(WHO 2013) at 15 stations, but they exceeded the
40 μg/m3 of WHO yearly limit at four stations only.
Analysis of the ozone concentrations showed its typical

temporal pattern with maximum concentrations at summer
and minimum at winter in the four years of study.

The integrated online climate-chemistry model BRegCM-
CHEM4,^ maintained by The Abdus Salam International
Centre for Theoretical Physics (ICTP), has been used to sim-
ulate the air quality over any domain. Solmon et al. (2006)
used this model over the domain from northern Europe to
southern sub-tropical Africa and validated its results against
surface concentrations and aerosol optical depth (AOD)
datasets for the winter and summer of 2000. The validation
results showed that the model was able to reproduce the sea-
sonality and regional patterns of aerosols over the studied
domain, with the concentrations of the simulated carbona-
ceous compounds close to those of the measurements and an
underestimation of aerosol amounts, especially over the
Mediterranean basin and in summer. They concluded that this
bias may be attributed to the uncertainties both in primary
sulfate organic carbon (OC) and black carbon (BC)
emissions and in the representation of the vertical convective
transport and the lack of emission inventories for biogenic
secondary OC sources and anthropogenic nitrates. Shalaby
et al. (2012) proved that the RegCM-CHEM4 model could
simulate the ozone event of August 2003 as well as its long-
term seasonal cycle, with an overestimation of concentration
in the non-event years. They attributed this bias to shortcom-
ings with the model boundary conditions. To assess the ability
of the RegCM4-CHEM model to simulate air quality, Steiner
et al. (2014) used the model over northern Africa and the
Mediterranean, with a specific focus on the GC region. Their
results showed the model to capture the seasonal cycle of
ozone, but with an underestimation of the observed July sum-
mer maxima, and to underestimate the average July daily
maximum NO2 concentrations and the atmospheric aerosols
due to the autumn burning events. They concluded that there
is a need to improve emission inventories in the GC region in
order to take into account the local sources of agricultural
burning and the regional atmospheric chemistry.

In this work, we used RegCM-CHEM4 to simulate the air
quality over the GC domain for three years to test its ability to
simulate the measured pollutant concentrations and identify its
potential shortcomings when operated over such a megacity.
This type of validation is crucial for making some recommen-
dations for the model’s performance and to point out obvious
lacks in emission inventory.

Materials and methods

Ground-based observation of particulate matter
and gaseous pollutants

We consider four gaseous pollutants in this study, namely,
SO2, NO2, CO, and O3, and PM10. All these concentrations
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are measured every hour by the Egyptian Environmental
Affairs Agency (EEAA) network. Also, O3 is measured every
hour by the Egyptian Meteorological Authority (EMA). The
data available for this study is the reunion of two datasets: the
first one contains the SO2, NO2, CO, and PM10 concentrations
measured from 2010 to 2014 at the 17 stations of the EEAA
(Fig. 1) and the second one corresponds to the O3 measure-
ments performed during the same period at one station of the
EMA network. Table 1 lists the stations measuring the differ-
ent gaseous pollutants and the PM10 as well as the station type
and location.

The regional climate chemistry model
(RegCM-CHEM4): description and simulation setup

The online-integrated Climate Chemistry Model version-4
(RegCM-CHEM4) is a regional climate atmospheric chem-
ical transport model of the troposphere (Qian et al. 2001;
Zakey et al. 2006; Solmon et al. 2006; Shalaby et al. 2012;
Giorgi et al. 2013) and is maintained in the Earth System
Physics (ESP) Section of the ICTP (Elguindi et al. 2014;
Giorgi et al. 2013). The model can be applied to any region

of the World with high resolution (up to 2 km) and for a
wide range of studies, such as climate process studies,
paleoclimate, and future climate simulation. For this study,
the tracer version of RegCM-CHEM4 was used, where
SO2, NO2, CO, O3, and PM10 are simulated over GC for
three years (2010–2012). Note that the period of the model
run was 2-year shorter than that of the available observa-
tion data due to some limitations in the computational
power. The domain of the simulation is covering the whole
Egyptian territory with a 10 km spatial resolution, which is
enough to distinguish four main sectors (north, east, south,
and west) in the Greater Cairo area, 18 vertical levels, and
30-s time step. Spin-up is 3 months. The initial and lateral
boundary conditions for the model simulation were obtain-
ed 6-hourly from the NCEP Daily Global Analysis
BNNRP1^ with a spatial resolution of 0.25°. CO sources
include direct emissions and secondary production from
the oxidation of hydrocarbons, while CO sinks include
reaction with OH and dry deposition. Chemistry boundary
conditions were taken as monthly averages of OH and CO
chemical production fields from MOZART-4 which is an
offline global chemical transport model for the troposphere
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Fig. 1 Illustrative map of the GC
region, showing the location of all
the EEAA air quality stations.
Note that in El-Abbasseya the in-
struments of the EMA and EEAA
networks are installed in the same
location. Only the stations with
colored labels are the ones used in
this study. The colored regions
indicate the geographic location
of the four GC sectors (north,
south, east, and west) considered
in the data analysis. The alpha-
betic symbols refer to the type of
the station: R, residential; Rs,
road side; I, industrial; U, urban.
The colors of the symbols refer to
the components measured by the
station: red, SO2; blue, NO2;
green, CO; orange, O3; violet,
PM10. The figure was originally
adopted from the Wikipedia
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(Emmons et al. 2010) and is running in-house routinely at
the Egyptian Meteorological Authority. The boundary lay-
er scheme used is Holtslag PBL (Holtslag et al. 1990), and
the convection scheme is Grell (Grell 1993). The chemistry
simulation type is BDCCB,^ in which the following chem-
ical tracers are activated: CBMZ (gas phase and sulfate),
DUST (4 dust bins scheme), CARB (4 species black/
anthropic carbon), and sulfate–nitrate–ammonium aerosol
calculated with the ISORROPIA gas-aerosol thermo-dy-
namical scheme (Nenes et al. 1998a, b; Fountoukis and
Nenes 2007).

Results and discussion

Observation data analysis

In order to assess the pollution levels of SO2, NO2, CO, O3,
and PM10 for the study period at the observation sites, analysis
of mass concentration of these pollutants and their spatial and
temporal variability was done.

For the mass data collected in the study stations
(Table 1), a statistical approach was used in order to deter-
mine the mean aerosol characteristics at each site. We are
presenting the results of only four stations for each

pollutant, except for CO and O3 which are only available
at three and one station, respectively. The selection of the
four stations is based on the geographical distributions of
the GC area into the four geographical sectors already pre-
sented previously. In each of these sectors, the station best
representing the general behavior of the area was the one
with the least root-mean-square error (RMSE) between the
spatial average of the respective sector and station average.
Note that the representative stations of each sector are not
necessarily the same for the different species (Table 2). In
the following, only the results of the analyses of the month-
ly and daily data of these stations will be presented.
Noteworthy, the spatial and temporal patterns observed in
the analysis of the investigated period (2010–2014) are
strongly influenced by the dynamic conditions within the
planetary boundary layer. Therefore, we investigate the
prevailing wind pattern in the four sectors and their rela-
tionship with the air pollution spatial distribution and mass
concentration. The wind rose diagrams were produced
using the EMA wind data measured over the same 5-year
period of study (2010–2014) for four available stations
(10th of Ramadan, N; El-Kattameya, E; 6-October, W;
Helwan, S) representing the four sectors of GC. Figure 2
shows the wind rose diagrams for the four sectors of GC.
The prevailing wind direction is from the north–northeast

Table 1 Measuring stations with their coordinates, monitoring type, and measured pollutants available for the period of study (Mostafa et al. 2018)

Site no. Station name Measured pollutants Coordinates Station typeb Location

Lon. Lat.

1 El-Abbasseyaa O3 31°17′ 30°04′ U/R W

2 El-Kolaly SO2, NO2, PM10 31°14″ 30°03′ Rs/U W

3 Nasr City SO2, NO2, PM10 31°19′ 30°03′ R E

4 El-Maadi SO2 31°16′ 29°57′ R S

5 El-Tebeen SO2, NO2, PM10 31°17′ 30°10′ I S

6 Abo-Zabaal SO2 31°24′ 30°14′ Rs/U E

7 Helioplis PM10, CO 31°21′ 30°5′ Rs/U E

8 Helwan SO2, PM10 31°20′ 29°50′ Rs/U S

9 Nasser Institute SO2, NO2, PM10 31°15′ 30°6′ Rs/U N

10 New Cairo NO2, PM10 31°21′ 30°2′ R E

11 El-Maasra SO2, NO2, PM10 31°17′ 29°55′ R S

12 6-October SO2, PM10 31°14′ 30°03′ Rs/U W

13 El-Mohandeseen SO2, PM10 31°12″ 30°5′ R W

14 El-Salam SO2, PM10 31°16′ 30°7′ R S

15 Giza Square SO2, NO2, CO, PM10 31°12′ 30°01′ R W

16 Fum El-Khalij CO 31°13′ 30°1′ R S

17 Shobra El-Kheima PM10 31°14′ 30°07′ R N

a The El-Abbasseya stations of the EMA and EEAA networks are the same; the monitoring type of all the stations is instantaneous, except for site 6 (N)
which has the specimen collection type
b R, residential; Rs, road side; I, industrial; U, urban
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in all sectors. The most frequent wind speed is 11–18 km/h
in the northern and southern sectors, but 18–30 km/h in
eastern and western ones. The decrease of wind speed in

northern and southern GC may be explained by the fact
that eastern and western GC are less urban than northern
and southern GC, and generally wind speed is lower in
urban areas than areas outside of it (e.g., suburban areas)
(Table 2), which has been attributed to the greater aerody-
namic surface roughness of a city compared to its rural or
suburban surroundings. Such results are consistent with
other literatures (e.g., Frederick (1964); Graham (1968);
Robert and Douglass (1977); Robaa (2013)).

The 5-year-averaged seasonal diurnal variations of SO2,
O3, NO2, CO, and PM10 concentrations during the period of
study for the representative stations are represented in Figs. 3,
4, 5, 6 and 7.

Figure 3 shows that the SO2 concentrations are higher
around noontime at all the stations and in all seasons,
while the lower concentrations are observed in early
morning and late evening associated with rush hours.
These findings agree with those of Lin et al. (2012).
The diurnal width of the SO2 peak varies with the sea-
son. In winter, the peak is observed between 07 UTC
and 17 UTC, in spring between 06 UTC and 14 UTC,
and in summer and autumn, which display the broadest
peak, between 07 UTC and 22 UTC, respectively. The

Table 2 The selected representative stations and their respective station
number and type

Station number Station name Station typea Geographic location

1 El-Abbasseya U/R N

2 El-Kolaly Rs/U N

3 Nasr City R E

4 El-Maadi R S

5 El-Tebeen I S

7 Heliopolis Rs/U N

9 Nasser Institute Rs/U N

10 New Cairo R E

11 El-Maasra R S

13 El-Mohandeseen R W

15 Giza Square R W

16 Fum El-Khalij R S

a R, residential; Rs, road side; I, industrial; U, urban

Fig. 2 Prevailing wind direction (degrees) and speed (km/h) over the 5-year period of study in four different areas of GC representing the north (a), south
(b), east (c), and west (d) sectors
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western station (site 02) displays the most pronounced
peak in all seasons.

Though biomass burningmay contribute to the emissions
of SO2, its most important source is the combustion of
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Fig. 3 Five-year-averaged seasonal daily average concentrations for the chosen stations for SO2 for (a) winter (DJF), (b) spring (MAM), (c) summer
(JJA), and (d) autumn (SON)
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variation of surface ozone over
El-Abbasseya (site 01)
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sulfur-containing fuels (e.g., oil and diesel) by the industry
and the transportation sectors. This can be the reason of the
maxima occurring during traffic hours. The other possible

causes of SO2 noontime-peak phenomenon were discussed
by Xu et al. (2014), from which the following cause can be
attributed to our case of the GC region: aerosol and fog
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Fig. 6 Five-year-averaged seasonal daily average concentrations of NO2 at the chosen stations in (a) winter, (b) spring, (c) summer, and (d) autumn
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Fig. 5 (a) Monthly variation of
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the studied GC stations,
indicating higher VI in summer
season. (b) Monthly variation of
the solar radiation as surface
downward shortwave flux
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liquid water can serve as an efficient sink for SO2 as it is a
soluble gas, which can be scavenged effectively through
aqueous phase reactions in fog or wet aerosol particles
(Pandis et al. 1992). Fog and high-relative-humidity haze
events usually occur during nighttime and persist until the
temperature rises up in the morning, leading to low night-
time SO2 concentrations. Additionally, such events are typ-
ically characterized by surface temperature inversions,
which will prevent the vertical mixing of elevated SO2

emissions, further leading to its increased concentrations
(Jacobson 2002). With the increasing temperature in the
morning, vertical mixing of SO2 is enhanced and, also, the
relative humidity will decrease, weakening the SO2 scav-
enging process.

Figure 4 shows the daily-averaged concentration of
ozone in the four seasons. Surface ozone showed a well-
defined seasonal variation. The study of the synoptic pat-
terns (not shown here) indicates that the highest ozone
levels in the lower troposphere over GC tend to appear in
the summer season, as shown in Fig. 4, when a strong high-
pressure system usually prevails over the region, while low
ozone levels are observed during winter when low-
pressure systems prevail. High concentrations of O3 can

be observed during daytime and low concentrations during
morning and late night. The maximum O3 concentration is
observed in early afternoon: between13 UTC and 17 UTC
in spring, autumn, and winter and between13 UTC and 19
UTC in summer, due to increased emission of NO2 and
volatile organic compounds (VOCs), and intensified solar
radiation which triggers the photochemical reactions. In all
seasons, the minimum O3 concentrations are recorded late
in the night and in the early morning hours (01–08 UTC),
because of reduction or absence of solar radiation intensity,
respectively, and as a result of the absence of photochem-
ical production reactions, along with the deposition of O3

and the reactions with NO and NO2. The large daily levels
of O3 indicate that the photochemical production of O3 is
significant, especially in late summer when the highest O3

concentrations are recorded (Udayasoorian et al. 2013).
Occasionally, air containing high levels of accumulated
tropospheric ozone may descend from the upper tropo-
sphere and enter the planetary boundary layer (PBL), lead-
ing to high surface ozone concentrations and maybe an
exceedance of the air quality guidelines of ozone exposure.
This phenomenon may occur in some cases, depending on
the meteorological conditions, the time of the day, and the
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Fig. 7 Five-year-averaged seasonal daily average CO concentrations at the chosen stations in (a) winter, (b) spring, (c) summer, and (d) autumn
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geography and topography of the area. In this case, the
transfer factor contributes more to the level of ozone con-
centration than the photochemical production process
(Kalabokas et al. 2015).

The ozone precursors, NO2 and CO, showed seasonal-
hourly variations which could be described at some sites as
being nearly opposite to those of O3 (Figs. 4, 6, and 7),
where high concentrations appear during morning, late
evening, and night, and low concentrations during day-
time. Diurnal variation of NO2 in all seasons and CO in
winter has two main concentration peaks. The first one
appears in the morning (08–11 UTC) and the second one
in the evening until early night (19–01 UTC). The double
peak pattern of NO2 was most pronounced in winter and
spring and then in autumn, while it was least pronounced in
summer. The concentrations of NO2 and CO are minimum
at around 05–07 UTC and at around 14–17 UTC when O3

reaches its highest concentration. However, for CO, in the
other seasons, namely spring, summer, and autumn, there
was only one main peak appearing around 12–17 UTC in
one station (site 15, W), with minimum values in other
times of the day, while there was no significant change in
CO concentrations levels throughout the day for the two

other stations available (site 7, E and site 16, S).The high
levels of NO2 and CO during morning, late evening, and
night may be attributed to the traffic cycle, increased an-
thropogenic activities, and lowered boundary layer which
suppresses the mixing of the pollutants, while the low con-
centrations during the daytime may be attributed to both
the degradation of those pollutants through photochemical
reactions as a result of increased temperature and solar
radiation intensity and to the dispersion or ventilation ef-
fect driven by high temperatures (Latha and Badarinath
2003; Al-Jeelani 2014). This is in agreement with Rao
et al. (2002a, b) and with Mahmoud et al. (2008) who
explained the diurnal variations of the BC concentrations
observed in GC during CACHE by the combined effects of
emission and ventilation variations. Moreover, as temper-
ature inversions during early morning are most common in
autumn and winter than in spring and summer, the higher
values of NO2 and CO in winter and autumn may be
caused by the lower PBL. On the other hand, the generally
lower values in summer may be assigned to higher rate of
photochemical reactions due to the higher solar radiation
intensity and the stronger vertical mixing as shown in
Fig. 5. The monthly variation of the ventilation index
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Fig. 8 Five-year-averaged seasonal daily average PM10 concentrations at the chosen stations in (a) winter, (b) spring, (c) summer, and (d) autumn
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(VI) shown there, i.e., the product of wind speed and PBL
height, is related to the potential of the atmosphere to dis-
perse airborne pollutants, which is a measure of air pollu-
tion based on both the wind speed in the mixed layer and
the mixing height. The wind speed and PBL height data
used to calculate the VI shown in Fig. 5 were extracted
from the RegCM-CHEM4 model output data at the respec-
tive stations as the observational data of PBL height were
not available at the time of the study.

The diurnal variation of PM10 in GC displayed two peaks,
consistent with the anthropogenic activities of the area (Fig. 8).
The PM10 concentrations started to increase at 06 UTC, until
peaking at 09–11 UTC; then, the concentrations of PM10 de-
creased until reaching its minimum at around 14–17 UTC,
followed by an evening peak at 19–22 UTC. The double peak
of PM10 was most explicit in winter, followed by autumn, then
summer (which exhibited a broadened trough), and finally spring
when the double peak was least pronounced. Additionally, PM10

showed higher concentrations and more pronounced diurnal var-
iation during autumn and winter (colder seasons) than spring and
summer (warmer seasons).The lower concentrations observed
from mid-day to late afternoon can be attributed to both increas-
ing boundary layer height and reduced anthropogenic emissions

(Zhang and Cao 2015). The higher concentrations in early morn-
ing and late evening are due to decreasing boundary layer height
and increasing vehicle emissions, which is proved by the nearly
coincidence the double peak of PM10 with that of SO2and NO2.
Note, that the third peak observed at 13 UTC at site 11 (S) in
autumn (Fig. 8d) is probably due to the northern winds transfer-
ring PM10-ladden air masses from the north parts of GC to the
southern areas (Fig. 2).

Health issues and increased mortality due to exposure to air
pollution were reported in GC. According to Wheida et al.
(2017), it was found that 9–13% of the all-cause mortality of
the population older than 30 years old can be attributed to
exposure to PM2.5, which corresponds to 10,240 and 14,790
deaths, respectively. In the industrial sectors of GC, such as
Abo-Zabaal where the NO2 concentration exceeds the WHO
guidelines, an additional 6% of the mortality can be attributed
to this gas. However, if the B10 μg/m3^ threshold of the
HRAPIE project (WHO 2013) is adopted, it was found to be
exceeded at almost all stations. Therefore, an average NO2

concentration of 34 μg/m3 was calculated to attribute to be-
tween 7852 and 10,470 yearly deaths in GC. Moreover, they
estimated that 2–8% of the respiratory mortality could be at-
tributed to O3.

Fig. 9 Seasonal variation of lowest model level of nitrogen dioxide, surface ozone, carbon monoxide, sulfur dioxide, and PM10 over Egypt

Environ Sci Pollut Res (2019) 26:23524–23541 23533



RegCM-CHEM4 model validation

The model output comprises the pollutants’ mass concen-
tration of the lowest model level, which represents the sur-
face level. In this study, the output was extracted for the
same site locations in GC representing the four different
sectors of GC. The monthly- and daily-averaged mass con-
centrations were calculated for each season of the three
years (2010–2012) of the model runs. We used the local
SO2, NO2, CO, O3, and PM10 measurements of the most
representative sites versus the modeled ones in order to
identify the model deviation from the observations to as-
sess the ability of the model to simulate the seasonal and
diurnal variations of the air pollutant concentrations. For
the mass data collected in the study stations (Table 1), a
statistical approach was used in order to determine the
mean aerosol characteristics at each site.

The results showed that the model output generally
reproduced well both the pattern and variability of SO2, O3,
NO2, CO, and PM10 concentrations as shown in Fig. 9.

The model bias based on the 3-year monthly-averaged
mass concentrations and the 3-year seasonal-hourly-
averaged mass concentrations was calculated for each pollut-
ant at the corresponding stations (Figs. 10, 12, 13, 14, 15 and
16, respectively)

Figure 10a shows, for the SO2, a mostly overestimation
except for an underestimation in January and February at the
northern site, in January, June, August, November, and
December at the western site, and in July and December at
the southern site. An exception to this is the eastern site (site
03) which exhibits a mostly underestimation in all months
except March, September, November, and December.
However, the maximum positive and negative biases recorded
were 20 and − 20 μg/m3, respectively, in site 09 (N). Site 02
(W) showed the least positive and negative biases (around 1
and − 1 μg/m3, respectively). This may be explained by the
fact that the prevailing wind direction is the north–northeast in
all GC sectors with prevailing wind speed of 11–18 km/h in
the northern sector, as shown earlier in Fig. 2; thus, air pollut-
ants are mainly transported southwestwards. However, prob-
ably because of an insufficient spatial resolution of the mete-
orological data within the model domain, the model does not
seem to account accurately for this phenomenon as the model
shows the prevailing wind direction to be the north–northwest
but with lower prevailing wind speed of only 6–11 km/h
(Fig. 11).

Figure 12 shows that the model underestimated the con-
centration of sulfur dioxide (SO2), except for site 03 (E)
where it was slightly overestimating in early morning for
all seasons except the winter. The highest negative biases
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were observed around noon in all seasons for all the sta-
tions. This may be attributed to a higher convection situa-
tion assumed by the model at noon which is supposed to
lower the levels of air pollutants concentration (as ex-
plained earlier). The highest bias recorded was a negative
one observed in winter and summer seasons for site 3 (E),
especially at noon.

Figure 10b shows that the model mostly underestimated
the monthly averages of the NO2 concentration at the four
representative sites with maximal underestimations in April
and December. This underestimation may be due to assum-
ing weaker temperature inversion in spring and autumn as
well as weaker local biomass burning in autumn by the
model. Figure 13 shows that the model underestimated
the concentrations of NO2 except in early morning and late
night in all seasons in site 09 (N), all seasons except the
winter in site 03 (E), and in summer and autumn in site 15
(W). An exception to this is site 11 (S) which exhibits an
overall underestimation in all seasons during the whole
day. Also, the winter of site 09 (N) exhibits a complete
overestimation during the whole day. This may be due to
assuming a stronger temperature inversion in early morning
hours by the model in these sites. However, the negative
bias for NO2 was less uniform than that for SO2, suggesting
the presence of other factors affecting NO2 simulation rath-
er than the atmospheric conditions, such as source

emissions and photochemical reactions. A possible expla-
nation for the discrepancy between the model and measure-
ments is the presence of widespread local biomass burning
that existed and might not be properly quantified by the
emission inventory. Also, the fire-induced plume is not in-
cluded in the simulations and might have contributed to this
bias (Drori et al. 2012).

Different from the situation of SO2 and NO2, all sites
displayed a nearly uniform negative bias for CO throughout
the year as Fig. 10c shows. Themodel was able to simulate the
monthly CO concentrations in all sites with a little underesti-
mation by maximum of ~ 16% in late autumn (December).
The underestimation is likely due to the uncertainties in the
definition of the injection heights of the biomass burning
emissions in the Nile Delta. According to Protonotariou
et al. (2010), these uncertainties may be caused as a result of
considering a full-mixing PBL scheme inside the model, as-
suming an even distribution of surface emissions and concen-
trations within the mixing layer. This even distribution is rea-
sonable when the PBL is extremely unstable but will overrate
vertical mixing when the PBL is moderately or slightly unsta-
ble, neutral, or stable. The negative bias may indicate that the
model assumes higher OH concentration and lower CO emis-
sions, probably due to an underestimation of CO emissions
from the biogenic and biofuel non-methane hydrocarbons
(NMHCs). Other sources of bias may include the fact that

Fig. 11 Modeled prevailing wind direction (degrees) and speed (km/h) over the 3-year period of the study in four different areas of GC representing the
north (a), south (b), east (c), and west (d) sectors
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the seasonal variation of CO anthropogenic emissions is not
well-represented inside the model. However, this bias can be
considered non-significant as the seasonal variations of the bias
deviate from the annual mean by only ~ 8%. Additionally, the
production of CO from water surfaces, its removal through
soil, and its stratospheric diffusion are not taken into account
by the model, further introducing smaller biases into the cal-
culations (Protonotariou et al. 2010). Overall, the low bias
proved a good representation of the CO annual cycle by the
model on a regional scale. Figure 14 showed a very low bias
for CO, except for site 15 (W) which showed a higher negative
bias at noon and early afternoon in spring, summer, and au-
tumn, probably also due to the reasons explained above (con-
sidering a full-mixing PBL scheme by the model).

On the other hand, the model showed a nearly uniform
positive bias for O3, of around 40 μg with the maximum
bias at late spring (Fig. 10d), probably due to assuming a
higher rate of ozone photochemical reactions by the mod-
el. Figure 15 shows the model bias recorded for ozone gas.
The overestimation of O3 is noticed with higher summer
and lower winter biases probably for the same reason stat-
ed above.

Figure 10e shows that the PM10 has a defined pattern of its
monthly concentrations; however, the PM10 concentrations

were greatly underestimated by the model. There are several
explanations for this underestimation. The first one is that GC
is not considered as a source of mineral dust by RegCM-
CHEM4. Due to the existence of the BMokatem Hills^ sur-
rounding the GC, desert dust can reach GC only through wind
transfer from outside the area during events such as dust
storms. As mineral dust represents about 50% of the PMmass
(Favez et al. 2008), this poor representation of the dust com-
ponent contributes to the general underestimation of the PM10

concentration. Figure 16 shows that the model greatly
underestimated the PM10 seasonal-hourly concentrations,
likely due to the same reasons discussed above for the
monthly-averaged PM10 concentration bias. However, site 3
(E) showed the least bias. In all sites, the maximum bias was
observed in the late morning (around 9–11 UTC) and late
evening (around 19–22 UTC), while the minimum was ob-
served from mid-day to the early evening (around 12–17
UTC).

Conclusion

We presented the analysis of hourly measurements of five
major air pollutants, namely, SO2, NO2, CO, O3, and PM10,
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from 17 observation stations distributed around GC area for 5-
year period (2010–2014). Indeed, the level of pollution may
be a function of the local, regional, and topographic settings,
which reflects the contributions of potential sources and the
weather. Here, we have performed a statistical analysis of the
pollutants concentrations to characterize their monthly and
diurnal patterns. The hourly-averaged concentrations of SO2,
NO2, CO, and PM10 over the entire study period ranged from
13.7 μg/m3 (site 11, S) to 29.1 μg/m3 (site 2, W), 21.2 μg/m3

(site 5, S) to 61.1 μg/m3 (site 2, W), 3.3 μg/m3 (site 7, E) to
8.5μg/m3 (site 16, S), and 92.8μg/m3 (site 10, E) to 223.3 μg/
m3 (site 2,W), respectively. For O3, there was only one station
(site 1, W) with an hourly-averaged concentration of 21.3 μg/
m3. It clearly appears that site 02 (W) is the most polluted one
in the GC metropolitan area, which agrees with some of the
findings of Wheida et al. (2017). This is due to the increased
urbanization effect in this region. The seasonally-averaged
diurnal variation highlighted the importance of agriculture
biomass burning in the Nile Delta region which led to higher
concentration levels of PM10 during the autumn season espe-
cially at the early hours of the morning due to temperature
inversion and, hence, low ventilation index (i.e., less air
mixing). Such long-term continuous measurements and anal-
ysis of trace gases and particulate matter along with meteoro-
logical variables are crucial to better understand the

characterization of air pollutants at diverse locations, includ-
ing urban areas which are at high health risk.

The RegCM-CHEM4 model validation showed that the
model could simulate the seasonal and daily cycle of the air
pollutants. The bias between the model and the observational
data was not high in most of the stations for SO2, NO2, CO,
and O3, with an average bias of ± 11.1 μg/m3 for monthly-
averaged concentrations and ± 13.7 μg/m3 for daily-averaged
concentrations, respectively; however, this bias was consider-
ably larger for PM10 at all stations, with an average bias of ±
130.9 μg/m3 for monthly-averaged concentrations and ±
131.6 μg/m3 for daily-averaged concentrations, respectively.
It is noticed that the tropospheric subsidence is a major source
for the high ozone at the surface in the region. This could be
due to either deep or shallow tropospheric subsidence associ-
ated with different meteorological conditions. During deep
tropospheric subsidence and on a few-day timescale, transport
is clearly predominant while during conditions of shallow
subsidence associated with extended stagnant conditions and
pollutants accumulation as well as high temperatures, ozone
photochemical production could be important as well.

It was found that the bias could be caused by several fac-
tors, such as the lack of high-resolution air quality emission
inventories over GC along with some limitations inside the
setup of RegCM-CHEM4 model for GC domain, which
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makes it difficult to accurately simulate the emissions over
this area. The model also underestimated the aerosol emission
peak in autumn due to agricultural biomass burning events in
the Nile Delta, as standard emission inventories underestimate
the extent of this burning and the resulting aerosol emissions,
and even new, satellite-derived fire products may not be able

to detect these low-temperature burns due to the nature of the
burning itself as well as the satellite overpass time in the Nile
Delta. Furthermore, generally, ground-level concentrations in
highly polluted areas are affected by other sources emitting
pollutants at the surface, including the cement industry, metal
smelters, brick factories, and petrochemical and chemical
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production. All of these industries are likely not well-
characterized by the emission inventories. All of these defi-
ciencies cause uncertainty in the air quality model operations.
Hence, emission inventories of industry, mobile sources, and
anthropogenic activities need to be improved in order to en-
hance air quality simulations in the GC region. Additionally,
one important remark is that the RegCM-CHME4 model still
has some limitations regarding the simulation of small-scale
weather systems, which might reduce the accuracy of meteo-
rological as well as emission data representation at station-
scale (Protonotariou et al. 2010). As an overall assessment
of the RegCM-CHEM4 model performance, the model was
found to be able to provide valuable information and its output
data can be used to compensate for the missing observation
data, with a high degree of accuracy, after accounting for the
biases. However, simulation of air quality in GC region re-
mains a challenge.

In summary, the results of this study provide a novel insight
into the air pollution levels and emission patterns over the GC
region. They also help the community of modelers to (1) un-
derstand better the behavior of the RegCM-CHEM4model and
(2) identify the origin of the model’s shortcomings. In particu-
lar, the importance of improving the emission inventories when
operating the model over such a highly polluted and densely
populated area as Greater Cairo has been emphasized. This

conclusion most probably also applies to all other regional
models and other megacities of the world.
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