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1. Introduction

Chemical characterization of urban aerosols in Abidjan and
Korhogo (Cote d’lvoire) from 2018 to 2020 and identification of
their potential emission sources

Sylvain Gnamien*?, Cathy Liousse®, Sékou Keita®, Silue Siélé, Bahino Julien?, Eric Gardrat®,
Kassamba-Diaby Mohamed?, Arséne Ochou? and Véronique Yoboué?

As part of the Air Pollution and Health in Urban Environments (PASMU) project, equipment was installed in urban sites of
Abidjan and Korhogo (lvory Coast) in West Africa, with the aim of monitoring the chemical composition of PM. aerosols.
These installations were used to collect PM.s aerosols on a weekly basis, with the determination of PM2.s mass, EC, OC and
water-soluble ions (WSI). This database will enable us to analyse 2-year trends (2018-2020) of the chemical composition of
PM_ aerosols in the two cities. In addition, this database was used to assess the sources contributing to these aerosols,
using both PCA (Principal Component Analysis) and the US Environmental Protection Agency's EPA PMF 5.0 software. The
results show that the PM,.s concentrations observed during the 2 dry seasons are more than 2 times higher than those
during the 2 wet seasons. Also, over the 2 years studied, the PM,s concentrations observed, were above the WHO, 2021
standards. Analysis of the chemical composition of PM2.s shows that organic matter (OM) is the majority fraction in the 2
cities, followed by EC in Abidjan and Dust in Korhogo. Similarly, the observation of trends shows greater variations in OC
concentrations between the dry and wet seasons, compared with the EC. 5 contributing sources are identified, with very
disproportionate contributions. In Abidjan, these sources are road traffic (44.7%), domestic fires (40%), natural and road
dust (11.2%), sea salt (3%) and construction dust (1.2%). In Korhogo, the sources are biomass burning and domestic fires
(70.7%), road traffic (16%), road dust and sea salt (8.1%), natural dust (2.6%) agriculture (2.5%). This study offers vital insights
into identifying the primary sources of urban air pollution in the west Africa cities. Tailored strategies based on these sources
can effectively mitigate urban particulate pollution, leading to reduced emissions, enhanced air quality, and improved public
health in densely populated urban regions.

To understand the impact of particulate pollution on the health
of populations, it is necessary to be able to characterise the
chemical composition of aerosols. Indeed, the health impact of

Particulate pollution is a real public health problem worldwide,
with an even more dramatic situation in developing countries,
where its impacts are still poorly understood.? They are the
cause of many deaths worldwide, 4.2 million in 2016 according
to the WHO. Cohen et al? are shown the impact of
anthropogenic fine particles in West Africa on premature
deaths from cardiovascular and respiratory causes (e.g. lung
cancer). Concentration levels of particulate matter (PM) depend
processes that transform into
concentrations, be they meteorological,
physicochemical, urban morphology, etc.
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climatic,

on several
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aerosols is highly related to the chemical species that compose
it, less to the levels of aerosol mass concentrations.3

In West Africa, Adon et al.* showed a strong dependence between
the inflammatory impact of aerosol and its soluble organic carbon
(WSOC). In addition, links between oxidative activity (measured
using DTT) and carbon species concentrations (OC, EC, WSOC and
WIOC) have been established between in areas subject to source
road traffic.> In Abidjan, Kouassi et al.®, established the toxicity
induced by the chemical composition of PM;.s from rural, urban and
industrial sites. Furthermore, the chemical composition of PMys is
dependent on the contributing sources.*’-11 Therefore, to limit the
health impacts of aerosols, it is necessary to study their chemical
composition and identify their contributing sources, in order to be
able to take better action. This work is particularly important in West
African cities which are experiencing a real population explosion,
associated with increasing emissions of air pollutants since the 1990s
(Keita et al.12).This study aims to investigate the chemical
characteristics of PM; 5 aerosols in Abidjan and Korhogo in Cote
d’lvoire, using a database of several years. It is based on
sampling techniques using aerosol collectors placed at 1 site in
each city, in Abidjan (site A1, UFHB) and 1 site in Korhogo (site



K1, UPGC). The samples collected allow several analyses to be
carried out in order to obtain numerous physical-chemical
parameters of the aerosols collected. The analysis of this
database will be presented as follows: interannual and seasonal
evolutions of PM3s concentrations on the 2 sites, including the
evolutions of the carbonaceous species; the evolutions of the
mineral composition of PM,s aerosols, the analysis of the
chemical composition (carbonaceous and mineral species) with
the aim of explaining the masses of PM, s aerosols collected on
the 2 sites, and finally the analysis of the contribution of sources
to the concentrations of PM; s aerosols in Abidjan and Korhogo.
This work is carried out within the framework of the project Air
Pollution and Health in Urban Areas, Cote d'lvoire (PASMU).

2. Methodology

2.1. Study areas

Data collection took place jointly in Abidjan and Korhogo, the
two cities of the PASMU project study. Fig. 1 shows a map of
Cote d'lvoire with the location of these two cities with Abidjan
in the south and Korhogo in the north. The morphological,
geographical and anthropogenic differences of these cities
allow the study of air pollution in two distinct urban
configurations of Cote d’lvoire.

The city of Abidjan has been for a long time the political capital
of Cote d'lvoire and is still the centre of most of the economic
activities. Indeed, with its large coastline Abidjan shelters the
main industrial activities of the country. This city is divided into
10 communes and 3 sub-prefectures (peripheral communes)
with a population of 6,321,017 inhabitants according to the
2021 General Census of Population and Housing, or 21.5% of
the national population, for an area of 2,119 km2. Abidjan is an
autonomous District with different levels of urbanization and
populations of different social classes. The main sources of
anthropogenic pollutant emissions are traffic, domestic fires
(use of wood and charcoal), waste combustion and industrial
activities.

The city of Korhogo is the third most populous city in the
country (440,926 inhabitants, 1.5% of the national population).
Much of the city's land area is unbuilt and used for agriculture,
with an urbanization rate of 42.9% in 2021.13 Korhogo is then a
city marked by agricultural activities with a few rare factories
processing and packaging agricultural products. Consequently,
the activities of these factories are strongly linked to local
agricultural production. The main sources of emissions in the
city of Korhogo are domestic fires and traffic, with an intense
activity of heavy trucks, intercity buses but also 2- and 3-wheel
motorized vehicles. Moreover, in this city, only the main roads
are paved and represent less than 10% of urban roads.1 This
implies an important resuspension of aerosols present on the
roads, which is also a major source of particulate emissions. The
domestic fire source is very important with the use of firewood
for economic reasons or convenience because these resources
are available in the surrounding villages. In addition to the local
anthropogenic sources present in Korhogo, an important
impacting source is provided by the harmattan winds. This
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Fig. 1. Population density map of Cote d'lvoire, with the 2 study towns in green,
adapted from Gnamien et al.2020.

predominant air mass during the dry season is an important
source of dust from the Sahara and aerosols from surrounding
or regional savanna fires.

In conclusion, these two cities differ in terms of economic and
activities,
transportation and types of roads, the fuels used for cooking,
the practices of the population, and finally the local weather as
described in the paragraph 2.6.

On the map of the population density distribution in Cote
d'lvoire (Fig. 1), it can be seen that the population densities of
these two cities are also very different, with Abidjan's
population density 10 times higher than that of Korhogo.
However, even though population densities in the south-central
Cote d'lvoire are generally higher than in the more northern
regions, Korhogo's population density is still high for a northern
region. This is due to the existence of industries in the city.

2.2. Measurement sites

social and infrastructure: the usual means of

As mentioned above, medium-term measurements were
carried out at 2 sites, in Abidjan (UFHB) and in Korhogo (UPGC).
Measurements at the medium-term sites are weekly and/or
daily in the 2018 and 2019 dry seasons and in the 2019 wet
season.

2.2.1. Abidjan (site A1, University Felix Houphouet-Boigny UFHB)
Site Al is the main measurement site (reference site) of the
PASMU project. It is located within the University Felix
Houphouet-Boigny (UFHB) in Abidjan at 5°20°47,58’N latitude
and 3°59’23,96”’W longitude. According to LCSQA?5, Site Al is
an urban site. Indeed, it allows the monitoring of the average
exposure of the population to air pollution known as
"background" of urban centers. It is located on the roof of the
building of Representation of Institut de Recherche pour le
Developpement (IRD) in Cote d'lvoire at 12 meters from the
ground.

2.2.2. Korhogo (site K1, University Peleforo Gon Coulibaly UPGC)
The K1 site is located within the University Peleforo Gon
Coulibaly in Korhogo (UPGC). It is located at 9°25’37,09”’N
latitude and 5°37°47,17”W longitude at the entrance of the city,
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near one of the main roads. The privileged position of this site
allows to monitor the urban background pollution. The site
allows to follow the average exposure levels of the population
to the atmospheric pollution phenomena called "background"
at the periphery of the urban centre, thus allowing to better
observe the external influences such as road traffic. It also
allows to follow the primary pollutants from domestic fires.
2.3. Sampling methods

Samples are collected on quartz and Teflon filters, depending
on the analytical techniques further considered. Quartz filters
are used to obtain mass concentrations, carbonaceous aerosol,
especially elemental carbon (EC) and organic carbon (OC), while
Teflon filters are used to quantify the content of water-soluble
ions (WSI). The measurements are carried out using aerosol
collectors developed in INDAAF project (https://www.aeris-
data.fr/projects/indaaf/) and have been used in the DACCIWA
project in Cote d'lvoire and Benin (https://www.imk-
tro.kit.edu/10052.php), notably in the work of Djossou et al.16,
These collectors are composed of 2 independent measurement
lines and each line is composed of a counter (GALLUS type G4),
a ball flowmeter (with a Cole Palmer micrometric valve
including flow rate adjustable from 0 to 10 I/min, accuracy 5%),
a pump (KNF, 9 I/min N89 KNE-K), a watertight filter holder (47
mm size) and a cut-off head (Rupprecht and Patashnik), to
select aerosol by size class, either PM3 s or PMjp particles. The
pump flow rate of 5 liter/min is necessary for the proper
operation of the cut-off head. In addition to this collector,
another measurement line with URG cyclone to select PM;5s
particles, is used on each site. This line has the same operating
principle as the collectors: atmospheric aerosols are sucked in
by a fixed flow pump and collected on filters. For weekly
measurements, a measuring line operates for 15 minutes per
hour (i.e. 6 hours per day) thanks to an electric programmer in
order to avoid the overheating of the pumps. This sampling
method was used in the DACCIWA project. The filter holders
used to expose the filters are cleaned regularly with alcohol. All
handling of the filters is done with dedicated tongs. The type of
filter used depends on the chemical parameters of interest.
2.3.1. Quartz filters

Quartz fibre filters are used both in the collector and in the
measurement line to collect PM3 s aerosols respectively at the

Sampling of a
known surface of

Al (UFHB) and K1 (UPGC) sites. They are from the Whatman
brand and require preparation before use. Each quartz filter is
burned for 48 hours at 400°C in an oven to remove impurities,
then referenced, weighed on a submicron balance (SARTORIUS)
and stored in a Petri dish (single use). These references make it
possible to identify the filter throughout its journey from
preparation to the various analyses, including exposure at the
measurement sites. The analysis carried out on these filters are
to measure aerosol mass and carbonaceous aerosol (EC and OC)
concentrations in PM3.s and PM1p aerosols.

2.3.2. Teflon filters

Teflon filters or polytetrafluoroethylene (PTFE) are used in the
collector to sample PM,s aerosols at the A1l (UFHB) and K1
(UPGC) sites. These filters are produced by PALL Corporation
and also used in several other programs and projects. As with
the quartz filters, the Teflon filters are stored individually in
referenced petri dishes. The collected Teflon filters are used to
analyse the mineral composition of PM, s aerosol.

2.4. Gravimetric and chemical analysis

The analyses of the collected samples were performed at the
Laboratoire d’Aerologie (Laero) in Toulouse (France). The
analyzers of the Laero are regularly tested for certification. In
addition, the Laero is the reference laboratory for several
international programs and projects (such as INDAAF) and its
results are published in international journals.#17-19

2.4.1. Gravimetric analysis

The mass concentrations are calculated by the equation 1.

AM
C= v (1)
with,
where,

Myet M; are the masses (in pg), respectively weighed after and
before exposure;

V; et V; are the volumes (in m3), respectively given by the
counters, after and before exposure.

For each quartz filter, a weighing is performed before and after
sampling. The mass difference (AM) is used to obtain the mass
of aerosols collected. This technique is a reference method and
the equipment used has already been used in several
studies*17.19, Prior to each weighing, the filters are exposed for
24 hours in a dedicated chamber installed in the clean room.

- TC mass on

the filter, then
placed in a tray

Filter to be

the sample

v

R

Tray + filter passed to the
analyzer (3) at 1000°C - =
(analysis time 94s) after o)l OCmasson

Fig. 2. Scheme of carbon analysis of quartz filters.
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This allows the filters to adapt to the ambient air of this room,
which houses the submicron balance. This balance is indeed
very sensitive to temperature and humidity. Some filters are
weighed twice in order to evaluate the uncertainty of the
weighing.20

The volume of air sampled (AV) is given by the difference
between the final volume and the initial volume given by the
counters at the site before and after each filter is exposed.
Pump flow checks are regularly performed on each
measurement line.

2.4.2. Carbonaceous aerosol analysis

The carbonaceous aerosol analysis is performed by two-step
thermal method developped by Cachier et al.?2! and used in
several works including Doumbia al.%, Keita et al.® and Adon et
al.* Fig. 2 shows the analysis scheme for carbonaceous species.
The sample boat where the filter will be installed are first run
through an oven at 1000°C to be cleaned. The machine blank is
obtained when the analyse is performed without anything in
the oven whereas the operational blank combines the machine
blank with an empty sample boat in the oven. These blank
measurements are performed before, in between and after the
sample’s analysis.

During the analysis performed by a BRUKER G4 ICARUS
analyser, TC (total carbon) and EC (Elemental Carbon) are
directly obtained. A portion of the filter with a known surface
area is first passed directly into the G4 ICARUS analyser to
obtain TC concentrations present on the analysed portion of the
filter. In parallel, another portion of the same filter is pre-
combusted in an oven heated to ~340 °C under an oxygen flow
for 2 hours, to remove the organic carbon (OC) fraction. After
this step, this portion is analysed by the G4 ICARUS to obtain the
amount of EC. Moreover, at the exit of the pre-combustion step,
the samples awaiting EC analysis are placed in an oven heated
to 100°C to protect them from impurities.

Finally, the difference in mass between TC and EC (M1c — Mgc)
gives the mass of OC.

Note that a multi-point calibration of the analyser is performed
using tests with a sucrose solution (concentration of 1 ugC/uL).
Indeed, regression lines are drawn for low total carbon and high
total carbon conditions, comparing the values of the integrals
obtained by the G4 ICARUS and the known sucrose
concentrations.

2.4.3. Water-soluble ions (WSI) chemical analysis

Mineral species concentrations (Na*, NHz*, K¥, Mg?*, Ca2*, SO4%,
NOs-, Cl, etc.) are assessed from Teflon filter analyses, collected
on sites Al and K1. These analyses are performed at the
Laboratoire  d’Aerologie = with Thermo Dionex ion
chromatographs (ICS 1000, ICS 1100, and ICS 5000).

Table S1 shows the different species analysed by each of the
chromatographs used. Before each series of analysis, 3 standard
solutions (standard 1, 2 and 3) with known concentrations are
analysed. The results of the analyses of the standard solutions
must have a correlation coefficient, R2 greater than 0.99. The
concentrations of the standard solutions 1 and 3 form an
interval [min, max] able to contain the concentrations of the
solutions to be analysed. The filters to be analysed are first put
in solution in vials with 20 ml of ultrapure water and then
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passed through an ultrasound tank for 30 minutes. More
description of this methodology may be found in Adon et al.?2
2.4.4. Calculation of uncertainties

Uncertainty is systematic or statistical. The systematic error
usually occurs, and is attributed to the quality of the measuring
instrument or measurement protocol and to poor knowledge of
the measurement process. The statistical or random error
occurs when the analysis of a quantity is performed several
times. Thus, the error or uncertainty, whether systematic or
statistical, must consider these two aspects. For the types of
analysis (mass of aerosols, mass of carbonaceous species and
mass of mineral species) the uncertainties (Unc) are calculated
by the formula given by the equation 2:

Unc = \/(ETR V)2 + (0.5 = LoD)? (2)

where,

ErR is the relative error;

Vo is the observed value of the parameter;

LoD is the Limit of Detection

The relative error (ErR) and the detection limit (LoD) depend on
the method of analysis.

Table 1 shows the methods for determining the uncertainties
and the values obtained for the 3 types of analyses, i.e. mass of
PM, masses of carbonaceous species and masses of mineral
species. The uncertainties will be used for the analysis of the
contribution of the sources.

Table 1 Method for determining uncertainties in sample analysis

Uncertainties

ErR

LoD

Determination: This
is the average of the
differences between
the results of double
weighing the filters

Determination: this is a specific
characteristic of the device,
given by the manufacturer, i.e.
2 ug, based on an average
sampling volume of 12.65 m®.

PM mass

after exposure.

Indeed, one filter out

of 10 was weighed

twice.

ErR=2% Value: 0,16 pg/m?

Determination: This  Determination: this is

is the average of the calculated from the values of

deviations between  the blank filter analyses, which

the double analysis include  the  uncertainties

results of 10 blank related to the materials

filters. These values (machine, tray and blank filter).
Carbon varied between 19.6  The detection limit is equal to
species mass and 21.4 ugC. Thus the average of the blanks + 3 x
EC and OC the differences  the standard deviation, i.e.

represent 1 to 6% of 22.01 ugC, which will be related

the mass of carbon to the average volume of air

obtained. sampled of 12.65 m3. It was

determined on a series of 20
samples.

ErR =3% Value: 1,74 pgC/m3

Determination: Determination:  They are

Samples are only calculated from white filter

analysed  if  the values. It was determined on a

coefficient of series of 20 samples.

determination, R2 > Thus, for each species, a LoD
Water- 0.99. It would be fair  was determined. However, the
Soluble lons to take ErR ~ 0%, but  zero LoDs obtained will be
(WS) mass in order to take this  replaced by the lowest LoD.

component into

account, we took ErR

=1%, i.e. 0.01.

ErR~ 0% Value: Ossohou, 2020%3

This journal is © The Royal Society of Chemistry 20xx



2.5. Analysis of the contribution of the sources

As described in Doumbia et al.®, two multivariate statistical
analysis methods are used to establish source apportionment of
PM, s in our study: The Principal Component Analysis (PCA) and
the Positive Matrix Factorization (PMF). These methods allow to
study the dependence between several variables (p). These
methods make it possible to reduce a number p of variables to
a number k of factors (p > k) while keeping the most information
from the variables. These 2 methods are complementary and
their combination allows to obtain quantifiable information on
the contribution of the the atmospheric
concentrations of PMys.

sources to

2.5.1. Principal Component Analysis

Principal Component Analysis (PCA) is a statistical method for
studying dependencies between multiple variables or
parameters. It allows the grouping of variables that present
statistical similarities around a factor.

It has its origins in Pearson in 1901 and since then, its fields of
application have continued to grow.24 Today, PCA is applied in
several fields for the analysis of large databases.

PCA transforms a large number (p) of variables into factors (k),
based on the similarities detected in the analysis of the
variables. A reduced number of factors will eventually represent
almost all the information from the variables.?®

Assuming a linear relationship between the variables (which are
here the species concentrations) and a number of p factors
(which are here the number of sources), the PCA is expressed as
follows:

Zy=Yr19urhy (3

where,

Z;;j is the reduced mass concentration of the species (i) in the
sample (j), with k the number of factor (from 1 to p, which
represent the number of species)

gir is the contribution of the species (i) to the component at
the source (k)

hy; is the contribution of the component from the source (k) to
the sample (j)

In the context of air pollution, the variability of observed
concentration levels requires the use of normalized PCA. The
normalization of values is done through the centring and
reduction of the series of each variable. Centring allows the
impact of extreme values to be reduced by making the mean of
the series equal to zero, without changing the nature of the
point distribution (point cloud). The reduction process allows to
obtain a variance equal to 1. These transformations applied to
each of the variables put them in a normalized form that allows
us to get rid of the dimensions of the variables. Following the
normalization, the calculation of the factors allows to compose
factorial plans, from the axes defined by the most significant
factors, with the aim of restoring almost all the variance of the
data set. In the context of particulate pollution, these factors
represent a grouping of variables (chemical elements).
According to the source profiles (given in the literature) these
factors are associated to the different emission sources. The
contribution of each variable to each factor gives additional

This journal is © The Royal Society of Chemistry 20xx

elements of interpretation. Eventually, the application of the
PCA upstream of the PMF allows to identify the number of
factors to retain.

2.5.2. Positive Matrix Factorization (PMF)

Matrix (PMF) is a quantitative
multivariate analysis method. It was created by Paatero.2%27 The
PMF method consists in decomposing a database into non-
negative matrices, allowing to explain the original data. Like
PCA, it is not necessary to know the source profiles of the
emission beforehand. As a complement to the PCA results, the
PMF allows the quantification of the contribution factors of the
different sources and requires a large data set and a large time
series of variables in order to work.

PMF was originally developed and is used for the study of
sources of particulate matter in ambient air, based on model
input chemical species such as metals, major inorganic species
(anions or cations) or specific organic tracers.27-30

Receptor models are mathematical approaches to quantify the
contribution of sources to samples based on source
composition or speciation. Composition or speciation is
determined using analytical methods appropriate to the
environment, and associated with key species, where
combinations of species are required to separate impacts.

As shown in equation 4, the X matrix is decomposed into: the
matrix F (source), the species profile matrix in each source, and
the matrix G, the contribution matrix by each factor (source) to
the chemical equilibrium of each sample.3?

Xy =X 1 G X Frj + ey (4)

where,

p is the number of factors.

X is the concentration matrix collected at the site, composed of
the samples (by dates) in rows (i) and the measured species in
columns (j), with for each Xj;.

G is the contribution matrix of sources (k), for each sample (i).
F is the matrix of species profiles (j) versus source (k).

e is the matrix of residual errors, function of the samples and

Positive Factorization

the species.

Moreover, the elements of the matrices G and F are constrained
to be non-negative.

To this end, a weighted least squares approach is used, in order
to minimize the Q function, called the objective function.

To achieve this objective, the Q function (equation 5), also
called objective function or cost function, must be evaluated
and minimized through several randomized simulations.
0=xp s [ratn ()

For a species, the sum of the concentrations from the factors
(sources) cannot be greater than the concentration.

The PMF analysis uses sample time series, containing the
concentrations of each of the chemical species, and the
associated uncertainties. This feature allows us to account for
confidence in the measurement. For example, data below the
detection limit can be retained for use in the model, with the
associated uncertainty adjusted so that these data points have
less influence on the solution than measurements above the
detection limit.

J. Name., 2013, 00, 1-3 | 5



2.6. Meteorology

Local meteorology (wind direction and intensity, specific
humidity, and rainfall) has a proven influence on air pollution.32
It conditions the emissions, transformations, and transport, but
also the removal (deposition) of air pollutants. In addition,
regional winds carry desert dust and combustion aerosols from,
for example, nearby and/or regional biomass burning that
greatly influence the observed concentrations and chemical
composition of collected aerosols. The intensity of these
parameters varies greatly during the year depending on the
Moreover, the analysis of some meteorological
parameters allows a seasonal breakdown of the year, in order
to better understand the variations of the measured
concentrations.

The analysis of specific humidity and rainfall data measured on
the synoptic stations managed by the Agence pour la Sécurité
de la Navigation Aérienne en Afrique et d Madagascar (ASECNA)
at the Félix Houphouet-Boigny airport in Abidjan (station no.
65578) and at the Korhogo airport (station no. 65536) was
carried out. Daily rainfall was collected at each station and the
parameters collected were used to calculate specific humidity.
In Abidjan, the specific humidity is almost constant over the
three years (Fig. 3). This is due to the position of the city on the
coast of the Atlantic Ocean. On the other hand, rainfall shows
differences over the year, but similarities from one year to
another. We note that the months of January and February
have very low rainfall. This observation is also valid for the
months of August.

season.

2018

25 180

Specific Humidity dzm (9 kg™

01-01 01-02 01-03 01-04 01-05 01-06 01-07 01-08 01-09 01-10 01-11 01-12

2019
— 25 180
"“ 4
2 71 160
2 W’MD
g F1z0 =~
T 15 1 £
> 100 £
£ 1
£
5
I
u
=
S
L
o
w

01-01 01-02 01-03 01-04 01-05 01-06 01-07 01-08 01-09 01-10 01-11 01-12

2020

Specific Humidity dzm, (g kg™1)

01-01 01-02 01-03 01-04 01-05 01-06 01-07 01-08 01-09 01-10 01-11 01-12

Fig. 3. Variations of Specific Humidity (black) and Rainfall (bleu) in Abidjan from 2018,
2019 and 2020.
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Fig. 4. Variations of Specific Humidity (black) and Rainfall (blue)in Korhogo from
2018, 2019 and 2020.

In Korhogo, Fig. 4 reveals another picture: specific humidity is
low from December to February of the following year, and
rainfall is concentrated between March and November over the
three vyears. In Korhogo, the observation of these two
parameters allows us to clearly define the seasons. Indeed, the
low values of specific humidity reveal an atmosphere poor in
water and therefore a dry season from December to February.
Conversely, from March to November the atmosphere is more
humid with high rainfall, hence a wet season.

Given the marine influences on Abidjan, we will not be able to
establish specific seasons for Abidjan. Thus, we will use this
division of seasons, namely: a dry season from December to
February and a major wet season from March to November. In
accordance with our study period, we define the dry season 1
(DS1) from December 2018 to February 2019 and the dry season
2 (DS2) from December 2019 to February 2020. As for the
periods of March to November of 2018 and 2019, they are
wetter, so are respectively the wet seasons 1 (HS1) and 2 (HS2).
The dry seasons are recognized as periods of high pollution,
because during this period, the phenomenon of atmospheric
particles wet deposition is low, or even zero, which increases
their concentrations in the atmosphere and promotes the aging
of aerosols. Moreover, biomass burning is recurrent, as well as
strong resuspension of aerosols due to the dryness of the soils
and desert dust transported.

3. RESULTS

This journal is © The Royal Society of Chemistry 20xx
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3.1. Temporal variations of PM, s aerosol concentrations and their
EC and OC content in Abidjan (site A1, UFHB) and Korhogo (site
K1, UPGC)

Fig. 5 (a and b) shows the interannual evolution of monthly
average PM; s concentrations in Abidjan (a) and Korhogo (b), as
well as their content in EC and OC, over the period from
December 2018 to March 2020.

In Abidjan, PM, s concentrations range from 7.5 to 127.6 ug/m3,
with an average of 29.4+22.9 ug/m3 over the entire period. This
average concentration is above the respective WHO standards
(2021). The medians of the PM,s concentrations are 20.5
ug/m3. As a reminder, the median gives statistical information
on the data set, i.e. the value for which we have as many
samples of higher and lower concentrations. Here, these
medians allow to say that almost half of the year, the
concentrations are higher than the daily standards of the
WHO33 (15 pg/m3). The concentrations of EC and OC in PMys
vary respectively from 0.3 to 9.3 pg/m3 and 0.2 to 23.9 pug/m3.
On average, the concentrations of EC and OC are 3.2 ug/m?3 and
4.3 pg/m3, respectively. The TC content of PMys is 27+13% on
average. The OC/EC ratio is 1.6 over the study period.
Concentrations during the two dry seasons DS1 (Dec2018,
Jan2019, Feb2019) and DS2 (Dec2019, Jan2020, Feb2020) and
those for the rest of the year (wet season and shoulder season)
are shown in Fig. 3 and Table 2. The mean PM, s concentrations
are 44.9+26.5 pg/ms3 for DS1 and 61.8+31.3 pug/m3 for DS2. The
concentrations during DS2 are thus almost twice as high as
those during DS1. It is interesting to note that OC
concentrations are also increasing from DS1 to DS2 whereas EC
is decreasing.

This journal is © The Royal Society of Chemistry 20xx

Consequently, the OC/EC ratio in PM; s is approximately 1.3 in
DS1 and 3.5 in DS2. This increase in the OC/EC ratio in DS2 can
be attributed to a higher contribution of secondary organic
aerosols, as suggested by Satsangi et al.3%. This could be
associated with weather conditions that are more conducive to
the formation of secondary aerosols, such as reduced rainfall
and lower cloud cover during DS2 in comparison to DS1.
Therefore, there is a greater contribution from incomplete
combustion sources during DS2. An analysis of the back-
trajectories to Abidjan, in conjunction with regional active fires
in DS1 and DS2 (Fig. 3 and 4), does not provide evidence linking
the increase in OC/EC to the impact of biomass burning.

For PM,s, the concentrations during HS1 and HS2 are 17.5+6.8
pg/m3 and 21.3+7.3 pg/m3, respectively, which are 2-3 times
lower than the concentrations during the following dry season.
The difference in higher concentrations during the dry seasons
than during the wet seasons is mainly due to the low rainfall
observed during the dry seasons, limiting the removal processes
of particles by wet deposition.

In Korhogo (Fig. 5(b) and Table 2), the mean concentrations of
PM>s ug/m3are 46.8+36.5 pg/m3, and range from 6.9 to 165.3
ug/ms3, with a median concentration of 36 ug/m3. We note that
the average concentrations observed are 2 to 3 times higher
than the standards and recommendations of the WHO33 and
Cote d'lvoire. The concentrations of EC and OC are on average
2.6+1.8 pg/m3 and 6.1+5.3 pg/m3. On average, the TC
represents 23+14% of PM, s with an average OC/EC ratio of 2.3.
This OC/EC ratio value is higher than that observed in Abidjan.
This could be due both to a greater contribution of incomplete
sources such as the domestic fire source and two-wheeled
vehicles more important in Korhogo than in Abidjan, but also to
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a more important secondary aerosol formation. The mean
concentrations of PMs.s during DS1 are 71.9+33.4 pug/m3 against
82+42 pg/m?3 during DS2, representing a 20% increase whereas
OC/PMys and OC/EC ratios remain of the same order of
magnitude. The back-trajectories to Korhogo (Fig. S7) during
DS1 originate from the African continent while those of DS2
originate from the Atlantic Ocean. The influence of regional
continental (Fig. S7 and S9) sources on Korhogo could explain
the differences observed between DS1 and DS2. This hypothesis
will be confirmed with the analysis of mineral species. PM3s
concentrations during HS1 (27.0+22.9 pg/m3) and HS2
(40.7£35.2 pg/m3) are 2 to 3 times lower than during the dry
seasons. It is interesting to note that the concentrations are
generally higher in Korhogo than in Abidjan eitherin dry seasons
or in wet seasons, in agreement with Gnamien et al.20.

In Abidjan, the OC/EC ratio values (Table 2) are generally
between 0.7 and 3.5 in all the seasons, with an average of 1.6,
that could be suggest a link with the road traffic source3>-37, as
on the road traffic site of Djossou et al.17, which had found a
value of 2. However, the standard deviations of this ratio are
very large, reflecting the wide variability of the ratio values and
therefore the significant influences of various sources. In
Korhogo, the OC/EC ratios are generally greater than 2 (with the
exception of HS1), with smaller standard deviations from the
ratio values. This may reflect the predominance of biomass
combustion sources at this site. In fact, an OC/EC ratio greater
than 2 indicates both a strong contribution from biofuel and
biomass burning38-40 and the presence of secondary organic
aerosols (AOS).34

Table 2. Average concentrations in pg/m3 of PM,s, EC, OC and OC/EC ratio over the
whole study period (04/2018 - 03/2020), the wet seasons HS1 (04/2018 - 11/2019) and
HS2(03/2019 - 11/2019), and the dry seasons DS1 (12/2018 - 02/2019) and DS2 (12/2019
- 02/2020).

City
(site id, site Period PM2s EC oC OC/EC
name)
SWdY 564220 32619 43#41 16821
period
HS1  17.5¢6.8 32417  23+12  0.7+0.4
Abidjan
(siteAL UFHB) DS 449265 6012 79457  13:0.7
HS2 21373 2.040.8  28+14  17+18
DS2  61.84313  4.0+¢1.8 92455  3.5+4
Study e 81365 26418 61453  2.3:14
period
HS1  27.04229 18405  2.7+17  1.5¢1.0
Korhogo
(sitek1,UPGC) DS 7194334  41%13  112#43  2.8+12
HS2 4074352 17410  41#31  2.5¢14
DS2  82.0+420 42424  12.6:7.1 3.2+19

The average PM3s concentrations of this study in Abidjan are of
the same order than those obtained with the same procedure
by Djossou et al.1” on traffic sites in Abidjan (3232 pug/m3) and
Cotonou (Benin) (32124 pg/m3) and on a landfill fire site in
Abidjan (28119 pg/m3) whereas they are higher in Korhogo.
However, both of them remain lower than those of a domestic

8| J. Name., 2012, 00, 1-3

fire site in Abidjan (149169 ug/m3), which was a site very close
to the source. In addition, other studies have been conducted
in West African cities. Thus, in Accra Dionisio et al.*! obtained
21 pg/m3 and 39 pg/m3, for PMy s at sites located in areas with
a high and low socioeconomic status respectively. These
concentration levels, as well as those observed by Arku et al.*?,
Boman et al.*3, Dieme et al.”, Doumbia et al.®** and Garrison et
al.?>, respectively in Accra (Ghana), Ouagadougou (Burkina
Faso), Dakar (Senegal) and Bamako (Mali) are of the same order
of magnitude as those obtained on our sites.

3.2. Variations in the concentrations of water-soluble ion (WSI)
species in PM; s aerosols

At Abidjan site Al, the sum of water-soluble ions (WSI)
represent 10.6+8.8% of the PM;s mass (Fig. 6(a)), with sulfate
(1.16+1.25 pg/m3) and potassium (0.41+0.52 ug/m?3) being the
most abundant anion and cation respectively. Fig. 6(a) shows
that sulfate, nitrate, and ammonium, also called SNA are major
species of WSI.46 The average level of SNA is 1.87 ug/m3,
contributing to 7% of the PM3s mass. SNA (SO42, NO3%*, and
NH4*) account for 4.1%, 1.5%, and 1.4% of the PM,s mass,
respectively. The proportions of K* (1.3%), Na* (0.7%), Ca2*
(0.5%), oxalate ions (0.4%), CI- (0.3%), and MgZ* (0.2%) are
relatively small compared to SNA. The rest of the ions, acetate
ions (0.09 pg/m3), formate ions (0.05 pug/ms3) have contributions
less than 0.1%.

The highest peak is observed for the month of December 2018,
with a WSI concentration (excluding acetate and formate ions)
of 10.6 pg/m3, or 12.8% of the PM, s mass. These high values
appear on 3 of the 4 weeks of December 2018. Also, we observe
lower WSI concentrations (mainly sulfate, nitrate and
potassium) during DS2 compared to DS1. This high value in
December 2018 is reflected in the average observed during DS1,
13.5+£12.6% (caused mainly by SNA which represent 4.1 and 1.5
and 1.4% of PMys, respectively), compared to 6.3+4.1% of WSI
in PM3.s during DS2. SNA alone accounts for 6.51% and 4.13% of
WSI during DS1 and DS2, respectively.

As shown earlier, the analysis of the December 2018 back
trajectories in Al shows a difference compared to December
2019. Indeed, in December 2018, the back trajectories (Fig. S6)
and wind roses (Fig. S8) all originate from the west coast of
South Africa, in the Atlantic Ocean whereas in December 2019,
2 origins are observed: part of them is coming from the Atlantic
Ocean as in 2018 when the other part takes their origins on the
African continent, more precisely in West and Central Africa.
These observations allow us to link variations in WS1
concentrations to a greater contribution of marine source in
DS1 than in DS2.

During the wet seasons (HS1 and HS2), the WSI are of the same
order of magnitude, 11.2+9.6% and 11.4+7.9% of PMys,
respectively. In contrast to EC and OC, WSI concentrations are
significant in the summer period, for the months of June, July
and August (Fig. 6(a)) compared to the other months of the wet
season, with a predominance of SNA followed by K*, Ca* and
Na*. These variations suggest the influence of meteorology on
the chemical composition of aerosols.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6(b) shows the interannual evolution of WSI concentrations
at Korhogo (site K1). The sum of water-soluble ions (WSI)
represents 6+8.7% of the PM; s mass collected at site K1, with
nitrate (0.77+1.81 pug/m3) and K* (0.34+0.33 pug/m?3) being the
most abundant anion and cation, respectively.

The annual average level of SNA (SO42, NOs- and NHg*) is 1.51
ug/ms3, contributing 3.16% of the PM, s mass in Korhogo. SNA
account for 1.4%, 1.5% and 0.69% of PM,s aerosols,
respectively, and 60% of WSI. K*, CaZ*, oxalate, Na+, Cl-and Mg?2*
ions account for 0.78%, 0.70%, 0.32%, 0.27%, 0.25% and 0.1%,
respectively. Acetate (0.02 pug/m3) and formate (0.02 pg/m3)
ions have contributions less than 0.1% as for the Abidjan A1l site.
The largest peak is observed in January 2020 and more generally
during DS2. In January 2020, the WSI concentration is 11.3
ug/m3, or 10.8% of PM,s. During DS1, WSI accounts for
2.6£1.7% of PMys versus 8+7.8% during DS2, with SNA
contributing 0.83% and 4.91% of WSI during DS1 and DS2,
respectively. This agrees with our earlier. The back-trajectories
(Fig S7) and wind roses (Fig. S9) to Korhogo during DS1 originate
from the African continent while those of DS2 originate from
the Atlantic Ocean. In DS2, a greater contribution of marine
sources is then expected with larger WSI concentrations. Also,
to our knowledge, it is difficult to perform any comparison with
previous studies here, since previous studies of WSI when
existing in West Africa deal with intensive campaigns results.
These chemical compounds, combined with carbonaceous
species, can be used to quantify the various chemical fractions
included in PM, s aerosols at the Abidjan and Korhogo sites.

3.3. Analysis of chemical composition of PM, s aerosol

This journal is © The Royal Society of Chemistry 20xx

Carbonaceous aerosol and soluble ions concentrations from the
different analyses allow us to reconstruct the different aerosol
type fractions included in the PM,s aerosol. Thus, the
concentrations of WSI, EC and OC, allow us to determine 5 main
type fractions, and to evaluate the fraction not determined
from our chemical and mass analyses of PM5s. These are:
Elemental carbon: EC obtained directly from the thermal
analysis used in this work developed by Cachier et al.2! and
applied by Keita et al.1® and Adon et al.%;

Organic matter: OM 1.8*[0C] from Temesi et al.*’ and
Maenhaut et al.?8; [OC] being analysed in this study following
the methodology of Cachier et al.?%;

Dust =10.96*[nss-Ca2?*], avec [nss-Ca?*]=[Ca?*]-0.038*[Na*]
from Sciare et al.*%, all ions being analysed in this study;

Sea salt = [CI] + [Na*] + [Mg2*] + [ss-K*] + [ss-CaZ*] + [s5-S04%7],
avec [ss-K*]=0.036*[Na*]; [ss-CaZ*]=0.038*[Na*]; [ss-SO4%
]=0.252*[Na*] from Sciare et al.*°, all ions being analysed in this
study;

nss-lons = [NH;*] + [NOs] + [Mg2*] + [nss-SO427] + [nss-K*] +
[CH3COO] + [HCOO] + [C204%], all ions being analysed in this
study;

n.d. = [PMys] — ([EC] + [OM]+ [Dust] + [Sea salt] + [nss-lons]),
where [PM; ] is the PM3 s concentration obtained in this study.

Fig. 7 (a and b) show the evolution of the chemical composition
of PM, s aerosols at sites Al and K1 respectively. The 5 identified
type fractions explain on average 56.7% and 50.5% of the PM s
aerosol mass, respectively at Abidjan (site Al, UFHB) and
Korhogo (site K1, UPGC). In decreasing order of contribution, at
Abidjan, we have 26.7+13.2%; 13.2+8.4; 8.2+7.1%; 5.6+5.9%
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and 1.4+1.6%; respectively for organic matter (OM), EC, nss-
lons, Dust and Sea salt (Fig. 7 (a)).

In Korhogo, 28.2+18.1%, 9.4+18.4%, 7.1+6.1%, 4.416% and
0.8+1.6% are the contributions of OM, Dust, EC, nss-lons and
Sea-salt respectively (Fig. 7 (b)).

The major fraction is organic matter in both Abidjan and
Korhogo sites, with close contributions. EC is the 2nd most
important fraction in Abidjan (13.2%), but 3rd in Korhogo
(7.7%), as it is supplanted by Dust, with 6.1% and 9.4% in
Abidjan and Korhogo respectively. The nss-lons, with 9.1% and
4.4% respectively in Abidjan and Korhogo are in 4th position.
The contribution of Sea salt is the lowest with 1.5% in Abidjan
and 0.8% in Korhogo. The carbonaceous fractions (EC and OM)
participate to 40% and 36% of the chemical composition of
PM; s respectively in Abidjan and Korhogo, underlining the
importance of the contribution of combustion sources to PM; s
aerosols. Also, as expected, dust contribution is more important
in Korhogo than in Abidjan.2® However, the unexplained
fractions are very large, sometimes exceeding 50%. The absence
of trace elements and metals from the analyses underestimates
the dust fraction, according to Guinot et al.>°

Then multivariate analyses will allow to identify and quantify
the contributions of the different sources.

3.4. Analysis of source apportionment of PM; s aerosol

3.4.1. Number of contributing sources

Principal component analysis (PCA) is one of the most common
methods of multivariate analysis. It is applied to types of data in
order to find dependencies between variables in order to
reduce their number by grouping them. In this study, the
variables are the chemical species (EC, OC and WSI). In addition,

10 | J. Name., 2012, 00, 1-3

since EC and OC are considered independently, TC will not be
included in the analysis to avoid double counting. From April
2018 to March 2020 (i.e. 105 weeks), the 84- and 83-week
samples were retained in Abidjan and Korhogo respectively.
Indeed, when the concentrations of a species or a group of
species is missing, the week is indeed excluded from the study.
The species are then grouped around the principal components
also called factors. In the following, we will use the term, factor,
as a linear combination of species with specific coefficients for
each variable, and within each factor. These coefficients
represent the degrees of correlation between the variables and
the factor.®? Thus, the stronger a species correlates with a factor,
the more it influences that factor, and that could be used to
identify the source associated with the factor. In this type of
study, a small number of factors that can explain most of the
variance is desirable. In order to determine the number of
factors to retain, several methods (criteria) are available.
Doumbia et al.® proposes the following criteria: criterion 1
retains as many axes as necessary to reach the desired
threshold of explained variance, a threshold to be defined;
criterion 2 retains eigenvalues greater than the value of 1
(following the Kaiser-Guttman criterion, commonly called
Kaiser criterion) and criterion 3 is based on scree plot criterion
using the curve of eigenvalue decay, with the number of factors
to be retained corresponding to the first inflection point
detected on the curve.

Fig. 8, illustrating the criterion 2, shows the eigenvalue curve as
a function of the number of factors (in blue), with the Kaiser
criterion in red. This figure reveals the difficulty of applying

This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins




(a) Abidjan (site A1, UFHB)
8
—8— Eigenvalues
! —— Kaiser criterion
6 -
g5
3
34
c
>3
AN
2 -
1
0 -
1 3 5 7 9 11 13 15
8 ({b) Korhogo (site K1, UPGC)
;] —8— Eigenvalues
—— Kaiser criterion
6 -
551
32
S 41
5
231
w
2 -
1
01 \.*’_"’“'-0—'—0—.
1 3 5 7 9 11 13 15
Number of factors

Fig. 8 Eigenvalue decay curves as a function of the number of factors, for sites Al
(Abidjan) and K1 (Korhogo), with criterion 2 (Kaiser criterion) in red.

Criterion 2 in both Abidjan and Korhogo, because the inflection
point is not always clearly identifiable.

Moreover, the application of criterion 1 poses a problem in the
threshold to choose. Indeed, the choice of the threshold could
appear subjective, i.e., made according to the number of factors
sought. Pires et al.>! chose a threshold of 90% of variance
explained. In our case, this threshold would lead us to 6 sources
(factors) respectively in Abidjan and Korhogo. On the other
hand, a threshold of 80% leads us to 4 sources in Abidjan and
Korhogo. As a reminder, the choice of the number of factors
must allow for the restitution of almost all the information in
the database. In order to avoid grouping of sources, we will take
criterion 1, with a maximum threshold of 90%. However, we
note that 88% and 89% of the variance explained in Abidjan and
Korhogo respectively leads to 5 factors. This choice seems
appropriate to us because it seems inappropriate to add a 6th
factor that represents less than 4% of the variance, to reach
90%. Indeed, in the absence of trace elements, the
identification of certain sources is difficult. Thus, we retain 5
factors (contributing sources) in Abidjan and Korhogo.

3.4.2. Sources contributing to PM; 5 aerosols

The application of PMF (Positive Matrix Factorization) is based
on the number of 5 factors identified by the PCA, both in
Abidjan and Korhogo. In this study, version 5 of the EPA PMF

This journal is © The Royal Society of Chemistry 20xx

software, developed by the US Environmental Protection
Agency (US EPA), is used. This software uses as input the time
series of weekly concentrations of chemical species and the
associated uncertainties. Thus, the weekly concentrations each
represent an independent sample. It is possible to replace the
missing data by the median of the series, but this option was
not retained, because we have a significant number of validated
samples. Indeed, in the dataset, 84 weeks were retained out of
91 weeks actually sampled in Abidjan. On the other hand, in
Korhogo, all 83 weeks sampled were retained. As we have
shown above, the concentrations of the chemical species do not
allow the reconstruction of the whole mass of the collected
PM, s aerosols. In order to account for the undetermined mass,
and as it is recommended, PM,s was added to the species for
PMF, with an uncertainty equal to 4 times the observed PMs
concentration.52>4

The uncertainties were calculated based on the
recommendations provided by the U.S. EPA (2014) software
user manual. If the species concentration is below the limit of
detection (LoD), the concentration is replaced by half the LoD,
and its uncertainty is 5*LoD/6. According to the species, at site
A1, the number of samples involved is 0 for C;042, Cl-, NOs-, Na*,
NH4*, K*, Mg2*, CaZ*and PM, s, 3 for SO42-, 17 for OC, 21 for EC,
34 for HCOO-, and 39 for CH3COO", out of 84 samples included
in the analysis. While for site K1, the number of samples
involved is O for PM;s, 1 for Cl, NH4*, K*, MgZ*tand Ca?*, 2 for
C,04%, NO3, 4 for SO4%, 6 for Na*, 12 for OC, 35 for HCOO-, 36
for EC and 46 for CH3COO-, out of 83 samples.

The application of PMF, successively to the Abidjan (site A1) and
Korhogo (site K1) datasets, allows us to quantify the
contribution of the different sources to PM, . Thus, according
to the tracers and species that contribute to each factor, a
source is identified and attributed to each factor, here 5 factors.
It often happens that the profile of the contributing species to a
factor does not allow to identify a source, but rather an
association of source.

Abidjan (site A1, UFHB): The simulations of the PMF analysis at
Abidjan considering 5 factors give coefficients of determination
(R?) between the concentrations predicted by the PMF and the
observed concentrations of each species. We observe 3 classes:
R? < 0.4 for EC, CH3COO-, HCOO:, 0.4 < R? < 0.7 for PM35, Na*¥,
Mg2*, OC and RZ > 0.7 for C;04%, CI, NH4*, NOs", K*, Ca%* and
S0O42. Species with R2 <0.4 correspond to samples for which the
concentrations are often below the respective LoD. In this case,
as mentioned above, it is recommended to replace the
concentration by LoD/2 and the uncertainty by 5*LoD/6 from
U.S. EPA.55 Fig. 9 (a) presents the relative contribution to PM; s
of the 5 sources, obtained by our receptor model at A1l site of
Abidjan.

Abidjan source 1 (Factor 2): it contributes to 44.7% of PM, s and
60.6% and 38.1% of EC and OC respectively. According to Gupta
et al.>* and Watson et al.>%, this source is Road traffic. The OC/EC
ratio in this source is 0.9 less than 2, which according to Guinot
et al.’%, Pio et al.>” and Sandradewi et al.>8 is consistent with that
of the traffic source.17:5%60 This value is close to that of sites
heavily influenced by the traffic source.3>37.61 The high
contribution of NHs* (69.6%), associated with that of NOs-
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(21.3%) and SO42- (24.2%) to this factor, highlights the presence
of secondary aerosols. Indeed, NH,*, after its formation,
remains present in the atmosphere as NH4sNO3 and (NH4)250,.52
This process is confirmed by the correlation coefficient of 0.75
(p-value<0.05) between NHz*, and the sum of SO42 and NOs-.
The presence of carboxylic acids (CH3COO- with 22.7%, HCOO-
with 29.2%) confirms the enrichment of this source by
secondary aerosols according to Wang et al.%3

Abidjan source 2 (Factor 4): it corresponds to 40.5% of the PM3 s
mass, contributing respectively to 57.4% and 26.5% of the OC
and EC concentrations, both tracers of Domestic fires sources
from biofuels according to Cachier and Ducret®, Chow and
Watson®>, Rogge et al.®¢ and Fine et al.57. Domestic Fires source
can be confided by the good correlations between K*, and OC
(0.72) and K* and NHz* (0.71), with p-values < 0.05, which are all
3 tracers of combustion sources. Also, this source contributes to
61.5% of the mass of K*, who is tracer for this source according
to Adon et al.4, Sharma et al.62, and Wu et al.®8.

Abidjan source 3 (Factor 1): it participates in 11% of the PM3s
mass, contributing to 42.53% and 18% of the concentrations of
Ca?* and Mg?*, respectively, which are Natural dust tracers
according to Pant and Harrison®. In addition, Source 3
contributes of concentrations respectively to 84.7% for C;0,4%,
41.38% for CH3COO", 40.9% for Na*, 12.9% for EC, 12.1% for Cl-
and 4.5% for OC. These contributions can be explained by the
resuspension of Road dust. According to Gupta et al.>4, Ca?*, Cl-
and OC can be considered as tracers of the latter source.
Abidjan source 4 (Factor 3): It contributes to 3% of the PM3s
mass, with only soluble ion (WSI) contributions. Thus it
participates in 50.2%, 23.8%, 19.2%, 17.7% and 13.4%
respectively to NOs-, SO42, Na*, ClI- and K*, which highlight the
Sea salt source.”® Also, the lack of contribution to EC and OC (0%
contribution) helps to confirm that they are marine Salts. The
absence of the contribution to Mg?2* highlights the inaccuracy of
the receptor models in dealing with species that are lower in
mass, but have multiple sources.

Abidjan source 5 (Factor 5): with 1% of the PM,s mass, this
source contributes mostly to Mg2* (78.5%) and Ca?* (15.4%),
both dust tracers. In addition, this source contributes to 59.8%
and 15.4% of the ClI- and Na* concentrations respectively,
tracers of the marine source. Considering the marine origin of
the construction sand 7%, this factor represents the Dust from
Construction 72 showing its importance on some of the species
studied.

In Abidjan, the profile of the Road traffic source (Fig. S3) does
not show any seasonal variation, as expected, because this
source is not seasonally dependent. However, the profile of the
Biomass and Domestic Fire Sources shows peaks during the dry
seasons, with larger peaks during DS1 than DS2. The Natural
Dust and Road Dust source profile shows larger contributions
during year 1, with large peaks during DS1, but smaller
contributions during the 2nd year of sampling. The marine salt
source profile also shows a larger contribution in year 1 than in
year 2. Finally, the profile of the construction dust source is
similar to that of the natural and road dust sources. The analysis
of the contribution profiles reveals seasonal specificities of
some sources, particularly for OC. However, the large peaks

12 | J. Name., 2012, 00, 1-3

Journal Name

(a) Abidjan (site A1, UFHB)
® Road traffic (44.7%)

= Domestic Fires (40.0%)
= Natural and road dust
(11.2%)

m Sea salt (3.0%)

m Dusts from construction
(1.2%)

(b) Korhogo (site K1, UPGC)

m Biomass burning and
domestic fires (70.7%)

M Road traffic (16.0%)
m Road dust and sea salt
(8.1%)

m Natural dust (2.6%)

m Agriculture (2.5%)

Fig. 9. Apportionment of sources contributing to the PM, s aerosol mass identified at
(a) Abidjan (site A1, UFHB) and (b) Korhogo (site K1, UPGC)

observed during DS1 compared to DS2 should be put into
perspective, as this analysis is based on species that can only
explain 56.7% of the collected aerosol mass. Thus, it would be
important to reduce the undetermined fraction of the aerosol,
a fraction that includes a large part of the trace elements, to
better explain these seasonal variations.

Korhogo (site K1, UPGC): The application of the PMF model to
the K1 site of Korhogo results in R2 coefficients of determination
that can be grouped into 2 classes. These are species with R2 <
0.4 for PM;5, EC, OC, CH3COO", SO42 and NOs, and those with
R2 > 0.6 for HCOO-, C;042, CI, Na*, NHs*, K*, Mg?* and CaZ*.
Species with RZ < 0.4 show high values relative to seasonal
trends, peaks likely due to localized events in time. However,
because the uncertainties are a function of the concentration of
the species in each sample, they increase with concentration.
Fig. 9 (b) and Fig. S1 show the contributions of the 5 different
sources determined in our PMF study, to carbonaceous and
inorganic species contained in the PM,s sampled at site K1 of
Korhogo.

Korhogo source 1 (Factor 4): Source 1 contributes to 70.7% of
the PM;s mass in Korhogo, making it the main source in
Korhogo. This source is responsible for 79.9% and 62.3% of OC
and EC respectively according to Cachier and Ducret®* and Chow
and Watson®, tracers of Biomass burning source. In addition, it
provides 77.3% of K* also recognized as a tracer of this source
(Wu et al.8 and Sharma et al.2). However, these tracers are also
associated with the Domestic Fire Source.57.73-75 Thus, this
source combines both Biomass burning and domestic fires

This journal is © The Royal Society of Chemistry 20xx
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source. It can thus be local or regional (driven by regional
winds). Observation of the evolution of this source (Fig. S4)
shows higher contributions during the dry seasons (DS1 and
DS2) compared to the wet seasons (HS1 and HS2).

Korhogo source 2(Factor 2): This source participates in 16% of
the PM; s mass, and contributes 22.7% and 13.2% respectively
of EC and OC, tracers of the Road traffic source. The OC/EC ratio
of 1.46 in the source profile is close to the values of urban areas
(influenced by the same source) in Europe’®77 and Morocco’s.
In addition, it is responsible for the emissions of 82.5% NH.*;
43.4% NO3* and 32.9% S0,%, secondary aerosol tracers
according to Sharma et al.%2 The presence of sulphate, a tracer
of the secondary aerosol component of this factor, could result
from photochemical interactions with atmospheric SO, and
improved photochemistry during the warm season would
promote these reactions.’®7° Figure S3 shows very little
seasonality in the contribution of this source to PM;s
concentrations, which is typical of the traffic source, as is the
case for Abidjan.

Korhogo source 3 (Factor 1): it contributes to 8.1% of the PM; s
mass, with contributions of 30% and 11.5% respectively to the
dust tracers Mg2* and Ca*.®® The low contribution to
carbonaceous species (EC, OC) excludes the combustion source,
but reveals an indirect link: it is a dust source from the
resuspension of Road dust.>* In addition, the 41.4%
participation in Na*, 21.8% in ClI- and 15.7% in K* reveals the
presence of sea salt.’? The association of these 2 sources is
confirmed by Fig. S4, where we observe a contribution of this
factor that increases both in the dry season (dust) and in the
wet season (in Sea salt).

Korhogo source 4 (Factor 5): it participates in 2.6% of the PM; s
mass, with contributions of 67.5% and 57.2% respectively to
Ca2* and Mg?*, tracers of desert dusts, Natural dust.®® The 9.6%
contribution to EC but 0% to OC, but also 27.1% and 21.1% to
C,042 and CH3COO;, respectively, could underline the remote
origin of a carbonaceous particle source. Indeed, only the inert
fraction (EC) is observed and the reactive fraction (OC) seems to
have given way to carboxylic acids.

Korhogo source 5 (Factor 3): This source, which contributes to
2.5% of the PM;,s mass, participates in 78.2% and 42.7%
respectively in Cl- and NOs-; according to Nyilitya et al.8%, these
species are tracers of the Agriculture source, through the use of
pesticides, Animal Furthermore,
Chlorine (CI-), nitrogen (NOs-, NHz*) and potassium (K*) are the
main constituents of pesticides, representing 98.9% of this
source: this confirms the link with Agriculture, which is a very
preponderant activity in the area. Indeed, Korhogo is the main
cotton and mangoes production area of Cote d'lvoire. These
crops are grown with the use of fertilizers and pesticides. It
should be noted that Koh et al.81 recommend an isotopic study
to confirm the choice of the source Agriculture from these
results.

In Korhogo, profile for the Biomass burning and Domestic Fires
source (Fig. S4) shows a contribution of equal magnitude for
DS1 and DS2 for the existing samples (indeed, note the absence
of data during DS2), much larger than in the wet season.
Therefore, this source does not clearly explain the variations in

manure and fertilizers.

This journal is © The Royal Society of Chemistry 20xx

PM,s concentrations observed between DS1 and DS2. The
Traffic source profile shows no seasonal or interannual
variation, despite some significant peaks. The Road dustand Sea
salt source is a grouping of sources that could not be separated.
However, from the figure, it can be assumed that (1) the highest
contributions to PM; s during DS1 and DS2 are due to Road dust,
a source increasing in the dry season, and (2) the high
contributions to PMys during the wet season (HS2) are
associated with marine salts. The Natural dust source has a
larger contribution during DS1 than during DS2 which explains
the higher particle concentrations during DS1. However, the
larger contributions during HS2 suggest the influence of a third,
unidentified source that may be related to a dust event. The
Agriculture source has a larger contribution during the 2nd
studied year than during the 1st. Thus, the appearance of this
source in the second year may be attributed to the start of a
new agricultural activity or a change in agricultural practice
nearby the study site.

4. Conclusions

This study presents temporal trends in the chemical
composition of PM; s aerosols in two cities, Abidjan in the south
and Korhogo in the north in Céte d'lvoire (West-Africa). PMa.s
concentrations consistently exceed both WHO
recommendations and Cote d'lvoire's air quality standards, with
dry seasons (DS1 and DS2) showing concentrations more than
twice as high as wet seasons (HS1 and HS2). Carbonaceous
species (EC and OC) account for 27% in Abidjan and 23% in
Korhogo, with Abidjan indicating a significant influence of traffic
emissions and domestic fires (OC/EC ratios < 2), while Korhogo
reflects biomass and domestic fires (OC/EC ratios > 2). Chemical
composition analysis explains 56.7% and 50.5% of PM, s at the
Al and K1 sites, respectively. Five contributing sources were
identified at each site. In Abidjan, these are Road traffic (44.7%),
Domestic fires (40%), Natural and Road dusts (11.2%), Sea salt
(3%), and Dusts from construction (1.2%). In Korhogo, it is
biomass burning and domestic fires (70.7%), road traffic (16%),
road dusts and sea salt (8.1%), natural dusts (2.6%), and
agricultural activities (2.5%). PM,s concentrations in Abidjan
and Korhogo exhibit strong links to rainfall and regional sources
(dusts and biomass fires) in the dry seasons in Korhogo. The
observed seasonal variations emphasize the importance of
long-term aerosol composition monitoring to track the
effectiveness of pollution source reduction efforts.

To conclude, this study provides crucial information for
identifying the main sources contributing to air pollution in each
of the cities studied. By understanding the main sources of
these emissions, it becomes possible to put in place targeted
strategies aimed at mitigating the impact of urban particulate
pollution, which are specific to each city. This approach will not
only reduce atmospheric emissions, but also improve air quality
and, consequently, public health in these highly urbanised
areas.
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