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This graphical abstract summarizes key findings on environmental
contamination in Ghana, highlighting major pollutant emission sources
including agriculture, vehicular traffic, and industrial activities. The image
illustrates how these sources contribute to patterns of atmospheric
pollutant deposition across different regions. The artwork was created
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understanding of pollution dynamics in developing countries.
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Environmental contamination in Ghana, driven by dust deposition, particulate matter (PM), reactive
nitrogen, sulfur, and heavy metals, poses significant risk to public health and the environment. However,
comprehensive assessments of the spatial distribution and seasonal variations of these pollutants remain
limited. To address this gap, this study synthesizes data from 68 site-specific studies conducted between
1997 and 2024. Our findings reveal substantial regional disparities in contamination levels. During the
Harmattan season, the Northern region accounted for 52% of total dust deposition, while the Central
and Southern regions contributed 12% and 37%, respectively. The Central region exhibited the highest
concentrations of PM, with median values of PM2.5 (489 ug m~>), PM10 (703.5 pg m~), and TSP (710.5
ug m—?)
showing elevated levels of copper (48.67 mg kg™, lead (70.03 mg kg™, and iron (41.60 mg kg™?). Fish
samples revealed high lead (5.97 mg kg™ and iron (156.39 mg kg™2). Lettuce and onions demonstrated
moderate contamination with lead and cadmium. In mining regions such as Obuasi, lead and arsenic
concentrations exceeded WHO safety limits. Sulfur deposition was notably high in Southern Ghana,
constituting 81.4% of airborne pollutants. Rainwater contamination, primarily from sulfate, contributed to
acidic rainfall (pH < 6.5) in the Southern and Central regions. These findings underscore the urgent need

. Heavy metal contamination in agricultural products was particularly concerning, with cocoa
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for targeted interventions, particularly in mining and urban areas. Implementing stronger pollution

DOI: 10.1039/d5ea00015a control measures, enhancing monitoring systems, and developing specific strategies to mitigate risks to

rsc.li/esatmospheres public health and agriculture are critical steps toward addressing these environmental challenges.

Environmental significance

This systematic review reveals the critical role of atmospheric wet and dry deposition of reactive nitrogen, sulfur, and heavy metals in shaping ecosystem health
and food chain contamination in Ghana. Our findings highlight substantial spatial and seasonal disparities in pollutant deposition, with notable peaks during
the Harmattan season. The study underscores the urgent need for targeted interventions in agricultural, industrial, and urban areas to mitigate pollutant
deposition and safeguard public health, biodiversity, and food security.

emissions are major contributors. These pollutants not only
impact human health but also influence biogeochemical cycles,
thereby affecting ecosystem health and functioning.

Aeolian dust deposition is particularly important in Gha-

1. Introduction

The deposition of reactive nitrogen, sulfur, and heavy metals in
the environment, primarily from anthropogenic sources, poses

significant risks to ecosystems and public health. This is
particularly true in developing countries such as Ghana, where
industrial processes, agricultural activities, and vehicular
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na's environmental context. This process introduces foreign
minerals and organic materials which contribute to nutrient
cycling, soil fertility, and overall ecosystem health. Dust
deposition also affects vegetation and soil microbial
processes.' Globally, dust deposition rates vary widely, with
values exceeding 450 g per m” per year in some regions,
highlighting the substantial regional differences in ecosystem
impacts.*

Urban and peri-urban areas face significant challenges from
pollutants such as heavy metals and reactive nitrogen

© 2025 The Author(s). Published by the Royal Society of Chemistry
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compounds. These pollutants enter ecosystems through dust,
precipitation, and irrigation water, primarily originating from
industrial emissions, vehicular emissions, and agricultural
practices. Heavy metals (e.g., lead, cadmium, and arsenic) are
especially concerning due to their toxicity, persistence, and
potential for bioaccumulation in the food chain. Elevated levels
in crops such as arsenic in rice (0.36 mg kg™ ') and lead in
lettuce (up to 5.18 mg kg~ ') pose substantial health risks.*®
Long-term exposure can cause neurotoxic effects, liver and
kidney damage, and disruption of soil microbiota, ultimately
threatening agricultural productivity.”®

Urbanization and rural-urban transformation in Ghana have
significantly altered land use and agricultural practices.>'®
Increasing market demand has driven agricultural intensifica-
tion,** leading to increased fertilizer and agrochemical use.
These inputs contribute to soil over-fertilization, nitrogen
leaching, and greenhouse gas emissions. Wet deposition of
reactive nitrogen further enriches soils, leading to acidification,
eutrophication, and increased emissions. These changes raise
public health concerns particularly for vulnerable populations
by increasing risks of methemoglobinemia (blue baby
syndrome) and gastrointestinal diseases.'*™*¢

Despite growing awareness of these challenges, significant
knowledge gaps remain regarding the specific effects of wet and
dry deposition of reactive nitrogen, sulfur, and heavy metals on
ecosystems and food chains in Ghana. Studies from Central
Ghana, Accra, and Ashaiman report variations in particulate
matter levels, especially during the Harmattan season, driven by
both long-range aerosol transport and local pollution
sources.”” ™ Industrial activities (e.g., e-waste sites) and poor
waste management have elevated lead, copper, and other toxic
metals in soil and groundwater.?*-**

This systematic review synthesizes existing research on the
deposition of reactive nitrogen, sulfur, and heavy metals in
Ghana, focusing on impacts on ecosystem health, food safety,
and agricultural productivity. Based on 68 site-specific studies
conducted between 1997 and 2024, we analyze dust deposition
rates, pollutant distribution patterns, and their implications for
local ecosystems. The findings aim to inform policy and
management strategies that address pollution in urban and
peri-urban agricultural areas, ultimately supporting sustainable
agricultural practices and enhancing food safety nationwide.

The objectives and research questions:

Objectives:

(1) Assess current dust and particulate matter deposition
rates across Ghana.

(2) Analyze the distribution of reactive nitrogen, sulfur, and
heavy metals from dust, rainfall, and airborne deposition.

(3) Identify the main sources and environmental pathways
through which these pollutants enter Ghanaian ecosystems.

(4) Evaluate their effects on ecosystem functioning, crop
productivity, and food safety.

(5) Recommend policies and management strategies to
mitigate pollution and support sustainable agricultural
practices.

Research questions:

© 2025 The Author(s). Published by the Royal Society of Chemistry
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(1) What are the current rates of dust and particulate matter
deposition across Ghana?

(2) How do the distribution patterns of reactive nitrogen,
sulfur, and heavy metals differ across urban and agricultural
environments?

(3) What are the main sources and transport pathways of
these pollutants?

(4) How do these pollutants affect ecosystem functioning,
agricultural productivity, and food safety?

(5) What gaps exist in the literature on wet and dry deposi-
tion in Ghana?

(6) How can these findings inform policy and management
strategies for sustainable agriculture?

By addressing these questions, this review aims to provide
critical insights for researchers, policymakers, and environ-
mental managers to develop effective strategies for pollution
mitigation and ecosystem protection.

2. Materials and methods

This systematic review was conducted following PRISMA 2020
guidelines to ensure transparency and rigor. The methodology
included four main steps: literature search, eligibility
screening, data extraction and data analysis.

2.1 Literature search strategy

A systematic literature search was conducted across multiple
electronic databases (Google Scholar, PubMed, Web of Science,
Scopus, and JSTOR), covering publications from 1997 to 2024.
The search focused on aeolian dust and the wet and dry depo-
sition of reactive nitrogen, sulfur, and heavy metals, both
globally and within Africa. Keywords included: aeolian dust,
particulate matter, wet deposition, dry deposition, reactive
nitrogen, sulfur, heavy metals, urban agriculture, ecosystem
contamination, and food chain disruption. Boolean operators
(AND and OR) refined the search. A total of 940 articles were
initially identified. After removing duplicates and screening
titles, abstracts, and full texts for relevance, 68 site-specific
articles were retained. Fig. 1 presents the PRISMA flow
diagram illustrating the selection process.

2.2 Inclusion and exclusion criteria

Studies published in English between 1993 and 2024 that
focused on Ghanaian surfaces (Fig. 2) and provided quantitative
data on pollutant deposition or ecosystem/food system impacts
were included. Studies were excluded if they predated 1993,
were not peer-reviewed, did not examine ecosystem or food
chain contamination, or lacked relevant quantitative
measurements.

2.3 Data extraction and synthesis

Data extracted included author(s), year of publication, study
location, pollutant type, and study context (urban/agricultural).
These data were compiled into summary tables (Tables 5-10) to
facilitate cross-study comparison.

Environ. Sci.. Atmos., 2025, 5, 756-784 | 757
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Fig. 1 PRISMA flowchart illustrating the literature screening and selection process for the systematic review on aerosol deposition, including
reactive nitrogen (Nr), sulfur (S), and heavy metals (HMs) in Ghana. A total of 68 peer-reviewed articles met the inclusion criteria and were

incorporated into the final synthesis.

[Research Sites of Environmental Pollution Studes in Ghana

200 mi

Fig. 2 Map of Ghana showing the approximate locations of research
sites included in this review. Due to data limitations, only a subset of
the 68 identified sites is displayed. The base map was created using
Google Earth Pro.

2.4 Data analysis and reporting

The study selection process was documented using a PRISMA
flow diagram,**** illustrating the number of records identified,
included, and excluded during the screening process. Summary
tables were created to organize and present key findings, facil-
itating comparisons across studies.

For the quantitative synthesis, a meta-analysis approach was
applied to aggregate data on pollutant deposition rates across
different geographic regions. Descriptive statistics such as the
mean, median, and standard deviation were calculated to

758 | Environ. Sci.: Atmos., 2025, 5, 756-784

summarize the data. Depending on data distribution, appro-
priate statistical models were selected. For normally distributed
data, parametric models were applied using SPSS version 23.0
(SPSS Inc., Chicago, IL, USA).*® For non-normally distributed
data, non-parametric models were used to ensure accurate
analysis based on the data characteristics. Statistical signifi-
cance was set up at p < 0.05.

3. Results

3.1 Chronological record of dust deposition across
geographical regions of Ghana

Our key findings from dust deposition studies conducted
between 1993 and 2022 in Ghana show significant regional and
seasonal variations, particularly during the Harmattan season
(November to March). Northern Ghana consistently experiences
higher rates of dust deposition compared to the southern
regions. For instance, during the 2001-2002 Harmattan season,
dust deposition rates varied from 25 g m~> in Bawku, 16 g m >
in Tamale, and 5 g m~? in Sefwi Bekwai.? Similarly, the 2002-
2006 period demonstrated a stark difference, with dust depo-
sition rates of 160 kg ha™" in the north, gradually declining to
approximately 60 kg ha™" in the south.? In Kade, an average dust
deposition rate of 13.53 g m > was recorded over three
Harmattan seasons.”® These findings highlight significant
regional differences and the strong influence of seasonal dust
transport, particularly during the Harmattan season.

Recent studies continue to show variability in dust deposi-
tion across different regions. For example, Emetere et al.*® and
Adu-Gyamfi et al.”” reported fluctuations in atmospheric aerosol
retention in Bolgatanga, with levels peaking at 64.27 mg m™~ > in
2012. Additionally, Awuah et al.”® observed a monthly average of
60.2 g m~ > near cement factories in southern Ghana. While this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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section highlights key findings from selected studies, readers
can refer to Table 5 for a comprehensive overview of dust
deposition data from 1993 to 2022. These findings underscore
the considerable influence of regional and seasonal factors on
dust deposition patterns in Ghana, particularly during the
Harmattan season.

3.1.1 Meta-analysis of regional variations in dust deposi-
tion during the Harmattan season in Ghana. We conducted
a meta-analysis on the findings from eight out of ten studies
(Table 5) focused on dust deposition during the Harmattan
season (November to March), selected for their consistency and
relevance. To enable comparison, all data were harmonized to g
m ™ for consistency with the narrative section. Long-term and
short-term averages were applied where necessary to stan-
dardize the data.

Data analysis was performed using univariate analysis of
variance (ANOVA) using SPSS. The results, shown in Fig. 3,
indicate significant regional variations in dust deposition
during the Harmattan season: the North contributed 52% of the
total deposition, the Central region accounted for 12%, and the
South represented 37%. Although the ANOVA did not reveal
statistically significant regional differences (p = 0.406), the
North displayed the highest deposition rates, highlighting
variability in dust deposition across Ghana. Notably, data on
dust deposition in the Southwest region are unavailable, indi-
cating a significant gap in the literature that warrants further
investigation.

100 1
90 -
80 -
70 A
60 -
50 A
40
30 A
20 A

B Mean dust
deposition

gm?

North (n=7) Center (n=4)

Regions

South (n=7)

Fig. 3 Regional variations in dust deposition during the Harmattan
season in Ghana. Bars with the same letter indicate no significant
differences (p = 0.406).
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3.2 Chronological records of particulate matter deposition
in Ghana

Particulate matter (PM) deposition in Ghana is significantly
influenced by local environmental conditions and seasonal
variations, particularly during the Harmattan season. Between
1997 and 2022, substantial seasonal fluctuations in PM
concentrations were observed, with higher levels recorded
during the Harmattan period (January-March), primarily due to
Saharan dust intrusions. Studies such as Sunnu et al.'” high-
lighted notable PM concentrations across Central Ghana, with
PM2.5, PM5, and PM10 averaging 599 pg m >, 598 ug m 3, and
1037 pug m™3, respectively, during the Harmattan period. Total
suspended particles (TSP) averaged 1069 pg m . These find-
ings align with other studies in Accra and Kumasi (e.g., Aboh &
Ofosu*®***), which also documented seasonal peaks during the
Harmattan season, with PM concentrations exceeding WHO air
quality guidelines in several locations.

Recent studies (e.g., Krampah et al*' and Alli et al")
continue to report elevated PM concentrations during the dry
Harmattan months. For instance, in Accra, PM2.5 concentra-
tions have reached as high as 89 pg m 3, with localized spikes
during periods of heavy traffic and dust storms. More recent
measurements by Bahino et al** and Gyasi et al* confirm
sustained high particulate levels during the Harmattan season,
with concentrations reaching an air quality index (AQI) of 204
pug m~? in Cantonments, a densely populated area in Accra.
While this section highlights key findings from selected studies,
readers can refer to Table 6 for a comprehensive overview of
particulate matter deposition data from 1997 to 2022.

3.2.1 Meta-analysis of particulate matter deposition in
Ghana. A meta-analysis was conducted on particulate matter
(PM) deposition data across Ghana from 1997 to 2022 (Table 6),
incorporating data from fourteen studies standardized for
statistical comparison across regional groupings. The regions
were grouped as Central, Southern, and Southwest for the
analysis of PM concentrations (PM2.5, PM10, and TSP) during
both the Harmattan and non-Harmattan seasons. The
comparison of means was performed using the compare means
procedure in SPSS software.

The results revealed the highest Grouped Median Concentra-
tions (GMCs) of PM during the Harmattan season in the Central
region, with GMC values of 489.00 ug m > for PM2.5, 703.50 ug
m 2 for PM10, and 710.50 pg m > for TSP (Table 1). In contrast,
the Southern and Southwest regions exhibited comparatively lower

Table 1 Grouped median concentrations (GMCs) of particulate matter (PM2.5), (PM10), and total suspended dust particles (TSP) during

Harmattan and non-Harmattan periods across regions

b

Harmattan Non-Harmattan®
Regions PM, ;s (1g m?) PM,, (pg m ) TSP (ug m ™) PM, 5 (ng m?) PM,, (pg m ) TSP (ug m™>)
Central GMC 489.00 703.50 710.50
Southern GMC 89.00 119.45 370.00 22.25 72.72 75.12
Southwest GMC 27.00 56.70 113.20 27.00 39.70 80.30

¢ Harmattan: (November to March). * Non-Harmattan: (April to October).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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deposition rates, particularly during the non-Harmattan periods.
The Southern region recorded GMCs of 89.00 ug m—> (PM2.5),
119.45 pg m~* (PM10), and 370.00 ug m > (TSP) during the
Harmattan season. The Southwest region demonstrated relatively
stable particulate concentrations across both seasons, with
median values of 27.00 pg m ™ for PM2.5, 56.70 ug m > for PM10,
and 113.20 ug m* for TSP during the Harmattan, with similar
concentrations observed during the non-Harmattan period.

3.3 Chronological records of environmental media (soil and
water) contamination across Ghana

Between 2008 and 2024, multiple studies have highlighted
significant contamination of environmental media (water, soil,

View Article Online
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and dust) by reactive nitrogen, sulfur, and heavy metals across
Ghana (Table 7). Urban and peri-urban areas, such as Kumasi
and Accra, have seen high concentrations of heavy metals such
as lead, arsenic, and cadmium, often exceeding recommended
limits. For example, in Kumasi, Kodum et al.** reported elevated
levels of arsenic (18.6 mg kg™ "), lead (571.3 mg kg™ '), and zinc
(908.6 mg kg '), while Obiri-Nyarko et al* found high
concentrations of lead (351.67 mg kg™ ') and zinc (1875.67 mg
kg~ ") at the Kpone landfill site. In Accra, a 2022 study by Edusei
et al***” found concerning levels of aluminum (82 300 ppm),
silicon (281 500 ppm), and iron (56 300 ppm) in soil, although
lead and copper levels were somewhat lower. Mining regions,
such as Obuasi and Kenyasi, have also reported persistent

Table 2 Regional distribution of heavy metal (arsenic (As), copper (Cu), lead (Pb), zinc (Zn), cadmium (Cd), manganese (Mn), and iron (Fe))

contamination in the environment (soil and water) across Ghana

Threshold values
N Soil median Soil SE N Water median WaterSE ——
Region Element (soil) (mgkg™) (mg kg™") (water) (mgL™") (mgL™") mgkg™ mgL™' Remarks?
North  As NA® NA NA NA NA NA 5.00° 0.01 No data available
Cu NA NA NA NA NA NA 100°¢ 2.00 No data available
Pb NA NA NA 1.00 0.02 NA 60.0° 0.01 Higher lead contamination
observed in water
Zn NA NA NA NA NA NA 200° 3.00 No data available
cd NA NA NA 1.00 0.02 NA 1.00° 0.003 Cadmium concentration in
water exceeds safety limits
Mn NA NA NA NA NA NA — 0.1% No data available
Cr NA NA NA 2.00 15.35 0.96 100° 0.05 Chromium levels in water are
significantly high
Fe NA NA NA 3.00 0.99 0.48 — — Within the aesthetic threshold
limit for iron in water
South  As 6.00 5.60 28.07 NA NA NA Highest arsenic levels in soil
were observed in this region
Cu 3.00 79.9 165.10 NA NA NA Copper contamination in soil
is notably high
Pb 7.00 24.2 90.46 3.00 0.03 0.00 Elevated lead levels in both
soil and water
Zn 3.00 908.6 506.56 NA NA NA Zinc concentration in soil is
significantly high
Cd 1.00 6.3 NA 2.00 0.00 0.00 High cadmium concentration
detected in soil
Mn 1.00 228.2 NA NA NA NA Moderate levels of manganese
observed in soil
Cr 2.00 310.6 235.18 NA NA NA Chromium levels in soil are
the highest among this region
Fe 1.00 56300 NA 1.00 0.30 The highest crustal iron levels
were observed in soil
South  As NA NA NA 4.00 0.01 0.01 Arsenic concentration in
west water is low
Cu 1.00 33.39 NA NA NA NA Copper levels in soil are low
Pb 1.00 57.91 NA 3.00 0.05 0.02 Low lead in both soil and water
Zn 1.00  70.06 NA NA NA Zinc concentration in soil
is relatively low
cd 1.00 0.16 NA 2.00 0.00 0.00 Low levels of cadmium
detected in soil
Mn 1.00 5206.42 NA NA NA NA Manganese concentration in
soil is the highest recorded
Cr 1.00 47.34 NA NA NA NA Chromium levels in soil are low
Fe NA NA NA NA NA NA No data available

“ Notes: NA: not available/not applicable. ” Mn levels >0.1 mg L~": May cause bad taste and discoloration in water. © Threshold values, source.*"

4 Remarks: based on exceeding critical concentration limits.
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contamination due to intensive mining activities, with arsenic
(7.31 mg kg™ ") and cadmium (17.32 mg kg~ ") found at harmful
concentrations. The deposition of reactive nitrogen and sulfur
is also significant, with nitrogen and sulfur compounds iden-
tified as major contributors to pollution in both urban and
agricultural areas. Elevated levels of nitrogen compounds, such
as nitrate and ammonium, have been observed in water and soil
samples, often linked to agricultural runoff and industrial
emissions. A study by Bessah et al.*® identified lead contami-
nation (18.73 pg L™") in the Pra River Basin, well above safety
thresholds. Similarly, Asamoah et al.** observed heavy metal
contamination, including arsenic (175.14 mg kg ') and
cadmium (6.30 mg kg~ ') in Obuasi, reflecting the persistent
environmental pollution from mining and industrial activities.

3.3.1 Meta-analysis of regional variation in environmental
media (soil and water) contamination across Ghana. After
applying inclusion and exclusion criteria, 16 out of 28 envi-
ronmental pollution studies (Table 7) were selected for meta-
analysis. Measurement units were harmonized, and data were
summarized using SPSS with grouped median values (GMVs).
Studies reporting concentrations above established threshold
limits were prioritized, while data below threshold limits or
marked as “NA” (not available/not detected) were excluded.

The results show significant regional variation in contami-
nation levels, with data for the Central region unavailable. In the
Northern region, the grouped median concentrations for lead
(Pb) and cadmium (Cd) in water were 0.02 mg L, and nitrate
(NO;) in soil had a median of 15.35 mg L', In the Southern
region, arsenic (As) in soil had a median of 5.60 mg kg™, with
copper (Cu) and zinc (Zn) at 79.9 mg kg™ and 908.6 mg kg™,
respectively. Lead (Pb) contamination in soil was 24.2 mg kg™,
and cadmium (Cd) was 6.3 mg kg . In the Southwestern region,
manganese (Mn) in soil had a median of 5206.42 mg kg™, while
copper (Cu) has 33.39 mg kg™ '. Water arsenic levels were low at
0.01 mg L', but lead (Pb) and cadmium (Cd) were detected at
higher concentrations. The results highlight regional variations
in contamination levels across Ghana (Table 2).

3.4 Chronological records of heavy metal contamination in
crops and food in Ghana

This section presents key findings from 2005-2024 on signifi-
cant heavy metal contamination in Ghana's food systems.

In leafy vegetables, such as Amaranthus spinosus and
Corchorus olitorius, iron levels (36.18 mg kg™ ' and 27.59 mg
kg™ ") exceeded safe limits. Lettuce irrigated with wastewater in
Accra contained high levels of cadmium (1.1 mg kg '), chro-
mium (1.1 mg kg™ '), and lead (10.2 mg kg ').* In cereals,
arsenic levels in rice and legumes at Tamale's Aboabo Market
exceeded permissible limits, while lead in maize and millet
from Tolon District also surpassed safety thresholds.**** Fish
from Korle Lagoon and Tema Newtown markets showed unsafe
levels of zinc (12 370.88 pg kg™ '), copper (773.65 ug kg™ '), and
mercury (156.39 pg kg ').** Cocoa beans from Kukurantumi
had elevated levels of copper (48.67 mg kg™') and cadmium
(0.203 mg kg™ '), reflecting environmental impacts on cultiva-
tion.*® Contamination of lettuce and spring onions near KNUST

© 2025 The Author(s). Published by the Royal Society of Chemistry
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with arsenic, cadmium, chromium, and mercury exceeded rec-
ommended limits, as did mercury levels in lettuce and peppers
from Haatso, Dzorwulu, and WISS irrigation sites.””*® In the
Gulf of Guinea, silverfish gills and sediments contained high
lead and cadmium.*” These findings are summarized in Table 8
for further reference.

3.4.1 Meta-analysis of heavy metal contamination in crops
and fish. A meta-analysis was conducted based on eight selected
studies (Table 8) that examined heavy metal contamination in
crops and fish. The data were harmonized, and grouped
medians (GMVs) were calculated using SPSS. Due to small
sample sizes, standard errors were omitted, and data below
threshold limits were excluded. Missing or undetected values
are marked as NA.

Specifically, the meta-analysis revealed significant contami-
nation in cocoa, with GMVs of 48.67 mg kg for copper (Cu),
70.03 mg kg ' for lead (Pb), and 41.60 mg kg * for iron (Fe).
Fish showed high lead (5.97 mg kg™ ') and iron (156.39 mg kg™)
contamination. Lettuce exhibited moderate contamination with
lead (2.98 mg kg ') and cadmium (5.18 mg kg '), while onion
showed moderate levels of lead (2.28 mg kg™") and cadmium
(4.84 mg kg™ "). Maize and millet had low lead contamination
(2.22 mg kg™ " and 2.28 mg kg '), while groundnuts and cowpea
showed minimal arsenic contamination (0.07 mg kg™' and
0.08 mg kg™ ). Amaranthus spinosus and Corchorus olitorius
posed potential risks with high iron contamination (36.18 mg
kg ' and 27.59 mg kg™ '), respectively. Pepper showed slight
mercury contamination (0.28 mg kg™ '). Rice and sorghum had
low arsenic levels, and soybean showed no significant contam-
ination (Table 3).

3.5 Chronological records of airborne heavy metal and
sulfur in Ghana

Between 2005 and 2011, several studies documented the
airborne deposition of heavy metals and sulfur in Ghana (Table
9). Aboh et al.*® reported concentrations of manganese (Mn:
2.74 ng m %), zinc (Zn: 2.0 ng m?), and nickel (Ni: 15 ng m %) in
PM2.5-10 at Kwabenya, Accra, with sulfur concentrations
measured at 146.4 ng m°. Later, Aboh et al.’® observed signif-
icantly higher values of manganese (Mn: 279 ng m~?), zinc (Zn:
59.8 ng m~ %), and lead (Pb: 21.8 ng m ™), with sulfur levels
ranging from 319 to 1310 ng m~> in PM2.5-10 during both
Harmattan and non-Harmattan periods.

Arkua et al.*®* documented high levels of manganese (Mn:
30.5 ng m*), copper (Cu: 10 ng m ), zinc (Zn: 65.5 ng m™?),
and lead (Pb: 24.5 ng m %) in PM10 at James Town/Usher Town
and Nima in Accra, alongside sulfur concentrations of 1412.6 ng
m 3. Zhou et al.** reported airborne chromium (Cr: 1-2 ng m?),
nickel (Ni: 2-4 ng m™~?), copper (Cu: 2-6 ng m™?), zinc (Zn: 15-45
ng m ), and lead (Pb: 4-31 ng m ) in Accra locations (Asylum
Down, Nima and East Legon) from 2007 to 2008, with sulfur
concentrations between 524 and 1310 ng m °. In 2011, Safo-
Adu et al.** found arsenic (As: 0.059 pg m~%), chromium (Cr:
0.115 pg m?), nickel (Ni: 0.218 ug m?), lead (Pb: 0.011 pg
m ), and cadmium (Cd: 0.007 ug m ) along the Accra-Tema
highway.
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Fig. 4 Elemental mass levels and trends of sulfur (S) and heavy metals manganese (Mn), nickel (Ni), zinc (Zn), chromium (Cr), lead (Pb), and

copper (Cu) in particulate matter across southern Ghana.

3.5.1 Meta-analysis of airborne heavy metal and sulfur
across Ghana. A meta-analysis was conducted on airborne heavy
metals and sulfur data from five selected studies (Table 9).
Measurements from PM2.5, PM10, and PM2.5-10 fractions
were standardized, and mean concentrations were computed
using univariate analysis of variance (ANOVA) using SPSS
software.

The results indicate that sulfur constituted the largest
proportion of pollutants at 81.4% followed by manganese
(6.7%), nickel (4.5%), and zinc (3.5%). Fig. 4 presents the rela-
tive abundance of each contaminant. The data reflect higher
concentrations of airborne pollutants in southern Ghana, while
comparable data for other regions remain limited.

3.6 Chronological record of reactive nitrogen, sulfate, and
heavy metal concentrations in rainwater in Ghana

Between 1997 and 2014, several studies documented the
concentration of reactive nitrogen, sulfur, and heavy metals in
rainwater across Ghana (Table 10). In Tamale (1997-1998),
sulfate (SO,>”) concentrations ranged from 0.43 to 6.7 mg L™,
exceeding nitrate (NO; ™) levels, which were consistently below
0.3 mg L™ ". pH levels during this period indicated slightly acidic
to neutral conditions. Similar trends were observed in 2013,
with sulfate ranging from 0.04 to 8.2 mg L~' and nitrate
concentrations below 6.5 mg L',

In Ayanfuri (2014), rainwater samples showed lead concen-
trations between 0.14 and 0.36 mg L™ " and cadmium between
0.30 and 0.38 mg L™, both exceeding WHO permissible limits.
Sulfate levels ranged from 11.53 to 18.36 mg L', while nitrate
concentrations varied from 0.46 to 2.23 mg L '.* In Obuasi
(2007), recorded lead levels ranged from 0.15 to 0.19 mg L™,
and rainwater pH levels ranged between 4.0 and 5.6, indicating
acidity.®® Across regions, sulfate was the dominant anion, with
elevated heavy metal concentrations more frequently observed
in mining zones.

3.6.1 Meta-analysis of reactive nitrogen, sulphate, and
heavy metals in rainwater. A meta-analysis of rainwater quality
in Ghana between 1997 and 2014 was conducted using data
from studies summarized in Table 10. The analysis focused on
pH values and concentrations of ammonium (NH,"), nitrate
(NO;7), sulfate (SO4>7), and selected heavy metals such as Pb,
Zn, Cd, Fe, and Mn. Data were categorized by region—Northern,
Southern, and Central Ghana, and regional averages were
calculated to minimize the effect of outliers (Table 4).

Sulfate was identified as the dominant pollutant, potentially
linked to industrial activities and mining with the highest
contamination in the Central region (50.30%), followed by the
Southern (36.94%) and Northern (12.77%) regions. Nitrate
concentrations were highest in the Northern region (53.28%)
and lowest in the Southern region (9.54%). pH measurements

Table 4 Chemical composition of rainwater (pH), ammonium (NH;"), nitrate (NO3 "), sulphate (SO4%7), lead (Pb), zinc (Zn), cadmium (Cd), iron

(Fe), and manganese (Mn) across Ghana's regions (1997-2014)“

+

NH, NO;~ 50,2~ Pb Zn cd Fe Mn
Geography of locations pH (mgL™ (mgL™) (mgL™) (mgL™) (mgL™) (mgL™h (mgL ™ (mgL ™)
Northern region 7.18 NA 1.49 3.84 NA NA NA NA NA
Southern region 4.68 0.08 0.27 11.10 0.17 0.10 NA 0.11 NA
Central region 6.62 NA 1.04 15.11 0.27 NA 0.12 0.51 0.28

“ NA: not available; data for these parameters were not reported in the referenced studies.
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indicated the prevalence of acidic rain (pH < 6.5) in the
Southern and Central regions, while the Northern region
exhibited pH values within safe limits. Although heavy metal
data were limited, elevated levels of lead were noted in mining
areas such as Obuasi and Ayanfuri, surpassing recommended
safety thresholds.

4. Human and environmental impacts

The widespread contamination of environmental media in
Ghana by heavy metals, sulfur, and reactive nitrogen
compounds presents escalating risks to human health and
ecosystems. These pollutants circulate through dust, soil, water,

Table 5 Chronological record of dust deposition in Ghana
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and air, with their deposition and bioaccumulation com-
pounding adverse effects over time. Major sources include
atmospheric deposition, agricultural runoff, mining, and
industrial emissions.

Airborne dust rich in metals such as manganese, zinc, and
nickel substantially deteriorates air quality, particularly in
urban and mining zones. This increases respiratory and
cardiovascular diseases. These particles also deposit onto soils
and water bodies, triggering secondary contamination with
persistent health consequences.*****' The accumulation of toxic
metals such as lead, arsenic, and cadmium disrupts soil fertility
and plant productivity. This degradation worsens food

Study/
Year source Location Type of deposition Season of measurement  Non-point sources  Key findings
1993 59 Sahelian and Gulf of Flux deposition June to October N/A The Sahelian zone shows
Guinea the highest dust deposition
(1300 kg per ha per year),
while the more humid
Guinean zone has lower
levels (365 kg per ha per
year)
2001- 2 Bawku, Tamale and Sefwi Dust deposition November-March Harmattan dust Dust deposition ranged
2002 Bekwai events from 25 ¢ m~? in Bawku to
16 g m ?in Tamale and 5 g
m~? in Sefwi Bekwai
2000- 60 Northern and southern Dust deposition Harmattan Harmattan dust Average deposition per
2003 events Harmattan season was 42 g
m~? in Bawku, 28 g m 2 in
Tamale, and 12 g m ™ > in the
south
2002- 61 Gulf of Guinea between Flux deposition 28 Jan.-3 Feb. (Julian day January to February Deposition rates were 13 t
2005 latitudes 5° and 12°N 28-34) in 2002 and 7 Jan.- dust events km~?in 2002 and 31 t km >
during the winter 15 Jan. (Julian day 7-15) in in 2005 during peak
2005 Harmattan dust events
2000- 62 Northern and southern Dust deposition N/A Harmattan dust Northern Ghana (Bawku)
2005 Ghana events received more dust (37.0 g/
0.23 m” per year) than
southern Ghana (Kpong:
14.4 /0.23 m® per year)
2002- 3 Northern, Central, and Dust deposition N/A Harmattan dust Deposition declined from
2006 Southern Ghana events 160 kg ha™" in Northern
Ghana to 60 kg ha™" in
Southern Ghana
2002- 63 Tamale, Kete Krachi, and Dust deposition N/A Harmattan dust Average deposition ranged
2007 Kpong events from 19.5 t km 2 in Tamale
to 10 t km ™~ in Kpong
during the Harmattan
season
2006- 25 Southern Ghana (Kade) Dust deposition N/A Harmattan dust Average deposition over
2009 events three Harmattan seasons
was 13.53 g m 2
2001~ 26 Bolgatanga, Ghana Aerosol loading and Aerosol loading and Aerosol loading and Atmospheric aerosol
2013 retention” retention retention retention peaked at
64.27 mg m~ 2 in 2012
2022 28 Konongo, Ghana Aerosol dust November to December Aerosol dust Monthly average deposition

near the factory was 60.2 g

m—Z

“ Although Emetere et al. did not specifically analyze dust deposition during the Harmattan season, the study examined aerosol retention

influenced by atmospheric conditions typical of this period.
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insecurity by impairing crop yields and contaminating food
chains, especially in mining-affected regions where contami-
nation is chronic and widespread.>'*?#3*

Elevated concentrations of heavy metals and nitrogen
compounds in water sources pose direct risks to both human
and aquatic health. Persistent exposure to metals such as lead
and cadmium is associated with kidney damage, cancer, and
other serious illnesses. Moreover, nitrogen-induced eutrophi-
cation threatens aquatic biodiversity by depleting oxygen
levels.'>1%21:3848 Qulfur and nitrogen emissions worsen environ-
mental acidification and degrade air quality. Acid rain from
sulfur compounds damages soils and vegetation, while nitrogen
oxides contribute to respiratory problems, particularly in
densely populated areas.'®>¢>%3%3233

Finally, bioaccumulation of heavy metals such as lead,
cadmium, and mercury in crops and fish poses a chronic health
risk to Ghanaian communities. Contamination near mining
and industrial sites threatens food safety and increases risks of
developmental and neurological disorders, highlighting the
urgent need for monitoring and mitigation.® 14344

5. Discussion

In this discussion, we integrate the key narrative findings with
the meta-analytic results to provide a comprehensive under-
standing of regional variations in dust deposition, particulate
matter levels, airborne aerosol contents, rainfall, heavy metal
contamination, and their implications for both the environ-
ment and food safety in Ghana. Our synthesis also highlights
temporal trends, including seasonal variations and evolving
contamination patterns, to inform effective policy responses.
Our meta-analysis reveals significant geographical dispar-
ities in dust deposition during the Harmattan season, with the
Northern region consistently showing the highest deposition
rates. It accounted for the largest share of total dust deposition,
followed by the Southern region, while the Central region,
which serves as a transition zone, contributed the least (Fig. 3).
This pattern highlights the predominance of dust accumulation
in the north, although statistical tests did not confirm signifi-
cant regional differences. Furthermore, although data gaps
persist, some studies suggest increasing dust deposition rates
in recent decades, potentially linked to land-use changes and
climate variability. These temporal shifts underscore the need
for long-term monitoring. A critical gap in the literature persists
due to insufficient stratified data across urban, peri-urban, and
rural areas. Future research should address this gap by
enhancing regional dust deposition monitoring and developing
high-resolution data sets for better urban-rural comparisons.
The findings are consistent with previous site-specific
studies conducted between 1993 and 2022, including those by
Emetere et al.®® and Awuah et al,”® which reported similar
spatial and seasonal variability. However, they do not fully
account for the disparities in dust sources (Table 5). For
example, peaks in dust deposition were observed in both
northern and southern Ghana, particularly near industrial
zones. Our meta-analysis builds on these studies by quantita-
tively synthesizing regional and seasonal differences, revealing

Environ. Sci.: Atmos., 2025, 5, 756-784 | 767


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00018a

View Article Online

iew

| Rev

itica

Cr

Atmospheres

Environmental Science

(O1) ;B 3w ogt

ye 3unyead (qd) pes] s (OL) ;3

3w 005 76 e (94) uolr pue ‘(adueryo1Au]
arysiend Yanal) me 3w 009 sz 20 (D)
wnied {(Aem10l0N BWIL) me 3w 00¢g
€1 1€ (31) wnissejod 10J PIAIISCO dIom
ISNP PBOI Ul SJUIWI[D JO SUONBIIUIIUOD
ueaw 3sayS1Y ay3 Jey) punog

seaie ogads Ul UOHRUIEIUOD
juedyrudis Sunedrpur ‘| 3y

3w 9'ygg 01 0°6T woxg paduer (nD) 1oddod
a[rym ‘(;_3 3w 9'806) ¥ 2uo0z Ul IsaYy31Y
sem (uz) oulZ "gT duoz ul me 3w g'cy¢g
payoeal (1D) winrwoyd pue ‘| 3y

dw 7°¢T 01 0°S WOy (pD) WNIWped hme
3w $°01 03 £'¢ woiy paduel (3H) Aorow
Ame 3w ¢°1/£5) T duoz ur payead

(qa) pes1 .?\mx 3w p'1) ewrmyuemy

Ul 3S9MO[ pue F\mvﬁ 3w 9°81) ¥ U0z

ur 1s9y31y sem (sy) dTUdsIe Jey) punog
spea9[ uonnyjod Jueogrudrs

Zunesrpur w\mv_ 3w go¢ pue me Bw og
JO san[eA 119[e 9A1VadSaI 119y} PIPaIX
SUONIBIIUIIUOD dUIZ PUER Ped[ ‘A[qeION
"8 Sw SFLTT 03 $9°€€ wog (qd)

pes] pue ¢ 3% 3w 56°£00T 03 §£'799 WO}
(17) wintuoo11Z wwmx 3w £0°£ 03 8G°0 WO
(1g) surwoiq ¢, _3y 3w 99'T.L€ 03 TS HTT
woyy (uz) ourz ¢33 3w £5°92 03 T0°62
woiy (np) 10ddod wwmx Sw 88°ST 01 9%°9
woij (IN) [oru wwmx 8w $¢'0£9 9¢ 01
00'28£ 6T W0y (34) uoar ¢, 3 Sw £9'6.¢€
0] £6°G€7 Wolj (U) asaueduewr w\mx
3w ££°02¢ 03 S£°€TT Wolg (ID) WNIWOoIYd
£,_3 3w 00°£6T 03 $1°8T woxy (A)
wnipeueas ¢, 3y 3w 0£'68%€ 03 9£'90TT
wolj paduel (11) wnIueln 1ey) punog
SanIAnOe

uewIny 0} NP Pajou Sem JUIWYDLIUD
[e3oW [eWIIUIW J[IyMm ‘Arurfee

0} L1pIoe djerapowr JunedIpul ‘e'g

03 9'6 woij paduel HA *a0eJINS ) IeAU
(eD pue ) suoned aseq Jo 3uryoea] YIm
‘S[10s uIseq I12AR] nsuaq ut (;_38 3 0L°€¥T
-$8°€7) SUONIBIIUIIUOD UOII J[(BIS PUNO

V/N

V/N

600¢
UDIEIN O3 §00T 120100

V/N

600¢
UDIBIN 03 800T 190100

Key 03 YoIeN

6002
UDIBIN 03 §00T 120100

(aun[) uoseas 3om

Isnp peoy

[tos

1snp peoy

pdop
I19)9W-9AY WOIJ [10S

BIOOY Ul
a3ueyoIayug arysiend)
919, puk ABMIOJOIN

BWOT, ‘peOI aSem[od
-2A31, uyo[ ‘peor
ellop-uonoun( wre[eN

rURYD ‘ISewIn)|
ur 193sn[D [ernsnpug

peo1 effap-uonoun(
We[[eN pue ‘Aemydig
asenyod-a49], uyof
‘98ueypIaul arysIend)
UYonaL, ‘ABMIOJOIN BWAL,

eURYD
‘urseq I9ARY nsuaq

TL

Ve

0L

69

600¢ 03 800¢C

600C

6007-800¢

800¢

s3urpuy Lo

$901n0s jurod-uoN

SjuawaInseata
JO uoseas

uonisodap jo adAT,

uoned0]

201n0S/ApMmis

189X

eURYD) SSOJDE UOIIRUILIBIUOD (J2}eM pue |I0S) BIPSW |eIUSLUUOIIAUD JO SPJODaJ |eDIBojouoIyD £ dlqel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd 9¥:S2:2 9202/ET/2 U0 Papeo|umod "GZ0g BUN €2 U0 paus!ignd 8oy ss900y usdo

© 2025 The Author(s). Published by the Royal Society of Chemistry

768 | Environ. Sci.: Atmos., 2025, 5, 756-784


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00018a

View Article Online

Environmental Science: Atmospheres

Critical Review

S[9A9] eIUOWIWE PIMOYS SI[0dOIIDIN
S[eWEL, 9y Ul Iajempunoid Jey) punog
SpIepueis OHM MO[aq

[[9M 2I9M SUOIIBIIUIDUOD AINJIdW pue
‘ourz ‘wintuafas ‘1addop uoseas A1p a3
ur T3 €70/ PUB UOSEIS oM 33 UL | _T
31 £9°/¥ Jo sueawt 3m “yruur] aqrsstwiiad
33} PIPaadXa S[Ad] peaT ‘T 3

0T JO JTWI] OHM 9} MO[o( dI9M SUOSEIS
F\A 3 17°¢ :ueown) A1p pue ?\A M ¢gge
‘ueaw) Jom roq Sunnp sapdures 19yem
Ul SUOIBIIUIIUOD IIUISIE JeY) PUNOL
sy

9yes UIY3IIm paurewal SH pue Sy a[Iym
‘sauroping OHM 3uIpasoxa [[& ‘(T

31 g6¢) o4 pue ‘(,_1 31 €02) uN ‘(,_1T
31 69°9) PO (,_T 31 §°F€) qd 3o S[9Ad]
Y31y y3m ‘s*s Jo Hd mof e pey 103em
‘U0Seas Jom 9} JuLIN( ‘SUONEBIIUIOUOD
IV PUB ‘UN ‘04 Pa1eAd[d YIIm ‘Saiual] OHM
Burpaaoxa [re ‘s[aad] (,_1 381 0¢'¢) SH pue
‘(.13 0%°2) PO “(,_1 31 ¢92) qd Y3y
‘909 Hd uoseas A1p 3urmnp jey3 punoq
S[SII d)eIpaWIUL

[ewrruiw 3UnedIpur ‘SploysaIy) 3ae
Mo[9q Aels pue uonerrea yJuedyrudis ou
Mmoys ?\mx 3w S¥°T6T :94) UOII pue ?\mx
3w 90°69 UIA) 9SoUBZUBW SE YonS S[eloul
I9Y3IO "MO[ SUurewa 31 y3noy) ‘uonuane
sjuelrem osfe (s0'0 = d ,me Sw zro
:pD) wntwpe) *sao1nos sruddodoryue
dunsaddns f\mx 3w 1¥°¢ :0D)

3[eqod pue ‘(;_3 Sw 1°0 :3H) Amodrow
.va_ 3w ¢p°g :uz) ourz m\mx 3w 9¢°c :1D)
WNIWOIYD JO S[2A] JUBOYIUSIS puNOg
sad£) 3snp ssoioe ?\mx 3w 0002°0) S[PAd]
JUIZ JB[TWIS [IIM ‘[0OIIUO0D UBY) SISNP
Axrenb ur 1oydry a1e ourz pue ‘Anodiowr
‘Orussiy *(;_33 3w 0¥1°0) [013U0D

03 paredwod ?\mx 3w S/6°0-0ST'T) SISnp
A1renb ypoq ut pajeasys st 1oddop ‘Jonuod
pue isnp Arewnid ueyy ?\mv_ 3w 5s61°0)
pes[ pue ‘(;_33 Sw 679'g) uoxr ‘(,_3y
3w 6/6°0) asoueduew Jo S[PAd] I9Y3IY
sey] )snp A1renb Arepuodas jey) punog

910¢C Yd2I1e|N
03 GT0T IaquIadad

S10C
DIBN 03 10T 190300

T10¢ 1240390 03 aun(
pue udy 03 Arenuef

uoseas A1qQ

T10¢
IOqUIDAON 03 Isn3ny

910C YoTew
01 GT0T IaquIadadg

S10C
DI 03 10T 190100

T10T 1240390 03 aun(
pue udy 03 Arenuef

uoseas A1

T10¢
IOqUIDAON 03 ISndny

Iayempunord

sordures 1oyem JupjuLig

I2yempunorn

1snp peoy

Isnp A1rend)

s110dOI9IN d[eWE],

SUoseas AIp
pUE 19 1)) UI BUBRYD
JO ISBOD) 1SIMYINOS

BUBYD
Jo uiseq eid IomoT

e100Vy ‘Apedorunw
eduejedjog

BUBYD
‘IJUeYSY ‘0SBWOUOSY

9L

SL

VL

€L

(74

9107 03 ST10CT

ST0T 03 ¥10¢

107

¢T0¢

T10¢T

s3urpuy 4o

S92IN0s uﬁiOQ-EOZ

SIUIWIINSBIW
JO uoseas

uonisodap jo adA1,

uoneoso]

201nos/Apnis

189X

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd 9¥:S2:2 9202/ET/2 U0 Papeo|umod "GZ0g BUN €2 U0 paus!ignd 8oy ss900y usdo

(‘pPauoD)

L91qel

Environ. Sci.. Atmos., 2025, 5, 756-784 | 769

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00018a

View Article Online

iew

| Rev

itica

Cr

Atmospheres

Environmental Science

S[9A9[ UOII puEB PH_ 3w 6¢¥1)

93enIu pazead]s Ing ‘(;_1 3w 01°€6)

SA.L pue (,_wo sl £5°¢TS) Aapnonpuod
a1qerdadoe pey eueyn UWIAYIION Do 8°6C
-/£'6¢ JO sainjeradwa) ueaw pajeasal
(911 = u) uo1day Iseq 1addn oYy pue
(2TT = u) eURYD UISYIION UI SYUIUISSISSE
Arenb 19yempunoid jeyy punog
sodures awos ur sauraping

A1renb [10S [BUONIBUINUI PIPIFIXI JUIZ
pue ‘ped[ ‘1oddoo ‘wnrwoIyd ‘orussie
e} SuI[eaaal ‘Seale [RIDISWWOD WOlJ
S[I0S 99BJINS UI SJUBUIWEIUOD [BIW JO
uonsadul [BIUIPIOUT JO MSII Y3 PIssasse
‘eueyD ‘Isewiny U Apnis ay3 Jey) punog
saniAnoe

9)seM-9 WO UONBUIWEIUOD JURdYIUIIS
duneorpur ‘S[oas] UonRdE MO[aq 1k INg
sonfea wnwndo pasadxs (pD) WNTWped
pue (3H) Amno1oIN .?\mx 3w 0% ¢hv)
HSV pue (;_3 Sw 06°1SS) DD 38
[rosqns ut Y31y axe s[aad[ nY ‘[rosdoy HSY
ur |3 3w $0°£6€ SUIYORaI qd YIm ‘SayIs
21SeM-d Je S[9A9] (qd) ped] pue ‘(uz) dulz
{(IN) 131U “(nD) 19ddod pajeas|s punog
Koyes yireay orqnd aInsua

0} JuauIean) SUNB)ISSIIAU ‘SWIOJI[0D
pue ‘Aipiqin ‘sprjos papuadsns

8303 JO S[2A9] Y31y pey Ing uonedLiil
10J 9JBS 2I9M SIDINOS IABM “SIWI[ OV
pue OHM 3uIpaadxa ATM& 3w ¢s/°1)
orudsIe pue ‘(;_8 Sw £18°7) [oIU
‘(8 3w ysg°0) pea| ‘(,_B Sw §v1c)
uoil ATM& 3w 95¥°0) WNIWOIYD

:S[OAJ] [e30W AABSY PIIeAJ[d PRy

JOLSIP WOPUEBN 93} UT S[I0S 8y} punog
NIN S PIpULWOIAI 3}

duissedins ‘NN £0°¢¢ padeiaae AIpiqiny
puE ‘sywI] OHM Papa9dxa (;_T 3W ¥¢£°0)
uoII [eJ0) puE ATA 3w z0°0)

peor ATA 3w z0°0) wnrwpes

‘I9AOMOH '9JeS dIaMm P\q 3w 12°¥6)
JpuIo[Yd pue ?\q 3w 5£°069)

wnp[ed A[ym ‘(,_ 3w §°T)

SIWI] OHM MO[3q (;,_T SW 9%°0)

LT0T
UDIBN 03 9T0T 12GOI0

L10T
UDIEN 03 9T0T 120100

V/N V/IN

V/N [1Os 18307T

1sn3ny 03 YoIew isn3ny 03 Yorew

Iayempunolrd

[1os ueqin

[tos

S[Tom

No-3np pue ‘sajoyaroq
‘s10A11 WOy sa[dwres
19)em pue (SuuIej 10)
SPI2Y Pajeanno Ul s[Ios

BUBYD JO SUOL3AI }seq
1oddn pue ureylioN

rURUD ‘ISewn)|

BUBYD ‘Seale ueqin
BWOL, PUB UBWIRYSY

BURYD
UI9)SIMUIION PILIB-TWIdS
ur 10L1SIQ WopueN

6L

8L

0T

LL

LT0C 03 910C

LT07C

LT0C-ST0CT

910¢C

s3urpuy 4o

S92IN0s uﬁiOQ-EOZ Suawaansea

JO uoseas

uonisodap jo adA1,

uoneoso]

201nos/Apnis

189X

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd 9¥:S2:2 9202/ET/2 U0 Papeo|umod "GZ0g BUN €2 U0 paus!ignd 8oy ss900y usdo

(‘pPauoD)

L91qel

© 2025 The Author(s). Published by the Royal Society of Chemistry

770 | Environ. Sci.: Atmos., 2025, 5, 756-784


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00018a

View Article Online

Environmental Science: Atmospheres

Critical Review

punNoj 219M SUOIIEIIUIU0D Juenjjod

Ul S9ouaIdyIp JuedoyIudis Jeyl punog
Ppaisay

s1ojowered jsow 10§ saUIPPINS OHM
93 UIYIIM San[eA [IIm UOIJRUIEIUOD
I9MO] MOYS SHEIN ‘ISBI3U0D UI T SW 0S
JO JIWI] OHM 93 Pa9dxa (,_T 3w €692
ueawW) SMAH UT S[2A9] (EON) 23enIN
T 3w ¢'70T 1 (SAL) SPIOS PIA[OSSIP
1303 3w 3uofe ‘(,_wd s 6€°T£E) SMAH
ur 31y st (Dd) A1anoNpuod [E91N3[Y
", 3W T0°0 JO W] OHM Y3 Paaoxd
T\q 3w gg0°0 UBIW) SUOHBIIUIOUOD
(qd) pea] pue (5'8-°9) ourEpINg

OHM 213 2a0qe APy3Is are (5 9

ueaw) s[aAd] HA ‘SMAH 104 “(SHIN)
S9[0Ya10(q pazIueyodw 03 paredwod
S[9A9] UOIBUIWEIUO0D JOYSIY 9ARY ISBWN)]
ul (SMAH) S[[om 3np-puey Jey) punog
S9139381)S UOIBIPIWAI AIIYJO

10J PI2U Y3 pue Iasn pue| Aq SIIUIIPIP
uoneUTIEIUO0) JuedYTUdIS SunyIysdrg
‘(81 3w £0°£LT 03 89°0) SIWI] OHM/OVA
PopPa9oXd S[943] AINdION *(;_3 Sw 80°1)
359103 pue (;_3 Sw 9¢'1) pue[uLIe;

ur uey (,_8 3w p0T) SIS paurw

ur 1oy3ry Auedygrusis sem pesyng ‘(3
3w £9°G) seaIe 1sa10] pue ATMV_ 3w 65°6)
pueuiey ‘(,_3Y 3w 9§°¢) sa3Is paurw
SSOIDE S[9AJ] JTUISIE IB[IWIS PUNO]

eare siy) ur uonnjjod juedyrudis
Zunydiysy ‘sauoz 1330 03 pareduiod
.P\mx 3w £8°6,) 10ddoo pue f\mx

3w £9°6£8T) ourz ‘(;_3Y 3w £9°15¢) ped|
JO S[OAJ[ PaIBAJ[D 3IM ‘UOIIBUTUIRIUOD
159y31y Y3 pamoys H aUO0Z ey} punog
suI0ou0d Ayrenb

193em Tenuajod sajesrpur siojowered
1210 Ul AYIqeLIeA ‘SITWI] UTHIM

9I9M DTUISI® PUE PEBI[ I[IYM "SoNSSI

(;_1 3w 986°0) uo1r pue (,_T 3w STE9T)
SjenIU Te[ruls yam (T 3w £'¢p)

SAlL pue ?\Eu s 0°£52) A1a10NpU0D
Iamo] pamoys uor3ai 3seq 1oddn

9L, "SUIDUOD PISTeI Jey P\A 3w $£6'T)

V/N V/N

V/N V/N

I9qUI2AON J9qUI2AON

Areniqag Areniqag

118 JUdIquIy

I2yem punoin

(wd 0z-0) 110sdog,

wo o€ Jo
yadap e 03 9oBJINS 10§

osuygjO-Isewny ‘e1dy
-ISEWNY[) SPeol [BLId1Y 18

rUBYD ‘BaIE

ueqin-11ad 1sewrny| 1T

BURYD

‘uorday nueysy jo

JOIISIA ISOM dISUBUY

93 UI SORIUNUITOD
Bururw apeds-[ews 08

BURYD

1S [[ypueT suody S¢

020¢T

0207¢

610C

610C

s3urpuy 4o

S92IN0s uﬁiOQ-EOZ Suawaansea

JO uoseas

uonisodap jo adA1,

uoned0T 201nos/Apnis

189X

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd 9¥:S2:2 9202/ET/2 U0 Papeo|umod "GZ0g BUN €2 U0 paus!ignd 8oy ss900y usdo

(‘pPauoD)

L91qel

Environ. Sci.. Atmos., 2025, 5, 756-784 | 771

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00018a

View Article Online

iew

| Rev

itica

Cr

Atmospheres

Environmental Science

-01°0) 24 ‘(6°€T-££°S) UZ (0£'9-T6°T)

np a1om (;_3Y Sw) suopenuaduo) ‘eare
[emsnpur ewa, oy ur uonnyjod [elauwr
Aaeay paeaAdI (8T0T-8961) 1U0SDYDUL
pIU2IAIMS WO SSULL 9913 Iy} pUNOg
SUOSEIS Jom

durnp 19Yy31y a19m SNEI YIMOID *(66°0
-01°0) IN Pue ‘(60°0-10°0) PO (09°0-21°0)
qd ‘(82°ST-81°8) UZ ‘(6%°5-85°C) UIN (¥8°6
—-GT°¢) ND :saUIPpINg OHM PaPaddxd
(3 Sw) suopenUAIUOD [BIDN "PEOL
orwoly-osyeey a3 Suore uonnfiod [ejow
Aneay payestpul (8102-LS61) modvyvu
pIUaIIIMS WOIY SSULI 9913 Jey) punog
uonnjjod pesf

woiy SYSII yueoyrudis nq s[ead] uadoniu
o[qe3doooe Juneorpur ¢, T 3w 0T

Jo w1 OHM 23 mo[aq ‘,_T S 88'C
saderae uadoniu [BIOL, | 3

07T JO ITWI] OHM 23 UIpaadxa ‘uiseq-qns
ugo ay ur | 1 3 ¢/°81 3urderaae (qd)
PEI[ YIIM ‘UONBUIWEBIUOD [BIDW AABIY
SMOUS UISeq I2ATY BId 9Y) ey} punog
Sa1IEN)S? Y30q 10§ SUIUIDUOD oIk (0€ =
N) S[oA9] uddAxo mo[ pue uonnjod [ejow
Aaeay ‘[Teraa0 .?\q 31 ¢1°0) BI14 UT URYY
(;_1 81 05°0) B1qo>UY UI 19Yy31Y sem (pD)
wniuped pue ,?\q 31 02°0¢ :e1qONUY
¢, 381 05°9¢ v1d) SouUI[PPING PAPaddXd
(sv) oruasiy .T\q 3w g§°'T eIqONUY

¢, _T 8w 87'T e1d) sulepm3 vddsn

9} MO[oq dIoM SUOTIBIIUIIUOD (N-SON)
U301 TU-9JeNIN .?\q 3w 1¢'¥ eIqONUY
| 3w 67'¥ ‘e1d) MO] sem (OQ) UadAxo
PaA[OSSTP INq ‘(S8°9 *eIqONUY ‘FT°L

‘e1d) 9[qerdadoe a1om s[aad] Hd ‘sarreniso
BIQOMUY PUE BIJ 9Y3} UI 3By} punoq
saouaIayIp Jueoyrudis

ou pamoys (£p¢0=d‘s/TT = (8

‘e)d :SDOA) spunodwiod o1uedIo J[1e[oA
pue (£60°0 = d ‘826 = (8 ‘€)d :°ON)
apxorp uadoniu 4gsenuod ur (1000 > d
‘97£°LT = (8 ‘€)d %OS) apIXOIp INJ[NS pue
(T00°0 > d ‘96€¥T = (8 ‘€)4 :0D) dpIxouow
uoqIed 10 Speol [er1alIe Juowe

sdunr 2917,

s@urr 221,

V/N

1202 An[ 01 00T AIn[

6T0¢ dun[ pue Ae]N

1202 A[n[ 01 0Z0T An[

sdurr 2917, uonB[NWNIIBOIg

sdurr 2217,

uone[NUWINIILOIY

I2yem aoejing

I9yem Arenysg

BIDDY
‘ealy [eLIISNPU] BWA, 9¢
BIDDY
‘peoy 21w0Iy-0sjee €8
'URYD ‘UISeq I9ATY Bld 8¢
rURYD
Jo uo1391 UIISIMYINOS
) Ul eIqOYUY pue eid 8

eueyn ‘syjodonoN
Isewny| ay3 ul (speoix
Zuoduwrey-1sewny] pue

Tcoc

120¢

TC0¢

1202-020¢

s3urpuy 4o

S92IN0s uﬁiOQ-EOZ

SJUSWIAINSEIW uonisodap jo adA1,

JO uoseas

uoned0T 201nos/Apnis

189X

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd 9¥:S2:2 9202/ET/2 U0 Papeo|umod "GZ0g BUN €2 U0 paus!ignd 8oy ss900y usdo

(‘pPauoD)

L91qel

© 2025 The Author(s). Published by the Royal Society of Chemistry

772 | Environ. Sci.. Atmos., 2025, 5, 756-784


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00018a

View Article Online

Environmental Science: Atmospheres

Critical Review

(s0'0>d) uz

pue ‘pD ‘sy 103 A[reroadsa ‘seare Jururwa
-uou 03 paredwod SIOUAIPIP IULIYIUSIS
i ‘(3 3w 61°65T) uz pue ‘(;_3y
3w 60°¢€) nD ‘(;_3 Sw zeLT) PO ‘(,_3
3w T¢°2) SV JO S[A9] adeIaAR 19Uy
MOUS SINTUNWWOd SUTUTUW Jey) PUnog
S[eIaW [[& 10] MO[ o1k

(@o1) uonoa3ap Jo SWIT .me 3w 67
e (pD) wnIwpes yIm ‘Ajoandadsar
,TMV_ dw T pue me Sw /st

JO SUOIIEIIUOUO0D Uedw A6y (IN)

[oo1u pue (qd) peaT “A[panoadsal ¢, _3y
3w y'ySg pue me 3w 276971 st (uz) ourz
a[Iym h_\mx Sw z'eey pue me 3w 9'18¢
Je SMO[[0} (UIA) 9SoUBZUBIA "SUOTIE]S
oyge1} Mo[ Ul ;) W 06£T PUB SUOLIEIS
yodsuen oygen ysiy ur 3y 3w 09%¢C
YIIM “TI0S UI [BIOW AABIY PIIBIIUIIUOD
Jsowr a3 s1 (94) Uo1l JeY) punog

BIIR ) U JUSWIYDLIUD

[e3ow Aaeay pue s[oad] uonnjjod
[ennuajod Zuissasse 10J auUI[aseq e
ySI[qeIsa eyep asayL ‘A[oanoadsal

‘udd g6 pue widd ¢'gT JO SUOIIBIIUIOUOD
Ioamo[ Je Juasaid are (nD) roddoo

pue (qd) ped[ Se ons SJUSWI[d 0.1
arym ‘wdd 00¢ T saderaae (eD) wniofed
pue ‘wdd 009 €7 sode1aae (BN) WNIPos
‘wdd 00¢ 9¢ e (94) uoar pue wdd 0og
18¢ 1® (1) uoaifis Aq pamorjoj ‘wdd 00¢
78 e a3eI1aAL [RISNID 3SAY3IY AU}

sey ([v) wnurwnye ‘uor3dal e1ody 191ea1n
9Y3 Ul peoy dIWO0IV-0SIeRH JB I8} punog
UONBUIWEIUOD SIY) WOIJ SYSH YI[eay
SS9IppE 0) papaau SI Uonerpawal Juadin
*(;_8 8w 91%°907¢) U pue ‘(;_3Y

3w €90°0£) uz ‘(,_3 Sw ¢16°LS) Ad
‘(8 Sw £8¢7¢€) nD ‘(,_8 Sw ¥ L)
1D ‘(8 3w £51°8) 0D ‘(,_8 Sw $91°0)
PD :S[9A9] d[qeIoU YIM ‘sauropind
OVA/OHM Papa9oxa [10sdo) ueqin ut
SUONEBIIUIOUO0D [eIoW AABIY JBY) PUNOq
sauIapIng QHM SUIPIIXd UZ

pue nD Pm (€1°06-€1°CT) qd Pue (9¢°0

V/N

V/N

V/N

V/N

V/N (wo 0T-0) [10S d9€JINS

uonels
J1odsuen oyjen mof
pue uoness yodsuen
V/N oygen Y3y e jo [1os

V/N [tos

V/N [tos dog,

eueyn ul (1uedung)
Arunwwod Sururwa
-uou e pue (I1seAuay|)
Arunwwo) ururu y

alewe],

BIDDY ‘BalY
peoY J1Ww0Iy-0S)eRH

(eueyn ur umoy
dururwi e ‘emIer, ur
sea1e) uonoun{ oso3og
pue oqooqog ‘Uooy,y
‘woqoqeH eig ‘LeNN

6¢

S8

LE

78

€207

€207

(aq\r4

¢c0C-120CT

s3urpuy 4o

S92IN0s uﬁiOQ-EOZ

Suawaansea

uonisodap jo adA1,
JO uoseas

uoneoso]

201nos/Apnis

189X

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd 9¥:S2:2 9202/ET/2 U0 Papeo|umod "GZ0g BUN €2 U0 paus!ignd 8oy ss900y usdo

(‘pPauoD)

L91qel

Environ. Sci.. Atmos., 2025, 5, 756-784 | 773

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00018a

View Article Online

Critical Review

Environmental Science: Atmospheres

BAIE A3 UI

a1nsodxa [e3oW Wi SYSII UOIIBUTWEIU0D
jueoygTudrs 3unesrpur ‘6oz sem HA 10
YL .Tm& 3w 90°FZT padelaae (uz) ourz
pue ‘|3 Sw 0°g€ sem (IN) [1u ¢,y
3w 67°87T padelaae (UA) asoueSuBy
.wa 3w 7z 9¢ sem (nD) 1oddoo

pue ¢ 33 3w gz 'Fc payseai (qd) pes]

¢, 3 3w ¢ps, paderone (10) winrwoIyd
¢, _3 3w 0¢'9 sem (pD) wniwped
{sour[opIns 3urpasoxe ‘|3 3w yI°SLT
padelaae (Sy) o1UdSIe Jey) punog
Popaau st juswadeurll [BIUSWUOIIAUD
Juadin "A3ayes pooj pue YIeay

orqnd 03 sysur yueoyTudis asod SHVA
pue ‘saadd ‘s[erouwl £Aeay jey) punog

6T H4 pue ‘9T HY ‘¥T

HE ‘TO MH Ul T 3w g0 3urpasdxa uoar
pue {50 MH Ul ;T SW 10°0 9A0qe ped|
2T MH U1 7T 3w oS ueyd 1Yy 23eniu
2T MH Ul |_T SW 00S 1240 SAL ‘TT

MH Ul _wd §1f 00F 940qe H1ARINPU0d
‘9T HY pue ‘¢T HA ‘CT MH ‘S0 MH ‘€0
MH ‘T0 MH Ul §'9 mo[oq Hd syt OHM
Popaaoxa s1aowrered [BI9A9S Y3 PUNOA

V/N [tos

V/N V/N

VIN V/N

[tos

Ia)em pue ‘Ire ‘110§

s[om Snp
-puey pue sa[oya10g

BURYD
‘frredorunwa 1senqo

apImMuoneN

BURYD
a3e[[1A poom UBQOYOS

88

L8

98

jgq\4

€¢0C-TT0¢

£€20¢

s3urpuy 4o

$901n0s jutod-uoN SIUIWIINSBIW
JO uoseas

uonisodap jo adA1,

uoneoso]

201nos/Apnis

189X

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd 9¥:S2:2 9202/ET/2 U0 Papeo|umod "GZ0g BUN €2 U0 paus!ignd 8oy ss900y usdo

(‘pPauoD)

L91qel

© 2025 The Author(s). Published by the Royal Society of Chemistry

774 | Environ. Sci.: Atmos., 2025, 5, 756-784


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ea00018a

Open Access Article. Published on 23 June 2025. Downloaded on 2/13/2026 7:25:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Critical Review

a complex interplay of natural and anthropogenic factors that is
not always captured in single-site studies. This highlights the
necessity of integrated regional assessments.

Northern Ghana's proximity to the Sahara Desert makes it
more susceptible to Harmattan dust transport, particularly
from November to March. As these winds move southward,
their intensity diminishes, leading to lower dust accumulation
in the southern regions.>® Additionally, localized emissions
from industrial activities, especially in the south, further shape
regional dust patterns. Topographical differences also influence
deposition rates: higher elevations in the north promote dust
settling, while lower altitudes in the south facilitate greater
dispersion. Rainfall variability plays a significant role in these
differences; southern Ghana, with higher precipitation levels,
experiences more efficient airborne dust washout, whereas the
drier north undergoes longer periods of dust accumulation.?*?
Moreover, recent studies suggest intensification of dust storms
in northern Ghana, potentially linked to deforestation and land-
use changes, amplifying health risks in already vulnerable
regions. These combined factors highlight the complex inter-
action between regional, seasonal, and local influences on dust
deposition patterns. This complexity calls for a more integrated
approach to studying environmental pollution, one that
accounts for both large-scale atmospheric factors (e.g,
Harmattan winds) and localized human activities (e.g., indus-
trial emissions).

Our meta-analysis of particulate matter (PM) deposition in
Ghana reveals significant regional disparities, especially in
seasonal variations. Unlike dust deposition patterns, PM levels
were highest in the Central region, which recorded Grouped
Median Concentrations (GMCs) of 489.00 pug m™> for PM2.5,
703.50 ug m* for PM10, and 710.50 pg m > for Total Sus-
pended Particles (TSP). In contrast, the Southern and Southwest
regions had lower PM deposition, especially outside the
Harmattan period. The Southern region's GMCs for PM2.5
(89.00 ug m™*), PM10 (119.45 ug m %), and TSP (370.00 pg m~)
were notably lower than those in the northern and central
regions. Notably, PM concentrations have shown an increasing
trend since 2000, linked to urbanization, vehicular traffic, and
industrial growth, exacerbating air quality concerns.

The findings support previous individual studies, empha-
sizing the impact of local environmental conditions on PM
deposition trends. Between 1997 and 2022, PM concentrations
surged during the Harmattan season (Table 6), primarily due to
Saharan dust intrusions. Several studies'®**° reported PM
peaks frequently exceeding WHO safety limits. More recent
studies,'*' along with measurements by Bahino et al.** and
Gyasi et al.,* confirm persistently high PM levels, particularly in
Accra. These persistently high PM levels pose severe public
health challenges, including increased respiratory diseases and
economic losses due to reduced productivity.

The observed seasonal and regional PM variations can be
attributed to Saharan dust transport, influenced by Ghana's
proximity to the Sahara and prevailing northeast trade winds.
Urban contributions, such as vehicle emissions, industrial
activities, and construction, exacerbate natural dust sources.
Limited rainfall during the Harmattan season reduces airborne

© 2025 The Author(s). Published by the Royal Society of Chemistry
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particle washout. These factors, coupled with climate change-
driven dust storms, likely contribute to the currently elevated
PM levels during this period.*”****=* This convergence of natural
and anthropogenic drivers highlights cumulative exposure risks
that disproportionately affect vulnerable populations in urban
and mining areas. Given the growing concern about air pollution,
this underscores the urgent need for implementing long-term
monitoring systems to better understand the seasonal and
regional impacts of airborne pollutants on human health.

Our meta-analysis of environmental media contamination
(soil and water) across Ghana revealed distinct regional varia-
tions in heavy metal levels (Table 7). Notably, data for the
Central region were unavailable, limiting direct comparisons.
The Northern region exhibited moderate concentrations of lead
(Pb) and cadmium (Cd) in water (0.02 mg L™ ") along with nitrate
(NO; ) levels in soil (15.35 mg L™ '). In contrast, the Southern
region showed higher contamination, particularly in arsenic
(As), copper (Cu), and zinc (Zn) levels. In the Southwestern
region, manganese (Mn) concentrations were significantly
elevated (5206.42 mg kg™ '), and lead and cadmium levels in
water were also concerning (Table 2). Our analysis indicates that
contamination levels have increased in urban areas due to rapid
industrialization, underscoring the need for stricter regulation
and pollution control measures.

The results support prior studies incorporated into our meta-
analysis, which identified high levels of reactive nitrogen,
sulfur, and heavy metals in urban and peri-urban areas,
particularly in Kumasi, Accra, and the Kpone landfill site. Accra,
for example, has been reported to have concerning levels of
aluminum, silicon, and iron in soil, as documented by Edusei
et al.***” Mining hubs such as Obuasi and Kenyasi continue to
exhibit persistent arsenic and cadmium contamination, attrib-
uted to intensive mining practices. Several key factors
contribute to regional variation in contamination, including
industrial and vehicular emissions in urban areas such as Accra
and Kumasi, significantly elevating lead, arsenic, and cadmium
concentrations. Mining activities in Obuasi and Kenyasi
contribute to toxic heavy metal release into the soil and water.
Agricultural runoff in rural areas introduces reactive nitrogen
and sulfur compounds. The interplay between land use,
climatic differences, and industrial expansion has further sha-
ped regional contamination patterns. Inadequate waste
management and weak environmental regulations exacerbate
pollution, particularly in rapidly urbanizing regions. This
regional complexity underscores the importance of targeted
interventions, particularly in urban and peri-urban areas where
industrial and vehicular emissions are the most significant
contributors to contamination.

Our meta-analysis of heavy metal contamination in crops
and fish revealed substantial contamination across several food
sources. Cocoa, for example, exhibited elevated levels of copper
(48.67 mg kg™ 1), lead (70.03 mg kg '), and iron (41.60 mg kg 1),
while fish showed significant contamination with lead (5.97 mg
kg™ ') and iron (156.39 mg kg™ !). Vegetables such as lettuce and
onions displayed moderate contamination with lead (2.98 mg
kg™ " and 2.28 mg kg™ ') and cadmium (5.18 mg kg~ ' and
4.84 mg kg™ '), while maize and millet had relatively low lead
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levels (2.22 mg kg ' and 2.28 mg kg '). Additionally, Amar-
anthus spinosus and Corchorus olitorius presented potential
health risks due to elevated iron contamination (36.18 mg kg ™"
and 27.59 mg kg ). These findings are consistent with previous
studies*** and highlight the need for improved food safety
measures in Ghana to reduce risks linked to industrial, vehic-
ular, and mining pollution. The contamination of the food
chain underscores an urgent need for strengthened agricultural
monitoring and consumer safety measures.

Our meta-analysis of rainwater contamination in Ghana
examined pH levels and pollutant deposition. Sulfate emerged as
the dominant pollutant, with the highest concentrations recor-
ded in the Central region (50.30%), followed by the Southern
(36.94%) and Northern regions (12.77%). Nitrate concentrations
were highest in the Northern region (53.28%), while acidic rain
(pH < 6.5) was more prevalent in Southern and Central Ghana.
Mining hotspots such as Obuasi and Ayanfuri showed elevated
levels of lead and cadmium contamination in rainwater (Table 4).
Increasing sulfate and heavy metal deposition in rainwater could
compound soil acidification and water quality challenges,
necessitating integrated management approaches. The observed
rainwater contamination trends are primarily influenced by
industrial emissions, which contribute to sulfate pollution,
especially in urban areas. Agricultural activities lead to the
accumulation of nitrate in northern Ghana. Mining operations
release lead and cadmium into the atmosphere, resulting in
rainwater contamination. These findings support earlier research
that highlights sulfate dominance in Tamale (1997-2013) and
Ayanfuri (2014), as well as significant heavy metal contamination
in Obuasi and Ayanfuri.”*®* Mining, industrial pollution, and
agricultural runoff continue to be major contributors to rain-
water contamination across Ghana. This underscores the need
for strengthening regulations and the adoption of cleaner tech-
nologies in the mining and industrial sectors to reduce envi-
ronmental contamination in vulnerable regions.

5.1 Study limitations

Despite providing a comprehensive meta-analysis and synthesis
of environmental contamination in Ghana, this study has
several limitations. First, data availability was uneven across
regions, particularly with limited studies from the Central
region, which constrained regional comparisons. Second, the
meta-analysis relied on secondary data from heterogeneous
sources with varying methodologies, sampling periods, and
detection limits, which may introduce biases or inconsis-
tencies. Additionally, the lack of standardized reporting across
studies meant that some data especially standard errors and
detection limits were unavailable or omitted. Finally, while
efforts were made to present national-level trends, the scarcity
of stratified data from urban, peri-urban, and rural zones
limited fine-scale spatial analyses. Although temporal trends
were observed, data gaps and inconsistent methodologies
constrain definitive conclusions about long-term changes in
pollutant levels. Future research should prioritize harmonized
monitoring protocols and the collection of high-resolution, geo-
referenced data to address these gaps.
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6. Conclusion

This systematic review provides important insights into the envi-
ronmental pollution challenges confronting Ghana, highlighting
the complex dynamics of airborne dust deposition, particulate
matter, and heavy metal contamination. The observed regional
disparities in pollution levels emphasize the need for targeted, site-
specific interventions to effectively mitigate these risks. The accu-
mulation of heavy metals in agricultural systems, particularly in
crops and fish, poses a significant threat to food safety, agricultural
productivity, and, ultimately, food security in Ghana. By inte-
grating meta-analytic data from multiple environmental media,
including air, water, soil, and food sources, this study offers
a comprehensive understanding of pollutant interactions and
their impacts on ecosystems. The findings underscore the urgency
of implementing stronger environmental policies and regulations,
along with promoting sustainable practices in both urban and
rural settings. These proactive measures are essential to address
the growing environmental and public health challenges. Overall,
this review contributes to the critical discourse on atmospheric
pollution in West Africa and calls for coordinated efforts to safe-
guard human health and ecosystem integrity.

6.1 Future perspectives and broader context

Building on the findings of this study, there is a clear need to
establish long-term, regionally coordinated monitoring systems
that can systematically track pollution levels and assess their
environmental and health impacts across Ghana and the broader
West African region. Such monitoring will provide essential data
to inform timely and effective responses. Future research should
focus on evaluating the effectiveness of targeted mitigation
strategies, especially those aimed at reducing heavy metal
contamination in soil, water, and food crops, thereby ensuring
food safety and security. Moreover, the development of evidence-
based regional policies is critical. These policies should incor-
porate stringent environmental regulations and promote cleaner
industrial and mining practices. Special attention must be given
to protecting vulnerable populations, particularly those residing
in mining and urban areas, through enhanced waste manage-
ment and pollution control measures. By offering clear, data-
driven guidance, these recommendations aim to support poli-
cymakers, local communities, and industries in implementing
sustainable interventions that safeguard public health and foster
environmental resilience.
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