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Abstract

Large concentrations of air-suspended particulate matter (PM) in megacities represent an important health risk for their
populations, but PM time series are often missing or too short to quantify the associated burden of diseases. In this study,
we propose a model for retrieving the surface PM in Cairo (Egypt) and Delhi (India) from the automated measurements of
aerosol optical depth (AOD), precipitable water (PW), and Angstrom exponent (AE) performed by the sunphotometers of
the Aerosol Robotics Network (AERONET). For this we exploit the (1) synchronous measurements performed from 2010
to 2015 at the headquarters of the Egyptian Meteorological Authority and in 2009 at the Gual Pahari station (25 km south
of Delhi) and (2) the ERAS estimate of the planetary boundary layer height (H). The correlation between the surface PM10
and the AOD is primarily controlled by the variations of PW and secondarily by those of H: for similar surface PM10
concentrations, the AOD tends to be the largest in summer because of the hygroscopic enhancement of the mass extinction
efficiency (o) of the particles and their dilution in the more developed mixing layer. The variations of composition also
play a significant role in Cairo. This effect, particularly marked in spring (coinciding with the dust season), can be
parameterized as a linear function of AE. Finally, we show that the variations of the surface PM10 concentration at the two
sites can be retrieved simply from those of the AOD, PW, AE and H. At the weekly temporal resolution, the agreement
between the model and the observations is very good at the two locations (correlation coefficient > 0.81, relative mean
absolute error < 15%). This validates indirectly the assumption made in the development of the model, namely that the
aerosols are mostly confined to the mixing layer of the two megacities and not transported in the free atmosphere. Provided
a few years of surface PM measurements are available, the methodology proposed in this study could be easily applied to
any other AERONET station.

Keywords Egypt - India - PM10 - Aerosol optical depth - Precipitable water - Angstrom exponent

Introduction

High levels of airborne particulate matter (PM or aerosols)
have adverse effects on air quality and human health
because they increase the risk of respiratory and cardio-
vascular diseases (Brauer et al., 2012; Brook et al., 2010;
Kim et al., 2015; Prescott et al., 1998). Moreover, aerosols
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influence the Earth’s climate directly by scattering and
absorbing solar and terrestrial radiation (Sokolik & Toon,
1996) and indirectly by promoting or inhibiting the for-
mation of clouds and changing their physical properties
(Ramanathan et al., 2002).

Because the residence time of atmospheric particles in
the troposphere is limited (from a few hours to a few days),
their concentration and chemical or physical properties are
highly variable in time and space. Therefore, documenting
and understanding this variability requires to maintain
perennial monitoring stations in a variety of regions with
contrasted climatic and environmental conditions. In
megacities, the concentrations are usually large and a
network of monitoring stations would even be necessary to
document their spatial variability (Wang & Christopher,
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2003). However, because of their cost such networks are
either not deployed in the megacities of the developing
countries or they do not have the required density. When
they exist, the measurement datasets are also often too
short to analyse the long-term evolution of the surface
concentrations.

Hence, the importance of alternate methods is to esti-
mate surface air quality in places where ground measure-
ments are insufficient or lacking. Among these methods,
the remote sensing of the atmosphere’s composition is a
promising tool. This explains that many studies have
attempted to derive an estimate of the surface PM con-
centration from aerosol optical depth (AOD) measurements
performed by satellite-borne instruments or, more rarely,
ground-based sunphotometers (Barladeanu et al., 2012;
Grguric et al., 2014; Guo et al., 2017; Handschuh et al.,
2022; Kong et al., 2016; Lv et al., 2017; Ma, et al., 2016;
Yahi et al., 2013; You et al., 2016; Zhang et al., 2021). An
experimental linear model using only AOD as a PM pre-
dictor showed contrasted results. Indeed, the correlation
coefficients between measured and predicted PM2.5 can
vary between 0.2 and 0.75 (e.g. Chu et al., 2003; Engel-
Cox et al.,, 2004; Gupta & Christopher, 2008; Wang &
Christopher, 2003). This wide range can be explained at
least in part by the fact that the relationship between the
AOD and PM depends on the particles optical properties,
themselves controlled by their complex physical (size,
shape, affinity with water vapour, etc.) and compositional
characteristics. In some locations, the aerosols may also be
frequently transported in elevated layers and thus be dis-
connected from the surface. In this case, their presence is
detected by remote sensing techniques but not by the sur-
face monitoring stations, which hinders the possibility of
deriving PM from the AOD. In summary, the relationship
between these two quantities must be evaluated for each
climatic zone.

In this work, we propose to perform such an evaluation
primarily for Cairo (Egypt) for which the available dataset
is the longest and also for Delhi (India). The fact that the
first site has a dry climate and the second one a tropical one
will help test the influence of the climate on our results.

With its population of 24 million inhabitants, Cairo is
located at the southern tip of the Nile Delta, has two desert
areas on its west and east side (the Pyramids and the El-
Mokattam plateaus, respectively), and is connected to the
Nile River valley in the south. Because of the rapid growth
of its population, associated urbanization, and industrial-
ization in the second half of the last century, the city is
suffering from high levels of air pollution and particularly
PM (Abu-Allaban et al., 2007; Incecik & Im, 2012; Mos-
tafa et al., 2019; Wheida et al., 2018). On a yearly basis,
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residential and transportation activities are the most sig-
nificant sources of PM, emitting approximately 53 and 40%
of particulate emissions, respectively (Incecik & Im, 2012).
In autumn, the burning of agricultural waste in the Nile
Delta is also an important source of particles transported
towards Cairo by the prevailing northern winds. In
springtime, the dust-laden winds blowing from the arid
regions of Egypt (such as the Western and Eastern Deserts)
are also significant contributors to the building up of the
PM concentrations over the city (e.g. El-Metwally et al.,
2008, 2010; Favez et al., 2008).

Similarly, the conurbation of Delhi counts 32 million
inhabitants and is one of the most polluted megacities in
the World (Rizwan et al., 2013). The levels of outdoor air
pollution is particularly high in winter, which results in
increased respiratory morbidity (Agarwal et al., 2006).
More generally, India is largely exposed to the ‘brown
cloud’, a layer of anthropogenic aerosols particularly
enriched in black carbon and other light-absorbing particles
produced by the combustion of fossil fuels and biomass
burning (Alfaro et al., 2003; Lelieveld et al., 2001;
Ramanathan et al., 2001). Moreover, these anthropogenic
particles can occasionally mix with natural aerosols such as
desert dust (Leon et al., 2001).

Section “Data and Methodology” gives more details on
the available data and methods used in this study. The
factors controlling the correlation between the surface PM
and the AERONET AOD are analysed and discussed in
section “Results and Discussion”. Following this, a model
is proposed and the evolution of the surface concentrations
in Cairo between 2005 and 2022 is quantified.

Finally, the conclusions of our study are presented in
section “Summary and Conclusion”.

Data and Methodology
Theoretical Considerations

Sunphotometers operated from the Earth’s surface as well
as satellite-borne radiometers estimate the vertically inte-
grated content of aerosols in the atmosphere from the
modification of the field of radiance they induce. The result
of this estimation is the aerosol optical depth (AOD) at a
variable number of specific wavelengths () in the spectral
domain ranging from the UV to the near-infrared (NIR).

TOA
AOD;, :/ Codz (1)
0

In this expression, C (in kg m ) is the mass concen-
tration of the aerosols in the atmospheric layer of elevation
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z and depth dz, and ¢ (in m? kg_l) is their mass extinction
efficiency at wavelength A. The vertical integration is
performed from the Earth’s surface (z = 0) to the top of the
atmosphere (TOA).

Under the assumption that the aerosols are transported
close to the surface in the so-called mixed layer (ML, of
depth H) and that the ML is homogenous, Eq. (1) simply
reduces to:

AOD; = ¢HC (2)

However simple, this equation shows that the AOD and
C are not proportional in the strict sense. Firstly, H is
typically of the order of several hundred metres, but it
varies with the seasons and during the course of a given
day because it depends on the surface solar irradiation,
temperature, and wind speed. Secondly, ¢ depends on the
size and composition of the aerosol particles. For instance,
at 550 nm, ¢ varies between 3.3 and 3.7 m? g~ ' for
Saharan mineral dust (Linke et al., 2006) but is more
variable for ambient elemental carbon (EC) with values
ranging from 1.7 to 7.3 m* g~ ' (Dillner et al., 2001). In the
case of hydrophilic aerosols (e.g. sulphates or nitrates), the
adsorption of water vapour at the surface of the particles
increases their size and modifies their refractive index,
which has a direct impact on ¢.

In summary, the AOD/C ratio, whose value is necessary
to retrieve the surface concentration from the measured
AOD, is expected to vary with the nature of the aerosol and
with the height and content in water vapour of the
boundary layer. It will be seen below that Angstrom’s
exponent (AE) can be used as a proxy of the nature of the
aerosol, that the content of the atmosphere in precip-
itable water (PW, in cm) is measured by the ground-based
sunphotometers, and that reanalyses such as ERAS provide
estimates of H (in m).

Therefore, for any given location (Cairo and Delhi, in
this study), a first-order development of Eq. (2) around the
local mean values of AE, PW, and H yields:

AOD/C = SmeanHmean (1 + C1(AE — AEean))
(1 4+ C2(PW — PWpean)) (1 4+ C3(H — Hpean))

(3)

In this equation, 6., 1S the mass extinction efficiency
of the average aerosol in humidity conditions correspond-
ing to the mean of the period of study. The unknown
C represents the sensitivities of the AOD/C ratio to varia-
tions of AE, PW, and H, respectively. C1 is unitless, C2 in
cm™', and C3 in m~!. Their values can be determined by
application of a least square iterative routine used to pro-
vide the best fit of Eq. (3) to the measured values of AOD/
C.

Measurements
Surface PM10 Mass Concentration

The hourly surface mass concentration data of Cairo and
Gual Pahari were obtained from the WMO-GAW World
Data Centre for Aerosols (WDCA) via the database
infrastructure developed and operated by the Norwegian
Institute for Air Research (https://ebas.nilu.no/).

These concentrations correspond to particles with
aerodynamic diameters less than 10 pm (PM10). For Cairo,
the measurements are those of the station located at the
headquarters of the Egyptian Meteorological Authority
(EMA) in El-Abbasiya (lat: 30.08 N; long: 31.29 E). The
El-Abbasiya area is classified as an urban and residential
location. At the station, the aerosol concentration is mea-
sured at 45 m above mean sea level with a beta-gauge
sampler (Thermo Scientific SHARP Monitor, Model 5030,
which combines light scattering photometry and beta-ra-
diation attenuation). The current study analyses the data
from June 2010 to May 2015, which are those posted in the
EBAS archive.

In Gual Pahari (lat: 2843 N; long: 77.15 E,
320 m amsl), the PM10 hourly surface concentration was
measured with a Thermo Scientific beta-hybrid mass
monitor from the end of 2008 to the beginning of 2010.
The station, located about 25 km south of Delhi (in Gur-
gaon), was set up in the frame of the EUCAARI GAW-
WDCA project (Hyvérinen et al., 2010). The measure-
ments were also downloaded from the aforementioned
NILU website. In this study, we use only the 2009 data
because they are the least lacunar.

Finally, the daily means of the PM10 concentrations at
the two sites were calculated from the hourly values.

AERONET Data

The Aerosol Robotics Network (AERONET) is a global,
ground-based remote sensing network of automatic CIMEL
sunphotometers maintained by the NASA. The instruments
measure the direct sun and sky radiances at several
wavelengths, and the spectral AOD is computed from these
observations. The AERONET products are provided on the
NASA website (https://aeronet.gsfc.nasa.gov/) at three
quality levels. In this study, we use only the cloud-screened
(Level 1.5) and cloud-screened and quality-assured (Level
2) products.

At the El-Abbasiya station, a first instrument was
operated from April 2005 to March 2006 (Cairo_EMA) and
then a second one (Cairo_EMA_2) from April 2010 to
today but with a notable interruption from July 2019 to
January 2021. The CIMEL instruments are automatic
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multispectral sun-tracking photometers. For instance, the
CE-318 model of Cairo_EMA_2 performs sun measure-
ments in eight spectral bands: 340, 380, 440, 500, 670, 870,
940, and 1020 nm. The 940 nm wavelength is dedicated to
the evaluation of the columnar content of the atmosphere in
precipitable water vapour (PW) and the others to that of the
AOD. At Gual Pahari, Aeronet measurements were taken
in parallel with the surface PM concentrations from the end
of 2008 to the beginning of 2010. In this study, we use the
data of 2009 that are the most complete.

The spectral dependence of this AOD can be quantified
by the means of the Angstrom exponent (AE), which
provides useful information on the type of aerosol present
in the atmospheric column (El-Metwally et al., 2008;
Masmoudi et al., 2015). Indeed, low AEs are associated
with coarse (supermicron) dust-like particles, whereas
large AEs correspond to finer (submicron) aerosols of
anthropic origin (El-Metwally et al., 2020).

AE is obtained by the Volz method as in Abou El-Magd
et al. (2020):

AE = —dIn(1)\dIn(2)
= —In(t;\ 1)\ In(4;\/2)

where 7, and 7, are the AODs at two different wavelengths
(500 and 675 nm, in the following).

For consistency with many studies that retain 550 nm as
their reference wavelength, we used the AE to derive the
AERONET AOD at 550 nm from that measured at
500 nm.

Finally, the number of days with synchronous concen-
tration and AOD measurements is 1487 for the Egyptian
site and 246 for the Indian one. The missing data are due to
interruption of the measurements for instrumental mainte-
nance or because of the days during which the sunpho-
tometer measurements were either not taken (cloudy days)
or did not pass the quality-check requirements.

(4)

ERA5 Reanalysis Data

The boundary layer height is very rarely measured directly
at meteorological stations. H could be estimated from the
surface roughness and such meteorological quantities as
the surface temperature, solar irradiation, and wind speed,
but it can also be obtained more simply as one of the
numerous products of the ERAS5 (Hersbach et al., 2020)
reanalysis of the European Centre for Medium-Range
Weather Forecast (ECMWF). In a reanalysis, an
unchanging data assimilation system is used to provide a
consistent reprocessing of all available observations.
Because of their continuous spatial and temporal high-
quality resolutions, such reanalyses are widely used in
climate change studies (Delgado-Bonal et al., 2020;
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Engdaw et al., 2021; Molina et al., 2021). The ERAS
hourly H for Cairo and Gual Pahari was downloaded from
the Copernicus Climate Change Service Climate Data
Store (CDS): (https://cds.climate.copernicus.eu/cdsapp#!/
home) and used to calculate the daily averages.

Results and Discussion

Temporal Variabilities of the AOD and Surface
Concentration

The daily averages of the AOD (Fig. 1a) measured at the
Cairo_EMA_2 station in the period 2010-2015 vary from
about 0.10 to almost 2.0, with a mean of 0.36. The lowest
AODs of the year were recorded in winter—probably
because of the washing out of the aerosols by the rains that
can occur in this season—but these minima coexist with
much larger values. Summer is less variable and charac-
terized by relatively low AODs. Conversely, sharp AOD
peaks are common in autumn and particularly in spring. In
good agreement with past studies (e.g. El-Metwally et al.,
2008), the seasonal variations of the Angstrém exponent
(Fig. 1b) and its correlation with the AOD (Fig. 2) provide
useful hindsight on the origin of these peaks: the advection
of desert dust in spring causes at the same time a significant
reduction of the AE and an increase of the AOD. In
absence of massive inputs of coarse dust, the composition
of the aerosol is dominated by smaller particles of
anthropogenic origin whose accumulation leads to the
formation of AODs peaks associated with AEs around 1.4
(Fig. 2). Finally, the largest AEs (> 1.5) coincide with the
moderate AODs of the summer period. They could indicate
the formation of very small particles by photochemical
reactions.

Close to the surface, the daily PM10 concentrations
generally vary between 57 and 197 pug m™> (10th and 90th
percentiles, respectively) but can occasionally largely
exceed 500 ug m— (Fig. 1c). With minima in summer and
peaks in autumn, winter, and particularly spring, there are
strong commonalities in the seasonality of C and the AOD.

At Gual Pahari, the AOD varied between 0.1 and about
2.0 (Fig. 1d), as in Cairo, but its yearly mean was larger
(0.58, as compared to 0.36). In spite of a large day-to-day
variability, there is no obvious seasonal dependence of the
AQOD during the period of study. In particular, the rains of
the summer monsoon season do not have any apparent
effect on the AOD, whereas they clearly tend to abate the
surface PM10 concentrations (Fig. 1f). Finally, the lowest
values of the AE are measured in June (Fig. 1d), just before
the onset of the monsoon. These low AEs are associated
with desert dust advected from the Thar Desert and
adjoining regions (Pandithurai et al., 2008).
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Fig. 1 From top to bottom, temporal evolutions of the AOD, Angstrom exponent (AE), and PM10 surface concentration (C) at the Cairo (left

panels) and Gual Pahari (right panels) stations

Fig. 2 Correlation between the AE and the AOD at the Cairo (blue
points) and Gual Pahari (orange points) experimental stations

Variability of the AOD/C Ratio

The examination of the AOD/C temporal plots (Fig. 3a, b)
shows that, at the two sites, this ratio tends to be the lowest
in winter and to achieve its largest values in summer. The
frequency distributions (Fig. 3c) also indicate that AOD/
C is generally larger and more variable in Cairo (4.0 £ 2.7
10°m? ug™") than in Gual Pahari (3.0 £ 22
10~ m® pug™"). In the 5 years of the Cairo measurements,
August 2012 and December 2014 are characterized by
abnormally large AOD/C in the sense that they exceed the
mean + 1 standard deviation value. These outliers can
most probably be explained by aerosol transported in the
free atmosphere. A similar situation is possibly observed in
at the Indian site in summer, when the AOD/C ratio
becomes particularly large. In these cases, the assumption
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Fig. 3 Temporal variations of the AOD/C ratio (in m®> ug™') at the Cairo (upper left) and Gual Pahari (upper right) stations. The frequency
distributions of the AOD/C values at the 2 sites are also compared (bottom panel)

underlying Eqs. (2) and (3), namely that the aerosol is
confined to the mixed layer, does not stand. Therefore,
these outliers will not be considered when adjusting Eq. (3)
to the observations. The reassuring point for the develop-
ment of our method is that this transport of the aerosol
particles in elevated layers is rather rare. In other words,
the AOD is usually controlled by the aerosols of the mixed
layer, which is consistent with the fact that in megacities
such as Cairo and Delhi the most active sources of particles
are close to the surface.

Modelling of AOD/C and C

Table 1 reports the averages and relative standard devia-
tions of AE, PW, and H for Cairo and Gual Pahari. The
values of (6H)mean, C1, C2, and C3 obtained by adjustment
of Eq. (3) to the measurements are also indicated. Finally,
the range of variability (in %) of AOD/C that can be
attributed to the variations of the AE, PW, and H consid-
ered individually are given by the means of their 10th and
90th percentiles.

The average PW at Gual Pahari (1.79 cm) compares to
that of Cairo (1.90 cm), but it is more variable (50 and
33%, respectively). This is due to the large atmospheric
contents in water vapour measured during the monsoon
period at the Indian site. Regarding AE, it is only slightly
larger in Cairo (1.10 £ 34%) than in Gual Pahari
(0.91 £ 41%). These relatively large values are indicative

@ Springer

of an aerosol dominated by fine particles of anthropogenic
aerosols, which was to be expected in megacities.

The most striking result is the predominant influence of
PW. In Cairo, its variations explain 16% of the variability
of the AOD/C ratio. This proportion is even larger (up to
46%) in Gual Pahari because on the one hand PW is more
variable than in Cairo, but on the other hand also because
the sensitivity of the aerosol to PW (quantified by C2) is
larger at the Indian site (0.35 cm™") than at the Egyptian
one (0.23 cm™"). This denotes a more pronounced hydro-
philic character of the aerosol in the Delhi conurbation.

By contrast, the impact of the variations of the boundary
layer height, which does not exceed 6% in Gual Pahari and
2% in Cairo, appears as rather limited. Finally, the influ-
ence of the AE is negligible at Gual Pahari (about 3%
variability) but more significant in Cairo (almost 10%).
One can hypothesize that for a less hydrophilic aerosol
such as the Egyptian one, the impact of the variability of
the particles’ size on AOD/C is easier to detect because it is
not masked by the overwhelming competing effect of
hygroscopic growth.

Finally, the average mass extinction efficiencies of the
Cairo aerosol (5.59 m* g~') are larger than that of Gual
Pahari (4.14 m? g_l). However, it must be noted that these
values, which were obtained by dividing the product
(6H)mean by the ERAS estimate of Hpeq,, depend on the
accuracy of this estimate of the boundary layer height by
the reanalysis. Moreover, these averages are only indica-
tive in the sense that they do not reflect the important day-
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Table 1 Comparison of the averages and relative standard deviations of the aerosol Angstrom exponent (AE), precipitable water vapour (PW),

and boundary layer height (H) at the two experimental sites

Cairo Gual Pahari
AE PW (cm) H (m) AE PW (cm) H (m)

Average 1.10 1.90 674 0.91 1.79 580
SD (%) 34 27 33 41 52 50

Hpean (m° pg™")  Cl C2em™ 3 m™")  GHpea m’ug™hH  Cl C2em™  3mh

3.77 1073 0.18 0.23 6.47107° 240107 —0.06 0.35 —1.29 107
Centile (%) CIAAE  C2APW C3AH CIAAE  C2APW C3AH
0.1 -99 —16.8 - 1.8 —24 — 349 - 6.1
0.5 1.8 0.9 0.2 - 06 - 6.5 0.9
0.9 6.4 16.0 1.6 33 46.4 42

The coefficients 6H pneqan, C1, C2, and C3 were obtained by adjustment of Eq. (3) to the measurements. The 10th, 50th, and 90th percentiles of the
variability of the AOD/C ratio attributable to variations of the AE, PW, and H are also reported

to-day variability of the aerosol composition denoted by
the variations of AE.

Once the coefficients of Eq. (3) have been determined,
the computation of the daily C from the AOD, PW, AE,
and H is straightforward. Hereinafter, this calculated value
will be referred to as Cpodels1 day- The comparison of
Ciodels1 day With the observations allows assessing the
quality of the model by the means of metrics such as the
root-mean-square error (RMSE), relative mean absolute
error (rMAE), and correlation coefficient (R). The same
method can be applied after averaging of the daily values
in sliding windows of width 7 or 30 days.

The results of these comparisons are reported in Table 2
along with the average PM10 concentrations and numbers
of daily observations for the 2 experimental sites. They
show that the performance of the model improves with the
duration of the width of the averaging period. For instance,
rMAE is 26% for Cairo and 21% for Gual Pahari at the

Table 2 Number of daily observations (N,ps) and average concen-
tration (Cyye., in 1g m_3) at the 2 experimental sites

Cairo Gual Pahari
Nobs 1287 220
Cave. 106 259
Averaging (days) 1 7 30 1 7 30
RMSE 420 214 167 832 474 232
rMAE 26 15 11 21 12 5
R 074 0.81 0.86 0.79 0.87 0.96

The concentrations calculated with Eq. (3) are compared to the
observations after averaging over sliding windows of width 1, 7, and
30 days. The goodness of fit is quantified by the means of the root-
mean-square error (RMSE, in pg m ), relative mean absolute error
(rtMAE, in %), and correlation coefficient (R)

daily temporal resolution, but it drops to 15 and 12% (re-
spectively) at the 7-day resolution. In the meantime, R in-
creases significantly to reach values above 0.8, particularly
at Gual Pahari (R = 0.87). At the monthly resolution, the
results are even better with rMAE and R of 11% and 0.86 at
Cairo and 5% and 0.96 at Gual Pahari. In summary, the
model based on Eq. (3) is quite able to simulate the vari-
ability of the surface PM concentration and particularly at
the weekly and monthly resolutions. To illustrate this point
further, Fig. 4 compares the temporal evolutions of the
modelled and observed surface concentrations at the 2
experimental sites of this study.

PM Trend in Cairo

However, discontinuous, Aeronet measurements have been
taken in Cairo since 2005. Therefore, it is possible to
reconstruct the evolution of the PM10 surface concentra-
tion over a much longer period than that considered in
Fig. 4. The results (Fig. 5) confirm the important seasonal
and interannual variability of C. However, no significant
trend (R* = 0.003) is observed in the last 18 years of
available data. Noteworthy, it can be regretted that the
sunphotometer measurements were interrupted in 2020 for
re-calibration of the instrument. This would have allowed
documenting the impact of the COVID lockdown on the
levels of particulate pollution to which the population is
exposed.

Summary and Conclusion
In this study we have analysed the correlation between the

daily averages of the PMI10 surface concentrations
(C) monitored in two megacities with contrasted climates
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Fig. 4 Comparison of the 400 -
modelled surface concentration

(red curve) with the

observations (black curve) of 300 -
the Cairo and Gual Pahari
experimental stations (upper
and lower panels, respectively).
The width of the averaging
window is 7 days

200 +
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Fig. 5 Extension of Fig. 4 to the 400 +
whole period of Aeronet

measurements available in

Cairo. The horizontal red line is 300 -
the best fit to the modelled

concentrations and shows that

—e— Model (7days)

—o— OBS (7days)

T T
7/1/2009 12/30/2009

Date (mm/dd/yy)

there was no significant E 566
: i
evolution of these z
concentrations in the last R?=0.0003
18 years (R* = 0.0003)
100 -
0 . . - . :
1/1/2005  1/1/2007  1/1/2009

(Cairo and Gual Pahari, in the Delhi conurbation) and the
AOD measured by collocated sunphotometers of the
Aerosol Robotics Network.

At the two sites, the variations of the AOD/C ratio are
driven in the first place by the atmospheric content in
precipitable water vapour (PW), which emphasizes the
hygroscopic nature of the aerosol at the two locations.
However, that this effect is more pronounced at the Indian
site than at the Egyptian one indicates differences in
aerosols composition and affinity with water vapour.

Besides humidity, variations of the Angstrom exponent
(AE) used as a proxy of the size of the aerosol particles
have a significant impact on AOD/C in Cairo but not in

@ Springer
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Gual Pahari. At the latter site, the influence of the varia-
tions of the particles size is most probably masked by the
overwhelming effect of humidity.

Finally, the variability of the planetary boundary layer
height (H), is found to play only a secondary role at the two
locations.

At the daily temporal resolution, a simple model
(Eq. (3)) derived from these observations allows retrieving
the measured C with an accuracy of 26 and 21% (relative
mean absolute error) Cairo and Gual Pahari. This agree-
ment is considerably improved at the weekly (15 and 12%,
respectively) and monthly (11 and 5%) resolutions. The
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correlation coefficients are then better than 0.81 at the 2
sites.

This very good agreement of this empirical model with
observations shows that Aeronet measurements are a per-
fect tool for estimating the surface concentrations in
megacities. It also validates indirectly the main assumption
of the model, namely that the aerosol particles are in most
cases confined to the PBL. Because the capping inversion
at the top of the PBL usually acts as a barrier preventing
the passage of the particles towards the free atmosphere,
this confinement was expected in megacities where the
majority of the aerosol sources (cars, industries, waste
burning, etc.) are located very close to the Earth’s surface.
However, in some regions, aerosols transported at high
altitudes could constitute an exception. For instance, pre-
vious studies showed that desert dust can be transported
over the Mediterranean under the form of layered plumes
in the free atmosphere (e.g. Denjean et al., 2016; Di Sarra
et al., 2001; Gkikas et al., 2016), especially in summer
when intense convection facilitates the initial vertical uplift
of the dust particles above the source regions. The fact that
in Egypt and India the production of mineral dust does not
occur in summer but mostly in springtime (when solar
radiation is less intense) could explain that it does not reach
the free atmosphere.

Finally, the methodology applied in this work could
easily be applied for any other AERONET station where at
least a few years of parallel measurements of the surface
concentration are available. These direct measurements are
necessary for checking the validity of the model’s
assumptions and for its calibration.
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