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ew of wet and dry deposition of
reactive nitrogen, sulfur, and heavy metals:
ecosystem contamination and food chain
disruption in Ghana

Zikrullah Safi, *a Michael Miyittah,b Benjamin Kwasi Offeic and Godwin Amenorpec

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 mg m−3), PM10 (703.5 mg m−3), and TSP (710.5

mg m−3). Heavy metal contamination in agricultural products was particularly concerning, with cocoa

showing elevated levels of copper (48.67 mg kg−1), lead (70.03 mg kg−1), and iron (41.60 mg kg−1). Fish

samples revealed high lead (5.97 mg kg−1) and iron (156.39 mg kg−1). 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

for targeted interventions, particularly in mining and urban areas. Implementing stronger pollution

control measures, enhancing monitoring systems, and developing specific strategies to mitigate risks to

public health and agriculture are critical steps toward addressing these environmental challenges.
Environmental signicance

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 ndings 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.
1. Introduction

The deposition of reactive nitrogen, sulfur, and heavy metals in
the environment, primarily from anthropogenic sources, poses
signicant risks to ecosystems and public health. This is
particularly true in developing countries such as Ghana, where
industrial processes, agricultural activities, and vehicular
s Research in the Tropics and Subtropics,

f Kassel, 37213 Witzenhausen, Germany.

sa@gmail.com; Tel: +49 151 17876819

versity of Cape Coast, University Avenue,

search Institute, Ghana Atomic Energy

756–784
emissions are major contributors. These pollutants not only
impact human health but also inuence biogeochemical cycles,
thereby affecting ecosystem health and functioning.

Aeolian dust deposition is particularly important in Gha-
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.1–3 Globally, dust deposition rates vary widely, with
values exceeding 450 g per m2 per year in some regions,
highlighting the substantial regional differences in ecosystem
impacts.1

Urban and peri-urban areas face signicant 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−1) and lead in
lettuce (up to 5.18 mg kg−1) pose substantial health risks.4–6

Long-term exposure can cause neurotoxic effects, liver and
kidney damage, and disruption of soil microbiota, ultimately
threatening agricultural productivity.7,8

Urbanization and rural-urban transformation in Ghana have
signicantly altered land use and agricultural practices.9,10

Increasing market demand has driven agricultural intensica-
tion,11,12 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 acidication,
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.13–16

Despite growing awareness of these challenges, signicant
knowledge gaps remain regarding the specic 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.17–19 Industrial activities (e.g., e-waste sites) and poor
waste management have elevated lead, copper, and other toxic
metals in soil and groundwater.20–22

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-specic studies
conducted between 1997 and 2024, we analyze dust deposition
rates, pollutant distribution patterns, and their implications for
local ecosystems. The ndings 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
(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 ndings 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) rened the search. A total of 940 articles were
initially identied. Aer removing duplicates and screening
titles, abstracts, and full texts for relevance, 68 site-specic
articles were retained. Fig. 1 presents the PRISMA ow
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.

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.
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2.4 Data analysis and reporting

The study selection process was documented using a PRISMA
ow diagram,23,24 illustrating the number of records identied,
included, and excluded during the screening process. Summary
tables were created to organize and present key ndings, 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).25 For non-normally distributed
data, non-parametric models were used to ensure accurate
analysis based on the data characteristics. Statistical signi-
cance was set up at p < 0.05.
3. Results
3.1 Chronological record of dust deposition across
geographical regions of Ghana

Our key ndings from dust deposition studies conducted
between 1993 and 2022 in Ghana show signicant 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−2 in Bawku, 16 g m−2

in Tamale, and 5 g m−2 in Sefwi Bekwai.2 Similarly, the 2002–
2006 period demonstrated a stark difference, with dust depo-
sition rates of 160 kg ha−1 in the north, gradually declining to
approximately 60 kg ha−1 in the south.3 In Kade, an average dust
deposition rate of 13.53 g m−2 was recorded over three
Harmattan seasons.25 These ndings highlight signicant
regional differences and the strong inuence 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.26 and
Adu-Gyam et al.27 reported uctuations in atmospheric aerosol
retention in Bolgatanga, with levels peaking at 64.27 mg m−2 in
2012. Additionally, Awuah et al.28 observed a monthly average of
60.2 g m−2 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 ndings from selected studies, readers
can refer to Table 5 for a comprehensive overview of dust
deposition data from 1993 to 2022. These ndings underscore
the considerable inuence 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 ndings 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−2 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 signicant 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 signicant 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 signicant gap in the literature that warrants further
investigation.
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).

Table 1 Grouped median concentrations (GMCs) of particulate matt
Harmattan and non-Harmattan periods across regions

Regions

Harmattan

PM2.5 (mg m−3) PM10 (mg m−3) TSP

Central GMC 489.00 703.50 710
Southern GMC 89.00 119.45 370
Southwest GMC 27.00 56.70 113

a Harmattan: (November to March). b Non-Harmattan: (April to October).

© 2025 The Author(s). Published by the Royal Society of Chemistry
3.2 Chronological records of particulate matter deposition
in Ghana

Particulate matter (PM) deposition in Ghana is signicantly
inuenced by local environmental conditions and seasonal
variations, particularly during the Harmattan season. Between
1997 and 2022, substantial seasonal uctuations 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.17 high-
lighted notable PM concentrations across Central Ghana, with
PM2.5, PM5, and PM10 averaging 599 mg m−3, 598 mg m−3, and
1037 mg m−3, respectively, during the Harmattan period. Total
suspended particles (TSP) averaged 1069 mg m−3. These nd-
ings align with other studies in Accra and Kumasi (e.g., Aboh &
Ofosu18,29,30), 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.31 and Alli et al.17)
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 mg m−3, with localized spikes
during periods of heavy traffic and dust storms. More recent
measurements by Bahino et al.32 and Gyasi et al.33 conrm
sustained high particulate levels during the Harmattan season,
with concentrations reaching an air quality index (AQI) of 204
mg m−3 in Cantonments, a densely populated area in Accra.
While this section highlights key ndings 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 soware.

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 mg m−3 for PM2.5, 703.50 mg
m−3 for PM10, and 710.50 mg m−3 for TSP (Table 1). In contrast,
the Southern and Southwest regions exhibited comparatively lower
er (PM2.5), (PM10), and total suspended dust particles (TSP) during

Non-Harmattana,b

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

.50

.00 22.25 72.72 75.12

.20 27.00 39.70 80.30

Environ. Sci.: Atmos., 2025, 5, 756–784 | 759
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deposition rates, particularly during the non-Harmattan periods.
The Southern region recorded GMCs of 89.00 mg m−3 (PM2.5),
119.45 mg m−3 (PM10), and 370.00 mg m−3 (TSP) during the
Harmattan season. The Southwest region demonstrated relatively
stable particulate concentrations across both seasons, with
median values of 27.00 mg m−3 for PM2.5, 56.70 mg m−3 for PM10,
and 113.20 mg m−3 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
signicant contamination of environmental media (water, soil,
Table 2 Regional distribution of heavy metal (arsenic (As), copper (Cu
contamination in the environment (soil and water) across Ghana

Region Element
N
(soil)

Soil median
(mg kg−1)

Soil SE
(mg kg−1)

N
(water)

Water me
(mg L−1)

North As NAa NA NA NA NA
Cu NA NA NA NA NA
Pb NA NA NA 1.00 0.02

Zn NA NA NA NA NA
Cd NA NA NA 1.00 0.02

Mn NA NA NA NA NA
Cr NA NA NA 2.00 15.35

Fe NA NA NA 3.00 0.99

South As 6.00 5.60 28.07 NA NA

Cu 3.00 79.9 165.10 NA NA

Pb 7.00 24.2 90.46 3.00 0.03

Zn 3.00 908.6 506.56 NA NA

Cd 1.00 6.3 NA 2.00 0.00

Mn 1.00 228.2 NA NA NA

Cr 2.00 310.6 235.18 NA NA

Fe 1.00 56 300 NA 1.00 0.30

South
west

As NA NA NA 4.00 0.01

Cu 1.00 33.39 NA NA NA
Pb 1.00 57.91 NA 3.00 0.05
Zn 1.00 70.06 NA NA NA

Cd 1.00 0.16 NA 2.00 0.00

Mn 1.00 5206.42 NA NA NA

Cr 1.00 47.34 NA NA NA
Fe NA NA NA NA NA

a Notes: NA: not available/not applicable. b Mn levels >0.1 mg L−1: May ca
d Remarks: based on exceeding critical concentration limits.

760 | Environ. Sci.: Atmos., 2025, 5, 756–784
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, oen exceeding recommended
limits. For example, in Kumasi, Kodum et al.34 reported elevated
levels of arsenic (18.6 mg kg−1), lead (571.3 mg kg−1), and zinc
(908.6 mg kg−1), while Obiri-Nyarko et al.35 found high
concentrations of lead (351.67 mg kg−1) and zinc (1875.67 mg
kg−1) at the Kpone landll site. In Accra, a 2022 study by Edusei
et al.36,37 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
), lead (Pb), zinc (Zn), cadmium (Cd), manganese (Mn), and iron (Fe))

dian Water SE
(mg L−1)

Threshold values

Remarksdmg kg−1 mg L−1

NA 5.00c 0.01 No data available
NA 100c 2.00 No data available
NA 60.0c 0.01 Higher lead contamination

observed in water
NA 200c 3.00 No data available
NA 1.00c 0.003 Cadmium concentration in

water exceeds safety limits
NA — 0.1b No data available
0.96 100c 0.05 Chromium levels in water are

signicantly high
0.48 — — Within the aesthetic threshold

limit for iron in water
NA Highest arsenic levels in soil

were observed in this region
NA Copper contamination in soil

is notably high
0.00 Elevated lead levels in both

soil and water
NA Zinc concentration in soil is

signicantly high
0.00 High cadmium concentration

detected in soil
NA Moderate levels of manganese

observed in soil
NA Chromium levels in soil are

the highest among this region
The highest crustal iron levels
were observed in soil

0.01 Arsenic concentration in
water is low

NA Copper levels in soil are low
0.02 Low lead in both soil and water

Zinc concentration in soil
is relatively low

0.00 Low levels of cadmium
detected in soil

NA Manganese concentration in
soil is the highest recorded

NA Chromium levels in soil are low
NA No data available

use bad taste and discoloration in water. c Threshold values, source.40,41

© 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


Critical Review Environmental Science: Atmospheres

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

3 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/2
5/

20
26

 6
:0

4:
57

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
contamination due to intensive mining activities, with arsenic
(7.31 mg kg−1) and cadmium (17.32 mg kg−1) found at harmful
concentrations. The deposition of reactive nitrogen and sulfur
is also signicant, with nitrogen and sulfur compounds iden-
tied 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, oen linked to agricultural runoff and industrial
emissions. A study by Bessah et al.38 identied lead contami-
nation (18.73 mg L−1) in the Pra River Basin, well above safety
thresholds. Similarly, Asamoah et al.39 observed heavy metal
contamination, including arsenic (175.14 mg kg−1) and
cadmium (6.30 mg kg−1) in Obuasi, reecting 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. Aer
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 signicant 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−1, and nitrate
(NO3) in soil had a median of 15.35 mg L−1. In the Southern
region, arsenic (As) in soil had a median of 5.60 mg kg−1, with
copper (Cu) and zinc (Zn) at 79.9 mg kg−1 and 908.6 mg kg−1,
respectively. Lead (Pb) contamination in soil was 24.2 mg kg−1,
and cadmium (Cd) was 6.3 mg kg−1. In the Southwestern region,
manganese (Mn) in soil had a median of 5206.42 mg kg−1, while
copper (Cu) has 33.39 mg kg−1. Water arsenic levels were low at
0.01 mg L−1, 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 ndings from 2005–2024 on signi-
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−1 and 27.59 mg
kg−1) exceeded safe limits. Lettuce irrigated with wastewater in
Accra contained high levels of cadmium (1.1 mg kg−1), chro-
mium (1.1 mg kg−1), and lead (10.2 mg kg−1).42 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.43,44 Fish
from Korle Lagoon and Tema Newtown markets showed unsafe
levels of zinc (12 370.88 mg kg−1), copper (773.65 mg kg−1), and
mercury (156.39 mg kg−1).45 Cocoa beans from Kukurantumi
had elevated levels of copper (48.67 mg kg−1) and cadmium
(0.203 mg kg−1), reecting environmental impacts on cultiva-
tion.46 Contamination of lettuce and spring onions near KNUST
© 2025 The Author(s). Published by the Royal Society of Chemistry
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.47,48 In the
Gulf of Guinea, silversh gills and sediments contained high
lead and cadmium.47 These ndings are summarized in Table 8
for further reference.

3.4.1 Meta-analysis of heavy metal contamination in crops
and sh. Ameta-analysis was conducted based on eight selected
studies (Table 8) that examined heavy metal contamination in
crops and sh. 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.

Specically, the meta-analysis revealed signicant contami-
nation in cocoa, with GMVs of 48.67 mg kg−1 for copper (Cu),
70.03 mg kg−1 for lead (Pb), and 41.60 mg kg−1 for iron (Fe).
Fish showed high lead (5.97 mg kg−1) and iron (156.39 mg kg−1)
contamination. Lettuce exhibited moderate contamination with
lead (2.98 mg kg−1) and cadmium (5.18 mg kg−1), while onion
showed moderate levels of lead (2.28 mg kg−1) and cadmium
(4.84 mg kg−1). Maize and millet had low lead contamination
(2.22 mg kg−1 and 2.28 mg kg−1), while groundnuts and cowpea
showed minimal arsenic contamination (0.07 mg kg−1 and
0.08 mg kg−1). Amaranthus spinosus and Corchorus olitorius
posed potential risks with high iron contamination (36.18 mg
kg−1 and 27.59 mg kg−1), respectively. Pepper showed slight
mercury contamination (0.28 mg kg−1). Rice and sorghum had
low arsenic levels, and soybean showed no signicant 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.29 reported concentrations of manganese (Mn:
2.74 ngm−3), zinc (Zn: 2.0 ngm−3), and nickel (Ni: 15 ngm−3) in
PM2.5–10 at Kwabenya, Accra, with sulfur concentrations
measured at 146.4 ng m−3. Later, Aboh et al.52 observed signif-
icantly higher values of manganese (Mn: 279 ng m−3), zinc (Zn:
59.8 ng m−3), and lead (Pb: 21.8 ng m−3), with sulfur levels
ranging from 319 to 1310 ng m−3 in PM2.5–10 during both
Harmattan and non-Harmattan periods.

Arkua et al.53 documented high levels of manganese (Mn:
30.5 ng m−3), copper (Cu: 10 ng m−3), zinc (Zn: 65.5 ng m−3),
and lead (Pb: 24.5 ng m−3) in PM10 at James Town/Usher Town
and Nima in Accra, alongside sulfur concentrations of 1412.6 ng
m−3. Zhou et al.30 reported airborne chromium (Cr: 1–2 ngm−3),
nickel (Ni: 2–4 ngm−3), copper (Cu: 2–6 ngm−3), zinc (Zn: 15–45
ng m−3), and lead (Pb: 4–31 ng m−3) in Accra locations (Asylum
Down, Nima and East Legon) from 2007 to 2008, with sulfur
concentrations between 524 and 1310 ng m−3. In 2011, Safo-
Adu et al.54 found arsenic (As: 0.059 mg m−3), chromium (Cr:
0.115 mg m−3), nickel (Ni: 0.218 mg m−3), lead (Pb: 0.011 mg
m−3), and cadmium (Cd: 0.007 mg m−3) 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.
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3.5.1 Meta-analysis of airborne heavy metal and sulfur
across Ghana. Ameta-analysis was conducted on airborne heavy
metals and sulfur data from ve 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
soware.

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 reect 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 (SO4

2−) concentrations ranged from 0.43 to 6.7 mg L−1,
exceeding nitrate (NO3

−) levels, which were consistently below
0.3 mg L−1. 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−1 and nitrate
concentrations below 6.5 mg L−1.55,56
Table 4 Chemical composition of rainwater (pH), ammonium (NH4
+), n

(Fe), and manganese (Mn) across Ghana's regions (1997–2014)a

Geography of locations pH
NH4

+

(mg L−1)
NO3

−

(mg L−1)
SO4

2−

(mg L−1

Northern region 7.18 NA 1.49 3.84
Southern region 4.68 0.08 0.27 11.10
Central region 6.62 NA 1.04 15.11

a NA: not available; data for these parameters were not reported in the re

© 2025 The Author(s). Published by the Royal Society of Chemistry
In Ayanfuri (2014), rainwater samples showed lead concen-
trations between 0.14 and 0.36 mg L−1 and cadmium between
0.30 and 0.38 mg L−1, both exceeding WHO permissible limits.
Sulfate levels ranged from 11.53 to 18.36 mg L−1, while nitrate
concentrations varied from 0.46 to 2.23 mg L−1.57 In Obuasi
(2007), recorded lead levels ranged from 0.15 to 0.19 mg L−1,
and rainwater pH levels ranged between 4.0 and 5.6, indicating
acidity.58 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 (NH4

+), nitrate
(NO3

−), sulfate (SO4
2−), and selected heavy metals such as Pb,

Zn, Cd, Fe, andMn. 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 identied 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
itrate (NO3
−), sulphate (SO4

2−), lead (Pb), zinc (Zn), cadmium (Cd), iron

)
Pb
(mg L−1)

Zn
(mg L−1)

Cd
(mg L−1)

Fe
(mg L−1)

Mn
(mg L−1)

NA NA NA NA NA
0.17 0.10 NA 0.11 NA
0.27 NA 0.12 0.51 0.28

ferenced 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

Year
Study/
source Location Type of deposition Season

1993 59 Sahelian and Gulf of
Guinea

Flux deposition June to

2001–
2002

2 Bawku, Tamale and Sefwi
Bekwai

Dust deposition Novem

2000–
2003

60 Northern and southern Dust deposition Harma

2002–
2005

61 Gulf of Guinea between
latitudes 5° and 12°N
during the winter

Flux deposition 28 Jan
28–34)
15 Jan
2005

2000–
2005

62 Northern and southern
Ghana

Dust deposition N/A

2002–
2006

3 Northern, Central, and
Southern Ghana

Dust deposition N/A

2002–
2007

63 Tamale, Kete Krachi, and
Kpong

Dust deposition N/A

2006–
2009

25 Southern Ghana (Kade) Dust deposition N/A

2001–
2013

26 Bolgatanga, Ghana Aerosol loading and
retentiona

Aeroso
retenti

2022 28 Konongo, Ghana Aerosol dust Novem

a Although Emetere et al. did not specically analyze dust deposition
inuenced by atmospheric conditions typical of this period.

764 | Environ. Sci.: Atmos., 2025, 5, 756–784
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.38,39,51 The accumulation of toxic
metals such as lead, arsenic, and cadmium disrupts soil fertility
and plant productivity. This degradation worsens food
of measurement Non-point sources Key ndings

October N/A The Sahelian zone shows
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)

ber–March Harmattan dust
events

Dust deposition ranged
from 25 g m−2 in Bawku to
16 g m−2 in Tamale and 5 g
m−2 in Sefwi Bekwai

ttan Harmattan dust
events

Average deposition per
Harmattan season was 42 g
m−2 in Bawku, 28 g m−2 in
Tamale, and 12 gm−2 in the
south

.–3 Feb. (Julian day
in 2002 and 7 Jan.–
. (Julian day 7–15) in

January to February
dust events

Deposition rates were 13 t
km−2 in 2002 and 31 t km−2

in 2005 during peak
Harmattan dust events

Harmattan dust
events

Northern Ghana (Bawku)
received more dust (37.0 g/
0.23 m2 per year) than
southern Ghana (Kpong:
14.4 g/0.23 m2 per year)

Harmattan dust
events

Deposition declined from
160 kg ha−1 in Northern
Ghana to 60 kg ha−1 in
Southern Ghana

Harmattan dust
events

Average deposition ranged
from 19.5 t km−2 in Tamale
to 10 t km−2 in Kpong
during the Harmattan
season

Harmattan dust
events

Average deposition over
three Harmattan seasons
was 13.53 g m−2

l loading and
on

Aerosol loading and
retention

Atmospheric aerosol
retention peaked at
64.27 mg m−2 in 2012

ber to December Aerosol dust Monthly average deposition
near the factory was 60.2 g
m−2

during the Harmattan season, the study examined aerosol retention

© 2025 The Author(s). Published by the Royal Society of Chemistry
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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.5,11,28,34

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.13,16,21,38,48 Sulfur and nitrogen emissions worsen environ-
mental acidication 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.19,26,29,30,32,33

Finally, bioaccumulation of heavy metals such as lead,
cadmium, and mercury in crops and sh 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.6–8,11,43,44

5. Discussion

In this discussion, we integrate the key narrative ndings 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 signicant 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 conrm signi-
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 shis underscore the need
for long-termmonitoring. A critical gap in the literature persists
due to insufficient stratied 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 ndings are consistent with previous site-specic
studies conducted between 1993 and 2022, including those by
Emetere et al.26 and Awuah et al.,28 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
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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.2,3 Additionally, localized emissions
from industrial activities, especially in the south, further shape
regional dust patterns. Topographical differences also inuence
deposition rates: higher elevations in the north promote dust
settling, while lower altitudes in the south facilitate greater
dispersion. Rainfall variability plays a signicant 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.26,28

Moreover, recent studies suggest intensication 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 inuences 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 signicant 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 mg m−3 for PM2.5,
703.50 mg m−3 for PM10, and 710.50 mg m−3 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 mg m−3), PM10 (119.45 mg m−3), and TSP (370.00 mg m−3)
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 ndings 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 studies17,18,29,30 reported PM
peaks frequently exceeding WHO safety limits. More recent
studies,19,31 along with measurements by Bahino et al.32 and
Gyasi et al.,33 conrm 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, inuenced 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
particle washout. These factors, coupled with climate change-
driven dust storms, likely contribute to the currently elevated
PM levels during this period.17–19,29–33 This convergence of natural
and anthropogenic drivers highlights cumulative exposure risks
that disproportionately affect vulnerable populations in urban
andmining 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−1) along with nitrate
(NO3

−) levels in soil (15.35 mg L−1). 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 signicantly
elevated (5206.42 mg kg−1), 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 identied high levels of reactive nitrogen,
sulfur, and heavy metals in urban and peri-urban areas,
particularly in Kumasi, Accra, and the Kpone landll site. Accra,
for example, has been reported to have concerning levels of
aluminum, silicon, and iron in soil, as documented by Edusei
et al.36,37 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, signicantly 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 signicant
contributors to contamination.

Our meta-analysis of heavy metal contamination in crops
and sh 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−1), and iron (41.60 mg kg−1),
while sh showed signicant contamination with lead (5.97 mg
kg−1) and iron (156.39 mg kg−1). Vegetables such as lettuce and
onions displayed moderate contamination with lead (2.98 mg
kg−1 and 2.28 mg kg−1) and cadmium (5.18 mg kg−1 and
4.84 mg kg−1), while maize and millet had relatively low lead
Environ. Sci.: Atmos., 2025, 5, 756–784 | 775
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levels (2.22 mg kg−1 and 2.28 mg kg−1). Additionally, Amar-
anthus spinosus and Corchorus olitorius presented potential
health risks due to elevated iron contamination (36.18 mg kg−1

and 27.59 mg kg−1). These ndings are consistent with previous
studies42–47 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 acidication and water quality challenges,
necessitating integrated management approaches. The observed
rainwater contamination trends are primarily inuenced 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 ndings support earlier research
that highlights sulfate dominance in Tamale (1997–2013) and
Ayanfuri (2014), as well as signicant heavy metal contamination
in Obuasi and Ayanfuri.55–58 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 stratied data from urban, peri-urban, and rural zones
limited ne-scale spatial analyses. Although temporal trends
were observed, data gaps and inconsistent methodologies
constrain denitive 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.
780 | Environ. Sci.: Atmos., 2025, 5, 756–784
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-
specic interventions to effectively mitigate these risks. The accu-
mulation of heavy metals in agricultural systems, particularly in
crops and sh, poses a signicant 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 ndings 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 ndings 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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