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ABSTRACT: The Global Monitoring Plan of the Stockholm
Convention on Persistent Organic Pollutants (POPs) was
established to generate long-term data necessary for evaluating
the effectiveness of regulatory measures at a global scale. After a
decade of passive air monitoring (2008−2019), MONET is the
first network to produce sufficient data for the analysis of long-
term temporal trends of POPs in the African atmosphere. This
study reports concentrations of 20 POPs (aldrin, chlordane,
chlordecone, DDT, dieldrin, endrin, endosulfan, HBCDD, HCB,
HCHs, heptachlor, hexabromobiphenyl, mirex, PBDEs, PCBs,
PCDDs, PCDFs, PeCB, PFOA, and PFOS) monitored in 9
countries (Congo, Ghana, Ethiopia, Kenya, Mali, Mauritius,
Morocco, Nigeria, and Sudan). As of January 1, 2019,
concentrations were in the following ranges (pg/m3): 0.5−37.7 (∑6PCB), 0.006−0.724 (∑17PCDD/F), 0.05−5.5 (∑9PBDE),
0.6−11.3 (BDE 209), 0.1−1.8 (∑3HBCDD), 1.8−138 (∑6DDT), 0.1−24.3 (∑3endosulfan), 0.6−14.6 (∑4HCH), 9.1−26.4
(HCB), 13.8−18.2 (PeCB). Temporal trends indicate that concentrations of many POPs (PCBs, DDT, HCHs, endosulfan) have
declined significantly over the past 10 years, though the rate was slow at some sites. Concentrations of other POPs such as
PCDD/Fs and PBDEs have not changed significantly over the past decade and are in fact increasing at some sites, attributed to the
prevalence of open burning of waste (particularly e-waste) across Africa. Modeled airflow back-trajectories suggest that the elevated
concentrations at some sites are primarily due to sustained local emissions, while the low concentrations measured at Mt. Kenya
represent the continental background level and are primarily influenced by long-range transport.

■ INTRODUCTION

Following the entry-into-force of the Stockholm Convention
(SC) in 2004 to restrict and eliminate the production of
persistent organic pollutants (POPs), a Global Monitoring Plan
(GMP) was devised to evaluate the effectiveness of regulatory
measures at regional and global scales. At the time, regions such
as North America and Western Europe already had established
air monitoring networks that had been sampling POPs in some
capacity since at least the 1990s. However, these networks were
based on active air samplers that were operating at
meteorological stations and could not be as easily deployed in
regions such as Africa, where data were sparse due to limitations
in infrastructure and funding. Furthermore, studies of POPs in
Africa had historically focused onmatrices other than air, such as
water, sediment, soil, food, livestock, and human blood and
milk.1−7 To address this gap, the European MONET passive air
monitoring network (RECETOX, Masaryk University)8 was
expanded into several countries across Africa in 2008 to generate
consistent data for the continent.9,10 In comparison to active
samplers, passive air samplers are cheap, are simple to use, and
do not require electricity, which made them ideal for capacity

building in Africa.11 Good comparability of results between
MONET passive air samplers and colocated active air samplers
has been observed in Europe,12,13 as well as recently in Africa;14

thus, passive samplers are a suitable alternative in regions where
widespread active sampling is unfeasible.
Air monitoring across Africa was initially supplemented by the

GAPS network (Environment and Climate Change Cana-
da),15−17 with passive air sampling results from MONET and
GAPS used in the SC GMP Regional Monitoring Reports for
Africa in 200918 and 2015.19 Characterization of baseline
atmospheric concentrations was made possible by these
sampling campaigns, but the lack of adequate financial resources
and infrastructure to ensure continuous long-term monitoring
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necessary for evaluation of trends was highlighted as a key
concern.19 As a result of gaps and inconsistencies in previous
monitoring activities, until now there has been a lack of sufficient
long-term data with adequate spatial coverage necessary for
evaluating the effectiveness of the SC in Africa.19,20 This is the
first study to report continuous long-term temporal trends of
atmospheric POP concentrations across Africa, as well as the
first study to report atmospheric concentrations of some “new”
SC POPs in Congo, Ghana, Ethiopia, Kenya, Mali, Mauritius,
Morocco, Nigeria, and Sudan. A back-trajectory analysis of
airflows sampled at each site was also performed to identify
possible source regions and assess the continental coverage of
the MONET network.

■ METHODS

All air sampling data reported in this study were taken from the
MONET passive monitoring network and are freely accessible
online through the Genasis Database21 hosted by RECETOX at
Masaryk University in Brno, Czech Republic. This study focused
on the seven MONET sites in Africa with long-term air
monitoring since the original sampling campaigns in 2008 and
2010. Sampling data at these sites covered a period of 6 years or
more and were used to calculate temporal trends of atmospheric
POP concentrations. Two new sites, established in Morocco
(2014) and Mali (2016), were also included to augment the
discussion of concentrations and potential sources but did not
have enough data to calculate temporal trends. The MONET
sites included in this study are given in Table 1. Inactive
MONET sites in Africa are given in Table S1.
Passive Sampling. MONET passive samplers consist of a

polyurethane foam (PUF) disk suspended between two stainless
steel bowls that protect the PUF disk from dry and wet
deposition, as well as sunlight, but still allow penetration of
ambient air. MONET passive sampler design characteristics are
given in Table S2. During the initial 2008 campaign, MONET
passive samplers were deployed for continuous 28 day intervals;
since 2010, they have been deployed for continuous 84 day
intervals. While MONET sampling in Africa has been ongoing
since 2008, some gaps in monitoring have occurred over the past
decade at some sites. The sampling regime and availability of
data for each compound group and site are depicted in Figure
S1.
Chemical Analysis. After each exposure period, PUF disks

were collected and shipped to RECETOX, where they were
analyzed in the Trace Analytical Laboratory. Across the
MONET network in Africa, 16 of the currently listed SC
POPs have been included in continuous routine monitoring
since 2008/2010: aldrin, chlordane, dichlorodiphenyltrichloro-
ethane (DDT), dieldrin, endrin, endosulfan, hexabromocyclo-
dodecane (HBCDD), hexachlorobenzene (HCB), hexachlor-

ocyclohexanes (HCHs), heptachlor, mirex, polybrominated
diphenyl ethers (PBDEs), polychlorinated biphenyls (PCBs),
polychlorinated dibenzo-p-dioxins (PCDDs), polychlorinated
dibenzofurans (PCDFs), and pentachlorobenzene (PeCB).
Four additional POPs were monitored from 2010−2012:
chlordecone, hexabromobiphenyl, perfluorooctanoic acid
(PFOA), and perfluorooctanesulfonic acid (PFOS), except at
Mt. Kenya, where PFOA and PFOS were monitored from 2010
to 2016. Refer to section 4.5 (Limited Monitoring POPs) of the
Supporting Information for atmospheric concentrations of these
four POPs across Africa, as well as a 6 year temporal trend for
PFOS at Mt. Kenya. A summary of all POPs included in this
study and the availability of MONET sampling data for each is
provided in Table S3, and an overview of standard analytical
methods is presented in Table S4. Detailed information on
MONET passive air sampling, chemical analysis, and
instrumental methods is provided in section 2 (Analytical
Methods) of the Supporting Information.

Derivation of Air Concentrations. Concentrations of
POPs in each PUF disk (pg/PUF) were converted to
concentrations in air (pg/m3) using the standard GAPS
template model for estimating effective air sampling volumes
of passive PUF samplers.22 Model input parameters specific to
MONET samplers are given in Table S2. Since there were no
consistent local meteorological measurements over the 10 year
monitoring period at most of the sites, temperature inputs were
generated from the MERRA-2 model (NASA),23 as previously
described.14,24 A more robust GAPS model for estimating
effective passive air sampling volumes has recently been
proposed;24 however, in its current state it could not be applied
to all of the POPs included in this study. A detailed investigation
of the accuracy and comparability of results between the two
GAPS models at sites in Africa has been reported by Bohlin-
Nizzetto et al.14 In general, the models predicted very similar air
concentrations;14 thus, the model selection is not expected to
significantly influence the long-term temporal trends at the sites
included in this study. For now, the original GAPS model
remains the standard global method for reporting air
concentrations from passive sampling to the SC GMP.25

Temporal Trend Analysis. Each concentration in the data
series represents one individual PUF sample, with the middle
date of each sample’s exposure period selected to represent the
point in time. Time series with less than 30% left-censored
values (concentrations below the instrumental limit of
quantification, LOQ) were further examined for temporal
trends on the basis of previously established criteria.13 Temporal
trends were determined by linear regression fits on log-
transformed concentrations using the Theil−Sen estimator,
providing rate constants (% annual change) and halving times of
the compound in air. The statistical significance of the calculated

Table 1. MONET Sampling Sites in Africa Included in This Study

site country latitude longitude elevation (m a.s.l.) type monitoring no. of samples

Abetefi Ghana 6.683 −0.750 590 rural/agricultural 2010−2018 29
Asela Ethiopia 7.950 39.117 2330 suburban 2008−2019 24
Bamako Mali 12.100 −8.033 rural/agricultural 2016−2019 10
Brazzaville Congo −4.281 15.244 300 urban 2008−2019 39
Khartoum Sudan 15.564 32.514 390 urban/industrial 2008−2014 20
Mt. Kenya Kenya −0.030 37.220 3680 remote/high altitude 2008−2018 19
Rabat Morocco 33.925 −6.758 urban 2014−2016 10
Reduit Mauritius −20.230 57.497 310 suburban 2008−2019 34
Sheda Nigeria 8.881 7.062 230 rural/agricultural 2008−2017 29
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trends was then assessed using the nonparametric Mann−
Kendall test. The strengths and limitations of these methods for
calculating temporal trends from passive air sampling data have
been described in detail by Kalina et al.13 Finally, due to the
different lengths and end dates of sampling regimes (Figure S1),
the temporal trends were used to extrapolate or interpolate an
atmospheric concentration on January 1, 2019, for all sites/
compounds for a more consistent comparison of time-
dependent data.

Back-Trajectory Analysis. To evaluate the spatial coverage
and sources of air sampled by the MONET network, three-
dimensional air mass back-trajectories were modeled at each site
for 120 h, every 3 h, for 365 days (January 1 to December 31,
2018) at an above-ground arrival height of 200 m using
HYSPLIT (v.4.2.0, NOAA).26 These model settings were
consistent with previous HYSPLIT modeling of back-
trajectories at MONET sites in Africa and ensured that the air
masses began in the mixing layer of the atmosphere.10,27 All
individual back-trajectories generated by HYSPLIT were

Figure 1. Temporal trends of atmospheric POP concentrations at MONET sites in Africa with long-term monitoring (2008−2019):∑6PCB (28, 52,
101, 138, 153, 180);∑17PCDD/F (7 PCDDs, 10 PCDFs);∑9PBDE (28, 47, 66, 85, 99, 100, 153, 154, 183; 209 excluded);∑6DDT (o,p′-DDD, o,p′-
DDE, o,p′-DDT, p,p′-DDD, p,p′-DDE, p,p′-DDT);∑3endosulfan (α, β, sulfate);∑4HCH (α, β, γ, δ). Dotted lines depict average exponential trends
(percent change per year), and shaded areas depict the 95% confidence intervals. For visual clarity individual sample concentrations are not shown.
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converted to GIS shapefiles and imported into ArcGIS (v.10.7,
Esri) for spatial analysis. To account for the speed and
atmospheric residence time of air masses, each continuous
back-trajectory line was transformed into 120 hourly points.
This transformation allowed for the subsequent application of a
kernel density tool to the combined back-trajectory air mass
points from all sampling sites in order to create a heat map of the
continental density and spatial coverage of modeled airflows
sampled by the MONET network over the course of an entire
year. Individual monthly back-trajectory maps were also
generated for each site to evaluate potential seasonal changes
in the coverage and sources of airflows. Refer to section 5 (Back-
Trajectories) of the Supporting Information.

■ RESULTS AND DISCUSSION
Temporal Trends of Atmospheric Concentrations.

Passive air monitoring of PCBs, PCDD/Fs, and OCPs (DDT,
endosulfan, HCHs, HCB, PeCB) has been ongoing since 2008
at all long-termMONET sites in Africa except for Abetefi (since
2010), and as a result the temporal trends for these compounds
ranged from 8.4 years at Abetefi (n = 29) to 11.2 years at Reduit
(n = 34). Khartoum was also included in the temporal trend
analysis, though the trends were shorter (6.4 years, n = 20), since
monitoring stopped at this site in 2014. Monitoring of PBDEs
(including BDE 209) and HBCDD began in 2010, and as a
result the temporal trends for these compounds were
approximately 2 years shorter, ranging from 4.4 years at
Khartoum (n = 14) to 9.2 years at Reduit (n = 32). Due to
poor instrumental detection of the “other” OCPs (aldrin,
chlordane, dieldrin, endrin, heptachlor, mirex) at most sites
during the initial campaigns (2008−2012), data series for these
compounds began after 2012, corresponding to changes in
instrumentation resulting in improved detection. Following
these changes, routine monitoring of dioxin-like PCBs (dl-
PCBs) also began at all sites. Refer to section 2 (Analytical
Methods) of the Supporting Information. As a result of these
analytical changes and the later start of monitoring, temporal
trends for the “other” OCPs and dl-PCBs were the shortest,
ranging from 3.0 years at Sheda (n = 13) to 6.5 years at Abetefi
(n = 20), and had a much greater degree of uncertainty.
Since multiple analytes were monitored in air for most POPs,

these compounds are presented as sums: 6 indicator PCB
congeners (∑6PCB), 12 dioxin-like PCB congeners (∑12 dl-
PCB), 7 dioxins (∑7PCDD), 10 furans (∑10PCDF), and all 17
homologues together (∑17PCDDF), 9 PBDE congeners
(∑9PBDE; excluding BDE 209), 3 HBCDD isomers
(∑3HBCDD), 6 DDT analytes (∑6DDT), 4 HCH isomers
(∑4HCH), 3 chlordane analytes (∑3chlordane), 3 endosulfan
analytes (∑3endosulfan), 3 endrin analytes (∑3endrin), and 3
heptachlor analytes (∑3heptachlor). Individual compounds
within each sum are given in Table S5. A summary of temporal
trends and atmospheric concentrations of POPs at each site is
provided in Table 2. Values from data series shorter than 5 years
are marked with the symbol § and should be interpreted with
caution.13 Trends and concentrations for individual compounds,
as well as more detailed statistical results, are provided in the
Supporting Information.
PCBs. A decreasing trend was observed in the atmospheric

∑6PCB concentrations at each site, with the steepest and most
statistically significant annual decreases at Mt. Kenya, Reduit,
and Sheda (17−21%, p < 0.01). Although ∑6PCB also
decreased at the other sites, the rates of decline were slower
and were not statistically significant (4−9%; Figure 1,∑6PCB).

Modeled January 1, 2019, concentrations ranged from 0.5 pg/
m3 at Mt. Kenya to 37.7 pg/m3 at Brazzaville. A modeled
concentration could not be predicted for Khartoum with
certainty, since monitoring at this site stopped in 2014;
however, extrapolating the temporal trend forward by 5 years
provided a value of 38.5 pg/m3, similar to that for Brazzaville.
Concentrations at the two remaining sites with insufficient data
to derive temporal trends, Bamako and Rabat, are reported as
the median of the most recent year of samples (n = 4) in Table 2
and are within the range of the other sites at 12.6 pg/m3 (2018)
and 27.3 pg/m3 (2015), respectively. There is a significant lack
of current atmospheric PCB data in Africa, with the most recent
studies still reporting concentrations from air sampling
campaigns performed approximately 10 years ago.28,29 At the
time, PCB concentrations varied widely across the continent
(∑PCB of 2−2000 pg/m3).9,28−31 Atmospheric concentrations
at MONET sites as of 2019 fall at the lower end of those in these
previous studies, consistent with the decreasing trends over the
past 10 years. However, the slow rate of decline and elevated
concentrations still observed at certain sites, particularly
Brazzaville, are indicative of continued PCB emissions.
In Africa, atmospheric PCB concentrations have been

attributed to emissions from sources similar to those in the
rest of the world, including leakage from electrical transformers
and revolatilization from landfills and other waste.1,30 However,
the prevalence of unregulated imports, crude recycling, and
open burning of waste (particularly electronic waste, e-waste)
has been identified as the major source of ongoing PCB
emissions across Africa,28−32 with PCB concentrations as high as
11000 pg/m3 measured in e-waste plumes in Agbogbloshie,
Ghana.29 PCB emission sources are generally congener-specific,
with the less chlorinated PCBs (28 and 52) being the most
volatile and therefore most associated with revolatilization from
landfills, poorly stored or disposed waste, and contaminated
soil.28,33 Conversely, emissions of the more chlorinated PCBs
have been attributed to combustion processes.33 Historical
production and use of PCBs in Africa was limited; thus,
emissions across the continent are predominantly attributed to
imported products.29−31 However, global technical PCB
formulations and their congener contents were diverse,34

making it difficult to assess emission sources on the basis of
specific congener profiles in Africa. Nevertheless, some
conclusions can still be drawn from the significant variations
observed in the congener profiles contributing to ∑6PCB
concentrations at MONET sites (Table S7A). For example,
concentrations at Mt. Kenya and Reduit consisted solely of
PCBs 28 and 52 (approximately 50% each). Since these are the
twomost remoteMONET sites in Africa, the lack of detection of
any of the more chlorinated PCBs, along with the lowest
measured concentrations of PCB 28 and 52 (0.2 pg/m3 at both
sites), suggests that the PCB concentrations measured at these
sites may be representative of the continental background and
primarily influenced by long-range transport (LRT).9,10 This is
supported by similar atmospheric PCB profiles and concen-
trations measured at a remote site off the coast of West Africa
attributed to LRT (PCBs 28 and 52 both 0.2 pg/m3 as well).35

Conversely, elevated ∑6PCB concentrations at Bamako and
Rabat had the lowest proportion of PCBs 28 and 52, and the
highest proportion of the more chlorinated congeners (PCBs
138, 153, and 180), suggesting a stronger influence of local
combustion sources as observed at other urban sites in
Africa.28,29
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PCDD/Fs. Atmospheric ∑17PCDD/F concentrations re-
mained relatively constant over the monitoring period, with
trends ranging from an annual decrease of 8% at Sheda to an
annual increase of 3% at Abetefi and Asela. The one exception
was a strong and statistically significant annual increase at Reduit
(18%, p < 0.01) corresponding to a highly elevated modeled
January 1, 2019, concentration of 724 fg/m3 (Figure 1,
∑17PCDD/F). Modeled concentrations at the remaining sites
ranged from 6 fg/m3 at Mt. Kenya to 322 fg/m3 at Brazzaville,
with the annual median at Rabat (2015) falling in this range as
well (55 fg/m3). Annual median concentrations at the remaining
two sites, Bamako (2018) and Khartoum (2014), were also
significantly elevated (345 and 555 fg/m3, respectively).
Although sum concentrations of PCDD/Fs are often reported
in units of toxicity equivalence (TEQ), they are reported here in
units of fg/m3 for consistency with the other POPs and to
facilitate source evaluation of individual homologues. Due to the
prohibitive cost of PCDD/F sample analysis, atmospheric
concentrations of PCDD/Fs in Africa have only been reported
by the large international monitoring networks after passive
sampling campaigns approximately 10 years ago. Concen-
trations from the initial MONET sampling campaign in 2008
(median ∑PCDD/F of 55 fg TEQ/m3)9 were similar to those
measured in a subsequent sampling campaign by the United
Nations Environment Program (UNEP) in Africa from 2010 to
2013 (median ∑PCDD/F of 51 fg TEQ/m3; range 18−532 fg
TEQ/m3).31 The one exception was an independent passive
sampling campaign of PCDD/Fs at primarily industrial sites in
northern Algeria during the same period (2008−2009).
Concentrations of ∑PCDD/F at these sites ranged from 210
to 780 fg TEQ/m3,36 similar to the upper range of
concentrations measured during the MONET and UNEP
campaigns at urban and industrial sites. The lack of change in
∑17PCDD/F concentrations over the past 10 years, in addition
to the significant increase at Reduit, suggests that MONET sites
are affected by ongoing emissions.
Atmospheric concentrations of PCDD/Fs in Africa have been

attributed to emissions from industry, obsolete pesticide
stockpiles, waste incineration, and open burning of e-
waste,2,3,37 as well as anthropogenic burning of biomass and
natural fires at rural and agricultural sites.27 Similar to the case
for PCBs, sources of PCDD/Fs in Africa are highly homologue
specific. Emissions from refineries and waste incineration plants
in Algeria are dominated by HpCDFs and HxCDFs
(1,2,3,4,6,7,8-HpCDF alone represents 41−61% of the
∑PCDF concentration in air at these sites),36 while
concentrations in soil at an e-waste recycling site at
Agbogbloshie in Ghana suggest that emissions from the open
burning of these materials are dominated by TCDF (26% of
∑PCDD/F) and PeCDFs.37 The average composition of
∑17PCDD/F concentrations across the MONET sites was
dominated by OCDD (20%), 2,3,7,8-TCDF (13%),
1,2,3,4,6,7,8-HpCDF (11%), 2,3,4,7,8-PeCDF (11%), and
1,2,3,7,8-PeCDF (10%). Average contributions of the remaining
PCDD/F homologues fell below 10%, with HxCDDs, PeCDDs,
and TCDD all particularly low (<2% each; Table S7B). This
profile is relatively similar to those of GAPS passive sampling
sites across Latin America (dominated by OCDD and 2,3,7,8-
TCDF), which were primarily attributed to biomass burning
(large-scale deforestation).38 However, the larger contribution
of HpCDF and PeCDF homologues at many MONET sites in
Africa suggests they are affected by waste incineration as well,
though PCDD/F emission profiles can still vary depending on

the type of waste.39 While this complexity makes it difficult to
identify specific sources when some sites in Africa are likely
influenced by several, it can provide some explanation for the
differences observed in site-specific profiles. For example,
Bamako, Khartoum, and Reduit had the highest ∑17PCDD/F
concentrations as well as the highest relative proportions of
HxCDD/Fs, indicating combustion. Conversely, concentrations
at Brazzaville were also elevated but were dominated by just
OCDD and 1,2,3,4,6,7,8-HpCDD (53% together). In fact,
Brazzaville and Abetefi were the only two sites where∑7PCDD
exceeded ∑10PCDF; at all other sites ∑10PCDF was
approximately 2−4 times higher than ∑7PCDD, suggesting
different emission sources between these two groups.
Furthermore, the ∑17PCDD/F concentration profile at Mt.
Kenya was unique, with a significantly higher proportion of
OCDF (21%) in comparison to all other sites (0−5%) but
similarly high proportions of OCDD (22%) and 1,2,3,4,6,7,8-
HpCDF (18%). These three homologues are by far the most
persistent PCDD/Fs in air,40,41 providing further evidence that
the low POP concentrations measured at Mt. Kenya represent
the continental background and are primarily influenced by
LRT.

PBDEs. Apart from a strong and significant decrease in
atmospheric ∑9PBDE concentrations at Reduit (22% annual
decrease; p < 0.01) and a moderate decrease at Mt. Kenya (7%
annual decrease), no statistically significant trend was observed
at any other site (Figure 1, ∑9PBDE). At these other sites,
∑9PBDE concentrations remained relatively constant over the
entire monitoring period, with trends ranging from a 2% annual
decrease at Asela to a 3% increase at Khartoum. Similarly, no
significant changes in PBDE concentrations were observed
between global GAPS air sampling campaigns in 2005 and
2014,42 suggesting a lack of atmospheric decline consistent with
the results of this study. Modeled January 1, 2019, ∑9PBDE
concentrations ranged from 0.05 pg/m3 at Mt. Kenya to 5.5 pg/
m3 at Brazzaville. The annual median concentration at both
Bamako (5.4 pg/m3, 2018) and Rabat (2.5 pg/m3, 2015) fell
within this range but was elevated at Khartoum (12.1 pg/m3,
2014). Atmospheric concentrations of PBDEs at MONET sites
are within the range of those measured by GAPS in 2014 at a
background site in South Africa (∑14PBDE ranging 0.1−1.1 pg/
m3) as well as globally (∑14PBDE ranging 0.1−93 pg/m3),42 at
the lower end of those measured in Uganda from 2008 to 2010
(∑9PBDE ranging 3.3−252 pg/m3),43 and much lower than
those measured at suburban sites in South Africa in 2016/2017
(∑9PBDE ranging 100−284 pg/m3).44 However, it is important
to note that the atmospheric ∑PBDE concentrations in the
studies in Uganda and South Africa included BDE 209, whereas
the MONET and GAPS sums excluded it. Moderately steep
declines were observed in the temporal trends of BDE 209 at
MONET sites in comparison to ∑9PBDE, ranging from 10 to
16% annual decreases at most sites, while Abetefi and Brazzaville
remained relatively constant (2−4% annual decreases; Figure
S2A). At all sites except Sheda, the concentration of BDE 209
alone was equivalent to or significantly greater than the sum of
all other congeners, with modeled January 1, 2019, concen-
trations ranging from 0.6 pg/m3 at Mt. Kenya to 11.3 pg/m3 at
Brazzaville. These concentrations were also within the range
reported globally for BDE 209 by GAPS in 2014 (<1−52 pg/
m3),42 at the lower end of those measured in Uganda from
2008−2010 (<1.6−168 pg/m3),43 and still lower than the
minimum concentration measured at sites in South Africa in
2016/2017 (80 pg/m3).44
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Atmospheric concentrations of PBDEs in Africa have been
primarily attributed to emissions from the dumping, recycling,
and open burning of imported waste consumer products,
particularly electronics (e-waste).5,43 Furthermore, since these
compounds were never extensively produced in Africa,44

industrial emissions are expected to be negligible. These
emission patterns are apparent from an air monitoring study
in South Africa that observed high concentrations of PBDEs
(including BDE 209) at a landfill site and moderate
concentrations at a densely populated urban site but low and
similar concentrations at both industrial and sparsely populated
suburban sites.44 Unlike the case for PCBs and PCDD/Fs, there
was little variation in the relative profiles of individual PBDE
congeners in the atmosphere, with BDE 47 and 99 dominating
the ∑9PBDE concentrations at every MONET site (average
40% and 23%, respectively; Table S7C). These two congeners
comprised the majority of the pentaBDE formulations (87−
88%)45 and now dominate atmospheric PBDE congener profiles
across Africa,43,44 as well as over continents42 and oceans46,47

globally. The global atmospheric prevalence of BDE 209 varies
depending on region and historical use of decaBDE (92−97%
BDE 209),45 with concentrations generally below detection in
Europe but still dominating PBDE profiles at some sites inNorth
America as of 2014,42 as well as in Africa.43,44 When BDE 209 is
included in the sum concentration of all PBDE congeners
(∑10PBDE), it dominates the profile at all MONET sites
(average 68%; BDE 47 and 99 fall to 14% and 7%, respectively;
Table S7D and Figure S2B). This profile is consistent with
landfilling and open burning of e-waste, as decaBDE was
predominantly used in electronics, and the primary atmospheric
sources of BDE 209 are thought to be particle-bound emissions
from landfills and combustion.48 Interestingly, BDE 28 was the
fourth or fifth most prevalent congener at all sites (either
followed or preceded by BDE 100 or 183). While BDE 100 was
the third-most prevalent congener in pentaBDE (8−13%) and
BDE 183 was the main congener in octaBDE (13−42%), BDE
28 was not a major congener in any of the commercial PBDE
formulations (≤2.5%).45 Despite this, a recent study found BDE
28 to be the most dominant congener in soils near a crude e-
waste recycling site in Agbogbloshie, Ghana (followed by BDE
209 and 47), attributed to debromination of other congeners
during open burning.49 Since BDE 28 is one of the most volatile
congeners, revolatilization from these soils is likely and provides
further evidence that the relatively constant atmospheric PBDE
concentrations across Africa over the past decade are heavily
influenced by e-waste emissions.
OCPs.Due to their widespread use in Africa for the control of

agricultural pests as well as disease vectors, organochlorine
pesticides (OCPs) are among the most environmentally
prevalent and widely studied POPs across the continent.6,7

Despite being listed in the SC, many OCPs are still applied
across Africa due to poor regulatory enforcement and pest
management practices, as well as exempted use for public health
indoor residual spraying (e.g., DDT).9,31,50 The illicit disposal,
storage, and use of obsolete stockpiles also poses a significant
challenge.6,7,50,51 Of all currently listedOCPs, DDT, endosulfan,
and HCHs had not only the highest initial atmospheric burdens
across MONET sites in Africa but also the most significant
declines over the past 10 years.
DDT is consistently detected at elevated levels in the

atmosphere across Africa,50,52,53 with maximum concentrations
in some studies ranging 1880−8000 pg/m3.9,31,54 The
atmospheric burden of DDT has been attributed not only to

its widespread use in agriculture across the continent but also to
its current exemption under the SC for the control of malaria
vectors.9,31 As a result, a shift in the most elevated
concentrations from rural to urban sites has been observed,52

likely due to its continued use for indoor residual spraying.9,50

Several countries have also reported large stockpiles in case of
future malaria outbreaks, while obsolete dumping sites have
resulted in atmospheric DDT concentrations as high as 105 pg/
m3.9,31 There is also the potential for these obsolete or public
health stockpiles to be misappropriated for illicit use in
agriculture, especially in countries where regulation is poor.54

Despite these concerns, statistically significant decreases were
observed in∑6DDT concentrations at all MONET sites except
Brazzaville and Sheda, ranging from 6 to 16% annually (p < 0.05;
Figure 1, ∑6DDT). The lack of statistical significance in the
decline at Sheda was attributed to elevated concentrations of
o,p′-DDT and p,p′-DDT in 10 samples between 2014 and 2016,
indicative of fresh DDT application. Technical DDT for-
mulations are primarily comprised of p,p′-DDT, with p,p′-DDE
being its main transformation product in the environment; thus,
the ratio of these two compounds helps differentiate between
emissions from fresh DDT application and revolatilization from
secondary sources such as agricultural soil and sprayed
buildings.9,50,52,54 Unsurprisingly, ∑6DDT concentrations at
some sites remain higher than those of any other POP, with
modeled January 1, 2019, concentrations at Asela and
Brazzaville as high as 138 and 87 pg/m3, respectively. Annual
median concentrations were similarly elevated at Bamako (72
pg/m3, 2018), Khartoum (203 pg/m3, 2014), and Rabat (72 pg/
m3, 2015). Apart from Asela, these sites are all in capital cities;
thus, elevated concentrations are likely influenced by both
historical use on surrounding agricultural land as well as modern
use for public health. Modeled concentrations at the remaining
sites ranged from 1.8 pg/m3 at Mt. Kenya to 16.7 pg/m3 at
Abetefi. At all sites except Asela, the relative proportion of p,p′-
DDE contributing to ∑6DDT now exceeds that of p,p′-DDT
(averages 41% and 27%, respectively; Table S7E), suggesting no
significant applications of fresh DDT and consistent with the
observed decreasing trends. However, Asela had the highest
relative proportion of p,p′-DDT (40%)which also exceeded that
of p,p′-DDE (29%), indicating fresh emissions and consistent
with the highest atmospheric ∑6DDT concentrations still
measured at this site. Ethiopia was previously identified as one of
the major importers of DDT precursor chemicals to the
continent and one of only two African countries where DDTwas
formulated (the other being South Africa);9 increased usage of
DDT since 2000 was also reported.31 As a result, the application,
contamination, and stockpiles of DDT in Ethiopia are all
expected to be highly elevated, but atmospheric concentrations
have still decreased significantly over the past decade.
Endosulfan is frequently detected in the atmosphere across

Africa, with maximum concentrations ranging 376−838 pg/
m3.50−52 However, all previous sampling campaigns occurred
when it was still widely in use,50−53,55 and as a result, the
concentrations in the literature do not capture the effects of its
listing in the SC in 2011. Endosulfan is therefore particularly
useful for evaluating the effectiveness of regulatory measures
across Africa, as it is the only POP that was sampled under
MONET for several years prior to its listing. As a result, the
steepest and most statistically significant temporal trends
observed in this study were for ∑3endosulfan, with annual
decreases ranging from 24 to 54% (p < 0.01) at all sites (Figure 1,
∑3endosulfan). Thus, atmospheric concentrations of
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∑3endosulfan are now one order of magnitude lower than those
during the initial MONET campaign in 2008,9 with modeled
January 1, 2019, concentrations ranging from 0.1 pg/m3 at
Sheda to 24.3 pg/m3 at Asela. Technical endosulfan is >95%
comprised of two isomers (α and β); however, the ratios vary
significantly depending on the formulation (2:1 to 7:3), β-
endosulfan may be irreversibly converted to α-endosulfan, and
both degrade to endosulfan sulfate in the environment.56 As a
result, significant variability was observed in the relative profiles
of these three analytes contributing to ∑3endosulfan concen-
trations at the MONET sites (Table S7F). The α isomer
dominated at all sites, with relative proportions of nearly 100% at
Mt. Kenya and Reduit (94−95%), similar to profiles observed at
remote sites in the Arctic.57 The α isomer is significantly more
persistent in the atmosphere and capable of LRT in comparison
to the β isomer,56 consistent with previous conclusions of the
influence of LRT on other POP concentrations at these two
sites. Conversely, the highest contributions of the β isomer were
observed at Asela, Bamako, Khartoum, and Rabat (22−31%),
suggesting that the elevated ∑3endosulfan concentrations at
these sites are the result of more recent applications. Finally, the
proportions of endosulfan sulfate were significantly higher at
Abetefi and Sheda (28−34%) in comparison to all other sites
(2−8%). These two sites had some of the highest initial
∑3endosulfan concentrations, but also the steepest annual
declines, suggesting that previous applications have since
stopped.
Previous studies across Africa have found atmospheric

concentrations of hexachlorocyclohexanes (HCHs) to be either
similar to or lower than those of DDT and endosulfan,50,52,53

though high concentrations (2720 pg/m3) indicative of
continued agricultural application have still been observed in
some countries.54 However, steep and statistically significant
decreasing trends (12−33%, p < 0.05) were also observed in
∑4HCH concentrations at almost everyMONET site (Figure 1,
∑4HCH). Modeled ∑4HCH January 1, 2019, concentrations
ranged from 0.6 pg/m3 at Sheda to 14.6 pg/m3 at Asela. Annual
median concentrations at Bamako (1.8 pg/m3, 2018) and Rabat
(20.5 pg/m3, 2015) fell within a similar range, but that at
Khartoum was elevated (54.7 pg/m3, 2014). HCH was applied
as two formulations: technical HCH was comprised of 60−70%
α-HCH (as well as β, γ, and δ) and was used until it was replaced
by the purified γ-HCH formulation (lindane).54 The γ-HCH
isomer dominated at all sites except for Mt. Kenya, consistent
with studies indicating that HCH emissions in Africa are
primarily due to lindane.50,52−54 However, significant differ-
ences were still observed in the isomer profiles among the sites,
with γ-HCH accounting for 81−88% of ∑4HCH at Abetefi,
Brazzaville, Reduit, and Sheda, suggesting the use of lindane
alone (Table S7G). At the other sites, the contributions of α-
and β-HCH were higher, suggesting revolatilization of older
technical HCH from soils in addition to more recent
applications of lindane.
Other POPs. Temporal trends and atmospheric concen-

trations of all other POPs included in this study are presented in
Table 2 and are discussed in detail in section 4 (Other POPs) of
the Supporting Information. In general, either no significant
changes were observed in the concentrations of these POPs over
the monitoring period or the data series were too short to
determine trends with any certainty. In comparison to DDT,
endosulfan, and HCHs, no statistically significant change was
observed in the concentrations of HCB or PeCB at any site
except for a 5% decrease in HCB at Asela (Figure S2C).

Conversely, due to poor detection limits in the analysis of the
“other” OCPs (aldrin, chlordane, dieldrin, endrin, heptachlor,
and mirex) during the initial MONET sampling campaigns
(2008−2012), data series for these compounds were relatively
short, leading to greater uncertainty and no statistically
significant temporal trends (Figure S2D−H). In general, trends
suggest that concentrations of most of these “other” OCPs will
decline over time or are so low that they represent a constant
background level. Temporal trends for dl-PCBs were statistically
insignificant due to the late addition of these compounds to
routineMONET analysis (since 2014 at most sites) and showed
a lack of change over time similar to that of the PCDD/Fs at
most sites (Figure S2I). Similar to the case for the PBDEs, no
statistically significant changes were observed in concentrations
of HBCDD, except at Asela andMt. Kenya, where they appear to
be decreasing, though the confidence intervals are wide (Figure
S2J). Chlordecone and hexabromobiphenyl were removed from
routine analysis since concentrations consistently fell below the
instrumental LOQ at all sites. PFOA and PFOS were also
removed from analysis, though monitoring of PFOS continued
at Mt. Kenya, where concentrations decreased 27% annually
over 6 years (Figure S2K).

Sources of Sampled Air.Most MONET sites in Africa are
in countries around the perimeter of the continent, with
samplers at all but three sites (Asela, Bamako, and Khartoum)
located less than 500 km from a coastline. Accordingly, modeled
air mass back-trajectories at these sites mostly reflected ocean air
currents, indicating that elevated concentrations observed at
sites such as Abetefi and Brazzaville are likely the result of local
emission sources rather than LRT from other countries (Figure
2 and Figure S3). These airflow patterns were highly consistent

Figure 2. Density heat map of 120-h back-trajectories for each
MONET site in Africa modeled every 3 h for 365 days (January−
December 2018) using HYSPLIT (v.4.2.0, NOAA).26 Each individual
120-h back-trajectory line was converted into 120 hourly air mass
points. The density of these points within each 100 km2 grid cell across
the continent accounts for both the total distance covered by each air
mass and its residence time within each grid cell. Density values are
semiquantitative and dependent on the rate of modeled release (3 h)
and time resolution of air mass points (hourly). As such, they should be
interpreted with caution and used solely to make visual comparisons of
the total spatial coverage of each site. This density heat map depicts the
sum of all 108 site-specific monthly back-trajectory aggregations
presented in Figure S4. The map was created in ArcGIS (v.10.7, Esri).
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with previous meteorological analyses of airflow patterns across
continental Africa.10,58 A detailed discussion of the seasonality of
sources and monthly airflow patterns modeled at each site is
provided in section 5 (Back-Trajectories) of the Supporting
Information.
Modeled January 1, 2019, atmospheric concentrations of

nearly all POPs were the highest at Brazzaville, with temporal
trends also showing minimal change over the past decade,
indicating significant ongoing emissions. This was unsurprising,
as the sampler is located in the third largest urban and industrial
center in Africa, Kinshasa-Brazzaville (adjacent capitals of
Democratic Republic of Congo and Congo, Figure S4A).
Furthermore, a MONET sampler was deployed in Kinshasa
during the initial 2008 campaign and recorded some of the
highest POP concentrations across the continent at the time.9

One of the other most notable local sources of POPs affecting
the MONET network in Africa is the e-waste recycling site in
Agbogbloshie, a suburb of Ghana’s capital Accra, located
approximately 140 km SE of the sampler in Abetefi.
Agbogbloshie is one of the largest and most polluted e-waste
sites in the world and is one of the most significant point sources
of POPs in Africa, and its effect on the surrounding environment
and human population has been the subject of intense
study.29,37,49,53,59−61 Abetefi had the second or third highest
modeled January 1, 2019, concentrations of ∑6PCB,
∑17PCDD/F, ∑9PBDE, and BDE 209. Since Abetefi is a rural
background site, the high concentrations of these urban/
industrial POPs were likely the result of emissions from
Agbogbloshie/Accra. However, nearly all modeled air masses
sampled at Abetefi arrived exclusively from the southwest year-
round over an extremely narrow geographic area; thus,
Agbogbloshie appeared to be largely avoided. The only time
when modeled air masses from Agbogbloshie appeared to reach
Abetefi was November−January (Figure S4B), which may
explain why POP concentrations at this site were lower than
those that would otherwise be expected from direct emissions at
Agbogbloshie. On the basis of the results of the back-trajectory
analysis of Abetefi, as well as at Sheda further to the east in
Nigeria (Figure S4C), atmospheric POP emissions from
Agbogbloshie are instead expected to be primarily carried
northeast across the rest of Accra year-round.
In comparison to the sites in coastal countries, themodeled air

masses sampled at Bamako and Khartoum covered the largest
geographic areas of continental Africa and are likely influenced
by multiple sources, both local and abroad. Although the data at
Bamako were insufficient to derive temporal trends, atmospheric
concentrations of many POPs at this site were elevated, similarly
to those measured at Brazzaville and Khartoum. The geographic
coverage of modeled air masses sampled at Bamako changed
drastically over the course of a year, with most airflows first
passing over adjacent countries in Western Africa, where
elevated PCB emissions have previously been observed,30 in
addition to local sources previously identified in Bamako and
elsewhere in Mali.9,10,62 However, during the Harmattan season
this region of Western Africa instead receives airflows from the
northeast, across the Sahara, that carry dust and airborne
particles (approximately December−February, Figure S4D).
This Saharan dust contains PCBs and OCPs62 and likely
influences the concentrations measured at Bamako during this
season.
Significant seasonal variations were also observed in the

direction and sources of modeled air masses sampled at
Khartoum, although some coverage of Egypt and the

Mediterranean from the north occurred year-round (Figure
S4E). Although the concentrations of nearly all POPs included
in this study were the highest at Khartoum, it is important to
reiterate that monitoring at this site ended 5 years earlier than at
the other sites. On the basis of the temporal trends,
concentrations of many POPs are expected to be lower in
2019. However, while some local sources have previously been
discussed at this site,9 the results of the back-trajectory analysis
suggest that emission sources fromEgypt, specifically Cairo, may
in fact be the primary influence on POP concentrations
measured at Khartoum. The greater Cairo area is the second
largest urban and industrial center in Africa, contains 50% of
Egypt’s industrial activity, and is surrounded by agricultural
land.9,63 A MONET sampler was deployed in Cairo during the
initial 2008 African campaign and measured most of the highest
POP concentrations across the continent at the time, with
PCDFs in particular at least 1 order of magnitude higher than
those at all other sites and a recorded maximum of
approximately 1000 fg TEQ/m3.9

Of the remaining sites, the lowest atmospheric concentrations
were observed for most POPs at Mt. Kenya and Reduit. The
sampler at Mt. Kenya is the most remote MONET site in Africa,
located on the northern face of Mount Kenya at an elevation of
3680 m. Although the capital of Nairobi is located only 140 km
SW, the site almost exclusively received airflows from either the
NE or SE along the coast of East Africa and across the Indian
Ocean year-round (Figure S4F). Thus, emission sources from
Nairobi appear to be largely avoided. As a result, modeled
January 1, 2019, concentrations of ∑6PCB, ∑17PCDD/F,
∑9PBDE, BDE 209, and ∑6DDT at Mt. Kenya were all lower
than those at every other site and likely reflect the continental
background.
While temporal trends and concentrations at Reduit were

similar to those at Mt. Kenya for most POPs, PBDEs and
PCDD/Fs were two major exceptions. In both cases,
concentrations at all other sites showed no change over the
entire monitoring period, whereas concentrations at Reduit
either significantly decreased (∑9PBDE) or increased
(∑17PCDD/F). Reduit is a particularly useful site for evaluating
the effectiveness of the Stockholm Convention, as it is the only
site unaffected by emissions from other countries, with airflows
arriving exclusively from over the Southern Ocean and no other
major land masses year-round (Figure S4G). While the
significant decrease in PBDEs therefore suggests some
regulatory measures in Mauritius have been successful, the
significant increase in PCDD/Fs demonstrates how easily local
POP emissions can go undetected and further highlights the
importance of long-term monitoring.

Implications for Future Monitoring. The significant
decline in concentrations of some legacy POPs, such as DDT,
endosulfan, and HCHs, over the past decade clearly
demonstrates that regulatory measures across Africa have been
successful in reducing the atmospheric burden of these
compounds, though illicit use and obsolete stockpiles continue
to pose a challenge. Unfortunately, concentrations of other
POPs such as PCDD/Fs and PBDEs have not changed
significantly and are in fact increasing at some sites, likely due
to the continued prevalence of open burning of waste
(particularly e-waste). These results support previous studies
indicating that primary emissions are still the dominant source of
many POPs in Africa and highlight the need for continued
monitoring. However, the sustainability of passive air monitor-
ing in Africa is uncertain. Long-term collaboration with on-site
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partners is critical for the success of monitoring networks, but
issues with funding, communication, and accessibility of sites
have all reduced the stability and activity of the MONET
network in Africa over the past 10 years. As a result, gaps now
exist in the continental coverage of long-term monitoring,
particularly in northern and southern Africa. Despite these
concerns, this study validates the monitoring concept initially
proposed by the Global Monitoring Plan: a new, continental-
scale passive sampling network was established that now yields, a
decade later, long-term trend data for a large set of POPs that can
be used for evaluating the effectiveness of the Stockholm
Convention in Africa. We therefore recommend that similar
long-term trend analyses be performed for the other UN regions
and propose the MONET network as a model for regions where
atmospheric POP data are still too limited to evaluate the
effectiveness of the Stockholm Convention.
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M.; Novaḱ, R.; Klańova,́ J. User Guide on Global Monitoring Plan Data

Warehouse for Data Providers and Users, Version 3; Masaryk University:
Brno, Czech Republic, 2015.
(26) Stein, A. F.; Draxler, R. R.; Rolph, G. D.; Stunder, B. J.; Cohen,M.
D.; Ngan, F. NOAA’s HYSPLIT Atmospheric Transport and
Dispersion Modeling System. Bull. Am. Meteorol. Soc. 2015, 96,
2059−2078.
(27) Lammel, G.; Heil, A.; Stemmler, I.; Dvorska,́ A.; Klańova,́ J. On
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