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Abstract: Air pollution is a major global public health issue causing considerable morbidity and
mortality. Measuring levels of air pollutants and facilitating access to the data has been identified
as a pathway to raise awareness and initiate dialogue between relevant stakeholders. Low-and
middle-income countries (LMICs) urgently need simple, low-cost approaches to generate such data,
especially in settings with no or unreliable data. We established a network of easy-to-use low-cost air
quality sensors (PurpleAir-II-SD) to monitor fine particulate matter (PMj 5) concentrations at 15 sites,
in 11 cities across eight sub-Saharan Africa (sSA) countries between February 2020 and January
2021. Annual PM; 5 concentrations, seasonal and temporal variability were determined. Time trends
were modelled using harmonic regression. Annual PM; 5 concentrations ranged between 10 and
116 pg/m?3 across study sites, exceeding the current WHO annual mean guideline level of 5 pg/m?3.
The largest degree of seasonal variation was seen in Nigeria, where seven sites showed higher PM; 5
levels during the dry than during the wet season. Other countries with less pronounced dry/wet
season variations were Benin (20 ug/ m? versus 5 ug/ m?), Uganda (50 pg/ m? versus 45 ug/ md),
Sukuta (Gambia) (20 ug/ m? versus 15 ug/ m?) and Kenya (30 pg/ m? versus 25 ug/ m?). Diurnal
variation was observed across all sites, with two daily PM; 5 peaks at about 06:00 and 18:00 local time.
We identified high levels of air pollution in the 11 African cities included in this study. This calls
for effective control measures to protect the health of African urban populations. The PM; 5 peaks
around ‘rush hour’ suggest traffic-related emissions should be a particular area for attention.
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1. Introduction

Globally, air pollution is responsible for seven million premature deaths annually,
making it a public health issue of a magnitude comparable to tobacco smoking, unhealthy
diet, and climate change [1,2]. Ambient or outdoor air pollution causes approximately
4.9 million premature deaths per year worldwide [3]. The fine particles (PM; 5) in polluted
air that penetrate the lungs and cardiovascular system increase the risk of many diseases
including lung cancer, chronic obstructive pulmonary disease (COPD), pneumonia, stroke,
and heart disease [4-7].

Industrial expansion and rapid population growth has contributed to progressively
worsening ambient air pollution in major cities in sub-Saharan Africa (sSA), as confirmed by
the high PMj; 5 concentrations measured in several countries [8,9]. Indeed, measurements
from the pilot phase of the Measuring Air Pollution for Advocacy in Africa (MA3) project
showed that PM; 5 concentrations in sSA cities like Kampala (Uganda), Lagos (Nigeria),
Nnewi (Anambra, Nigeria) ranged between 50 pg/m? and 90 ug/m3: considerably higher
than the <20 pug/m?® concentrations typically recorded in many North American and
European cities [8,10].

Based on the 2021 WHO guidelines, about 90% of the world’s population is thought to
breathe polluted air [11,12]. Although local solutions to high air pollutant concentrations
will vary from place to place [13-16], continuous monitoring of air pollution can help
identify the “pollution hotspots” and map temporal and spatial variations over time. This
can additionally assist in identifying local sources of air pollution.

Making data on air pollutant concentrations available is a key prerequisite to initiate
a health dialogue around clean air [17]. This dialogue encompasses exposure scientists,
citizen scientists, clinicians, decision makers, public health experts and global health or-
ganizations/watchdogs such as WHO [18,19]. Continuous air-quality monitoring (AQM)
is unavailable in many sSA cities and previous attempts to establish measurement net-
works have failed after a short period of time—often due to the high costs of maintaining
equipment [20].

In a recent publication, we reported results of a low-cost sensor use for longitudi-
nal ambient PM, 5 measurement in seven countries [10]. Data showed a median data
recovery rate of 94% (range: 72-100%) using PurpleAir-1I-SD devices, a mean 24-h PM; 5
concentration of 38 pg/m? (range 15-91 ug/m?), the longest periods with PM, 5 concen-
trations >250 pig/m> being found in Kampala, Uganda and Nnewi, Nigeria. This pilot
study highlighted important operational issues related to power supply, memory cards,
internet connectivity and device security. Following the pilot phase, we now report on the
longitudinal PM; 5 data collected in a network of air-quality sensors using PurpleAir-II-SD
sensors for one year in 15 sites with the aim of utilizing the results for advocacy and policy.

2. Materials and Methods
2.1. Study Sites

This study prospectively monitored air pollution continuously for one year—starting
from February 2020, at 15 sites in 11 cities in eight countries across sub-Saharan Africa, using
low-cost sensors. The selection of sites was performed following the International Multi-
disciplinary Programme to Address Lung Health & TB in Africa (IMPALA) conference
and the Pan African Thoracic Society Method in Epidemiologic, Clinical and Operational
Research (PATS MECOR) course held in Tanzania in 2019. Fifteen sSA-based healthcare
professionals who attended the events were trained in air pollution measurement and
provided with PurpleAir IT SD® sensors (PurpleAir, Draper, UT, USA) and Anker® battery
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packs [Anker Innovations, Changsha, China] [21] to implement the study in their respective
urban locations.

2.2. Continuous Ambient Air-Quality Monitoring (Data Collection)

We ordered and procured pre-calibrated PurpleAir-1I-SD sensors. Asides from mea-
suring reliably well at both low and high pollutant exposure, each device has a SD memory
card in situ, thus making the data available locally. Setting up air-quality monitoring net-
works is easily achievable with low-cost sensors such as PurpleAir-II-SD. PurpleAir-1I-SD
sensors are also very easy to use and maintain without much technical knowhow. One
other very important advantage this device has over others is that it is relatively cheap,
thus making largescale longitudinal studies at multiple sites very feasible. A unit cost of
the device is relatively lower ($259) compared to reference grade optical particle counter
instruments such as Alphasense Portable Aerosol Spectrometer PAS-1.108, which costs
$15,000 per unit [22].

Investigators were remotely supported to set up the sensors to measure ambient PM; 5
following pre-defined conditions for the siting of the sensors after checking for time drift.
Some of these conditions were: placing at 6 feet above the ground, ensuring the device is at
least 100 m away from a heavily plied road, being placed away from domestic pollutant
sources such as grills, air conditioner vents and incinerators to mention a few [10,22]. The
researchers had continuous online support and supervision by the principal investigator
(PI), who coordinated the simultaneous collection of data in the 15 study sites. Data
acquired within the first month after set-up (July 2019-pilot phase) were analysed and
feasibility issues were identified, as reported in a previous publication [10]. The lessons
from the pilot phase were incorporated into the main MA3 study that took place between
February 2020 and January 2021.

Data from the sensors’ memory cards were downloaded monthly at each site and
transferred to the PI for processing, data cleaning and analysis. Only two sites i.e., The
Gambia and Nairobi, Kenya had continuous Wi-Fi connection; in all remaining 13 sites,
data download was done via SD memory card (Table 1). For each PurpleAir-II-SD device,
the internal agreement between the two instrument sensors (A & B) was determined by
calculating the period average PM; 5 measured by sensor A and sensor B, and comparing
these averages with themselves. This agreement is the degree to which plantower sensors A
and B in each device agree with one another regarding the PM measurements. The image
of the PurpleAir-II-SD sensor is in Figure 1.

Table 1. Data coverage by location for the Measuring Air Pollution for Advocacy in Africa (MA3).

Five-Minute # Days Meeting > Median Sensor

No. Country Town & City Cor‘::,lls;ftlion Periods Covered 22 h Threshold Agreement %
(%) (%) (IQR)

1 Nigeria Trans-Ekulu, Enugu No 98,407 (93) 315 (86) 88% (15-97)
2 Nigeria Goshen, Enugu No 100,040 (95) 324 (89) 98% (90-99)
3 Nigeria Awka, Anambra No 63,310 (60) 16 (4) 99% (97-100)
4 Nigeria Bariga, Lagos $ No 83,401 (79) 194 (53) 99% (93-99)
5 Sudan Khartoum North, Khartoum No 69,328 (66) 222 (61) 97% (96-99)
6 Burkina Faso Balkuy, Ouagadougou No 96,307 (91) 317 (87) 96% (87-99)
7 Nigeria Nnewi, Anambra No 77,209 (73) 151 (41) 98% (97-99)
8 The Gambia Sukuta, Kanifing No 63,002 (60) 244 (67) 92% (86-95)
9 Nigeria Abakaliki Rd, Enugu No 66,468 (63) 117 (32) 98% (97-99)
10 Benin Republic Akpakpa, Cotonou No 43,351 (41) 127 (35) 0

11 Nigeria New Haven, Enugu No 55,296 (52) 136 (37) 99% (98-9)
12 Cameroon # Douala, Douala No 8233 (8) 27 (7) 0

13* The Gambia Fajara, Kombo Yes 81,437 (77) 244 (67) 93% (85-97)
14 Uganda Ntinda, Kampala No 61,344 (58) 125 (34) 92 (84-96)

15* Kenya Ngong Road, Nairobi Yes 95,467 (91) 299 (82) 98% (97-99)

* Data can be downloaded directly from the Purple Air Website; * Purple Air Device became faulty during the
project; ® SD card-related issues; data were from SD card manual download, except in Fajara, The Gambia and
Ngong Road, Nairobi, Kenya, where data download was via Wi-Fi.
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Figure 1. Close-up images of the PurpleAir-II-SD device. (Source: https://www?2.purpleair.com/
products/purpleair-pa-ii-sd, accessed on 2 August 2022. Permission given by Purple Air management).

2.3. Data Management

Firstly, downloaded Comma Separated Value (csv) files were checked for errors, sensor-
booting files and absent titles for data columns, and these were cleaned. We excluded
records with missing values. Afterwards, five-minute averages were computed to normalise
the effect of the varying interval of logging of the differing versions of the PurpleAir-1I-5D
devices used: indeed, firmware version 3 logged every 80 s, whereas version 4 logged every
120 s [10]. Given that there were 365 days of data collection, a maximum of 105,408 five-
minute periods was generated. In line with conventional exposure science practice, the
daily measurement threshold for this study was set to coverage of 22 h out of 24 h, which
translates to approximately 92% coverage [10]. The resulting clean data were then analysed
using R studio® software [23]

2.4. Data Analysis

R studio® (23) was used to analyse the data for period PM, 5 patterns, site-to-site
average comparison and harmonic regression analyses. The main outcome variable was
mean PM; 5 concentration per site. Secondary outcomes included data coverage by location,
agreement between the two instrument sensors within each device at each site, seasonal
variation, and diurnal variation of PM; 5. The projected seasons with dates were adopted
from the Weather Atlas website [24], and information regarding the dates of implementing
and lifting COVID lockdowns and the nature of lockdown measures were obtained for
each monitoring site.

The PM; 5 data from the PurpleAir-1I-SD devices in Kampala (Uganda) and Khartoum
(Sudan) were also compared to the freely available MET One Beta Attenuated Monitor
(BAM-1020) readings, reported by the USA embassies in these cities through the AirNow®
initiative [25-27].

In further analyses, a linear regression model of PM; 5 as a function of time was
developed as a prelude to a harmonic regression to explain the diurnal (circadian) variations
observed in the one-year long PM, 5 data at every site. We chose to apply harmonic
regression to the PM, 5 data due to its inherent ability to highlight temporal changes in the
occurrence of a phenomenon and also generate useful plots specific to time series data

PMys = o + PBt+ ¢, 1
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where PMj 5 is the concentration expressed in pug/ m3, tis time in minutes, « is the intercept,
[ (regression coefficient) is the slope of the line and ¢ is the random error term. To stabilise
the data, a log transformation of the data was also undertaken, such that the model became:

lOg PMps5 = o + Bt+ «. 2)

Finally, harmonic regression was applied to the time-series data to capture the si-
nusoidal pattern in the series. For each 24-h PM; 5 cycle, 1440 one-minute periods were
analysed. A daily harmonic regression model was then fitted, and the predicted and
observed values plotted.

The harmonic regression model was:

log PMy5 = B1+ Ba t+ B3 Cos (wt) + Ba Sin (wt) + Bs Cos (2wt) + Be Sin(2wt) +¢ (3)

where w (: %) representing the daily cycle, PM, 5 is the Particulate Matter 2.5 mm, ¢ is
time in minutes, B denotes the regression coefficients and ¢ is the random error term.

Autocorrelation models generated along the process of computing the harmonic
models are shown in Appendix A (Figure Al).

2.5. Ethical Considerations

An ethical waiver was granted by the Liverpool School of Tropical Medicine for the
study since it did not involve human participants.

3. Results
3.1. Study Sites

The study was conducted across 15 locations in eight sSSA countries based on the
location of the collaborating investigators, i.e., in West Africa—Benin Republic, Burkina
Faso, Nigeria and The Gambia; Cameroun in Central Africa, Sudan in North-Eastern
Africa—and in East Africa—Kenya and Uganda (Figure 2).

t

Fai3y Gambia

Sudan
Snartoumn
Ousgadeqny,
Burkina Fasa
Nigeria

ccccc
e,
oouall
Uganda

Kenya
Mampate A

® sample points
Africa

Figure 2. Countries involved in the one-year prospective ambient fine particulate matter measurement.

3.2. Data Coverage

Regarding data completeness, the five-minute periods coverage ranged from 8% total
number of expected 5-min period within the 12-month period (Douala, Cameroon) to 95%
(Goshen, Enugu, Nigeria). All sites achieved between 32-89% day coverage except in Awka,
Nigeria (where only 4% of days met the 92% coverage threshold) and Douala, Cameroon
(where only 7% of days met the threshold). The two sensors (A and B) in each appliance
achieved close levels of agreement of at least 92%, except in the Benin and Cameroon
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sensors, where sensors B developed a fault and stopped recording particulate matter levels
during the study (Table 1).

3.3. Annual Mean Concentrations by Site

Mean PMj 5 concentrations by site over the entire study period ranged from 10 pg/m?3
(Fajara, Gambia) to 116 ug/m? (Douala, Cameroon) (Table 2), hence exceeding system-
atically the WHO annual guidance limit of 5 pg/m? [12]. Monthly variations in PM, 5
showed three different trends: (i) higher levels in February, March, December 2020, and
January 2021 compared to other months in 5 Nigerian sites (Abakaliki Rd., Awka- Goshen,
New Haven and Bariga); (ii) elevated PM, 5 levels in February, March 2020 followed by
a reduction in December 2020 and January 2021 in four other sites (Balkuy-Burkina Faso,
Cotonou-Benin, Nnewi and TransEkulu in Nigeria); (iii) constant PM, 5 levels all year
round in the two Gambian sites, as well as in the Khartoum, Sudan and East African sites
in Kenya and Uganda (Figure 3).

Table 2. Mean and median PM; 5 for each site between February 2020 and January 2021.

Country Town & City Mean PM, 5 (=SD) p,g/m3 Median PM, 5 (IQR) ug/m3
Nigeria Trans-Ekulu, Enugu 48(+60) 27 (18-51)
Nigeria Goshen, Enugu 63 (+82) 36 (19-69)
Nigeria Awka, Anambra 60 (£60) 43 (27-70)
Nigeria Bariga, Lagos 48 (£39) 37 (24-62)
Sudan Khartoum North, Khartoum 30 (+125) 16 (10-28)
Burkina Faso Balkuy, Ouagadougou 46 (+£54) 10 (3-27)
Nigeria Nnewi, Anambra 62 (£120) 36 (21-66)
The Gambia Sukuta, Kanifing 22 (+26) 16 (11-25)
Nigeria Abakaliki Rd, Enugu 52 (+49) 37 (23-62)
Benin Republic Akpakpa, Cotonou 21 (£27) 10 (3-27)
Nigeria New Haven, Enugu 78 (£87) 49 (27-91)
Cameroon Douala, Douala 116 (£52) 106 (79-142)
The Gambia Fajara, Kombo 10 (£10) 10 (6-11)
Uganda Ntinda, Kampala 47 (+29) 42 (29-57)
Kenya Ngong Road, Nairobi 25 (£27) 21 (13-31)
Annual mean PMj 5 for all cities was above the WHO Annual recommended Guidance Limit for PMy 5 (5 ug/ m?).
Abakaliki Road, Nigeria Akpakpa, Benin Balkuy, Burkina Faso
4. .
400 .
, . 8
200 |‘ I o=.'| i .
Douala, Cameroon
= 200
2
@ o
g’ oo " New Haven, Nigeria

<]
IS

200

600

400

200

- *e°*% ... :
ey v,

sl oi

Ntinda, Uganda
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Apr 2020 Jul 2020 Oct 2020 Jan 2021 Apr 2020 Jul 2020 Oct 2020 Jan 2021 Apr 2020 Jul 2020 Oct 2020 Jan 2021
Date

Figure 3. Five-minute periods mean concentrations for each site over the measurement period.
Smoothed blue line depicts PM, 5 average trend over time.
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3.4. Seasonal and Diurnal Variation

Seven sites in Nigeria showed marked seasonal variation in PM, 5 levels between
dry and wet season (Figure 4). Beninese, Ugandan, Gambian (Sukuta) and Kenyan sites
also showed slight seasonal variations. Furthermore, mean circadian variations showed
peaks generally observed early in the morning (06:00 to 08:00) and later in the evening
(19:00 onwards—Figure 5). Harmonic regression confirmed this trend by showing that at
most sites, there were twice-daily PM; 5 cycles in the mornings and the evenings (Figure 6).
Autocorrelation models also showed that all dependents between data points were captured

(App
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Figure 4. Seasonal PM; 5 means, medians and quartiles by site.
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Figure 5. Diurnal variation at each study site.



Atmosphere 2022, 13, 1593

Predicted PM ;5 Values

predicted

predisted

predicted

0.048 0.050 0052

0.046

predicted

01C1 0102 0103

0.100

pradicted

01330 01340

01320

01310

— /A\
//
: ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500
(a) Trans-Ekulu, Enugu, NG
o —\\\\
g4 .
g -
“
o N
“
N
© . e
g “ y
=3 \\\
i -
= 4
0 100 200 300 400 500
Nnamdistime_5min
() Nnewi, Anambra, NG
—
— — -
P _—
0 100 200 300 400 500
OgoStime_5min
(e) Khartoum, Sudan
© - T
£ -
g -
N
N
N
. N
N
= \\ //
2 . -
g A ~
. .
N
. ~ -
- -
i —
é -
g
g4, \ \ \ \ \
0 100 200 300 400 500
ChizaluStime_Smin
(g) Awka, Anambra, NG
i —
/// \\
P
- /// \\\
e ~,
) // \\
Ve
i e
!
1 e
p
///
e
///
1
0 100 200 300 400 500

Bakarystime 5min

(i) Cotonou, Benin Rep.

Figure 6. Cont.

oredicted

credicec

predicted

predicted

precicted

00790 007¢5
I I

00788
I
AN

0 100 200 300 400 500
Peter$time_5min
(b) Goshen, Enugu, NG
] 100 200 300 100 500
Rashid$time_bmin
(d) Bariga, Lagos, NG
= -~
“
B .
N
N
o N
g - N
g -
4 . p
N Y
g AN /
N y
d . e
N P
] - p
. - P
3 4 S
5 S~
0 100 200 300 400 500
Risgoustime_5min
(f) Ouagadougou, BF
.
© o
! e ~
p
v
] - N
© // \\
5 S AN
5 )
S N
] e AN
. e
g -
0 100 200 300 400 500
ffy$time_5min
(h) Sukuta, The Gambia
0
g — —
d /// R
o // \\
= 7 .
. N
g P N
P N
w /// ™
8 .
8 P
& P
.
.
g4
5 |
2 . . . . .
0 100 200 300 400 500

Bertrandstime_5min

(j) New Haven, Enugu, NG




Atmosphere 2022, 13, 1593

9o0f 16

0080
I

0075
I

predicted

007¢C
I

0.085
I

Predicted PM ;5 Values

— g JE——
///// \\\ o //// T \\
i e . El el ™
~ N & P
1 s AN y 7
P “ 8 P
i Ve . i ///
e . 84
| /// h 0
4 P €
P
: : : : : 2 . . | : :
100 200 300 100 500 0 100 200 300 400 500
Bakary$time_5min Bertrand$time Smin
(k) Douala, Cameroon (I) Abakaliki Rd, Enugu, NG
o i — T
£ _—
g o
////
— e T ] e
< T T T T T
(; 1(;0 20‘0 30‘0 40‘0 SOIO 0 100 200 300 400 500
HerveStime_5min Chikagtime_smin
(m) Nairobi, Kenya (n) Fajara, The Gambia
<
81~ S
\ i N
E ~
= = .
2 AN
3 2] AN
5 S \
o AN
g N /
. ° o ~
g ~_ 5 ~__
T T T T T T T T T T
100 200 300 400 500 0 100 200 300 400 500
Diana$time_Smin Cabriel$time_5min
(0) Kampala, Uganda
b A

predicted

0082 0083 0084 0085 0086 0087

/

N

T
0

T
100

T T T
200 300 400 500

TundeStime_5min

Time in minutes at each site

Figure 6. Harmonic regression tracings for each study site. Harmonic regression plots showing the

temporal changes in PM, 5 pollution spikes and throughs at all sampling sites (a-0). X-axis bears the
time in minutes while the Y-axis shows the predicted PM, 5 values.

3.5. Comparison with US Embassy Beta Attenuated Monitor or BAM Monitor

The data from our low-cost sensors in Kampala, Uganda and Khartoum, Sudan
compared fairly well to the expensive reference BAMs utilised by the American embassies
in Uganda and Sudan respectively (Figure 7). The correlation between the output of
our sensor in Kampala and the BAM yielded an R of 0.72 (p < 0.05) (Figure 8). Figure 9
details the Bland Altman’s test of agreement plots for the Kampala, Uganda and Khartoum,
Sudan pairs of devices. In the Kampala plot, the measurement points clusters around
the zero line (with some outliers) and the constructed limits of agreement are within the
acceptable differences. This means there is good level of agreement, and the two methods
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can be used interchangeably (Figure 9, left). The Khartoum plot showed a much-dispersed
measurement points, pointing to a lesser favourable level of agreement (Figure 9, right).
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Figure 7. Comparison of one day plots showing the performance of the PurpleAir I SDs vs. the US
Embassy BAMs at Kampala (Uganda) (left) and Khartoum (Sudan) (right). The top figures are the
Embassy BAMs, while the bottom ones are the nearby PurpleAir devices.
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Figure 8. Correlation between the daily mean outputs of the US Embassy BAM and the Purple Air
device in Kampala, Uganda.
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Figure 9. Bland—-Altman test of agreement plot between US MET One BAM and MA3 PurpleAir
Device in Kampala, Uganda (left) and in Khartoum, Sudan (right).

4. Discussion

Our study represents a unique collection of recent longitudinal ambient PM; 5 data
collected in 15 sites across eight sSA countries using low-cost sensors. The main result
shows that ambient air pollution was high in all study sites, the mean PM; 5 being way
above the WHO recommended maximum annual average of 5 pg/m?. Fajara, The Gambia
had the lowest-(10 ug/ m?) while Douala, Cameroon had the highest period average of
116 ug/m3, although this was based on a limited dataset. Of the sites with complete data,
New Haven (Enugu, Nigeria) had the highest fine particulate annual average. There was a
tendency towards high ambient PM; 5 levels during the dry season in Nigeria, Uganda,
and Cameroon. Importantly, a diurnal variation of the ambient air pollution was observed
in all sites with two daily peaks at about 06:00 and 18:00 local time.

The annual averages measured in our study using a network of low-cost sensors
(10-116 pg/m3) are consistent with those reported in previous studies in sub-Saharan
African cities using limited numbers of high-cost sensors in ground monitoring station
networks and BAM-calibrated low-cost sensors in one study [28-31]. Katoto et al. reported
in their systematic review on ambient air pollution and health in Africa that utilising high-
cost sensors, the annual PM; 5 concentrations in Cameroon, Kenya, Madagascar, Mauritius,
Nigeria, Senegal, South Africa, Uganda, and Tanzania were found to be between 19 ug/m?3
and 170 pg/m? [29]. Furthermore, three East African countries (Uganda, Ethiopia, Kenya)
were evaluated and found to have urban ambient air pollution annual averages above
the WHO limits, with Kampala having the highest values —55.7 & 20.3 pg/m? (100%
above the WHO limits) [31]. In another review of eight studies of ambient air pollution in
African cities (covering seven countries: Algeria, Egypt, Ethiopia, Mali, Morocco, Nigeria &
Zimbabwe), PM; 5 concentrations varied between 40 and 260 nug/ m3 [32], compared to an
annual average of 13 pg/m? in urban Europe [33] and 9 pg/m? in urban United States [34]
in 2019.

Seasonal variation was less pronounced in some of our study sites except in Benin,
Kenya, Uganda, The Gambia (Sukuta) and seven sites in Nigeria that recorded higher pol-
lutant levels in dry season compared to wet season. It is however noteworthy that in spite
of this, African countries and other LMICs record more noticeable seasonal variation than
high-income countries [35]. As in our study, higher PM, 5 concentrations have also been
reported in the dry season compared to the wet or rainy season by other studies [25,36,37].
This is likely due to a direct effect of rain during the wet season. Another possible explana-
tion is PM, 5 being blown by wind during the dry season, with the dry season also having
higher wind speeds and gusty winds compared with the wet season [38].

We observed a twice-daily cycle coinciding with the morning and evening “rush
hours” that are associated with increased human activities viz. domestic-, commercial- and
transportation related-activity. Diurnal variation in pollutant concentration has also been
reported in other studies [35,39-41]. The latter utilised Dylos DC 1700, BAMs and TEOMs
while, we used PurpleAir-II-SD sensors as mentioned earlier. In Bangladesh, 779 homes
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had PM; 5 measured, and ambient PM; 5 data from 25 US embassy monitoring stations
in 16 LMICs were measured in 2018. These revealed a greater PM concentration at night,
and a diurnal temporal pattern and an annual daily mean PM, 5 of 290 pg/m?3 [35]. The
main environmental reason for this observed diurnal variation is the rising and falling of
air temperature, leading to changes of the transboundary layer in the atmosphere [42,43].
This transboundary layer, also known as the planetary boundary layer (PBL), is the lowest
layer of the troposphere where conditions are significantly affected by the earth’s surface.
PM mixes with the PBL, dispersing in all directions. With prevailing conditions, especially
solar radiation and wind, the height of the PBL changes with topography, assuming levels
as low as 50-100 m during cool, still periods at night and high levels like 5 km in very hot
conditions. These changes occur seasonally and during the day. As PBL height rises, PM is
dispersed at a potentially higher volume. When the PBL height falls, PM in the atmosphere
is effectively compressed into a smaller volume [35,44].

COVID-19-related lockdown periods at some of the measurement sites disrupted the
quality control (QC) checks, affected the frequency of scheduled battery-level checks (lead-
ing to frequent power-down periods) and reduced routine device maintenance. Overall,
this is reflected in the level of data recovery from some of the sensors. Due to the absence
of ambient longitudinal PM; 5 readings in the preceding and/or succeeding years, drawing
reliable inferences on the effect of COVID-19 lockdowns on PM levels was not feasible.

We acknowledge the limitations of our study. We desired to perform a field calibration
of each device, but due to the reality of the funds available for the study and the logistical
difficulties of sending devices to a central point for calibration, we had to settle for initial
factory calibration and limited sensor comparison with BAMs at two of the cities (Sudan and
Uganda). The latter were located at 8 km and 25 kms respectively to our MA3 PurpleAir-II-
SD devices and so the validity of the comparisons is weak. BAM devices were unfortunately
not available at the other sites where our PurpleAir sensors were located. We document this
as a notable weakness of this study as there is possible device drift from factory calibration
over the 12-month period of use [10]. Also, we initially aimed at having a low-cost sensor
network in each of the cities, but eventually could only afford one sensor per city except for
Enugu city, Nigeria (4 sensors) and Greater Banjul, The Gambia (2 sensors). The results are
thus interpreted with these in mind, and the generalization is also restricted to the areas
where the sampling was done.

Our study also had several strengths. We utilised ground-level ambient air pollution
data in previously unmonitored places in sSA, thus giving a better estimation of PM; 5
concentrations that people are exposed to daily, devoid of cloud cover that mars the
utilization of satellite-generated estimates of air pollutant levels. This was done in near
real time, with the option of a local data download from SD memory cards, potentially
making the data widely available for use by interested stakeholders within the area. We
also compared the performance of our MA3 sensors to the US embassy BAMs, which are
much more sophisticated than the PurpleAir II SD sensor and can serve as an external
quality control tool for the PurpleAir [45]. Extrapolating from a PurpleAir-II-SD sensor
co-located with a BAM in Kinshasha Democratic Republic of Congo, with a correlation
factor (R?) of 0.88 or 88% [25], our sensor in Kampala, Uganda achieved a R value of 0.72 at
8 km from the BAM. Furthermore, the Bland—Altman test showed a good level of agreement
for the Kampala devices and a weak level of agreement between the Khartoum devices.
The latter can however be explained by the distance between the devices-25 km between
the Khartoum US embassy BAM and the MA3 PurpleAir-II-SD device in Khartoum. In
addition, it is worth considering that the cost of a MET One BAM device of approximately
$7500 with further frequent servicing and consumable costs could purchase more than the
15 PurpleAir devices that we used for this study given the unit cost of PurpleAir-II-SD of
$259 [46].

Based on the inferences from our research so far, a lot remains to be gained if all
stakeholders can substantially scale up this network of low cost PM; 5 monitors across sSA
for exposure science research and advocacy for change in urban and rural air quality. This
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invariably provides comprehensive and truly representative air-quality data which serves
as a credible tool for engaging policy makers and facilitating advocacy towards the desired
enforcement of clean air laws. There is thus need for concerted efforts to ensure cleaner
air in our communities. While our study did not investigate the likely sources of urban air
pollution, potential sources of such pollution need to be adequately addressed. Domestic
fuel used for cooking, lighting and heat generation must be clean, indiscriminate refuse
burning must be prohibited, commercial fuel use must be regulated and clean, importation
of old cars with inefficient engines banned and factories situated far away from areas of
human habitation.

5. Conclusions

Ambient fine particulate matter levels in all the eleven sSA cities sampled were higher
than the recommended WHO annual PM; 5 threshold (5 nug/ m3), ranging from double
to above twenty-fold. This confirms the pollution of ambient air in many urban sSA
countries. Furthermore, a twice-daily peaking of particulate matter level was observed,
and the morning and evening traffic of urban commute has been suggested to play a role
in this. Cities in sSA thus needs to take a serious look into environment friendly means of
transportation such as electricity-driven buses/trams/trains, electric vehicles, and solar-
driven vehicles. People should also be encouraged to utilise these highlighted public
transportation means, rather than to drive. In a situation where the above are unavailable,
all cars with old, worn, and ineffective engines should be banned, with newer engines
given pass to ply the roads. Seasonal trends affect fine particulate matter, with higher levels
found in the dry season versus the rainy season. The protection of individuals” health,
especially during the dry season, can be facilitated by warning systems that can help limit
exposure based on continuous measurement of fine particulate matter.
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Figure A1. Correlation between the daily mean outputs of the US Embassy BAM and the Purple Air
device in Khartoum, Sudan.
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