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Environmental significance

Air pollution remains a significant yet under-monitored threat in sub-Saharan Africa. Due to 

limited capacity and the high cost of reference monitoring equipment, data on the spatial and 

seasonal patterns of pollutants are scarce. This study presents the first multi-season evaluation of 

ambient air quality in Rwanda, utilizing validated, low-cost sensor networks. The findings reveal 

persistent exceedances of the WHO particulate matter and Ozone thresholds in urban areas, 

highlighting health risks in rapidly growing African cities. By demonstrating the effectiveness of 

scalable air monitoring tools, this research supports region-specific policies, raises community 

awareness, and advances environmental justice. It provides an evidence base for low-resource 

governments seeking cost-effective strategies to track and mitigate urban air pollution.
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Abstract

Air pollution is increasingly concerning for the environment and health in Africa, yet high-resolution, dependable data are 
limited. This study provides a comprehensive assessment of air quality in Kigali city, Rwanda’s capital, using real-time PM2.5, 
NO₂, and O₃ measurements from 11 stations across three districts (Gasabo, Kicukiro, and Nyarugenge) spanning 2021 to 
2024. All data were collected using a low-cost sensor (Real-time Affordable Multi-Pollutant (RAMP)) and validated with data 
from a reference-grade Beta Attenuation Monitor (BAM). The results show that PM2.5 levels regularly exceed WHO guidelines 
across all seasons, with annual averages ranging from 33.6 to 46.3 µg/m³ and peak episodes exceeding 200 µg/m³, especially 
during dry months. NO₂ levels ranged from 18.6 to 22.9 µg/m³ annually, with the peak hourly concentration reaching 
173 µg/m³ at roadside locations. O₃ displayed significant seasonal changes, with 8-hour maximums reaching nearly 58 ppb. 
PM2.5 and O3 concentrations at the urban roadside sites were significantly higher than those at the urban background and 
rural sites. This is the first comprehensive long-term citywide air quality study in Rwanda, providing an essential baseline for 
informed policymaking and regional comparisons across sub-Saharan Africa. Our findings highlight the need to expand the 
deployment of low-cost sensor networks in vulnerable urban neighbourhoods to understand local-scale air pollution 
episodes and rapidly inform local interventions.

Keywords: PM₂.₅, NO₂, O₃, Rwanda, Sub-Saharan Africa, RAMP sensors, Urban Spatial and Temporal air pollution, Policy 
implications

1 Introduction

Air pollution is a leading global environmental health threat, 
responsible for an estimated 7 million premature deaths each year.  
1 Fine particulate matter (PM2.5), nitrogen dioxide (NO₂), and ozone 
(O₃) are among the most critical urban air pollutants, associated with 
respiratory and cardiovascular morbidity and mortality, particularly 

in vulnerable populations. 1,2 In 2021, the World Health Organization 
(WHO) tightened its air quality guidelines, significantly lowering 
acceptable thresholds for these pollutants. 3 However, air pollution 
in rapidly industrializing and developing regions remains at 
catastrophic levels, posing significant health concerns.4,5 Cities across 
Africa, Asia, and Latin America routinely experience annual PM₂.₅ 
concentrations that are multiple times higher than the WHO-
recommended level of 5 µg/m³.6,7 Likewise, daily NO₂ and O₃ 
concentrations often exceed the limits set to protect public health. 
These pollutants also contribute to environmental degradation, 
reduced crop yields, and climate change, with ozone acting as a 
short-lived climate pollutant. 8 Although the global overview remains 
concerning, air quality varies widely by region. 9 Many high-income 
countries in Europe and North America have achieved cleaner air in 
recent decades through deliberate, stringent policies and actions, 
including reductions in industrial emissions and technological 
advancements that have led to a shift toward energy-efficient 
vehicles. 10–13
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Across Africa, air quality varies widely due to differences in 
emission sources and climatic conditions. 14,15 In North Africa, 
countries like Egypt and Algeria face high levels of particulate 
pollution from desert dust, compounded by urban emissions. 16 
West African coastal cities, including Lagos, Accra, and Abidjan, 
contend with traffic congestion, diesel generators, and open 
waste burning. 17,18 Central Africa experiences episodic pollution 
spikes from biomass burning, while Southern Africa’s persistent 
particulate matter emissions stem from heavy industry and 
mining. 19 In East Africa, pollution is influenced by urban growth, 
traffic emissions, and traditional cooking practices. 20,21 Kigali, 
Rwanda’s capital, exemplifies this complexity, with significant 
intra-urban differences in pollutant levels. For example, 
roadside and commercial zones exhibit elevated levels of NO₂ 
and PM₂.₅ due to vehicle emissions and resuspended dust. 22 In 
Accra, NO₂ levels were as high as 76 µg/m³ in traffic-heavy 
areas, compared with 24 µg/m³ in peri-urban areas. 23 In Kigali, 
wood- and charcoal-cooking in peri-urban areas increases PM₂.₅ 
levels, especially in the evening. 24 Seasonal dryness amplifies 
these effects, with ozone peaking up to 70 ppb in Rwanda’s dry 
season. 25

In sub-Saharan African countries such as Rwanda, significant 
data and research gaps remain in understanding urban air 
pollution. 26–28 Most cities lack long-term, high-resolution 
monitoring networks and instead rely on short-term field 
campaigns, low-cost sensors, or satellite estimates. 29,30 These 
methods, while helpful, often lack the detail needed for 
effective policy action. Monitoring infrastructure is sparse and 
underfunded, with limited coverage beyond a few countries. 
Epidemiological studies linking pollution to health outcomes are 
almost non-existent, making it difficult to assess local health 
risks. 31–33 Although PM₂.₅ monitoring is expanding, there is still 
a critical gap in data on NO₂ and O₃, both key pollutants. 29,34

Kigali, Rwanda’s capital, is pursuing ambitious environmental 
goals through its “Green City” initiative and emerging air-quality 
management policies. 35 However, data on ambient air quality 
remain limited and fragmented, with few studies providing 
long-term, multi-pollutant monitoring across diverse site types. 
Rapid urbanization, population growth, and increasing vehicle 
ownership have intensified pollution sources over the past 
decade. 26,36 Kigali’s complex topography of valleys and ridges 22 
further exacerbates air stagnation, trapping pollutants during 
temperature inversions. The city’s tropical climate, 
characterized by two dry and two wet seasons, strongly 
influences pollutant dispersion and chemical transformation. 
Combined emissions from vehicles, biomass burning, and open 
waste incineration create spatially and temporally variable 
pollution patterns. 37 These characteristics make Kigali an ideal 
case for examining urban air pollution dynamics in a rapidly 
developing African context, where emissions remain relatively 
low but increasing, and where evidence-based monitoring is 

essential for guiding emerging environmental and public health 
policies. 21,29 

To begin addressing these gaps, this study presents a 
comprehensive, multi-year assessment of ambient PM₂.₅, NO₂, 
and O₃ levels in Kigali, Rwanda, using a dense network of fixed 
monitoring stations spanning urban background, roadside, and 
rural locations across the city’s three districts. The objectives of 
this study are three-fold: (i) to quantify the spatial and seasonal 
variability of PM₂.₅, NO₂, and O₃ across Kigali; (ii) to characterize 
diurnal patterns and pollutant interactions; and (iii) to provide 
an evidence base to support urban air quality management and 
policy formulation in Rwanda and similar settings. By bridging 
empirical gaps and offering policy-relevant insights, 38 this 
research contributes to both the scientific and practical 
advancement of air quality governance in Africa.

2 Methods and Materials

2.1 Study Area

Rwanda is a landlocked nation in East Africa's Great Lakes 
region, covering about 26,338 km² and characterized by hills. As 
of 2023, it has one of Africa's highest population densities, at 
566 people per square kilometre. 39 The country has a tropical 
highland climate shaped by its elevation, with average 
temperatures between 16 °C and 20 °C. 37 Rwanda experiences 
two main seasons: a long rainy season from March to May and 
a shorter rainy season from October to December, separated by 
two dry seasons from June to September and from December 
to February. 37 This study examines Kigali City (Fig. 1), the capital 
and economic center of Rwanda, located at 1.95°S and 30.09°E, 
at an altitude of approximately 1,567 meters. The city is split 
into three districts, including Gasabo, Kicukiro, and Nyarugenge, 
each with unique urban, social, and environmental features. 
Gasabo, the largest, includes peri-urban and semi-rural zones 
with a mix of residential and farming lands. Kicukiro is primarily 
a suburban region that is developing rapidly in its industrial and 
commercial sectors. Meanwhile, Nyarugenge functions as the 
historic and commercial center of the city, characterized by its 
high population density, regular traffic congestion, and a focus 
of economic activities.

Air quality was evaluated in three districts using 11 strategically 
located monitoring stations to detect spatial variations in 
pollution. The data, collected from May 2021 to December 
2024, comprises hourly measurements of PM₂.₅, NO₂, and O₃, 
which are crucial air pollution indicators in swiftly growing 
African cities.
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Figure 1: Map of Africa showing the geographic location of Rwanda, the city of Kigali, and the 
three districts of Gasabo, Kicukiro and Nyarugenge. Source: The satellite imagery was obtained 
using ArcGIS Desktop version 10.8 (Esri, Redlands, CA, USA) with the default “World Imagery” 
basemaps provided through ArcGIS Online. The imagery is sourced from ESRI, DigitalGlobal, 
GeoEye, and Earthstar Geographics, and is used in accordance with ESRI’s terms of use for 
publications. https://www.esri.com/en-us/arcgis/products/arcgis-desktop/overview. 

2.2 Sampling and Instrumentation 

Real-time air quality measurements of PM₂.₅, NO₂, and O₃ were 
collected between May 2021 and December 2024 across 11 
monitoring sites in Kigali City (Fig. 1) using low-cost Real-time 
Affordable Multi-Pollutant (RAMP) monitors (SENSIT 
Technologies, USA). Each RAMP unit was mounted 2–3 m above 
ground level and equipped with Alphasense electrochemical 
sensors (UK) for gas (NO2 and O3) measurements and a particle 
sensor for PM₂.₅. The instruments simultaneously recorded 
meteorological parameters, including temperature and relative 
humidity. Sensor signals were processed and averaged to yield 
60‑second measurements. Calibration and performance of the 
low‑cost gas sensors used in this study were established 
following previous works,  40,41 and detailed in our previous 
study.22  Hourly concentrations were derived using generalized 
RAMP (gRAMP) calibration models developed from extended 
collocations with reference-grade instruments in Pittsburgh, 
USA. For O₃, a hybrid random forest–linear regression model 
was applied. Mean Absolute Error (MAEs) of ~3.5 ppb and ~3.4 
ppb were reported for NO₂ and O₃, respectively, with Pearson r 
values typically >0.8, aligning with US EPA Air Sensor Guidebook 
benchmarks for exposure assessment. For local data validation 
of our study, PM₂.₅ measurements from the RAMP sensors were 
compared against co-located reference data from the Beta 
Attenuation Mass Monitor (BAM) operated by the U.S. Embassy 
in Kigali (https://www.airnow.gov/). The BAM station, situated 
about 5–10 km from the study sites, functions as the city’s 
reference point for air quality monitoring. Correlations were 
statistically significant (r = 0.93, p < .001), indicating a very 
strong linear agreement between our RAMPs and reference-
grade BAM and underscores the reliability of the low-cost 
sensors used in this study. Due to limitations in data access, we 
did not perform local verification of NO₂ and O₃ levels in this 
study. Nonetheless, prior evaluations employed rigorous quality 
control using generalized RAMP (gRAMP) calibration models, 37 
which our study relied on, including a local validation of O₃ 
performance conducted at the Rwanda Climate Observatory 

through a short-term collocation with reference analyzers, 
demonstrating comparable model performance under regional 
conditions. 42

2.3 Data Quality Assurance

To ensure data quality and assess measurement accuracy, we 
compared district-level PM₂.₅ measurements with collocated 
reference-grade values from a Beta Attenuation Monitor 
(BAM). Correlation analysis was conducted using the 2023 
dataset across all three districts of Gasabo, Kicukiro, and 
Nyarugenge, which represented the only full year of complete 
and continuous overlap between the BAM reference monitor 
and all RAMP units. Correlations were statistically significant at 
both temporal scales. At the hourly level, r = 0.66 (p < 0.001), 
while at the monthly level the correlation strengthened 
substantially (r = 0.96, p < 0.001) (Fig. 2). This indicates a very 
strong linear agreement between our RAMPs and reference-
grade BAM and underscores the reliability of the low-cost 
sensors used in this study. The stronger correlation observed at 
the monthly scale (r = 0.96) compared with the hourly scale (r = 
0.66) reflects the influence of short-term spatial heterogeneity 
and meteorological variability, which introduce noise at finer 
temporal resolution. Temporal averaging reduces this 
variability and strengthens agreement between instruments. 

Figure 2: Comparison of mean PM₂.₅ measurements from Kigali districts’ Real‑time Affordable 
Multi‑Pollutant (RAMP) monitors against Beta Attenuation Monitor (BAM) reference 
instrument in Kicukiro, Gasabo, and Nyanrugenge districts for the year 2023. The panel displays 
a scatter plot of monthly-averaged PM₂.₅ concentrations, with Pearson correlation coefficient 
(r = 0.96) and p-value (< 0.001), demonstrating a statistically significant linear relationship. The 
fitted line represents a linear regression of BAM PM₂.₅ on RAMP PM₂.₅. 

Across the study period, RAMP PM₂.₅ measurements were 
generally lower than BAM observations, indicating a systematic 
underestimation by the low-cost sensors. This bias is evident 
from the clustering of points above the 1:1 line (BAM = RAMP), 
consistent with BAM concentrations exceeding corresponding 
RAMP values. The data spread likely reflects site-level 
differences in microenvironments, meteorological conditions, 
and sensor calibration drift, all of which influence how RAMP 
monitors track PM₂.₅ relative to the BAM reference. However, 
the strong, statistically significant linear correlation between 
BAM and RAMP values suggests that, despite the bias, RAMP 
sensors effectively track temporal variability in pollution levels. 
They remain a valuable tool for spatially distributed, real-time 
air quality monitoring, especially in resource-constrained urban 
settings like Kigali.
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2.4 Statistical Analyses

Descriptive summaries were generated for all variables, and 
their distributions were visually inspected using histograms and 
quantile–quantile (Q-Q) plots. Given that Particulate Matter 
(PM2.5), Ozone (O3), Nitrogen dioxide (NO2) and temperature 
data were not normally distributed, nonparametric methods 
were employed. Specifically, the Kruskal–Wallis test was used 
to compare differences in means across the different 
microenvironments for these variables. In contrast, relative 
humidity (RH) data followed an approximately normal 
distribution, and one-way ANOVA was used for RH 
comparisons. To evaluate the relationship between BAM and 
RAMP PM2.5 measurements, linear regression was performed, 
and the statistical significance of the correlation was 
determined using a t-test on the slope of the fitted regression 
line. All statistical tests were two-sided, and results were 
considered statistically significant at a p-value threshold of 
<0.05. All statistical analyses were conducted using R (version 
4.3.2) and Stata 14 (SE 14.2).

3 Results

3.1 Spatial Distribution of Pollutants by District

Our assessment of PM2.5, NO₂, and O₃ levels across Gasabo, 
Kicukiro, and Nyarugenge districts in Kigali revealed significant 
spatial variations. The data in Table 1 indicate notable 
differences in pollutant concentrations and meteorological 
conditions across these districts, providing essential insights for 
assessing local exposure risks and shaping policy development.

Table 1: Measured concentration (mean ± 1 standard deviation 
(SD)) of pollutants by district and land-use type (May 2021 – 
December 2024).

 Pollutants Gasabo 
(n=51,53)

Kicukiro 
(n=21,602)

Nyarugenge 
(n=34,981)

*p 
value

PM2.5 [µg/m3] 37.9 ± 
17.5

41.5 ± 
16.2

45.8 ± 27.6
< 

.001
NO2 [µg/m3]

21.2 ± 6.5 15.2 ± 4.2 22.9 ± 6.5
< 

.001

O3 [ppb] 18.9 ± 6.6 21.6 ± 8.0 25.5 ± 18.4
< 

.001
Meteorological parameters
Temperature 
(°C)

20.8 ± 4.1 20.2 ± 2.8 20.7 ± 4.3
< 

.001
Relative 
humidity (%)

62.6 ± 
14.0

61.4 ± 
12.2

62.6 ± 13.9
< 

.001

 Pollutants
Roadside 
(n=7,942)

Rural 
(n=72,454)

Urban 
background 
(n=27,721)

*p 
value

PM2.5 [µg/m3]
52.2 ± 
32.2

37.5 ±17.1 42.3 ± 18.4
< 

.001

NO2 [µg/m3] 19.3 ± 5.9 21.4 ± 6.8 20.6 ± 6.8
< 

.001

O3 [ppb]
28.3 ± 
25.3

21.1 ± 7.1 19.4 ± 7.8
< 

.001
Meteorological parameters
Temperature 
(°C)

20.7 ± 4.8 20.2 ± 3.7 21.8 ± 3.5
< 

.001
Relative 
humidity (%)

65.3 ± 
14.9

63.1 ± 
13.2

57.9 ± 12.5
< 

.001

*p-value expresses the presence of statistically significant differences among the three 
districts and land-use types.

Mean PM₂.₅ concentrations varied significantly across districts 
(p < 0.001). Nyarugenge recorded the highest mean level 
(45.8 ± 27.6 µg/m³), followed by Kicukiro (41.5 ± 16.2 µg/m³), 
and Gasabo (37.9 ± 17.5 µg/m³). NO₂ concentrations also 
differed significantly (p < 0.001), with Nyarugenge 
(22.9 ± 6.5 µg/m³) and Gasabo (21.2 ± 6.5 µg/m³) showing 
higher levels than Kicukiro (15.2 ± 4.2 µg/m³). O₃ 
concentrations ranged from 18.9 ± 6.6 ppb in Gasabo to 
25.5 ± 18.4 ppb in Nyarugenge (p < 0.001). The elevated PM₂.₅, 
NO₂, and O₃ concentrations observed in Nyarugenge likely 
reflect its higher urban density, traffic intensity, and commercial 
activity, which increase primary emissions and promote 
secondary pollutant formation. In contrast, lower levels in 
Gasabo may be partly attributable to greater residential 
dispersion, vegetation cover, and enhanced pollutant dilution. 
Meteorological data showed small but significant differences in 
mean temperature and relative humidity across districts.

3.2 Spatial Distribution of Pollutants by Land-use Type

Our pollutant measurements across different 
microenvironments in Kigali’s roadside, rural, and urban 
background sites showed clear differences in levels of 
particulate matter, nitrogen dioxide, and ozone. Additionally, 
meteorological conditions varied, influencing exposure risks in 
these areas. PM₂.₅ concentrations varied markedly and 
statistically significantly across microenvironments (p < 0.001). 
Roadside sites recorded the highest mean annual level 
(52.2 µg/m³), followed by urban background locations 
(42.3 µg/m³) and rural areas (37.5 µg/m³) (Table 1). The peak 
concentration reached 249 µg/m³ at a roadside site, 
underscoring severe episodic pollution along traffic corridors. 
NO₂ concentrations also differed significantly (p < 0.001), with 
the highest mean value observed in rural areas (21.4 µg/m³), 
followed by urban background sites (20.6 µg/m³) and roadside 
locations (19.3 µg/m³). O₃ concentrations displayed a gradient 
across microenvironments (p < 0.001), ranging from 19.4 ppb at 
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urban background sites to 21.1 ppb in rural areas and peaking 
at 28.3 ppb along roadsides. The pronounced PM₂.₅ and O₃ 
enhancements at roadside sites highlight the combined effects 
of traffic emissions, resuspended dust, and localized 
photochemical production. Higher NO₂ levels at rural and urban 
background sites may reflect pollutant aging, reduced 
dispersion, and contributions from domestic combustion, 
illustrating how microenvironmental conditions shape exposure 
beyond simple proximity to traffic. Meteorological parameters 
also showed statistically significant differences, with the highest 
mean ambient temperature recorded at urban background sites 
(21.8 °C), followed by roadside (20.7 °C) and rural areas 
(20.2 °C).

3.3 Monthly Patterns in Mean PM₂.₅, NO₂, and O₃ Levels 

Across Land-use Types

Figure 3 shows how the levels of PM₂.₅, NO₂, and O₃ change with 
the seasons across three different site types in Kigali, including 
roadside, rural, and urban background from 2021 to 2024. Panel 
A illustrates that PM₂.₅ levels exhibit a bimodal distribution, 
peaking in January and between June and September. Roadside 
sites consistently show the highest levels, roughly 70 μg/m³, 
while urban background zones are around 55 μg/m³, and rural 
areas are near 50 μg/m³. These trends indicate higher pollution 
during dry periods, probably driven by increased vehicle 
emissions, biomass burning, and dust resuspension.

Figure 3: Monthly average variations in concentrations of (A) PM₂.₅, (B) NO₂, and (C) O₃ across 
three site classifications: roadside, rural, and urban background. Shaded areas represent ±1 
standard error of the mean (SEM).

NO₂ levels (Panel B) showed less seasonal variation, but 
consistently higher concentrations were observed at rural and 
urban background sites (~22–23 μg/m³) than at roadside sites 
(~20 μg/m³). This seemingly counterintuitive pattern may 
suggest contributions from diffuse sources, such as domestic 
burning, and from topographical features that encourage 
pollutant accumulation. Kigali’s hilly terrain features valleys and 
basins where rural and background sites are often located. 

These low-lying areas experience airflow stagnation, leading to 
the accumulation of NO₂ from domestic combustion and other 
diffuse sources. In contrast, roadside sites are often situated on 
steeper slopes and benefit from greater dispersion due to 
enhanced airflow, which helps explain the lower NO₂ levels 
observed. This pattern may also reflect near‑road chemistry, 
where freshly emitted traffic NO has not yet oxidized to NO₂, 
leading to lower measured NO₂ at roadside sites despite higher 
total NOₓ emissions. Ozone levels (Panel C) display clear 
seasonal variations across Kigali, reaching approximately 
58 ppb at roadside sites in January. This significant increase 
corresponds to the dry season, and the elevated January mean 
O3 value was primarily driven by a pronounced surge in January 
2022, particularly at the roadside sites. A Kigali-based study 
reported that January 2022 experienced the most intense and 
prolonged heatwave of the 2021–2024 period, with multiple 
consecutive days exceeding 32 °C, during which ozone 
concentrations increased progressively37. Elevated 
temperatures are known to accelerate photochemical 
reactions, enhance atmospheric stagnation, and thereby 
amplify surface ozone formation43,44. However, ozone 
formation is also influenced by multiple meteorological and 
chemical factors, and the use of low-cost electrochemical 
sensors may introduce additional uncertainty. Therefore, 
elevated O3 observed at the roadside (Figure 3C) should be 
interpreted cautiously. Future studies incorporating co-located 
reference-grade O3 monitoring with RAMP O3 sensors and 
multivariate chemical analysis to confirm the contributions of 
photochemistry, titration dynamics, and meteorological 
variability are required43,44. After February, ozone levels drop 
sharply and stabilize around 20 ppb during the rainy season in 
mid-year and during the coldest month in Rwanda (March and 
April). This seasonal pattern reflects broader trends observed 
throughout sub-Saharan Africa. For instance, similar ozone 
peaks during the dry season were observed in semi-natural 
African areas such as wet savannas and humid forests, driven by 
biomass burning, photochemical reactions, and regional 
transport,45 although Kigali’s urban levels are higher. Kigali’s 
roadside ozone levels approach those in Louis Trichardt, South 
Africa (~30.8 ± 8.0 ppb), and suggest the consistent impact of 
meteorological and chemical conditions on regional ozone 
formation. The observed seasonal trends, particularly elevated 
PM₂.₅ and O₃ concentrations during January and mid-year, 
coincide with Kigali’s dry seasons, when reduced rainfall and 
humidity limit wet deposition, enabling greater pollutant 
accumulation. Increased solar radiation during these months 
enhances photochemical O₃ formation, while dry soils and 
anthropogenic activity contribute to elevated PM₂.₅ through 
dust resuspension and combustion emissions. These patterns 
are consistent with findings from a previous study, 46 which 
reported that PM₂.₅ concentrations in Kigali during the dry 
season were nearly double those in the wet season. This 
underscores the importance of integrating seasonal 
meteorology into air quality forecasting and pollution control 
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strategies in Rwanda. Beyond seasonal forcing, the observed 
contrasts across land‑use types likely reflect interactions 
between emission timing, atmospheric chemistry, and 
boundary‑layer dynamics. During dry months, reduced wet 
deposition and enhanced vertical mixing can amplify PM₂.₅ and 
O₃ accumulation, while delayed NO–NO₂ oxidation and 
terrain‑driven stagnation may explain elevated background NO₂ 
despite lower roadside values. These results underscore Kigali’s 
heightened vulnerability to dry-season ozone pollution, with 
important consequences for public health and urban planning. 

3.4 Hourly Patterns in Mean PM₂.₅, NO₂, and O₃ Levels Across 

Site Types

Figure 4 illustrates the daily variations in mean PM₂.₅, NO₂, and 
O₃ levels across different site types in Kigali. PM₂.₅ (Panel A) 
shows a clear bimodal pattern, with peaks early in the morning 
(06:00–08:00) and in the evening (18:00–21:00), particularly at 
roadside locations. This indicates that vehicular emissions play 
a major role during rush hours, aligning with results from similar 
urban research. 47 However, the sharp midday decline in PM2.5 
between 09:00 and 17:00 likely reflects reduced traffic activity 
26 combined with enhanced atmospheric dispersion driven by 
increased solar radiation, boundary‑layer mixing, and wind 
speed.

Figure 4: Hourly (time is Rwanda local time, UTC + 2) variation in mean PM₂.₅ (Panel A), NO₂ 
(Panel B), and ozone (Panel C) concentrations across roadside, rural, and urban background 
sites. Shaded areas represent ±1 standard error of the mean (SEM). 

Panel B shows NO₂ with a dual-peak pattern, but its amplitude 
varies less across site types, indicating common combustion 
emissions. 47 Notably, midday decreases in NO₂ levels coincide 
with rises in O₃ levels (Panel C), suggesting photochemical 
production of O3 from NO2. O₃ shows a sharp increase starting 
mid-morning, peaking between 14:00–17:00, especially at 
roadside sites, before declining after sunset. This pattern 
matches the dry-season photochemistry previously observed in 
sub-Saharan cities. 45 The sharper O₃ peaks at roadside sites may 
reflect increased NO emissions from vehicles, which suppress 
early O₃ levels via titration but amplify formation later as NO₂ 
photolyzes. This reinforces the influence of traffic patterns on 
diurnal pollutant dynamics and underscores the nonlinear 
chemistry between primary and secondary pollutants. Overall, 

the data highlight the temporal link between traffic emissions 
and secondary pollutant formation, emphasizing the 
importance of time-specific mitigation strategies during peak 
exposure periods.

3.5 Temporal Heterogeneity in Air Quality Across Four Years in 

Kigali

Air quality trends over four years from 2021 to 2024 in Kigali 
reveal marked temporal heterogeneity in pollutant 
concentrations. PM₂.₅ concentrations exhibited statistically 
significant temporal variation over the four-year period 
(p < 0.001). The annual mean concentration was highest in 2021 
(45.5 µg/m³), decreased moderately in 2022 (42.3 µg/m³), 
dropped markedly in 2023 (35.0 µg/m³), and then rose again in 
2024 (44.1 µg/m³), indicating a non-linear trend with a 
pronounced dip in 2023 (Fig. 5). NO₂ concentrations also varied 
significantly over time (p < 0.001), increasing from 18.4 µg/m³ 
in 2021 to 20.2 µg/m³ in 2022, slightly declining in 2023 
(21.9 µg/m³), and peaking at 23.4 µg/m³ in 2024. In contrast, O₃ 
levels showed a downward trend from 26.3 ppb in 2021 to 
19.2 ppb in 2023, followed by a modest increase in 2024 
(21.6 ppb), with statistically significant differences across years 
(p < 0.001). 

Figure 5: Annual variation in mean PM₂.₅ (Panel A), NO₂ (Panel B), and ozone (Panel C) 
concentrations across roadside, rural, and urban background sites from 2021 to 2024. Shaded 
areas represent ±1 standard error of the mean (SEM).

Meteorological parameters also exhibited small but significant 
inter-annual variations. Mean temperature increased from 
20.3 °C in 2021 to 21.2 °C in 2024, with a slight dip to 20.2 °C in 
2022. Relative humidity fluctuated more noticeably, reaching a 
peak of 64.4% in 2022 and a low of 60.5% in 2021 (p < 0.001), 
highlighting the influence of climatic factors on pollutant 
dynamics. The annual dip in PM₂.₅ observed in 2023 appears 
consistent across districts and coincides with increased relative 
humidity and lower O₃ levels, suggesting enhanced wet 
deposition and reduced photochemical activity. This aligns with 
findings from a recent study in Kigali, 26 which reported that 
elevated humidity in Kigali contributes to pollutant removal 
through washout processes. Conversely, the 2024 rebound 
aligns with drier conditions, reinforcing the role of meteorology 
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in shaping interannual variations in air quality. While elevated 
temperatures enhance photochemical ozone production,48  
inter-annual variations in ambient O₃ concentrations are not 
solely explained by temperature. Evidence suggests that factors 
such as relative humidity, rainfall, precursor availability, and 
atmospheric dynamics play substantial roles in modulating 
yearly ozone levels.49 In 2023, the lower O3 levels may be 
explained by the heavy rainfall and flooding events that 
characterized the year.50 In contrast, NO₂ exhibited a more 
monotonic increase over time, consistent with changes in 
combustion‑related emissions and urban activity rather than 
direct modulation by meteorological variability alone.

4 Discussion

This study presents a robust analysis of ambient air pollution in 
Kigali, focusing on PM2.5, NO2, and O3 across spatial and 
temporal scales. The higher PM2.5 values observed in 
Nyarugenge highlight the influence of dense traffic and 
commercial activities in central urban areas. In contrast, 
Kicukiro and Gasabo, while showing lower levels, still far exceed 
the WHO's recommended annual mean of 5 µg/m3 (WHO, 
2021). These elevated levels reflect a citywide burden, 
consistent with earlier studies in Kigali,51 and comparable to 
those in African urban centres such as Accra, Nairobi, and Lagos. 
52,53 While PM2.5 concentrations in Kigali remain lower than 
those in megacities like Delhi, Cairo, Xi’an, and Beijing (> 89.0 
µg/m3), they are significantly higher than in cleaner cities such 
as Toronto, Paris, Amsterdam, and Helsinki (< 10.0 µg/m3).54,55 

Spatial analysis of NO2 shows Nyarugenge with the highest 
average concentrations, likely due to its status as the 
commercial and transit hub. Gasabo's peak NO2 value suggests 
episodic spikes possibly linked to industrial or transport 
emissions. Kigali’s average NO2 levels (20.8 µg/m3) exceed the 
WHO 2021 air quality guideline of 10 µg/m³, indicating 
sustained exposure above health-based recommendations. 
While these levels align with those observed in other African 
cities, such as Lagos (24 µg/m3),56 they are lower than those in 
Asian cities like Seoul, Tokyo, and Beijing.57 Compared to 
megacities in Europe, Kigali’s urban background NO₂ (20.6 
µg/m³) exceeds those reported in the UK (13.1 µg/m³) and Paris 
(17 µg/m³) urban background sites, whereas roadside 
measurements (19.3 µg/m³) are comparable to those in the UK 
(20.7 µg/m³) but lower than those at traffic sites in Paris (40 
µg/m³).58,59 These patterns observed in Kigali suggest an 
increasing urban influence but also reflect early stages of 
motorization and industrial growth.

Ozone concentrations showed complex spatial behaviour. The 
high O3 in Nyarugenge may result from photochemical smog 
formation under urban heat conditions. Kigali’s mean O3 values 

(22.1 ppb) remain below the WHO 2021 peak-season guideline 
of 30 ppb. However, dry-season 8-h maxima approach 58 ppb, 
indicating that episodic exceedances of health-based thresholds 
may occur during periods of enhanced photochemical activity. 
Kigali’s mean O₃ concentration (22.1 ppb) falls within the mid-
range of global urban levels, generally lower than those 
reported in heavily polluted Asian megacities and comparable 
to many European and North American cities. 60 It is similar to 
the 2021 annual mean reported for Türkiye (22.6 ppb), though 
Türkiye’s peak-season mean was higher (34.8 ppb).61 Kigali’s 
mean is, however, lower than the annual averaged daily 
maximum 8-hour O₃ reported for Lisbon, Portugal, at both 
traffic (34.4 ppb) and non-traffic (39.1 ppb) sites.62

The study also observed clear pollutant gradients by site type. 
Roadside locations recorded the highest PM2.5 levels, consistent 
with patterns observed in Hong Kong, Sydney, and Dar es 
Salaam. 63–65 Rural PM2.5 levels, though lower, still exceeded 
WHO guidelines, underscoring the pervasive influence of 
biomass burning and pollutant transport. Similar rural trends 
have been reported in southwestern Uganda and the North 
China Plain.66,67  

Microenvironmental differences were also evident in NO2 and 
O3 concentrations. While roadside NO2 levels were elevated, 
rural areas occasionally exceeded urban levels, indicating wider 
combustion activity. Urban background sites had slightly lower 
pollutant levels, influenced by diffuse emissions and spatial 
dispersion. These findings are consistent with global 
observations, which show that background and rural sites 
exhibit lower but persistent pollution burdens.68,69

Meteorological parameters contributed to observed pollutant 
behaviours. Warmer temperatures in Nyarugenge facilitated O3 
formation, while relative humidity patterns influenced PM2.5 
persistence. Kigali’s thermal and humidity conditions paralleled 
patterns in Kampala and tropical African ecotones, 70,71 affirming 
the role of microclimate in air quality dynamics. These factors 
suggest that pollutant concentrations are not merely a result of 
emissions but are shaped by Kigali’s meteorology and 
topography.

Finally, the diurnal and seasonal heterogeneity observed across 
the four years supports the objective of characterizing temporal 
variability. While PM2.5 showed seasonal peaks during dry 
months, O3 varied with temperature and precursor availability. 
The NO2 trend, with gradual increases over time, parallels 
urbanization and traffic growth, reinforcing the need for 
anticipatory urban planning. These findings build an evidence 
base for Kigali's air quality management, particularly in 
prioritizing roadside and high-density urban zones for 
intervention. They also underscore the potential of integrating 
air quality monitoring with climate-sensitive urban 
development policies.
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5 Study Limitations

While this study presents a comprehensive multi-year 
assessment of Kigali’s ambient air quality, the spatial 
distribution of monitoring sites may not fully capture hyperlocal 
variations, especially within informal settlements or 
topographically complex areas. Second, although 
meteorological data were integrated to contextualize pollutant 
dynamics, localized weather phenomena such as inversion 
layers and microclimate effects were not fully modelled.

Third, although RAMP devices provide cost-effective and 
scalable monitoring solutions, they are susceptible to 
calibration drift over time, sensor aging, and cross-sensitivity to 
environmental conditions such as humidity and temperature. 
Despite validation efforts and periodic co-location with 
reference-grade monitors, discrepancies may still exist in the 
recorded pollutant concentrations. Fourth, without chemical 
speciation, which is beyond the scope of this work, it is not 
possible to apportion PM₂.₅ into dust, primary emissions, or 
secondary aerosol components, limiting the specificity of policy 
interventions. Lastly, although O₃ levels were assessed, the lack 
of concurrent VOC and NO measurements precludes 
identification of the O₃ formation regime (NOₓ- vs. VOC-limited), 
which is critical for designing effective ozone mitigation 
strategies. These limitations, while common in low-resource 
settings, underscore the need for expanded monitoring 
infrastructure and modeling capacity in future work. 
Nevertheless, the study provides a strong foundation for 
evidence-based air quality policy and intervention design in 
Rwanda and similar settings.

6 Conclusions and Implications

This study provides a comprehensive spatiotemporal 
assessment of PM2.5, NO2, and O3 in Kigali, revealing 
consistently high pollutant levels across districts and site types. 
The findings demonstrate significant spatial variability, with 
Nyarugenge showing the highest concentrations of PM2.5 and 
O3, and Gasabo peaking in NO2. Roadside environments 
emerged as pollution hotspots, while even rural areas displayed 
concerning levels due to combustion sources and pollutant 
transport.

Temporally, pollutant levels fluctuated across the study period, 
with PM2.5 showing a temporary decline followed by a rebound, 
and NO2 reflecting a steady increase likely tied to urban growth. 
O3 exhibited nonlinear changes influenced by precursor levels 
and meteorological conditions. Kigali's air quality indicators, 
although moderate in global comparison, exceed WHO 

guidelines and indicate increasing urban pressure on 
environmental health.

These findings emphasize the urgent need for targeted 
mitigation strategies in Kigali, including cleaner transportation, 
improved waste management, and strengthened monitoring 
systems. By aligning with national and regional policy 
frameworks, these actions can support sustainable urban 
development and reduce pollution-related health risks.

7 Policy Considerations 

To address the persistent air pollution challenges in Kigali and 
similar urban centres across sub-Saharan Africa, a multi-
pronged policy response is necessary. First, governments must 
expand and institutionalize air quality monitoring networks. 
These systems should integrate reference-grade instruments 
with validated, low-cost sensors, complemented by 
meteorological data. Such networks will enhance the spatial 
and temporal resolution of pollution data, enabling robust early 
warning systems and evidence-based policy formulation. 
Second, establishing and enforcing national ambient air quality 
standards is critical. While the WHO provides global 
benchmarks, many African countries either lack national 
standards or do not enforce them effectively.72–74 Governments 
should develop context-specific, legally binding thresholds 
informed by local emission patterns and health risk data, and 
ensure periodic revisions in line with emerging scientific 
evidence.

Targeted emission control strategies must also be scaled. 
Interventions in high-risk zones, such as urban cores, traffic 
corridors, and peri-urban communities, could include low-
emission zones, improved public transit, bans on open burning, 
and incentives for clean household energy, especially in 
informal and rural settings where biomass use is widespread. 
Furthermore, regional cooperation should be strengthened. Air 
pollution transcends national borders, necessitating 
harmonized strategies among regional blocs such as the African 
Union (AU), the East African Community (EAC), the Economic 
Community of West African States (ECOWAS), and the Southern 
African Development Community (SADC). These bodies should 
promote joint action on transboundary pollutants, facilitate 
data sharing, and coordinate efforts on shared sources like 
biomass burning and dust transport.

Lastly, public engagement and transparency are essential. 
Open-access platforms for real-time air quality data and 
targeted risk communication campaigns can empower 
communities, support exposure reduction, and galvanize public 
advocacy. Collectively, these measures are critical to improving 
environmental governance and protecting population health.
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