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Particulate Matter (PM) Low-Cost Sensors (LCS) can be used to monitor air quality in regions with limited

access to reference monitors. This study carried out within the framework of the Improving Air Quality in

West Africa (IAQWA) project provides high temporal resolution of data on fine aerosol (PM2.5) mass

concentrations in Abidjan (Cote d'Ivoire) and Accra (Ghana) through the deployment of field calibrated

Real-time Affordable Multi-pollutant (RAMP) monitors. From February 2020 to June 2021, RAMPs were

deployed at five sites in Abidjan and four sites in Accra. Using a temporal resolution of 15 seconds, the

datasets provided by RAMPs allowed a comparative analysis of diurnal, daily and seasonal variability of

PM2.5 concentrations for different urban sites with distinct pollution sources, over an extended period of

time. Diurnal variations in PM2.5 concentrations showed prominent morning peaks related to traffic rush

hours reaching up to 50 mg m−3. Evening peaks were significant for sites in residential neighborhoods,

and pointed to residential type pollution sources. Seasonal differences are analysed over a yearly cycle

and maximum values are found during the so-called long dry season (Harmattan), between December

and February. During a prominent pollution episode in January 2021 observed by the ground network,

analysis of 3D satellite data, revealed Saharan dust transport as an additional source of (fine) aerosol

pollution significantly increasing PM2.5. The same episode also revealed a limitation of LCS – an inability

to adequately capture dust-dominated pollution, which can be quantified by reference monitors. Annual

average PM2.5 concentrations vary between 17 and 26 mg m−3. PM2.5 differences between sites within

a city, especially between traffic impacted and urban background sites, are larger than the differences

between the two cities. These annual averages exceed World Health Organization (WHO) annual

pollution thresholds from the 2005 (10 mg m−3) and 2021 (5 mg m−3) guidelines.
Environmental signicance

This research paper makes a signicant contribution to atmospheric science and the understanding of air quality in West Africa. It addresses the lack of air
monitoring networks in West Africa by conducting a long-term survey of PM2.5 concentrations in Abidjan and Accra. By co-locating lower-cost monitors with
reference monitors, data quality is improved, enabling comprehensive analysis. The study reveals diurnal and daily variations in PM2.5 levels, and compares
them with WHO AQG. It also highlights the seasonal variability and regional impact of Saharan dust during the Harmattan season. The research underlines the
potential of low-cost sensors to ll the air quality data gap in developing countries, while highlighting the need for a comprehensive monitoring approach for
better air quality management.
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1 Introduction

West Africa has experienced strong economic growth since the
early 1990s. According to the African Development Bank (AfDB),
real Gross Domestic Product (GDP) growth in West Africa has
slowed from 4.4% in 2021 to 3.6% in 2022. It should recover in
the medium term, reaching 4.1% in 2023, despite the extremely
difficult international economic context.1 The largest econo-
mies in the West African sub-region, Nigeria, Ghana, and Côte
d'Ivoire, accounted for nearly a quarter of the GDP of all of
Africa in 2020. This economic boom is mainly felt in the cities
with the construction of road infrastructure, development of the
real estate sector, and expansion and creation of new industrial
zones. The employment opportunities created by these activi-
ties lead to a rural to urban migration of populations, which
favors a strong demographic growth of West African cities and
their expansion towards the peripheries.2 The combination of
all these anthropogenic activities and the demographic pres-
sure increases the air pollution sources in the cities. Recent
studies indicate that emissions of ne particles (PM2.5) from
road traffic, industries and domestic activities are the main
causes of respiratory diseases in this region.3,4

In spite of health impacts of air pollution exposure, there is
very little regulatory air quality monitoring in these cities partly
due to the high cost of monitoring instruments and a lack of
monitoring capacities. Dakar, Senegal is the only city in West
Africa with a notable air quality monitoring network consisting of
6 xed stations, 5 in the city center and one in one of its suburbs.5

Scientic projects like the Improving Air Quality in West Africa
(IAQWA) project funded by the Make Our Planet Great Again
(MOPGA) program, helping to bridge the air pollution data gaps
in recent times. Some of these studies have highlighted the
oxidative and inammatory effect of PM2.5 aerosol on human
bronchial epithelial cells.6–12 The cardiovascular health effects
have also been evaluated in Accra.13 The PM2.5 data required for
these studies were obtained from photometric measurements14,15

and from modelling or eld campaign observations.4,5,16 The
collection of eld observation data is rather difficult due to the
limited availability and expensive measurement devices. Most of
the above-mentioned studies were based on passive lters inte-
grating PM over one to two weeks, which loses important infor-
mation on daily and hourly (diurnal) air pollution variability. In
addition these studies were oen conducted over short
measurement periods due to the limited resources.15,16 In Oua-
gadougou, Ouarma et al.17 used an Aerocet 531S (Met One
Instruments, Inc., Grants Pass, OR, USA) to study the diurnal and
daily variations of PM2.5 with only occasional measurements for
12 to 48 hours periods. A study providing weekly averaged data
over a period of nearly a year was conducted in Accra at xed and
mobile sites using lters and low-cost devices.18 Alli, Dionisio,
Kwarteng and others, has reported diurnal and seasonal trends in
PM2.5 in Accra, using different types of data, in some studies.18–20

This is not the case for Abidjan, where the rst studies of PM in
the urban environment were carried out by Gnamien and Adon
and using Aeroqual or passive lters exposed for an average of
one week only during the dry season.16,21,22 The low temporal
© 2024 The Author(s). Published by the Royal Society of Chemistry
resolution of the studies in Abidjan do not allow analysis of
diurnal, daily variations of PM2.5 concentrations, nor can these
results be compared to annual WHO guidelines when conducted
over period of less than one year.

Low-cost air quality monitoring instruments can help
improve the spatial and temporal resolution of measurements
at relatively low cost. However, the installation of low-cost
sensors in West African urban areas, which are generally char-
acterized by high ambient relative humidity, requires their
calibration through collocation with reference instruments.23

Recently, Purple Air PM2.5 monitors were co-located with a Met
One Beta Attenuation Monitor 1020 at the US embassy in Accra
over a one-year period.24 Different correction models using
either multiple linear regression or machine learning yielded
high correlation (R2 > 0.8) between these sensors and reference
data with lowered uncertainty.

This study aims to contribute to improving the available high
quality spatio-temporal data on PM2.5 mass concentrations in
two major West African cities (Abidjan and Accra) through the
deployment of Real-time Affordable Multi-pollutant (RAMP)
monitors.25 RAMPs use nephelometric PM sensors (Plantower
PMS5003, either internally or as an external PurpleAir module)
to measure PM2.5 mass concentrations. The performance of the
RAMPs has been evaluated in both short and long term studies
for the measurement of PM2.5 in Pittsburgh, PA, USA and has
shown excellent results compared to reference instruments.26

RAMPs have been previously deployed in various urban envi-
ronments (traffic, industrial, residential) in Pittsburgh (USA)
and Kigali (Rwanda, East Africa).27–29

This study provides 21 months of PM2.5 data from RAMPs
deployed at ve locations in Abidjan (Cote d'Ivoire) and four
sites in Accra (Ghana), over the period February 2020 to
November 2021. RAMPs were co-located with reference moni-
tors to create PM2.5 specic calibration models for the two West
African cities. The corrected data set allows, for the rst time,
a comparative examination between Accra and Abidjan of
diurnal, daily and seasonal variability of PM2.5 concentrations
for various urban sites characterised by heterogeneous pollu-
tion sources, over an extended time.

Peak concentrations measured on certain days in Abidjan
and Accra were compared with satellite retrieved aerosol optical
thickness (AOD) to identify the contribution of dust transport to
surface PM2.5 levels. Finally, we determined the annual averages
of PM2.5 at all sites and compared the results to WHO guide-
lines, and to measurements at other West African locations.

2 Materials and methods
2.1 About Abidjan and Accra

PM2.5 concentrations were collected in urban areas of Abidjan
and Accra, the capitals of Cote d'Ivoire and Ghana, respectively,
and two of the most rapidly growing cities inWest Africa located
along the Gulf of Guinea (Fig. 1a). Abidjan (5°1900.00100N, 4°
1059.9900W) and Accra (5°36013.38100N, 0°11013.0700W) are
approximately 400 km a part. According to the 2021 Ghana
Population and Housing Census, Greater Accra Metropolitan
Area (GAMA), represents a total area of 1500 km2 and an
Environ. Sci.: Atmos., 2024, 4, 468–487 | 469
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estimated population of 5 455 692 in 2021.36 Greater Accra is the
smallest of Ghana's 10 administrative regions but the second
most populous with 15.4% of the country's total population.
The general population census in 2021 (ref. 30) estimated the
population of Greater Abidjan at 6 321 017 for an area of 2119
km2. Population growth exceeds the extension of built-up areas,
resulting in increasing population density.31 According to the
agency for the management and development of industrial
infrastructure, Abidjan has four industrial zones covering an
area of 1649 ha. Abidjan has a vast road network in good
condition, which is used every day by nearly 500 000 vehicles.
Sampling of PM2.5 was conducted at ve urban sites in Abidjan
and four urban sites in Accra. The sites were selected according
to the main sources of pollution found in African cities.

2.1.1 Measurement sites in Abidjan (Côte d'Ivoire). The ve
sampling sites in Abidjan are well distributed along the East–
West axis of the city, through the administrative district of
Plateau, which is located in the center of the city. These sites are
located at the UFHB, the USEAB, ACH, LUB and MACA (Fig. 1b).

2.1.1.1 U.S. Embassy in Abidjan (USEAB). The site of the US
embassy in Abidjan (5°2000700N, 3°58034 W) is located in the
town of Cocody in the northeast of the district of Abidjan.
Cocody is a high-income neighbourhood with a new and re-
asphalted enlarged road network. This site is surrounded by
a set of new roads and old renovated and enlarged roads. A
roundabout regularly blocked by car traffic is located 230 m
away, as well as a tollbooth less than one kilometre away. This
site has a reference-grade monitor (Met One BAM-1022)
installed by the US Department of State in early February
2020, and data are publicly available from Airnow International
(https://www.airnow.gov/international/us-embassies-and-
consulates/#Ivory_Coast$Abidjan, last accessed on 20/6/2023).

2.1.1.2 University Felix Houphouet-Boigny (UFHB). The UFHB
site is also located in the town of Cocody at 5°20048.26800N
latitude and 3°5902400W longitude. It is in a relatively clean
urban environment, 500 m to the west of a large (10.35 ha)
Fig. 1 (a) Map of West Africa, (b) location of sampling sites in Abidjan (C

470 | Environ. Sci.: Atmos., 2024, 4, 468–487
botanical garden – the National Center of Floristics, which is
located inside the University. Aproximatively 180 m south of
this measurement site is a smaller (1 ha) botanical garden. To
the north and west of UFHB site are congested roadways espe-
cially during rush hour. RAMP120 and RAMP1036 were deployed
at this location from February 2020. A Met-One BAM-1022 was
also deployed there as part of the MOPGA/MAQGA “Make Air
Quality Great Again” project in October 2020 and was used for
calibration of the RAMP sensors (see Section 2.2.2).

2.1.1.3 Abidjan City Hall (ACH). Abidjan City Hall (5°
19015.8300N, 4°1011.3600W) is a site mainly impacted by road
traffic. It is located in the heart of the business center of the
Plateau municipality in the center of Abidjan. The measure-
ment site is about 20 m from the intersection of two main roads
(the Avenue Delafosse and the Boulevard de la Republique). The
ow of vehicles using these roads is usually high. Rush hour on
these roads occurs between 6:00–9:00 (UTC, also Local Time,
(LT)) and 16:00–20:00 (UTC).

2.1.1.4 MACA residential (MACA). The Residence MACA
measurement site (5°2301800N, 4°0403100W) is located in a resi-
dential area in the northeast of the Yopougon industrial zone,
near the western edge of the Abidjan agglomeration. This
industrial area is the largest in Côte d'Ivoire in terms of surface
area. There are several agro-food industries, chemical plants
and cement production units.32 There is an incessant ow of
large trucks loaded with various products at throughout the day.
The vehicles are a major source of air pollution in this area due
to the age and the lack of maintenance of these vehicles.33,34

This site is located at the western edge of the forest of the Banco
National Park, which has an area of 3474 ha.35 This forest with
large centennial trees is considered as the main hydraulic
reservoir and the green lung of the city of Abidjan.36

2.1.1.5 Lubafrique crossroad (LUB). The Lubafrique cross-
road (5°19047.3800N, 4°06012.8100W) is located in the sub-district
of Niangon in the municipality of Yopougon. The measurement
site is less than 10 m from the Lubafrique crossroad. It is one of
ôte d'Ivoire), (c) location of sampling sites in Accra (Ghana).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the main crossroads that allows access to highly populated
neighborhoods such as Niangon North, Niangon right, Cité
Verte and Maroc. It is characterized by traffic jams throughout
the day. It is mainly frequented by communal cabs called woro–
woro. These old and rickety vehicles emit a lot of smoke and
frequently break down.

2.1.2 Measurement sites in Accra (Ghana)
2.1.2.1 Atomic interchange (AI). The atomic interchange site

(5°40004.300N, 0°10038.500W) is located in the La-Nkwantang
Madina Municipal Area close to Madina. Madina is 16 km
from the center of Accra and is inhabited by low-income pop-
ulations.37 The sensor was installed at about 40 m from the
interchange placed on Legon road. This interchange spans the
atomic junction roundabout and is located at the junction of
Westland Boulevard Road and Haatso-Atomic Road. Legon road
is a 2 × 3-lane freeway and the traffic is quite heavy throughout
the day with peaks at rush hour (06:00, 12:00, 18:00 UTC).

2.1.2.2 University of Ghana (UG). The University of Ghana is
located in Legon, a suburb which is 12 kilometers northeast of
Downtown Accra. The university campus covers an area of about
1300 hectares. It is a large green space of which 25 hectares are
occupied by the Legon Botanical Garden.38 The measurement
site at the University of Ghana (5°39004.100N, 0°11008.300W) is
located at the Department of Physics on the roof of a building at
a height of 3 m from the ground and 200 m south of the
Botanical Gardens. This site is relatively far from traffic, the
nearest road with signicant traffic is located at about 600 m to
the east and can be considered as providing background levels.
In addition to a low cost sampler, a Teledyne T-640 was
deployed at this site in January 2021 as part of a World Bank-
funded initiative in collaboration with Ghana EPA, University
of Ghana and US EPA.39

2.1.2.3 Kwashieman Trinity Presbyterian Church (KTPC).
Kwashieman is a town located in the Ablekuma North Munic-
ipal Area, which is one of 26 districts in the Greater Accra
Region of Ghana. The Kwashieman Trinity Presbyterian Church
site (5°35040.200N, 0°16010.400W) is located at the intersection of
the N1 (George HW Bush Motorway), Kwashieman–Ofankor
road and Kwashieman–Odorkor road. There are several
commercial activities around this site including street hawking
and vending, commercial cooking with biomass fuels, bar with
charcoal grilling, gas lling station and bus stop.

2.1.2.4 U.S. Embassy in Accra (USEAC). The Accra US
Embassy site (5°34059.800N, 0°10002.1W) is located in Canton-
ments, a high-income neighbourhood in the south of the city
with very good road network and less commercial activities.
This site is surrounded by major highways such as the second
circular road to the north, the fourth circular road to the south,
the h link road to the east and the old fort road to the west.
Fig. 2 Pictures of monitors, (a) RAMPs at UFHB, (b) RAMPs at UG, (c)
colocation of BAM-1022 and RAMPs at UFHB, (d) Teledyne T-640 at UG.
2.2 Measurement devices and PM2.5 model of calibration

2.2.1 Measurement devices. PM2.5 concentrations were
measured in Abidjan and Accra from February 2020 to
November 2021. The instruments used during this measure-
ment campaign were the Real-time Affordable Multi-pollutants
monitors (RAMP, Sensit Technologies, Indiana, USA), Beta
© 2024 The Author(s). Published by the Royal Society of Chemistry
Attenuation Monitor (BAM-1022; Met One Instruments, Inc.,
Oregon, USA) and the Teledyne T-640 (Teledyne API, California,
USA). A 3- or 4-digit serial number identies RAMPs. Speci-
cations of each instrument are presented in Table S1 in ESI.†
Pictures of the installation sites of the different monitors are
shown in Fig. 2. In Abidjan, measurements started with a co-
location of the RAMPs at the University Felix Houphouet-
Boigny (UFHB). RAMP1031 and RAMP1036 were rst co-located
for 2 weeks, from 06 February 2020 to 20 February 2020. Then
RAMP120 was collocated with RAMP1036 from 24 March 2020 to
08 April 2020. The PM2.5 concentrations measured by the three
RAMPs were all highly correlated with each other (R1031/1036 =

0.99, R120/1236 = 0.98), but showed a signicant mean normal-
ised bias (see eqn (3) below for denition) of respectively +0.14
and +0.26. Thus as a rst step, bias between RAMPS was cor-
rected taking RAMPS 1036 as a reference. This RAMP was later
used for calibration with a reference instrument and the cali-
bration was then applied to the three RAMPS. For this purpose,
a reference BAM-1022 instrument was deployed at UFHB from
October 2020 to May 2021 and used for calibration of three
collocated RAMPs units. RAMP-1031 and RAMP-1036 were later
deployed at other measurement sites in the Abidjan district.

In Accra, RAMP-1033 and RAMP-1034 were deployed from 10
March 2020 to 31March 2021 at the atomic interchange (AI) and
Kwashieman Trinity Presbyterian Church (KTPC) respectively.
These two RAMPs were then later colocated for calibration with
Environ. Sci.: Atmos., 2024, 4, 468–487 | 471
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Table 1 Summary of monitor exposure time at each measurement site in Abidjan and Accra, instruments identification number and land use

City Measurement sites Code Instruments Monitoring period Land use

Abidjan University Felix
Houphouët-Boigny

UFHB RAMP-1036 6 February 2020 to 26 May 2021 Urban background
RAMP-120 24 March 2020 to 20 December 2020
BAM-1022 6 October 2020 to 26 May 2021
RAMP-1031 6 February 2020 to 20 February 2020

City Hall ACH RAMP-1031 20 February 2020 to 26 May 2021 Traffic
U.S. Embassy in Abidjan USEAB BAM-1022 6 February 2020 to 14 June 2021 Traffic
Maca city MACA RAMP-1036 1 June 2021 to 2 November 2021 Urban background
Lubafrique LUB RAMP-1031 1 June 2021 to 2 November 2021 Traffic and residential

Accra University Ghana UG RAMP-1033/RAMP-1034/T-640 1 April 2021 to 21 June 2021 Urban background
Atomic interchange AI RAMP-1033 10 March 2020 to 31 March 2021 Traffic
Kwashieman Trinity P. Church KTPC RAMP-1034 10 March 2020 to 31 March 2021 Traffic and commercial
U.S. Embassy in Accra USEAC BAM-1022 10 March 2020 to 31 March 2021 Residential and traffic
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the University of Ghana's Teledyne T-640 from 01 April 2021 to
21 June 2021. Results of the collocation of RAMP1033 and
RAMP1034 indicate again a high correlation coefficient R1033/1034

= 0.96 and show someMean Normalised Bias of +0.04. Again, as
for Abidjan, RAMP1033 was corrected with respect to RAMP1034
prior to calibration. Details on the deployments at the different
measurement sites in Abidjan and Accra are summarized in
Table 1.

Data from the BAM-1022 units installed at the U.S. embas-
sies in Abidjan and Accra were also used in this study. Data are
available in the US EPA's open access database, at the Depart-
ment of State's AirNow website.40 The data recoveries for the
periods examined here are greater than 88%, except for RAMP-
1036 during collocation at UFHB (62%) and for RAMP-1034 at
the KTPC site (68%). Missing data are due to long interruptions
in electricity supply, which prevented RAMP operation. Some
measurements were removed from the database because they
were either negative or below 1 mg m−3. For certain periods,
embassy PM2.5 data were not available from the Airnow website.

2.2.2 Calibration models. From the collocation periods in
Abidjan and Accra, multilinear regression-based calibration
models using PM sensor response and sensor-reported relative
humidity were developed using IGOR Pro soware and are given
by eqn (1) and (2) below for Abidjan and Accra, respectively.
RAMP-1036 and RAMP-1034 were used to build the calibration
model in Abidjan and Accra, respectively.

PM2.5(corrected) = 18.1746 + 0.88536

× PM2.5(RAMP) − 0.22924 × RH (Abidjan), (1)

PM2.5(corrected) = 11.8294 + 0.907042 × PM2.5(RAMP)

− 0.100319 × RH (Accra), (2)

where PM2.5 (RAMP) is the as-reported PM2.5 data from the
RAMPs, RH is relative humidity in % from the RH sensor on
the RAMPs and PM2.5 (corrected) are data corrected by the
model.

Using such relatively simple calibration models is recom-
mended as a good practice by Giordano et al.23 Scatter plots in
Fig. 3 gives the performance metrics of the models through the
calculation of the Pearson linear correlation coefficient (R), the
Mean Normalized Bias (MNB, eqn (3)) and the bias-corrected
472 | Environ. Sci.: Atmos., 2024, 4, 468–487
Coefficient of variation of Mean Absolute Error (CVMAE,
eqn (4)).

MNB ¼
Pn

i¼1

ðCestimated;i � Ctrue;iÞ
Pn

i¼1

ðCtrue;iÞ
; (3)

CvMAE ¼
Pn

i¼1

��Cestimated;i � nbias � Ctrue;i

��

Pn

i¼1

ðCtrue;iÞ
; (4)

where bias (nbias) is calculated following eqn (5):

nbias ¼ 1

n

Xn

i¼1

ðCestimated;i � Ctrue;iÞ; (5)

and Ctrue and Cestimated are PM2.5 concentrations measured by
the reference monitor (BAM/T-640) and (RAMPs),
respectively.

The results indicate that the models further improve the
correlation coefficients between the data provided by the
reference instruments and the raw data provided by the RAMPs
and minimize the errors (CVMAE and MNB). The same cali-
bration model has been used for both the dry and wet seasons.
The Abidjan (eqn (1)) and Accra (eqn (2)) calibration models
were used to correct all the RAMPs data in the given city.

In the following sections, since the UFHB and UG sites have
several measuring instruments installed, only the corrected
results from RAMP-1036 and RAMP-1034 will be used.
3 Results and discussion
3.1 Diurnal and intra-urban variability of PM2.5 across
Abidjan and Accra

3.1.1 Abidjan. The diurnal variations of PM2.5 concentra-
tions measured at different sites in Abidjan are presented in
Fig. 4. The blue, orange and black curves represent the diurnal
variations of PM2.5 concentrations on weekdays, Saturdays and
Sundays respectively. For all the measurement sites in Abidjan
all type of days, the mean diurnal proles show a high
concentration peak at 7:00 UTC. On weekdays (Monday–Friday)
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comparison of 1 h-average RAMP-1036 (a) and RAMP-1034 (b) sensor readings to reference instruments BAM and T-640 during
collocations at the UFHB site at Abidjan and UG site at Accra respectively. Shades (colors) indicate RH at the time of the measurement.
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and Saturdays, concentration peaks range between 25–50 mg
m−3 while they vary between 22 and 40 mg m−3 on Sundays. This
could be explained by the important emissions of primary
aerosol particles by motor vehicles. Indeed, traffic jams start
very early every morning on the small roads and eventually
move to the main roads between 6:00–8:00 UTC.

At the MACA site (Fig. 4d), the work of Doumbia et al.34,41

showed that the ow of vehicles on the secondary roads reached
its maximum (7000 vehicles per hour) between 7:00–9:00 UTC.
This closely corresponds to the PM2.5 peak observed at 7:00 UTC
at this site. In addition to the heavy traffic recorded on the roads,
it is important to note that the vehicle eet is very obsolete: it is
mainly made up of minibuses commonly called “gbaka” and
communal cabs called “woro–woro”. These vehicles, which are
able to evade emissions controls, emit a lot of smoke and
therefore black carbon and organic aerosols in the PM2.5 size
fraction. In addition to the diurnal variation in emission sources,
several studies have indicated that the height of the boundary
layer also modulates pollutant concentrations.42–45 During the
DACCIWA experiment in West Africa (2014–2018), a low (about
150–300 m a.s.l) and stable atmospheric boundary layer was
observed in the morning from LIDAR measurements46 limiting
dispersion of locally emitted pollutants leading to locally higher
© 2024 The Author(s). Published by the Royal Society of Chemistry
concentrations. A decrease in pollutant concentrations is
observed during noon hours, when the boundary layer height
increases and vehicular emissions are lower.

These concentration peaks are not observed in the late
aernoons/evenings at some locations (Fig. 4a–c), although
traffic of similar intensity occurs. However, the traffic jams are
spread out over time, which tends to keep PM2.5 concentrations
rather similar between 17:00–21:00 UTC. Signicance tests (t-
test) of the differences between the hourly PM2.5 concentrations
presented in Table S2 in the ESI† indicate that there is no
signicant difference between the average PM2.5 concentrations
measured at 16:00 UTC and at 19:00 UTC.

In the residential municipality of Yopougon (Fig. 3d and e),
signicant PM2.5 concentrations peaks are observed at 19:00 UTC
during working days only at the two sites: LUB (30 mg m−3) and
MACA (20 mgm−3). At this time of the day households are cooking
their dinner, so domestic res could be an additional source of
PM2.5 as shown by Bahino et al.47Charcoal wood andwood are the
main fuels used for cooking at LUB and in the residential zone of
Yopougon where MACA is located.32 For these last two sites, we
note that the roads located in the vicinity are less well maintained
and very oen covered with dust. Moreover, heavy vehicles, which
circulate in the industrial zone, quickly damage the roads and
Environ. Sci.: Atmos., 2024, 4, 468–487 | 473
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Fig. 4 Diurnal variation of PM2.5 mean concentration in different sites in Abidjan (a) ACH, (b) USEAB, (c) UFHB, (d) MACA, (e) LUB, during
weekdays (Monday to Friday), Saturdays and Sundays. Error bars represent standard error.
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generate particles. Especially for these sites, the resuspension of
dust by the wheels of vehicles could constitute an additional
source of PM2.5, even if this type of emissions mostly affects
coarse particles above 2.5 mm diameter.16

The comparison of the measurement sites shows differences
and similarities. During weekdays and Saturdays, the concen-
trations measured at ACH and USEAB are of the same order of
magnitude throughout the day. The major difference is
observed at the time of the peak at 7:00 UTC with PM2.5

concentration in ACH 8 mg m−3 larger than at USEAB. Inter-
estingly, the ACH site shows the largest difference with higher
morning peaks at 7:00 UTC between weekdays/Saturdays (44 mg
m−3), and Sundays (30 mg m−3) among all studied sites moni-
tored in Abidjan. This is due to smaller activity on Sundays in
the neighbourhood of this site, which groups administrations
and economic activities, and in the town center in general. In
474 | Environ. Sci.: Atmos., 2024, 4, 468–487
contrast, differences between days of the week are weak for the
MACA site located in a residential area with more homogeneous
activity throughout the week. During workdays and daytime,
PM2.5 concentrations at ACH are nearly two times higher than
those measured at UFHB site (Fig. 4a and c).

These differences indicate large disparities in local pollu-
tion. An urban background site as UFHB is less exposed to
particulate pollutants and shows lower values than a traffic site
as ACH. In contrast, the ACH and USEAB sites are more inu-
enced by vehicular traffic.

At the LUB and MACA sites, the concentration differences
vary according to the time of day. Between 00:00–4:00 UTC the
difference is almost constant and the concentrations at LUB are
nearly 3 times higher than at MACA. This difference reduces
progressively from 5:00 UTC to reaches a minimum at 7:00 UTC.
The average concentrations are then two times higher than
© 2024 The Author(s). Published by the Royal Society of Chemistry
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those measured at MACA. This difference extends during
daytime and even increases aer until 19:00 UTC. These
features can be due to the decrease in the intensity of the traffic
source at MACA between 21:00–4:00 UTC. LUB, on the other
hand, remains busy with vehicles for longer periods during the
night. On Saturdays in Lubafrique, PM2.5 concentrations are
particularly high between 00:00 and 4:00 due to the late opening
of pubs, nightclubs and restaurants.

3.1.2 Accra. Fig. 5 shows the diurnal variations of PM2.5 at
different sites in Accra during weekdays (Monday to Friday),
Saturdays and Sundays which are similar to the diurnal patterns
observed in Abidjan. A concentration peak is observed every
morning of working days and Saturdays. There is a signicant
variation (p < 0.05, Table S3†) between the concentrations
measured between 4:00–7:00 UTC on weekdays.

This also holds for Saturdays and Sundays except at the
University of Ghana (UG) and Kwashieman Trinity Church
(KTPC) where this variation is not signicant (p > 0.05).
Compared to the measurement sites in Abidjan, the peaks
measured in Accra tend to appear a little earlier, around 6:00
UTC. The University of Ghana Lagoon and the Atomic Inter-
change junction sites are approximately 2.7 km apart. Although
the University of Ghana is classied as a background site, its
proximity to nearby traffic (e.g. university employees) combined
Fig. 5 Diurnal variations of PM2.5 mean concentration in different sites in
Atomic Interchange, (b) University of Ghana, (c) Kwashieman Trinity Presb
error.

© 2024 The Author(s). Published by the Royal Society of Chemistry
with boundary layer dynamics and local meteorology can lead to
higher local PM2.5 as it does at the traffic junction. To conrm
this hypothesis, a comprehensive analysis of wind direction
variations and local traffic patterns is necessary, which could be
investigated in future work.

It is interesting to note, that diurnal variations are rather
similar with respect to the type of the day within ±4 mg m−3 in
general, small hourly shis in the morning peak in average of
1 h are observed.

The average peak concentrations of ne particles measured at
the sites in Accra on weekdays are 35.2 mg m−3, 25.5 mg m−3, 26.2
mg m−3 and 25.7 mg m−3 respectively at USEAC (Fig. 5d), KTPC
(Fig. 5c), AI (Fig. 5a) and UG (Fig. 5b). On Saturdays, 38.0 mg m−3,
25.1 mg m−3, 24.9 mg m−3 and 25.0 mg m−3 were measured
respectively. While at KTPC, AI and UG sites concentrations are
rather similar around 25 mg m−3, they are larger for USEAC (35–
38 mg m−3). Comparing these values to those for Abidjan (20–42
mg m−3), we can state that the variability between sites within
a city is larger than the differences among both cities.

The KTPC site is the only one in Accra for which a signicant
concentration peak is observed in the evening of working days
at 19:00 UTC. In addition to traffic emissions from the busy road
network near the site, there are commercial activities at the site
especially the grilling of sh and meat seems to peak around
Accra during weekdays (Monday to Friday), Saturdays and Sundays. (a)
yterian church and (d) Accra US embassy. Error bars represent standard

Environ. Sci.: Atmos., 2024, 4, 468–487 | 475
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that time. This site is similar to that of Lubafrique crossroad in
Abidjan where an evening peak was also observed. The presence
of activities using wood and charcoal seems to constitute an
additional pollutant source resulting in an evening peak.

At most sites in Accra, as opposed to Abidjan, the highest
concentrations on Sundays are one to two hours later than on
weekdays and Saturdays. This suggests a delay in the beginning
of polluting activities. At AI (26.1 mg m−3), and KTPC (24.83 mg
m−3) the peaks are observed at 7:00 UTC while they are observed
at 8:00 UTC at USEAC (31.9 mg m−3). Mean PM2.5 values
measured at KTPC between 5:00–7:00 UTC have fairly high
standard deviations. This points to varying pollutant sources
and/or to dispersion conditions.

All these sites (AI, KTPC, USEAC) are inuenced by road
traffic with measurements at USEAC site showing the highest
morning concentrations and then traffic related peak. In
contrast, the site located at the University of Ghana in Accra is
a little more isolated and relatively uninuenced by nearby
pollutant emissions from traffic. This site is located near the
botanical garden of the university and surrounded by large
trees. The hourly average concentrations measured here are low
compared to those at other sites in Accra. They range from
[14.0–25.7 mg m−3] on weekdays, [14.0–25.0 mg m−3] on Satur-
days and [11.5–26.5 mg m−3] on Sundays. The highest hourly
concentrations measured in Accra are at the sites inuenced by
road traffic (USEAC, AI) and to a lesser extent the KTPC site.
PM2.5 concentrations at USEAC are particularly high not only for
Fig. 6 Statistical distribution (min, 25th percentile, median, mean, 75th pe
red and black lines represent the daily threshold from WHO air quality g

476 | Environ. Sci.: Atmos., 2024, 4, 468–487
the morning peak, but also, they remain above 20 mg m−3

between midnight to noon also during Sundays. From 13:00
UTC to 23:00 UTC, the measured concentrations are practically
equal and constant around 20 mg m−3 on all these sites.
3.2 Distribution of daily PM2.5 concentrations in Abidjan
and Accra and comparison with WHO guidelines

For the majority of sites (ACH, UFHB, AI, USEAC), the data sets
collected are symmetrical around the mean. However, for the
USEAB, KTPC and USEAC sites, the larger means than medians
indicate the occurrence of large concentrations that can be seen
in Fig. 6. The study of the data dispersion indicates that the
interquartile range (IQR) is very different from one site to
another with values of 12.2 mg m−3, 8.8 mg m−3, 10.6 mg m−3, 6.8
mg m−3, 14.1 mg m−3, and 8.8 mg m−3 respectively for ACH,
UFHB, USEAB, AI, KTPC, USEAC. However, the relative inter-
quartile range (IQRr) indicates a similar dispersion of data at
the Abidjan sites with IQRr ∼ 0.5. IQRr calculated for the Accra
sites gives 0.3, 0.7 and 0.4 for AI, KTPC and USEAC respectively.

Firstly, it can be seen from Fig. 6 that the annual mean
concentrations of PM2.5 measured at the sites in Abidjan show
real differences with maximum at sites strongly inuenced by
traffic as seen at USEAB (25.5 mg m−3) and ACH (23.9 mg m−3),
versus those more isolated from road traffic like UFHB (19.0 mg
m−3). In Accra, no signicant difference was identied between
KTPC (21.4 mg m−3) and AI (20.4 mg m−3) although the sources
rcentile, max) of PM2.5 concentration in Abidjan and Accra sites. Dotted
uidelines global update 2005 and 2021 respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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for these two sites were different (see Table 1). The highest
average concentration was measured at the USEAC traffic site
with 24.5 mg m−3. The annual average PM2.5 thresholds dened
by the WHO in 2005 (10 mg m−3) and 2021 (5 mg m−3) were
largely exceeded at all sites in Abidjan and Accra. Time series of
daily PM2.5 concentrations in Abidjan and Accra are presented
in Fig. 7a and b, respectively. Concentrations ranged from 4.2
mg m−3 to 93.2 mg m−3 in Abidjan and from 5.4 mg m−3 to 122 mg
m−3 in Accra. The lowest concentrations were usually observed
at sites with low vehicular traffic impact such as UFHB in
Abidjan and KTPC in Accra. Sites close to roads such as ACH
and USEAB in Abidjan or USEAC and AI have the highest PM2.5

average concentrations. It can be seen that for a given city, the
daily variations of PM2.5 are similar for all sites, with the
exception KTPC site.
Fig. 7 Variability of daily average PM2.5 concentration in measurement
2005 WHO daily threshold.

© 2024 The Author(s). Published by the Royal Society of Chemistry
To allow for easy comparisons between sites, this analysis is
based on data collected over the period between March 2020
and March 2021 when the majority of sites were simultaneously
instrumented. Daily average concentrations and their distribu-
tion were calculated from hourly average concentrations. The
database summarized in Table 2 consists of 360, 343, 324 days
of daily average PM2.5 obtained at ACH, UFHB, USEAB in
Abidjan and 359, 366 and 248 days of daily PM2.5 in AI, USEAC,
KTPC in Accra, respectively.

The variability in daily average PM2.5 concentrations calcu-
lated at each site is presented in the Fig. 5 where the box plots
indicate the min, 25th percentile, median, mean, 75th percen-
tile and max over the study period.

The number of daily concentration peaks above WHO
thresholds (25 mg m−3 (J25) in 2005 and 15 mg m−3 (J15) in 2021),
sites in (a) in Abidjan and (b) in Accra. Dotted black line represents the
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Table 2 Number of daily data collected (J), number of days (J25, J15)
and percentage of days (% J25, % J15) with concentrations upper to
WHO thresholds (WHO, 2005/WHO, 2011)

Measurements sites
in Abidjan

Measurements sites
in Accra

ACH UFHB USEAB AI KTPC USEAC

J 360 343 324 359 248 366
J25 157 60 127 60 85 133
% J25 44% 17% 39% 17% 34% 36%
J15 306 250 300 310 168 328
% J15 85% 73% 93% 86% 68% 90%
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varies according to the measurement sites in Accra and Abidjan.
Table 2 shows the number and percentage of daily concentra-
tion above WHO thresholds (% J25 and % J15) for each
measurement site. According to WHO threshold of 25 mg m−3 in
Abidjan, the site of highest concern is ACH with 157 days above
the threshold (i.e. over 43% of the year). At the US Embassy in
Abidjan, there were 127 days of measurements above the
threshold for 365 days of data, i.e. 39% of the days. The UFHB
site is less exposed with only 60 days exceeding (i.e. 17.4%).

For the measurement sites in Accra, KTPC and USEAC had
more than 34% days of the year with pollution levels above the 25
mg m−3 threshold. With the high population living in both cities,
this indicates that millions of people are subject to particulate
pollution exposure above daily WHO thresholds. The results are
evenmore alarming when looking at the number of days that the
new threshold (15 mg m−3) from the WHO Air quality Guideline
of 2021 is exceeded. The new threshold is exceeded almost every
day at the different sites. In Abidjan there are between 250 (73%)
and 306 (85%) days during the year where the levels are exceeded
whilst in Accra this is between 168 and 328 days. This represents
between 68% and 90% high pollution days in the year. The
exposure of populations to these many days of pollution has the
potential to increase the risks of adverse health outcomes espe-
cially respiratory and cardiovascular symptoms. In addition,
there are several consecutive pollution days during the dry
season, which further exacerbates the health risks. To determine
what causes high pollution days, we performed a case study on
an episode observed in January 2021.
3.3 Seasonal PM2.5 concentration in Abidjan and Accra

Fig. 8 shows the seasonal variations of PM2.5 concentrations
and their distribution at the Abidjan and Accra sites. The study
of seasonal variations in Abidjan and Accra indicates that the
highest average concentrations (between about 20 to 40 mg
m−3) were in general measured during the long dry season
(LDS, from December to February). This is particularly true for
the sites impacted by vehicular traffic, while for the urban
background sites, UFHB in Abidjan, the highest concentra-
tions are encountered during the long wet season (LWS) from
March to July.

The spread between the P10th and P90th percentiles for the
different sites also depends on the seasons. It is largest for LDS,
478 | Environ. Sci.: Atmos., 2024, 4, 468–487
with spreads between 10 and 60 mg m−3 for the different sites.
For the other seasons and sites, concentrations ranges are
lower, from less than 10 to about 40 mg m−3 for the different
sites, with an exception of higher vales at the KTPC site.

Seasonal differences in PM2.5 averages and distributions
could be due to several reasons. Enhanced precipitation in the
long and short wet seasons (LWS, SWS) can lead to increased
removal of particulate matter. Fig. S2† indicates the different
precipitation amounts (and dates of events) at Abidjan and
Accra, and illustrates the choice of the different seasons. Both
Fig. 8 and the time series in Fig. 7a and b show that the highest
PM2.5 concentrations occurred during the long dry season
from December 2020 to February 2021. This could be in
principle due to seasonal variability in local emissions, but we
have no indication for such a hypothesis. An alternative
hypothesis might be advection from outside the cities. At this
time of year, the West African coast is oen subject to the
continental ow of dust from the Sahara desert that sweeps
across the Gulf of Guinea. This dust-carrying ow of hot, dry
air is known locally as the Harmattan.48 To better understand
some of the observed pollution peaks, we will analyse in the
next section available satellite AOD (aerosol optical depth)
measurements and air masses origin through trajectory
analysis.
3.4 Case of suspected dust pollution over Abidjan and Accra

In January 2021, in the middle of the long dry season, a pro-
longed episode of high PM2.5 concentrations was observed.
Fig. 9 shows the daily concentrations of PM2.5 between the 10th
and 31st of January 2021.

Between the 18th–28th of January 2021, there were nearly 10
consecutive days where the threshold of 25 mg m−3 (WHO, 2005)
was exceeded at all the measurement sites in Abidjan and Accra.
The high values of measured PM2.5 concentrations, their
frequency and the extent of the affected measurement sites in
both cities suggest that this is a regional pollution episode
affecting the southern part of West Africa located in the Gulf of
Guinea. This hypothesis has already been formulated and
established in several previous studies.49–53 In addition, Wang
et al. 2022 (ref. 54) using the HYSPLIT model recently explored
this question in Accra.

The reference-grade PM2.5 monitors in Abidjan and Accra in
particular report signicantly higher concentrations between
22nd–28th of January compared to the RAMP sensor networks.
This could be related to the type of pollution impacting the city
during this time, as studies have shown that nephelometric low-
cost PM sensors (as used in the RAMP) have poor detection
efficiency for particles over 1 mm,55,56 as would be the case for
dust pollution. Hence, we hypothesize that this region could
have received dust from the vast Sahara desert located northeast
of Abidjan and Accra.

To verify this hypothesis, we rst looked at the air mass back-
trajectories arriving in Abidjan and Accra during seven
consecutive days around the date of 23 January 2021 when the
highest daily PM2.5 concentration (91.8 mg m−3) was measured
in Abidjan.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Seasonal variations of PM2.5 concentrations at different sites in Abidjan (a) USEAB, (b) ACH, (c) UFHB)) and Accra (d) USEAC, (e) AI and (f)
KTPC.

Fig. 9 Evolution of the daily average concentration of PM2.5 between the 10th and 31st of January 2021. Dotted red and black lines represent the
daily threshold from WHO air quality guidelines global update 2005 and 2021 respectively.
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These back-trajectories made from the Hysplit model57–59

available online on the National Oceanic and Atmospheric
Administration website (https://www.arl.noaa.gov/hysplit/) are
shown in Fig. 10. Back-trajectories are calculated 96 hours
backwards at three different receptor heights (500 m, 1000 m
and 1500 m). Between 20th–22nd January 2021, back-
trajectories arriving at 500 m and 1000 m and over Abidjan
and Accra came directly from the Atlantic Ocean, in line with
the prevailing climatological SW winds for both cities. At 1500
m, back-trajectories coming from the Atlantic Ocean were
Fig. 10 96-hours Hysplit back-trajectories of wind fields for Abidjan a
different periods: (a) before the dust event, (b) during the dust event and
500 m (red and cyan), 1000 m (blue and red) and 1500 m (green and ye

480 | Environ. Sci.: Atmos., 2024, 4, 468–487
transiting through the land before ending up over the two
capitals.

On 23rd January 2021, we observe a reversal of the winds
arriving 1000 m and 1500 m above Abidjan and Accra. They now
suggest that the winds come mainly from the Northeast (trade
winds) where the great Sahara desert is located. Even if aer 4
days, many of the back-trajectories in NE direction do not reach
the Sahara, the probability is elevated that they originate there,
as they are imbedded in the trade wind (NE winds) system.
Although winds coming from an altitude of 500m are of oceanic
nd Accra between the 20th and 26th of January 2021, at 12 UTC, at
(c) after the dust event; receptor points are for three different altitudes,
llow), respectively.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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origin, vertical mixing of air masses could lead to an increase in
surface PM2.5 concentrations measured that day. This situation
continues the following days until 25th January 2021. On 26th
January 2021, air mass trajectories for Abidjan arrive from
Atlantic ocean, aer a rapid excursion over land, while they still
originate from NE for Accra (at 1000 m and 1500 m height). The
largest surface PM2.5 levels observed at Accra and Abidjan and
the still enhanced values for the following days clearly corre-
spond to the air mass trajectory origin over the continental
areas and possibly over the Sahara. Interestingly, this holds only
for trajectories at 1000 m and 1500 m.

To further characterize this regional dust origin, we exam-
ined Aerosol Optical Depth (AOD) satellite images provided by
the Visible Infrared Imaging Radiometer Suite (VIIRS) instru-
ment aboard the joint NASA/NOAA Suomi National Polar-
orbiting Partnership (Suomi NPP) and NOAA-20 satellites.
Fig. 11 illustrates the AOD changes across southern West Africa
from January 20th to January 26th, 2021. Enhanced AOD levels
above 1.2 are present in NE of Accra on 20 and 21 January 2021;
they strongly intensify on 22 January 2021 (AOD above 1.8) and
reach Accra and Abidjan on 23 January 2021.

Correspondingly, the AOD increased progressively over these
cities until reaching a maximum between 1.4 and 1.6 on 23
Fig. 11 AOD over Abidjan and Accra between the 20th and 26th of Jan
(VIIRS) instrument. (a) Before the dust event, (b) during the dust event, (c

© 2024 The Author(s). Published by the Royal Society of Chemistry
January 2021 at Abidjan. The AOD then decreased at Abidjan
down to between 0.8 and 1 on 26 January 2021. In contrast to
Abidjan, the AOD in Accra continued to increase on 24 January
2021 and reached its maximum on January 25. These results are
in agreement with the eld observations presented in Fig. 9
showing PM2.5 maxima on 23 January 2021 at Abidjan and on 25
January 2021 at Accra. This suggests that dust loaded air masses
advected in altitude are mixed with marine air masses advected
near surface. Fig. 12 shows the AOD observation at different
altitudes and indicates that there are dust plumes at 1 km and 2
km that could be mixing with surface emissions.

This differential advection has already been observed during
the DACCIWA campaign (2014–2017).14 The fact that this mech-
anism still holds for 24 and 25 January 2021 could explain the
many days of elevated PM2.5 levels observed aer 23 January 2021.

As a conclusion of this section, the observations of the back-
trajectories and satellite measurements of AOD, tend to show
that in this period of dry season, the high measured concen-
trations of PM2.5 may be the result of a regional dust contri-
bution, in addition to local pollution. Dust from the Sahara
desert in the north can therefore remain suspended in the
atmosphere for a long time and then impact the concentrations
measured at sites further south in the Gulf of Guinea.
uary 2021, provided by the Visible Infrared Imaging Radiometer Suite
) after the dust event.

Environ. Sci.: Atmos., 2024, 4, 468–487 | 481
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Fig. 12 Satellite retrieval observation of the AOD at different altitudes over West Africa from January 22 to 26, 2021 using TROPOspheric
Monitoring Instrument (TROPOMI) as done in (Lemmouchi et al. 2022).50 (a) Before the dust event, (b) during the dust event, (c) after the dust
event.
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3.5 Annual average concentration of PM2.5 in West Africa

Fig. 13 shows the annual mean concentrations of PM2.5

measured at 40 sites in eight West African countries for a study
period of at least one year, over the last 20 years (further details
in Table S4, ESI†). Unfortunately, very few studies are conducted
on an annual basis in this part of Africa. In the cities located in
the Sahel and under the inuence of the Sahara desert dust,
only one study was carried out between February 2020 and
March 2021 in Balkuy (Ouagadougou) in Burkina Faso and
another one on a traffic and industrial site in Dakar (Senegal)5

between 2010 and 2018.
The annual average PM2.5 thresholds dened by the WHO in

2005 (10 mg m−3) and 2021 (5 mg m−3) are largely exceeded at all
sites in Abidjan and Accra. These thresholds are also largely
exceeded at the 34 other sites that have been annually
482 | Environ. Sci.: Atmos., 2024, 4, 468–487
monitored over the last 20 years between 2001 and 2022. The
highest PM2.5 concentration (145 mg m−3) was measured during
the DACCIWA campaign (February 2015–March 2017) at
a Abidjan domestic res site.15 This study reports measure-
ments close to strong sources; however, such a near-source site,
even if may be not representative for larger areas, still docu-
ments exposure of population to air pollution. Measurements
carried out at the industrial site of Ikeja (91 mg m−3) and at the
high density residential site of Mushin (98 mg m−3) in Lagos
(Nigeria) indicate signicantly degraded air quality.60 For 85%
and 100% of the investigated sites, the annual average PM2.5

concentrations were more than two times the 2005 (10 mg m−3)
and 2021 (5 mg m−3) WHO air quality guideline respectively.
This result is quite concerning and should lead West African
political authorities to pay more attention to the air quality
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 13 Annual average of PM2.5 concentrations in West African cities reported in the publications between 2001 and 2022 (blue bars) and in this
study (yellow bars). The red line and the dotted black line represent theWHO air quality guideline values for the years 2021(5 mgm−3) and 2005(10
mg m−3) respectively.
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issue, with air quality management efforts focused on reducing
sources of air pollution.

In our study, the mean annual concentrations recorded at
different monitoring sites in Accra between February 2020 and
March 2021 ranged from 21.1 mg m−3 to 24.8 mg m−3. These
levels are slightly lower than those reported by Alli et al. (2023)
between April 2019 and June 2020, which ranged from 26 mg
m−3 to 43 mg m−3. In addition, this study by Alli et al.2023
showed a notable 50% decrease in annual concentration levels
compared to measurements taken between 2006 and 2007,
which ranged from 37 mg m−3 to 71 mg m−3. This conrms
a consistent downward trend in PM2.5 levels following the
implementation of abatement measures. However, levels are
still higher than the WHO annual threshold. Our research in
Accra yielded similar results to Alli's, particularly with regard to
high concentrations during the dry season, inuenced by the
harmattan ow.

4 Conclusions

In this study, we deployed eld calibrated low-cost sensors in
Abidjan, Côte d'Ivoire and Accra, Ghana, the capitals of two fast
© 2024 The Author(s). Published by the Royal Society of Chemistry
growing economies in West Africa, for a period of over a year
and also used available reference-grade data. For these two
cities, low-cost sensor data has been corrected through collo-
cation with reference-grade instruments and specic calibra-
tion models have been built. The data were used to study spatial
and temporal (diurnal, daily, seasonal) variations and annual
mean of PM2.5 concentrations for each city.

Both cities showed a peak in the mornings between 7:00–8:00
AM (UTC, also local time). Signicant differences occur between
weekdays and Saturdays on the one hand and Sundays on the
other in both Abidjan and Accra. The highest hourly average
concentrations were measured on weekdays and Saturdays with
values between 25 mgm−3 and 50 mgm−3 in Abidjan and between
26 mg m−3 and 38 mg m−3 in Accra. These morning peaks are
associated with traffic congestion as well as with the height of the
atmospheric boundary layer and the stability of the atmosphere.
Evening peaks at sites in residential areas are thought to be
related to residential emissions. Daily average concentrations in
Abidjan range from 4.2 mgm−3 to 93.3 mgm−3 while in Accra they
range from 5.4 mgm−3 to 122 mgm−3. The highest concentrations
were measured in December 2020 and January 2021 in the
middle of the dry season. Around this period, several consecutive
Environ. Sci.: Atmos., 2024, 4, 468–487 | 483
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days recorded PM2.5 exceeding the 2021 WHO pollution
threshold of 15 mg m−3. Over the total campaign of 366 days, for
all the sites of measurements, we recorded between 60 and 157
days of levels exceeding the 2005 WHO daily threshold61 (25 mg
m−3), which represents between 17% and 44% of the year being
highly polluted. This percentage is even higher when comparing
the measured PM2.5 concentrations to the new daily threshold62

of 15 mg m−3, from a minimum of 168 (68%) days at KTPC and
a maximum of 328 (90%) days at USEAC. The fact that the
majority of these pollution episode days are concentrated during
the dry season has led us to study the inuence of regional
advection on the concentration levels. TheWest African region is
under the inuence of dust from the northeast where the Sahara
desert is located. Back-trajectories and satellite data of the AOD
over the region show regional dust transport in the direction of
Abidjan and Accra, adding to local sources. As a note of caution,
it was observed that dust-dominated pollution episode was not
as well-captured by nephelometric PM sensors, indicating the
need for hybrid networks consisting of both reference monitors
and low-cost sensors.

Annual PM2.5 concentrations in Abidjan and Accra ranges
between 17 mg m−3 to 26 mg m−3 and 21 mg m−3 to 25 mg m−3

respectively, the larger values obtained at sites impact by heavy
vehicular traffic. These values are in the same range as some
other West-African cities with a population of 1–5 million
inhabitants (with values from 22 to 32 mg m−3). Accra has been
extensively studied to characterize its air quality, while Abidjan
lacked comparable research in this area. As a general result, our
study has then allowed pointing out various similarities
between both cities in terms of PM2.5 pollution levels, their
seasonality, day to day variability, and diurnal variation, even if
quantitative differences occur. Nevertheless, we found that
differences between different types of sites (urban background,
traffic, residential) were larger than differences between the
cities. In addition, More long-term studies are urgently needed
to improve the understanding of air quality in both cities,
especially in Abidjan. In particular, such measurements would
allow tracking the impact of growing urbanization in both cities
on air quality. Investigating differences within cities including
near source measurements is relevant for population exposure
to air pollution and requires deploying a large number of
instruments. Permanent monitoring networks would
contribute to improving air quality data access in this region.
This would both allow to better evaluate differences in ne
PM2.5 levels between different cities, but also within a given city,
where differences can be extremely large. Considering this
would require a large number of measurement sites, the use of
well-calibrated low-cost sensors, as used here, would be a good
alternative to traditional, expensive regulatory grade monitors
for such monitoring networks.

Even if our paper does not provide a quantitative assessment
of pollution sources contributing to the encountered PM2.5

concentrations, it does give qualitative hints. Depending on the
site type, vehicular emissions, resuspended road-dust, and resi-
dential cooking can be important contributors to ambient air
pollution in Abidjan and Accra. This gives some guidelines for
local authorities how to mitigate PM emissions, especially
484 | Environ. Sci.: Atmos., 2024, 4, 468–487
reducing those related to traffic, both by reducing the traffic
volume and by implementingmore stringent exhaust guidelines.
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Africa at Abidjan in Côte d'Ivoire and Cotonou in Benin in
the frame of the DACCIWA program, Atmos. Chem. Phys.,
2020, 20, 5327–5354.

23 M. R. Giordano, C. Malings, S. N. Pandis, A. A. Presto,
V. F. McNeill, D. M. Westervelt, M. Beekmann and
R. Subramanian, From low-cost sensors to high-quality
data: a summary of challenges and best practices for
effectively calibrating low-cost particulate matter mass
sensors, J. Aerosol Sci., 2021, 158, 105833.

24 C. McFarlane, G. Raheja, C. Malings, E. K. Appoh,
A. F. Hughes and D. M. Westervelt, Application of
Gaussian Mixture Regression for the Correction of Low
Cost PM2. 5 Monitoring Data in Accra, Ghana, ACS Earth
Space Chem., 2021, 5, 2268–2279.

25 N. Zimmerman, A. A. Presto, S. P. N. Kumar, J. Gu,
A. Hauryliuk, E. S. Robinson, A. L. Robinson and
R. Subramanian, A machine learning calibration model
using random forests to improve sensor performance for
lower-cost air quality monitoring, Atmos. Meas. Tech., 2018,
11, 291–313.

26 C. Malings, R. Tanzer, A. Hauryliuk, P. K. Saha,
A. L. Robinson, A. A. Presto and R. Subramanian, Fine
Environ. Sci.: Atmos., 2024, 4, 468–487 | 485

https://doi.org/10.4267/pollution atmosph�rique.312
https://doi.org/10.4267/pollution atmosph�rique.312
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ea00012a


Environmental Science: Atmospheres Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

9 
M

ar
ch

 2
02

4.
 D

ow
nl

oa
de

d 
on

 2
/1

/2
02

6 
5:

01
:4

5 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
particle mass monitoring with low-cost sensors: corrections
and long-term performance evaluation, Aerosol Sci. Technol.,
2020, 54, 160–174.

27 R. Subramanian, A. S. Kagabo, V. Baharane, S. Guhirwa,
C. Sindayigaya, C. Malings, N. J. Williams, E. Kalisa, H. Li,
P. Adams, A. L. Robinson, H. L. DeWitt, J. Gasore and
P. Jaramillo, Air pollution in Kigali, Rwanda: spatial and
temporal variability, source contributions, and the impact
of car-free Sundays, Clean Air J., 2020, 30(2), 1–15, DOI:
10.17159/caj/2020/30/2.8023.

28 S. Rose Eilenberg, R. Subramanian, C. Malings,
A. Hauryliuk, A. A. Presto and A. L. Robinson, Using
a network of lower-cost monitors to identify the inuence
of modiable factors driving spatial patterns in ne
particulate matter concentrations in an urban
environment, J. Expo. Sci. Environ. Epidemiol., 2020, 30,
949–961.

29 A. Presto, R. Subramanian, C. Malings, N. Zimmerman,
R. Tanzer, A. Hauryliuk and S. Kumar, Air Pollutant
Exposure Measured with Low-Cost Sensors: Results from
a 50-Node Network in Pittsburgh, ISEE Conference
Abstracts, DOI: 10.1289/isesisee.2018.P02.0800.

30 (Institut Nationale de la Statistique) INS, 2022.
31 A. R. F. Kacou, Urbanisation de la Côte d'Ivoire: analyse
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Parc National du Banco (PNB) et stratégies de gestion
communautaire durable de ses ressources forestières
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