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r monitoring and source
apportionment inside and outside schools in
a Global South metropolis

Vitalis C. Nwokorie, Dimitris Bousiotis and Francis D. Pope *

Globally, particulatematter (PM) air pollution is a significant threat to public health. The city of Port Harcourt,

Nigeria, is heavily impacted by PM pollution through both natural and anthropogenic sources, including

desert dust, vehicular emissions and gas flaring from crude oil processing and refining. Children are

especially vulnerable to air pollution, and since they spend a large proportion of their time at school, this

microenvironment is critical for their total air pollution exposure. Using low-cost sensors, PM were

monitored in three schools in Port Harcourt. The PM2.5 and PM10 concentrations were, in almost all

cases, significantly higher during the dry season compared to the rainy season, up to a factor of 3. Both

PM2.5 and PM10 concentrations were also found to be greater than the annual WHO recommendations

throughout the campaign, often exceeding the 24 hour recommendations, in some cases more than 5

times, for both the dry and rainy seasons. Indoor PM1, PM2.5 and PM10 concentrations during the school

day were significantly higher than outdoor concentrations highlighting the influence of indoor PM

sources, in addition to the infiltration of outdoor sources. Source apportionment revealed consistent

source patterns across both seasons, showing that outdoor emissions overwhelmingly dominated indoor

air quality. Outdoor sources accounted for more than 95% of indoor PM2.5 and for more than 60% of the

indoor PM10. The high PM level exposure during the dry season was significantly influenced by the

Harmattan desert dust both inside and outside the schools. In the rainy season, local anthropogenic

sources played a more significant role in the absence of the Harmattan effect. These results underscore

the urgent need for targeted mitigation strategies within school environments and their surrounding

communities to protect children's health and reduce the long-term burden of air pollution in Port

Harcourt and other similar urban settings.
Environmental signicance

This study demonstrates the use of low-cost sensors combined with Low Cost Source Apportionment (LoCoSA) to disentangle indoor and outdoor particulate
matter (PM) sources within Nigerian schools. By triangulating local and regional contributors, we reveal that indoor exposures oen exceed outdoor levels,
driven by resuspension and inltration of desert dust, vehicular emissions, and gas aring. The approach provides a scalable, cost-effective framework for
identifying priority pollution sources in understudied environments. These insights enable targeted interventions to reduce children's exposure in schools and
offer a transferable methodology for improving air quality management in rapidly urbanising cities across Africa and beyond.
1. Introduction

Indoor air quality is a critical issue in both the Global North and
Global South, with associations between particulate matter
(PM) pollution and premature mortality and morbidity estab-
lished by many epidemiological studies.1–3 Assessments have
identied indoor air pollution as the ninth largest risk factor in
the Global Burden of Disease.4 Studies have linked prolonged
exposure to high levels of PM to childhood cancer, increased
respiratory symptoms, and impaired lung function.5,6
ntal Sciences, University of Birmingham,

bham.ac.uk

80–194
Exposure to PM pollution has also been linked to cognitive
health in addition to physical health.7 The 2021 WHO guide-
lines provide recommended 24-hour and annual limits for
PM2.5 and PM10, which are particulate matter with diameters
less than 2.5 and 10 mm, respectively.8 The WHO 24-hour limits
for PM2.5 and PM10 are 15 mg m−3 and 45 mg m−3, respectively,
whilst the annual WHO limits for PM2.5 and PM10 are 5 mg m−3

and 15 mg m−3, respectively. The toxicity of PM increases with
decreasing particle size,9 hence there is a growing interest in
particles in the PM1 size fraction (particles with diameters less 1
mm). The detrimental effects of PM are also inuenced by the
chemical composition and hence the different sources of the
PM.10
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Children are particularly vulnerable to the effects of air
pollution because of their higher respiratory rates, larger lung
surface area relative to their body size, and incomplete respi-
ratory system development, which allows pollutants to become
more concentrated in their systems.11,12 According to Perera,13

children are more vulnerable to air pollution because of
increased physical activity and underdeveloped cerebral,
cardiovascular, pulmonary, and immune systems.

Researchers have linked prolonged exposure to air pollution
to poor academic performance, in addition to the health
implications.13,14 Poor indoor air quality impacts students'
cognitive function, development, comfort, concentration, and
performance.15 One study reported that children aged 7 to 10
attending schools exposed to high levels of traffic-related air
pollution exhibited slower cognitive development compared to
children attending less polluted schools.16 Another study in
Barcelona found that children aged 7 to 11 years exposed to air
pollution at school had increased behavioural problems.17

Research on air quality in 51 schools in Portugal found that
high levels of indoor air pollution, resulting from poor venti-
lation, negatively impacted cognitive function and learning.18

Nigeria, which is Africa's leading economy, has a young and
rapidly growing population. In Nigeria, schoolchildren gener-
ally spend 4–8 hours per day in severely congested urban
classrooms, which are oen located near important air pollu-
tion sources, exposing them to PM. Vehicle emissions have
a signicant inuence upon air quality, and schools located
near to highways have higher air pollutant levels with proven
harmful health effects.13,14,19,20 In Nigerian schools, outdoor
pollution inltration can signicantly alter indoor PM concen-
trations. The rate and level of inltration depend on factors
such as building architecture, ventilation practices, climatic
conditions, sources, particulate physiochemical characteristics,
and size.14
Fig. 1 Map of the Amadiama community area of Port Harcourt showing

© 2026 The Author(s). Published by the Royal Society of Chemistry
Previous studies on indoor air quality typically focus on
particle mass concentrations without identifying the main
pollutant sources,21–23 An important rst step in reducing chil-
dren's exposure to pollutants indoors at school is the develop-
ment of more accurate methods to disentangle source
contributions in the indoor environment. Understanding the
indoor pollution sources allows for targeted mitigation
measures to reduce air pollution. Recently, Rose et al. 2024
showed that sources of pollution within schools can be source
apportioned into indoor and outdoor sources,24 which should
allow for more targeted mitigation.

This study investigates the air pollution situation within
three schools in Port Harcourt, Nigeria. The objectives of the
study are to: (1) assess the mass concentrations of PM1, PM2.5,
and PM10 within the indoor and outdoor school microenvi-
ronments, (2) identify the air pollution factors and sources that
contribute to variations in the PM1, PM2.5, and PM10 mass
concentrations, and (3) to assess the differences between the
dry and rainy seasons. The information from (1) and (2) will
allow for the assessment of air pollutant control measures and
the provision of practical recommendations to mitigate air
pollution problems within schools in Port Harcourt and
beyond.
2 Methods
2.1 Study area

Port Harcourt, the capital of Rivers State, is located on the
southern part of Nigeria's southern Atlantic coastline, see Fig. 1.
Port Harcourt experiences two main seasons: the dry and rainy
seasons. It is the hub of oil and gas exploration and production
in the Niger Delta region of Nigeria.25 Hence, Port Harcourt is
surrounded by gas are stacks and oilelds. The study sites are
surrounded by 28 oil elds and 15 gas are ow stations within
the monitored schools and important pollution sources locations.

Environ. Sci.: Atmos., 2026, 6, 180–194 | 181
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a 20-mile radius26 (NOSDRA, 2024). The region also faces
signicant environmental stress due to its rapidly growing
population,27 with the 2020 population estimated as 5 198 716.28

Port Harcourt is experiencing signicantly increasing urbani-
sation caused by rural-urban migration.25,29
2.2 Sampling locations

The three schools in this study are in the Amadiama community
(4°4703000N 7°0105400E) within the city of Port Harcourt. A
primary school (PS), a junior secondary school (JS) and a senior
secondary school (SS) were chosen for the study locations. The
three schools are all naturally ventilated buildings and are
therefore expected to have signicant inltration of outdoor air
pollution to the indoor classrooms. The JS and SS schools
consist of two storey buildings, whereas the PS is a single storey
building. The locations of the schools are shown in Fig. 1. In
each school, a single classroom was selected for sampling.
Table 1 provides information about the monitoring campaigns
in the three schools, and Table S1 provides information on
potential pollution sources that are located close to the three
study schools.

The monitoring campaign was conducted in two distinct
periods to cover the dry and rainy seasons. The rainy season
measurements were conducted in October 2020 and the dry
season measurements were conducted in January 2021. The
measurements took place at each school in each season.
Sampling was conducted both inside and outside the selected
classrooms during themeasurement periods. Every attempt was
made to concurrently measure both indoors and outdoors at all
schools during both seasons, but due to a mechanical fault with
one of the sensor boxes, this was not always possible (see Table
1 for operating periods).

In the rainy season, due to COVID restrictions, children at
nursery school age were restricted from attending schools. This
meant that the PS school was largely empty during this period
and hence the study classroom was also empty of people except
for when the researcher and teacher delegations attended.

For the indoor measurements within the classrooms, the
monitors were placed opposite the blackboard in the middle of
the class. The height of the measurements varied dependent on
the room conguration, but always at a height between 1.5–2 m,
at least 1 m from the wall and at least 2 m from the ceiling. For
outdoor sampling the samplers were placed at the side of the
building on the veranda or balcony near to the school play-
ground area. The exact positioning of the outdoor sensors
Table 1 Characteristics and sampling period of monitored schoolsa

School Age grade Rainy season sampling perio

Primary school (PS) 5–11 26/10/2020–30/10/2020*
Junior secondary school (JS) 11–14 19/10/2020–23/10/2020*
Senior secondary school (SS) 14–17 19/10/2020–23/10/2020*

a Classroom occupancy status: occupied = *, unoccupied = **.

182 | Environ. Sci.: Atmos., 2026, 6, 180–194
varied from school to school. The PS sensor was installed next to
the school playground and the Amadiama creek which has
a jetty that houses several fossil fuel powered water transport
vehicles. The site is also exposed to sporadic open-air burning
fumes in a condensed neighbourhood. Soot deposits coming
from the creeks can be visually seen in the air, as well as
deposits on the surfaces of PS desks as seen in the graphical
abstract. The JS sensor was installed next to the school play-
ground, which is very close (<10 m) to a major road and close to
a sh packaging factory, which utilises a very large diesel-
powered generator. Finally, the SS sensor was installed next to
the SS playground, in the direction of the cement factory, the
main road, and the creek. It is noted that smoke from artisan
crude oil “kpo-re” production,30 was observed from the SS
outside location.

2.3 Monitoring instruments and calibrations. The PM
mass concentration – in the PM1, PM2.5 and PM10 size fractions
– were monitored using two Alphasense OPC-N2 optical particle
counter (OPC) sensors (Alphasense Ltd, UK), taking a similar
approach to Pope et al..31 The OPC-N2 provides PM size infor-
mation in 17 size bins (0.38–20 mm), which is converted to PM1,
PM2.5 and PM10 mass concentrations assuming a density of 1.65
mg m−3 and particle sphericity. PM mass concentrations were
collected at a time resolution of 10 s, which was then averaged
to 1 hour for assessing the PM mass concentrations. For the
source apportionment work, the data was averaged to 10
minutes. The mass concentrations were calibrated for UK
conditions by the manufacturer. It was further calibrated
through comparison with the reference OPC instrument
(GRIMM portable aerosol sampler model 1.108) at the Univer-
sity of Birmingham, UK. However, it was not possible to further
calibrate the sensors for Nigerian conditions due to the lack of
regulatory sites to compare against in Port Harcourt or
surrounding areas. Furthermore, while low-cost sensors of the
same type tend to show consistent variability in their reported
PM concentrations, they may present differences in absolute
values due to uniformity or ageing factors.32 To ensure consis-
tency between the different OPCs, they were collocated to
conrm they were collecting similar readings. The effects of RH
on the performance of OPC-N2 have previously been evalu-
ated.33,34 At high relative humidity (RH > 85%), the OPC-N2 oen
gives unrealistically high PM values because of particle hygro-
scopicity, in which hygroscopic particles take up atmospheric
water thereby increasing their mass. Nearby RH data was ob-
tained from a meteorological station, which highlighted that
the RH during the study periods was always less than 85%.
d Dry season sampling period Floor
Approximate classroom
volume (m3)

11/01/2021–15/01/2021** Ground 120
18/01/2021–22/01/2021* First 130
18/01/2021–22/01/2021* First 130

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.4. Positive matrix factorisation (PMF) and estimation of
PM concentrations

Positive matrix factorisation (PMF) is a multivariate method
developed by Paatero et al..35,36 While it can be used in multiple
scenarios, in atmospheric sciences it has been extensively used
and considered as one of the best approaches for the appor-
tionment of air pollution sources using data from both refer-
ence grade37,38 or low-cost sensors.39–41 The method describes
the relations between the variables considered, using the least-
squares technique.42 In atmospheric applications, these vari-
ables are chemical species or PM concentrations, which are
inputted in the model along with their uncertainties (as
provided by the manufacturer of the sensor used). The model
forms a number of groups (factors), according to the user's
input PMF being a descriptive model, does not have an objective
criterion for the optimal number of factors35 and the similarity
of the variation of the variables inputted. The outputs consist of
a matrix of the factors (F), which represents the average
concentration of the given variables for each factor (source)
formed and a matrix of contributions (G), which represent the
relative contribution of each factor for each timestep of the
initial dataset. For the specic analysis, two separate analyses
were conducted due to the signicant differences between the
periods. One for the dry period using the indoor and outdoor
dataset available, and one for the rainy period using the
combined indoor and outdoor dataset from the three schools.

For the estimation of the PM concentrations, the elements of
the (F) matrix were multiplied with the elements of the (G)
matrix, a methodology successfully applied in previous
studies.39,40 As the (G) matrix is normalised (by the model) to 1,
its variation provides a metric of the contribution of the given
factor on each timestep of the dataset, thus providing of the
partial effect of the factor on the atmospheric conditions at the
given time period (e.g. if the G contribution of a factor at a given
time is 2, this means that the specic source associated with the
factor was contributing twice its average contribution at that
time. If the contribution was 0.5, then the specic source was
contributing half its average contribution etc.). By multiplying
this contribution with the average conditions provided by the
(F) matrix an estimation of the PM contributed by each factor
was acquired on the specic timestep.

It should be noted that PM10 concentration sometimes appear
lower than the PM2.5 concentration. While this is physically
impossible, mathematically this result is valid, as the model does
not consider the nature and relationships between the indepen-
dent variables. When trying to decipher the result this translates
as a minimum effect of the specic factor on the coarse mode
(PM2.5–10). Thus, it can be considered that the PM10 contribution
of the specic factors is similar to its PM2.5 contribution.
2.5. Statistical analysis

All statistical analysis was performed in R (version 4.4, 2024-02-
29), using the RStudio GUI (version 2023.03.0386). The
normality of the data was tested using Shapiro–Wilk test (a =

0.05), then depending on the normality of the data, or not,
hypothesis tests were performed with two-sample t-test or
© 2026 The Author(s). Published by the Royal Society of Chemistry
Mann–Whitney test for two samples. Graphical processing of
the data was performed with the following packages within R:
ggplot2 and Openair.43

3. Results and discussion
3.1 Particulate matter monitoring

Data was collected for all three schools (PS, JS, SS) in both the
dry and rainy seasons. Indoor and outdoor data was collected at
all sites during the rainy season. During the dry season, indoor
data was collected for all schools, but outdoor data was only
collected for JS. The time series data for all available monitor
data is shown in Fig. S1–S3. The battery size available for the
sensors dictated how long monitoring lasted for. To ensure the
school present period (08:00–16:00) was monitored, this time
period was prioritized. Example time series for the JS in the dry
season for all three monitored PM size fractions, for both
indoor and outdoor monitoring, is shown in Fig. 2.

The mean and median mass concentrations for the observed
PM, in all the monitored size fractions, for PS, JS and SS, for
both seasons, both inside and outside, are provided in Table 2.
The descriptive statistics are only calculated for data collected
within the school period (08:00–16:00) to be able to assess the
effect of the school day upon student's air pollution exposure.

The acquired PM data allows for multiple comparisons of air
pollution within the three Port Harcourt study schools. The
PM1, PM2.5 and PM10 mass concentrations can be compared
between seasons, between schools, and nally between indoor
and outdoor measurements. The following observations are
taken for the measurements collected during school hours
(08:00–16:00). In Fig. 3, the boxplots visualise the distributions
and differences between indoor and outdoor mass concentra-
tions of PM1, PM2.5 and PM10 within the different schools and
seasons, during school hours (08:00–16:00).

During the school present period, the greatest mean PM1,
PM2.5 and PM10 concentrations were observed inside the SS
during the dry season with values of 38.1, 58.5 and 261.0 mg m−3,
respectively. Comparing the different schools between the same
seasons, JS and SS have similar concentrations in the PM1 and
PM2.5 size fractions, whereas the PM10 mass concentrations are
more variable. The PS has the lowest PM concentrations among
all the schools. The JS and SS sites are closer together (approxi-
mately 100 m apart) than the PS which is approximately 700 m
from the other schools. Hence the similarity in JS and SS PM1 and
PM2.5 mass concentrations and their difference to the PS mass
concentrations makes sense. PM10 is typically associated with
sources with local effects, so the greater variability in PM10

between the different schools is understood. Larger particles are
primarily generated by mechanical processes such as construc-
tion activities, road dust, and natural sources like sea spray and
desert dust. This nding is in accordance withMonn44 study who
reported that the spatial variability for PM2.5 is generally smaller
compared to PM10. Furthermore, PM1 is expected to be more
regional and less spatially variable in particularly in the peak
hours of the day.45 The primary reason for this uniformity in ne
particles is their ability to stay suspended in the air for long
periods and be transported over large areas by wind.
Environ. Sci.: Atmos., 2026, 6, 180–194 | 183

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00096c


Fig. 2 Trends in PM1, PM2.5 and PM10 mass concentrations in the junior secondary school (JS) in the dry season, both inside and outside the
school.
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Comparing the inside and outside measurements, within
a given school and season, various trends can be observed. For
this comparison there are four cases that can be investigated, JS
184 | Environ. Sci.: Atmos., 2026, 6, 180–194
in both the dry and wet season, and PS and SS in the dry season.
In general, the PM mass concentrations, in the PM1, PM2.5 and
PM10 mass fractions, are larger when measured indoors
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Themean andmedian averages for PM1, PM2.5 and PM10mass concentrationsmeasured during the school period (08:00–16:00) for the
different sampling campaigns both inside and outside the three studied schools. No data is available is available for outside measurements at the
PS and SS during the dry season due to a fault with a sensor

School Season Location

PM1 (mg m−3) PM2.5 (mg m−3) PM10 (mg m−3)

Mean Median Mean Median Mean Median

PS Dry Inside 21.7 14.4 28.4 19.0 70.3 55.3
PS Dry Outside No data No data No data No data No data No data
PS Rainy Inside 7.3 4.7 10.0 6.2 24.2 8.4
PS Rainy Outside 13.2 6.9 16.1 9.0 20.9 12.9
JS Dry Inside 31.5 28.5 53.0 47.1 156.1 104.5
JS Dry Outside 30.4 25.3 45.0 37.9 114.2 84.1
JS Rainy Inside 10.5 7.9 24.4 14.7 238.8 96.8
JS Rainy Outside 7.7 5.8 12.7 9.2 63.1 34.5
SS Dry Inside 38.1 28.7 58.5 44.6 261.0 126.1
SS Dry Outside No data No data No data No data No data No data
SS Rainy Inside 8.2 6.8 14.4 10.5 79.5 35.3
SS Rainy Outside 5.0 4.5 8.0 6.9 35.6 24.3

Table 3 Average estimated contribution of the four dry season factors to the dry season PM mass fractions in the PM1, PM2.5 and PM10 size
fractions. *It is noted that PM10 mass concentrations are less than PM2.5 mass concentrations for F3, which is physically unrealistic. This result is
discussed further in the methodology

PM1 (mg m−3) PM2.5 (mg m−3) PM10 (mg m−3) Inside contribution Outside contribution

F1 0.000 0.019 7.72 1.10 0.89
F2 9.97 24.8 62.1 1.08 0.92
F3 43.2 51.2* 47.0* 1.06 0.94
F4 0.727 2.42 34.2 0.97 1.03
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compared to outdoors. The only exception to this is for the PS in
the rainy season. Interestingly, this period was during a COVID
related lockdown within the school, when the PS was empty
even during school hours. Some large peaks can be observed
within the indoor measurement on the 28th of October 2020,
see Fig. S3, which coincide with an official visit by the school
team to meet the research team.

As can be seen in Fig. 2, 3 and S1–S3, the indoor and outdoor
measurements are well correlated, suggesting that much of the
indoor air pollution is caused by the inltration of outdoor air
pollution into the classrooms. However, the greater PM mass
concentrations observed within the indoor environments, when
the school was in session, highlights that within Port Harcourt
schools there are signicant indoor sources of PM, in all size
fractions, oen associated with the presence of the children
themselves. The pollution source related to the presence of the
children is most likely the resuspension of dust since there were
no combustion sources present within the school rooms
themselves.24 The differences between indoor and outdoor
monitoring were largest in the PM10 size fraction, followed by
the PM2.5 size fraction then the PM1 size fraction. This variation
in different PM size fractions further suggests that the addi-
tional indoor source is dust resuspension, which typically
involves larger particles. The highest peaks in PM10 were typi-
cally observed during changes in teaching sessions when
students entered or le the classroom. These periods are
© 2026 The Author(s). Published by the Royal Society of Chemistry
characterised by greater student movement and hence energy to
resuspend dust within the classrooms.

In general, the average PM concentrations inside the class-
rooms were higher in the dry season compared to the rainy
season. This is expected as the dry season has greater amounts
of dust because of the Harmattan winds. In addition, the
stronger winds can inuence the incoming concentrations of
sea salt from ocean spray as well as the smoke from the nearby
artisanal aring.

The measured mean averages for indoor and outdoor mass
concentrations of PM2.5 and PM10 concentrations, during the
school hours, were always greater than the WHO annual
recommendation, for both the rainy and dry seasons. It is
emphasised that for each school, measurements were only
made for two weeks, with one measurement week in the dry
season and one in the rainy season. Hence the campaign data
does not provide a true annual average. However, with both the
dry and rainy season campaigns being greater than the annual
WHO recommendations, it is likely that the students will be
consistently exposed to PM mass concentrations greater than
the WHO annual recommendation. Where measurements exist
in the dry season (inside for PS, JS and SS; and outside only for
JS), all measurements exceed the WHO daily 24 h recommen-
dations for both the PM2.5 and PM10 size fractions. In the rainy
season theWHO daily 24 h recommendation were also exceeded
for JS indoor, PS outdoor and JS outdoor measurements in the
Environ. Sci.: Atmos., 2026, 6, 180–194 | 185
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Fig. 3 Boxplots of the (top panel) PM1, (middle panel) PM2.5 and (bottom panel) PM10mass concentrations observed during the PS, JS and SS field
campaigns in both dry and rainy seasons, during school hours (08:00–16:00). Within the boxplot, the median is represented by the middle line,
the interquartile range (IQR) by the box, the whiskers represent 1.5 * IQR, and the dots represent the outliers that lie outside 1.5 * IQR.
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PM2.5 size fraction. In the PM10 size fraction, the JS indoor, SS
indoor and JS outdoor exceeded the WHO daily 24 h limits.

3.2 Particulate matter source apportionment

The average mass concentration of PM10, PM2.5 and PM1 varied
from school to school depending on the proximity to the
outdoor sources, indoor sources, season and meteorological
parameters. Furthermore, pollutants can migrate from
outdoors to indoors and indoor air sources can exacerbate
indoor air pollution.24
186 | Environ. Sci.: Atmos., 2026, 6, 180–194
The source apportionment analysis was performed using
PMF on the datasets which had both indoor and outdoor data
available, to identify the sources that affected the indoor envi-
ronment within the classrooms. For the dry season, the analysis
was done only for the SS which was the only school with both
indoor and outdoor data. The analyses were performed over all
time periods, and not just the school hours investigate in
Section 3.1, since this provided more information to the PMF
algorithm. As there are great differences on the conditions
between the two seasons (dry and rainy), the two periods were
© 2026 The Author(s). Published by the Royal Society of Chemistry
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considered separately. In both the dry and rainy season cases,
a 4-factor solution was chosen, as it best described the condi-
tions found.

The factors formed from both analyses can be classied into
two groups. Firstly, the local factors, which include sources of
PM from the school (classrooms and surrounding area) and are
characterised by a distinct diurnal and weekly variation that
follow expected school-based activities. Secondly, the regional
factors associated with sources of PM from the greater area.
These regional sources present a more balanced contribution
within the day, a common characteristic of regional sources,46
Fig. 4 Particle number concentration profiles of the factors from the PMF
average particle count per second of the factors for each particle size b

© 2026 The Author(s). Published by the Royal Society of Chemistry
with a slight but distinct increase during the night hours,
typical for regional outdoor sources. The nighttime increase is
associated with a reduced boundary layer height (BLH). For the
dry season, factors 1 and 4 represent local sources, and for the
rainy season it is factors 3 and 4.

The proles of the four factors, for both the dry and rainy
seasons, are provided in Fig. 4. The diurnal proles of the four
dry factors and the four rainy factors are shown in Fig. 5. The
dry season factor proles can be described as follows:

- Dry factor 1 has a unique particle diameter peak at 700 nm
and 1200 nm and 7000 nm.
analysis in the (a) dry season and (b) rainy season. The plots provide the
in.
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Fig. 5 Diurnal variation of the PM factor contributions from the PMF analysis in the (a) dry season and (b) rainy season. G contribution points the
proportional intensity of the given factor normalised to 1 (i.e. a contribution of 2 means that the specific factor contributed double than average).
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- Dry factor 2 has a distinct particle diameter bimodal peak at
about 700 nm and 2000 nm.

- Dry factor 3 presents no signicant peaks in the measured
range of the OPC but does show a steady increasing trend with
particle diameters below 600 nm.

- Dry factor 4 shows particle diameter peaking at about
3000 nm but however does also show a steady increasing trend
with particle diameters below 600 nm.

For the rainy season, the factor proles can be described as
follows:
188 | Environ. Sci.: Atmos., 2026, 6, 180–194
- Rainy factor 1 presents no signicant peaks in the
measured range of the OPC but does show a steady increasing
trend with particle diameters below 1 mm.

- Rainy factor 2 has a similar prole with the rst one, with
increased particle concentrations at the lowest end.

- Rainy factor 3 shows bimodal peaking at about 1 and 2 mm.
- Rainy factor 4 also shows two distinct peaks at about

500 nm and at about 3 mm.
The PM contributions to the different factors for the dry and

rainy seasons are found in Table 3 and 4, respectively. For both
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 5 Estimated PM contributions from the indoor and outdoor sources within the class for the dry and rainy seasons

PM1 (mg m−3) PM2.5 (mg m−3) PM10 (mg m−3) PM2.5/PM10

Dry season local 0.711 2.38 43.6 0.05
Dry season regional 56.5 81.1 117 0.69
Rainy season local 0.752 2.50 42.0 0.06
Rainy season regional 49.7 70.9 102 0.70

Table 4 Average estimated contributions of PM level (mgm−3) of identified factors in the rainy season. *It is noted that PM10mass concentrations
are less than PM2.5 mass concentrations for F2, which is physically unrealistic. This result is discussed further in the methodology

PM1 (mg m−3) PM2.5 (mg m−3) PM10 (mg m−3) Inside contribution Outside contribution

F1 10.5 12.8 15.7 0.72 1.32
F2 2.29 2.52* 0.001* 1.02 0.98
F3 0.408 2.99 16.5 1.34 0.62
F4 0.019 0.607 31.8 1.55 0.39
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the dry and rainy seasons, Table 5 provides the estimated
contributions of local and regional sources to the PM mass
concentrations in the different size fractions, as well as the
PM2.5/PM10 ratios.

For the dry season, the local sources had an estimated
average contribution to the indoor PM10 of 43.6 mg m−3, with
a PM2.5 : PM10 ratio of approximately 0.05. This is expected as
indoor activities typically affect the larger sized PM, mainly in
the coarse (PM10–PM2.5) size fraction, due mostly to resus-
pension of PM, as found in previous studies.39,47 The contribu-
tion of the regional sources to the classroom was mainly found
in the PM2.5 size fraction, reaching an average of 81.1 mg m−3

with a PM2.5 : PM10 ratio up to 0.69. This increased ratio is
almost identical to that found outside the classrooms, which
Fig. 6 Polar plots of the G contribution of the regional factors for the
dry season. Panel (a) shows factor 2 and panel (b) shows factor 3.

© 2026 The Author(s). Published by the Royal Society of Chemistry
was at 0.70, pointing to a possible effect from sources associated
with anthropogenic activity.

Further analysis was performed to identify the sources of the
regional factors during the dry season. The variation of the
contribution of the factors with different wind conditions for
the regional factors found in Fig. 6 points to a clear connection
between high pollution events with strong N-NE winds. Strong
NE winds are expected during the dry season in Nigeria, and are
associated with the Harmattan season, which bring large
amounts of Saharan dust into the city of Port Harcourt. The
large effect of the Harmattan winds will overshadow the effect of
additional sources of PM, which due to the limited dataset were
not distinguished but should be considered. For example, the
different prole of the regional F3 (mainly PM1) along with
signicant contributions on stagnant conditions, probably
points to anthropogenic sources of pollution. Thus, among the
two regional factors, F2 is probably directly associated to the
effect of the Harmattan winds, presenting a greatly elevated
contribution on coarse particles with strong northern winds,
while the third factor is probably associated with other regional
sources (though still affected by the effect of the Harmattan) as
pointed by its more balanced contributions with the different
wind speeds. For the second factor, about 40% of the PM10 was
ne particles, a PM ratio which agrees with previous studies for
Saharan dust,48 while the third factor has a more pronounced
ne particle component. Nevertheless, as pointed by the source
apportionment analysis, these regional factors greatly
contribute to the elevation of PM in all size fractions, increasing
PM2.5 mass concentrations more than 4 times, and PM10 mass
concentrations more than 2 times over the suggested 24 hour
WHO guidelines.

For the rainy season, similarly to the dry season, the sepa-
ration of the sources was largely achieved using the observed
diurnal variation, which presented distinct proles for the
indoor and outdoor sources.

In the rainy season, the contribution of the local factors
within the classrooms is a lot greater compared to the outdoor
environment. This is expected because the classroom windows
Environ. Sci.: Atmos., 2026, 6, 180–194 | 189
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are oen closed during the rainy period to protect the class-
rooms from water ingress. By closing the windows, the local
sources will have a lesser effect on the outdoor sensor
measurements.

It should be noted that the outdoor sensors were positioned
close to the classrooms, meaning that some inuence from
local sources was inevitably captured outdoors. Consequently,
the proportion of local source contributions measured at the
outdoor location decreased by almost one-third during the rainy
season compared with the dry season, when this ratio was close
to 1 : 1.

During the rainy season, the combined effect of the local
sources on the indoor environment was estimated to provide an
average PM10 contribution of 71.2 mg m−3 and a very low PM2.51 :
PM10 ratio (0.07), almost identical to the dry season, pointing to
similar sources but with increased effect, probably due to the
closed windows. The outdoor sources were signicantly reduced
within the classrooms, mainly affecting the PM2.5 with an average
contribution of about 11.7 mg m−3 and similar concentrations for
the larger PM10 fraction. While the expected emissions affecting
the air quality in the area are not expected to vary signicantly, the
combination of the increased precipitation and the closed
windows are probably contributing to the reduced regional
contributions found during the rainy period within the class-
rooms. As expected, there is no evidence of a Harmattan inuence
during the rainy season. None of the observed factors exhibit the
distinct particle signatures characteristic of the Harmattan (dry F2
factor) in the dry season. Moreover, coarse particle concentrations
are naturally reduced during this period due to the increased
precipitation typical of the rainy season, which effectively removes
larger particles from the atmosphere.49
Fig. 7 Polar plots of the variation of the G contribution of factor 1 fo
influence of the factor with the specific wind conditions.

190 | Environ. Sci.: Atmos., 2026, 6, 180–194
Comparing the rainy season sources between the three
schools provides useful information about the local and
regional sources. Due to the Covid restrictions, the PS class-
room only had limited use during the rainy season, and this is
clearly reected in the estimated local sources identied for the
PS. This result gives signicant condence in the plausibility of
the source apportionment analysis. Looking at the local sources
for all three schools in the rainy season, the JS showed very
signicant spikes in factor 1, with the G contributions reaching
greater than 40 for specic hours (e.g. morning of Wednesday
23rd October). This leads to the estimated PM10 contribution at
the specic classroom to reach more than 1400 mg m−3 for
specic hours, posing a signicant threat for the health of the
occupants in these classrooms.

During the rainy season, the absence of the Harmattan
inuence, combined with different atmospheric conditions and
wind patterns, resulted in local anthropogenic emission sour-
ces becoming more prominent. By comparing the regional
factor 1 for all schools, in the rainy season, using a polar plot
analysis, we identify a source of air pollution that is common to
all three schools, see Fig. 7. Factor 1 appears to be elevated for
all three schools when the prevailing wind direction is from the
smoke emission at the Amadi Creek. This triangulation of
sources provides strong evidence of the importance of this
source upon local air quality in Port Harcourt. Similar trends
were found with the second regional factor 2, see Fig. S4.

The results from this section demonstrate the possibilities of
source apportionment using low-cost sensor data and the PMF
algorithm. Furthermore, by comparing multiple locations
within an urban area, in both indoor and outdoor environ-
ments, we can pinpoint specic indoor and outdoor pollution
r all three studied schools. Higher contribution values point stronger

© 2026 The Author(s). Published by the Royal Society of Chemistry
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sources and highlight their relative spatial importance on
different PM size fractions. Though in the present study the
results only quantify the effect of indoor and outdoor sources in
general, with the application of multiple LCS for longer periods
and with the triangulation of the results, it is possible to more
accurately assess the sources of pollution in a greater area.
Furthermore, with the addition of indoor measurements and
their parallel analysis, as highlighted in this study, we can
understand the extent of the effect of outdoor sources in the
indoor environments and along with the deciphering of the
indoor sources to greatly improve the information of the factors
affecting it, which can be used to take well-informed targeted
action. Thus, this new approach can provide crucial informa-
tion for public health policies and interventions using low-cost
methodologies.

4. Study limitations

The limitations of this study include the lack of outdoor data for
two of the school sites in the dry season, which limits the
comprehensiveness of the analysis. The eld work was
hampered by the Covid period, which inuenced the availability
of batteries and presented operational challenges for sensor
maintenance. For more efficient low-cost sensor deployment, it
is advisable to use environmentally friendly solar panels with
associated battery packs50 to power the low-cost sensors, as
operational setbacks in this study were primarily due to limited
power supply. Campaigns in sensitive environments, such as
schools, should be carefully designed to minimise disruption to
students and staff and to maintain the potential for future
cooperation. For this reason, two measurement periods of one
week were agreed with the head of each school. While
substantial information was collected within this timeframe,
longer campaigns would have further strengthened the study's
ndings.

The lack of simultaneous measurements at all three schools
did not allow for direct comparisons between the school sites.
Different atmospheric conditions led to results that are signif-
icantly different, when the contribution of the regional sources
is considered, thus not allowing the direct comparison.

5. Conclusions

The study looks at the air quality and the air pollution sources
affecting it in three schools in Port Harcourt, Nigeria. This
school-based study provides key information on the atmo-
spheric pollution environment within Port Harcourt schools
and highlights the importance of protecting the health and
well-being of vulnerable populations through research on
effective air quality monitoring, source apportionment and
management.

Overall, the PM mass concentrations measured within and
outside the study schools are generally higher during the dry
season than the rainy season across all schools. The analysis
pointed the decisive but variable effect of the Harmattan, as well
as of the proximity of the schools to the major sources of
pollution in the area, such as the jetties or gas aring. Thus, the
© 2026 The Author(s). Published by the Royal Society of Chemistry
junior secondary school (JS) tends to have higher PM concen-
trations compared to the primary school (PS) and senior
secondary school (SS), especially during the dry season.
However, all schools exhibit similar trends regarding the impact
of outdoor pollution on indoor air quality, pointing to air
pollution sources with a more regional character. Furthermore,
indoor PM levels oen exceeded outdoor levels, particularly in
the dry season, underscoring the signicance of indoor pollu-
tion sources, added to the outdoor ones. The data set suggests
that air pollution within Port Harcourt schools greatly surpasses
the 2021 annual WHO air quality guidelines, many times also
exceeding the 24 h recommendations up to 5 times the rec-
ommended concentrations.

To better understand the drivers of the air quality at the
schools, this study utilised PMF to analyse the PM measure-
ments in classrooms across the three schools during the dry
and rainy seasons. The results indicate that the primary
ambient sources of PM pollution were different for the two
periods studied, pointing either to the effect of the Harmattan
winds in the dry season, mainly affecting the coarse particle
component in the area, and the smoke from gas aring activi-
ties during the rainy season, the effect of which was mainly
observed on the ne particles. Interestingly, a clear effect from
the Harmattan was not found for the rainy season, even though
it is expected to be present in the area during January, probably
supressed by the increased precipitation anticipated during
that period. The results pointed signicant inltration of the
outdoor emissions in the indoor environment, the contribution
of which was sometimes higher indoor than outdoor due to
their accumulation in the indoor environment and resus-
pension from the occupants. Finally, the analysis of the low-cost
sensor data using PMF followed by triangulation of its results
demonstrated the capabilities of identifying not only the sour-
ces of pollution in an area, but the variable effect these have on
different locations in the nearby vicinity, providing the infor-
mation needed for better policy making and focused actions to
improve the air quality.

This study highlights the potential of using low-cost sensors
for continuous monitoring and Low-Cost Source Apportion-
ment (LoCoSA) analysis, as recently reviewed in,51 to inform
targeted actions for better air quality management in school
environments. The study has elucidated the relationships
between indoor and outdoor PM concentrations in schools in
Port Harcourt, Nigeria, across different seasons. The ndings
from this study can be applicable to many other schools and
public buildings in high-traffic areas in Port Harcourt and other
cities of Nigeria, and point to the critical need for immediate
intervention to improve the air quality in the area. Specically,
the high PM levels pose signicant health risks to students and
teachers, including respiratory, cardiovascular and cognitive
problems. Locally, emphasis should be placed onmitigating the
causes of rising anthropogenic PM concentrations. While
meteorological and climatic effects of natural PM sources are
harder to control, public advisories could recommend the use of
ergonomic face masks or better outdoor to indoor ltration
during periods of peak PM concentration, such as during the
Harmattan season.
Environ. Sci.: Atmos., 2026, 6, 180–194 | 191
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