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earch and future directions under
the GAPS networks†

Tom Harner, *a Amandeep Saini, a Pourya Shahpoury, b Anita Eng, a

Jasmin K. Schuster, a Egide Kalisa ac and Jacob Mastin a

The Global Atmospheric Passive Sampling (GAPS) network and GAPS Megacities network (GAPS-MC) are

the only global-scale air monitoring programs for persistent organic pollutants (POPs), which support the

Global Monitoring Plan (GMP) of the Stockholm Convention on POPs. The GAPS data represents all five

United Nation regions and informs the spatial and temporal trends of listed POPs, their long-range

transport in air, and new priorities for POPs monitoring and research. This information contributes to the

Effectiveness Evaluation of the Stockholm Convention, which is assessed every six years. To ensure its

long-term sustainability and relevance, the GAPS network is engaging in cross-cutting studies across

fields of science and policy – leading to more holistic and integrative work on air pollution, health,

climate science, and biodiversity. Future work under GAPS will continue to advance areas of intersection

and tap-into topics and expertise in areas such as non-target analysis (chemical mixture approaches

including transformation products in air), advanced data analysis and land-use assessment methods, top-

down and inverse global modeling, global air health assessment/warning systems, and citizen science

and outreach.
Environmental signicance

Environmental Signicance Statement for “Cross-cutting Research and Future Directions under the GAPS networks” by Tom Harner, Amandeep Saini, Pourya
Shahpoury, Anita Eng, Jasmin Schuster, Egide Kalisa and Jacob Mastin. The manuscript is a review of developments and applications in research and moni-
toring under the GAPS global passive air sampling networks, which include the core GAPS network operating since 2005 at ∼60 sites, and the GAPS Megacities
network, operating since 2018 at 23 sites. The paper describes new areas of study beyond assessing persistent organic pollutants (POPs) in the global atmosphere
– now also targeting broad areas of chemical pollution, health, climate change and biodiversity loss. Future challenges and priorities are also discussed.
Introduction

The Global Atmospheric Passive Sampling (GAPS) network
(Fig. 1) was initiated in 2005 (ref. 1–3) to address domestic and
international needs for tracking persistent organic pollutants
(POPs) and chemicals of emerging interest in air. The core GAPS
network, which has been operational for almost 20 years,
includes more than 60 sites on all 7 continents and relies on
collaboration with partner institutes and researchers.4–17 The
network utilizes double-domed passive sampling shelters which
house polyurethane foam (PUF) disk substrates and in some
cases sorbent-impregnated PUF (SIP) disks.14,18 SIP disks have
a greater sorptive capacity and are used when targeting more
vironment and Climate Change, Canada.

iversity, Peterborough, Canada

tistics, Schulich School of Medicine &

tion (ESI) available. See DOI:

–807
volatile chemicals, which may approach equilibrium with the
PUF disk.18,19

The GAPS-type passive shelters allow both gas- and particle-
associated chemicals to be sampled on the PUF and SIP disk
substrates,20 with a sampling rate that is air-side controlled.21

For the given dimensions and surface area of the GAPS-type PUF
disk (Tisch Environmental, Cleaves Ohio) and SIP disk (ANECO,
Institut für Umweltschutz GmbH & Co), the sampling rate for
PUF/SIP disks is approximately 4 m3 per day. Additional details
regarding sampling characteristics are provided in the ESI (Text
S1†) and in ref. 22.

The PUF and SIP disks are sheltered in double-dome ying-
saucer-like housings (Tisch Environmental) made of stainless
steel which protect the substrates from wet deposition and high
winds but allow particles smaller than about 5 mm to inltrate
and be collected.20 The collection of particles by PUF and SIP
disks samplers makes it possible to extend the use of these
samplers to address many cross-cutting issues tied to air
particulate matter (PM). These include: (i) chemical mixtures in
air, including transformation products of POPs and priority
chemicals.23 Oxidized chemicals typically experience reduced
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Sampling sites of the GAPS and GAPS megacities networks. Site names associated with codes are listed in Tables S1 and S2.†
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volatility compared to the parent chemical and will therefore
sorb more strongly to PM so it is advantageous that both gas-
and particle-phases are captured by the samplers; (ii) studies on
trace metals in air,24,25which aremainly associated with PM; (iii)
linkages to PM-associated health effects such as oxidative
potential,26 (iv) linkages to climate impacts associated with PM
acting as a short-lived climate forcer e.g., black/brown carbon,27

and (v) biodiversity and impacts associated with bioaerosols
and the aerobiome.28 Ambient PM comprises approximately
16–25% bioaerosol by mass.29

PUF and SIP disks samplers are typically deployed under
GAPS network for periods of 2–3 months to up to one year (trace
metals).25 Concentrations in air are derived from the quantity of
chemicals accumulated in the PUF or SIP disk divided by the
effective air sample volume, which can be estimated for most
chemicals using the GAPS template.30 Despite the fact that
calculations in the GAPS template are based on numerous
calibration studies and have been veried independently by
numerous research groups, the resulting values for concentra-
tions in air should be considered semi-quantitative.31 However,
for the purposes of generating a time-weighted average value for
air, which spans a few months to a year, the passive sampling
result may be preferable and possibly more accurate (as an
average value) than averages estimated from intermittent “grab
samples” of air using pumped samplers,32 especially if the grab
samples represent only a small percentage of the averaging time
period. This is especially true for chemicals whose levels in air
may vary substantially from day to day and this variability
cannot be captured by intermittent short-term (e.g., 24 h, once
per week per month) sampling using active (pumped) air
samplers. Eng et al. (2024) provide an overview of international
studies reporting on the characterization/calibration of PUF/SIP
disk samplers.22

In addition to the GAPS core network, a new GAPSMegacities
(GAPS-MC) program was initiated in 2018 (Fig. 1), to study POPs
and emerging chemicals in highly exposed and vulnerable
© 2024 The Author(s). Published by the Royal Society of Chemistry
urban populations.14 Whereas the GAPS network focuses on
background sites and for characterizing the regional and global
transport of chemicals, GAPS-MC targets human and environ-
mental exposure and health impacts at 23 representative, major
urban sites, where most POPs and many emerging chemicals
are highly elevated in air.

This paper summarizes the transformation and continual
evolution of the GAPS network from a program supporting the
Global Monitoring Plan and Effectiveness Evaluation of the
Stockholm Convention on POPs, to an “evergreen” platform for
investigating current and future priorities and cross-cutting
science and policy priorities such as chemical pollution and
health, climate change, and biodiversity – as shown in Fig. 2.
Some future directions and intersections of work under the
GAPS networks are also discussed.
Informing domestic/international
chemicals policy – new priorities and
cross-cutting issues for air

The GAPS and GAPS-MC networks (collectively referred to as
GAPS networks) inform domestic (Canadian) and international
policy with respect to the presence and atmospheric transport
of priority chemicals. They are the only global-scale programs
reporting to the Global Monitoring Plan (GMP) of the Stock-
holm Convention on POPs. Reporting under the GMP occurs on
a 6 year cycle and the 3rd phase of reporting was completed in
2023.33

Results from the GAPS networks support the Effectiveness
Evaluation of the Stockholm Convention and inform on future
needs for research and monitoring under the GMP. Because the
GAPS program operates as a collaborative partnership that is
coordinated by a single laboratory, where all samples are
analyzed centrally, the data are internally consistent and well-
suited for spatial and temporal trends analysis. Melymuk
Environ. Sci.: Adv., 2024, 3, 798–807 | 799
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Fig. 2 Intersections of science and policy with respect to air monitoring and research under the GAPS networks.
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et al., have demonstrated the value of using a central lab in
reducing data variability and uncertainty.31 Non-analyzed
samples (raw PUF and SIP disks) and stored sample extracts
collected under the GAPS networks comprise the GAPS sample
archive (sample bank), which is maintained at at Environment
and Climate Change Canada (ECCC) facilities in Toronto. The
GAPS archive has allowed for retrospective analysis for
addressing new research priorities as discussed below.

In recent years, the GAPS networks and sample archive have
been used for investigatory work to expand the scope of the
network beyond just POPs. By doing so, the GAPS network can
address and contribute to new developments and priorities in
the eld of air monitoring and research. For instance, retro-
spective analysis of GAPS-MC samples allowed for conrmation
of the presence of numerous transformation products of
organophosphate esters (OPE) ame retardants in ambient air
of megacities, revealed through laboratory oxidation studies.34

These transformation products represent just a very small
subset of the diverse and complex chemical mixture make-up of
ambient air, which is still largely uncharacterized and
unknown.35 High resolution analysis (target and non-target)
frameworks and analysis strategies will be essential in future
studies. In addition, new approach methodologies (NAMs) for
assessing chemical mixture toxicity and effects and advanced in
silico approaches to derive chemical properties will be needed to
provide a fuller characterization of hazards and risks.36

More recently, archived extracts from the GAPS network were
screened for tire-wear derived chemicals (TDCs) and their
transformation products (e.g., 6PPD-Q), to reveal their
800 | Environ. Sci.: Adv., 2024, 3, 798–807
abundance and global distribution in ambient air.37 TDCs are
known to cause acute mortality in Coho Salmon and concerns
have been raised regarding levels in urban air and potential
health impacts, including oxidative potential.38,39 The work on
these rubber antioxidants and additives is continuing and will
provide new information related to the air fate pathways and
associated risks, including human exposure via inhalation.

The United Nations Environment Programme (UNEP) has
declared a triple environmental crisis due to the increase in
pollution (health), climate change and biodiversity loss.40 These
topics provide incentive for future research and monitoring
under the GAPS programs and for implementation of cross-
cutting approaches as described in Fig. 2. These topics and
examples are expanded upon in the following sections.
Linkages to health

Over the past decade, signicant advances have been made in
the development of NAMs, which do not require animal testing,
for assessing toxicity endpoints associated with chemical
exposure. PUF disk samplers are well suited for such studies
because they provide a time-weighted average concentration of
contaminants in air representing both gas-phase chemicals and
particle-associated chemicals/materials.

Application of NAMs to assess cumulative effects associated
with the entire mixture of chemicals in air is increasingly being
recognized as an essential area of study because targeted
instrumental analysis is only able to quantify a small percentage
of the chemicals present in air, which does not represent the
© 2024 The Author(s). Published by the Royal Society of Chemistry
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full toxicological load.35 Chemical burdens in air are dominated
by a multitude of unknown compounds, many of which are
transformation products of other known or unknown chem-
icals.34,41 As non-targeted analysis methods are being developed
to characterize and quantify these chemical mixtures, NAMs
provide an integrative approach for assessing and character-
izing risk associated with effects such as genotoxicity, endocrine
disruption, carcinogenicity, cognitive and neurological effects,
and a multitude of other toxicity indicators.42,43

One relatively new toxicity metric (NAM) for air is referred to
as oxidative potential (OP). OP is the ability of aerosol-bound
chemicals to oxidize the native antioxidant (e.g. ascorbic acid,
glutathione) and catalyze the production of reactive oxygen
species (cO2

−, H2O2, cOH) in the respiratory, cardiovascular, and
neurological systems.44–46 This process could ultimately lead to
oxidative stress in the body, and this is believed to be an
important pathway underlying the health effects of air pollu-
tion.47,48 Prominent chemicals that contribute to OP are transi-
tion metals (in particular Cu and Fe) and quinones; however,
other species such as peroxides, secondary organic matter, and
oxidation products of tire-wear chemicals, among others, could
contribute to OP.26,45,49–53 Research to this date has focused on
characterization of OP from particulate matter collected using
active sampling technique. While metals are found primarily in
particulate matter, semi-volatile organic species such as
quinones are distributed in both gas and particulate phase in
ambient air. Therefore, sampling techniques that allow
capturing both phases will have an advantage for quantifying
OP in ambient air. The PUF disk passive air sampler (PUF-PAS)
has been previously used to measure trace metals and polycyclic
aromatic compounds (PACs) from ambient air mixture.24,25,54,55

Hence, new methods are currently being developed to
measure time-integrated chemical bioaccessibility and OP
using PUF-disk samplers.50

Citizens of the world and even more vulnerable sub-
populations are exposed to chemical pollution everyday
through inhalation of ambient air (gases and particles) as well
as through indoor air and occupational exposures. PUF-PAS has
been implemented internationally to investigate chemical
pollution emitted from point sources and to distinguish/
characterize emissions from source sectors. PUF-PASs have
also been used for assessing human exposure and risk in indoor
and occupational studies. These applications of PUF-PAS
samplers are summarized in Eng et al. (2024). For indoor
studies, PUF-PAS are sometimes housed differently, in
a chamber that includes just the top dome or cover plate to
prevent the deposition of dust onto the sampler and to allow for
greater air ow across the PUF/SIP disk.56,57 Reduced or stagnant
air ow in indoor air results in lower sampling rates compared
to outdoor air, especially when the double-dome housing is
used.58

Until now, indoor/occupational sampling has not been
implemented under the GAPS network, although the new GAPS-
MC program is targeting highly exposed urban populations to
address human exposure and health concerns. The recent 3rd
Global Monitoring Report for the Stockholm Convention high-
lighted the need for more emphasis on urban and indoor
© 2024 The Author(s). Published by the Royal Society of Chemistry
exposure to POPs to better understand human exposure,
burdens of POPs in human tissues and associated health risks.33

Linkages to climate research

Black carbon (BC) is a major short-lived climate forcer (SLCF)
which contributes to global warming and human health effects
of air pollution.59–63 The contribution to global warming is
related to BC's strong ability to absorb sunlight and warm its
surroundings. This affects the patterns of clouds and precipi-
tation, melting of the ground snow and ice, and light reection
from the land and oceans, which ultimately leads to further
warming of the earth.60,64 BC's effect on human health is
through its capacity to act as carrier of toxic metals and organic
species, some of which are well known for their carcinogenicity,
oxidative potential, and respiratory cardiovascular effects.65

Current methods for measuring BC require sampling airborne
particulate matter using active sampling technique;66–69 which
can be costly and challenging to deploy at a large regional or
global scale or may be unfeasible at remote sites due to the need
for electricity and infrastructure. Hence, a new method was
developed recently to quantify BC using PUF-PAS.27 PUF-PAS
was found to be a suitable matrix for studying atmospheric
BC with low background/blank levels (<4%) and low within-
sample variability (as low as 3%). BC concentrations from
passive samples were found to be comparable with those ob-
tained from co-located active samples, and the values reected
well the nature of the sites and dominant emissions sources.
More recently, a new PAS was tested for measuring BC which
uses glass wool for capturing airborne particles.70 This new
design eliminates the need for sample processing and particle
retrieval, which is required with PUF-PAS before BC can be
quantied with a thermal-optical method.

In addition to their application for measuring SLCFs, PUF-
PAS provide an opportunity to study time-integrated trends
for chemical species that are produced due to climate-induced
processes such as wildres. These events have been occurring
more oen over the past years and emitting signicant amounts
of carbon into the atmosphere. The total wildre carbon emis-
sion in Canada in 2023 (∼290 megatons) was several folds
higher than the average value from 2003–2022 period (i.e. ∼290
vs. ∼60 megatons).71 Some of the species produced from forest
res, such as BC (as discussed above) and substituted aromatic
species,72 contribute to the absorption of sunlight and further
warming of the earth. In addition to the emissions from the
combustion of biomass, the heat generated by wildres could
result in volatilization and emission of PACs and other light-
absorbing species which were historically accumulated by the
vegetation and soil.73 This process could contribute to further
warming of the climate, but it could also contribute to the
health effects of air pollution. A recent study has reported high
levels of bioaccessible trace metals from wildre driven ash
compared to the surrounding soil.74 Similarly, Kobziar et al.
have recently shown for the rst time that large amounts of
microbial biomass is emitted from wildland res and trans-
ported long distances in air with potential health consequences
to ecosystems and humans.75
Environ. Sci.: Adv., 2024, 3, 798–807 | 801
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Linkages to biodiversity

In addition to bacteria and fungi that can be emitted to air
predominantly from soils and through wildland res, plants
and animals in the terrestrial and aquatic environment release
pieces of their DNA (e.g., dead skin cells, fecal matter) which can
be emitted as particulate matter (PM) to air. Approximately 16 to
25% of ambient PM comprises environmental DNA (eDNA)
which is accumulated in air and contributes to the aerobiome –
the collection of living and dead microscopic organisms
inhabiting the atmosphere.29,76,77 This provides an opportunity
to monitor eDNA through air sampling and by doing so track
spatial and temporal changes in biodiversity and the aero-
biome. The Kunming-Montreal Global Biodiversity Framework
was adopted at the eenth meeting of the Conference of
Parties (COP15) and sets out 4 goals and 23 targets for a world
living in harmony with nature by 2025.78 Target 7 in particular
relates to reducing risks to biodiversity associated with harm
and cumulative effects of pollution with a target date of 2030.

Consequently, there is a need for cost-effective methods for
integrating pollution and biodiversity monitoring, which can be
implemented quickly and over large spatial scales to track
changes in biodiversity. This presents an excellent opportunity
for utilizing existing PUF-PAS samples from the GAPS networks.
Kalisa et al. (2024) have recently investigated and reported on
the successful proof-of-concept for a sensitive method for
measuring bacterial and fungal bioaerosols using PUF-PAS
deployed across several sites in the oil sands region of Canada
Fig. 3 Tracking the aerobiome using PUF-PAS.76

802 | Environ. Sci.: Adv., 2024, 3, 798–807
and in Toronto (Fig. 3).76 Passive sampling is well suited
because it provides a time-integrated sample of ambient PM.
The time-integrated nature of the sample can help to dampen/
average the day-to-day dynamic variability in eDNA for a given
sampling site. Such time-weighted samples are more practical
for long-term monitoring of the aerobiome as few samples are
required. Work is continuing under the oil sands monitoring
program and GAPS network on calibration and improved
characterization of the PUF-PAS method so that results can be
interpreted quantitatively.
Research-policy gaps and future
intersections under GAPS network

As presented above, research and monitoring of POPs and
emerging chemicals under GAPS network is evolving to include
cross-cutting issues in policy and science related to pollution/
health, climate change and biodiversity loss. This increase in
scope of the GAPS network is resulting in leveraging of activi-
ties, resources (funding), and generating a greater and richer
breadth of results. This allows for a more holistic interpretation
of contaminants and their impact on human health and the
environment. This direction is consistent with calls for greater
collaboration across the science–policy interfaces.79–81 This is
being extended even further to include integration across
policy–policy interfaces (e.g. Fig. 2) and outreach to the public.82

Future activities under the GAPS network will tackle the
problem of an ever-increasing number of listed POPs and
© 2024 The Author(s). Published by the Royal Society of Chemistry
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emerging chemicals and the associated challenges for air
science, risk assessment and risk management.81,83

Signicant contributions from the unique data and samples
available from the GAPS network are envisioned in the following
areas:

(i) Top-down approaches and inverse modelling – top-down
approaches and inverse modelling, especially for the many
POPs where emissions are unknown,84 and for newly revealed
chemicals in air (e.g., transformation products) where abso-
lutely no data exists on emissions.

(ii) Chemical mixtures approach – advanced analytical
methods (non-target), in silico tools, and NAMs, can lead to
rapid and cost-efficient approaches to assess chemical mixtures
in air holistically, with increasing awareness of contributions
from known and unknown components.

(iii) Specialized data analysis methods – advanced data anal-
ysis tools like principal components analysis and GIS land-use
information)85 have been demonstrated for the GAPS network
and could be used for interpreting and linking spatial and
temporal trend information from different data sets. Herkert and
Hornbuckle at the University of Iowa have developed and made
available an on-line model for assessing PUF-PAS sampling rates
using local meteorological data for any location in the world
(https://s-iihr41.iihr.uiowa.edu/pufpas_model/).86,87

(iv) Global warning system – building internal capacity
within ECCC as well as extending partnerships to include
institutions involved in leading-edge NAMs and high-resolution
analysis for establishing links between pollution, health,
climate and biodiversity. For instance, a new project initiated in
2023 and led by Stockholm University (Airborne global early
warning system for persistent mobile organic contaminants or
ALARM) will use the existing GAPS network platforms to
investigate persistent mobile organic contaminants (PMOCs)
on a global scale.

(v) Citizen science and outreach – The role of citizen science
can be powerful in reaching vulnerable populations and outreach
with the public and institutions to better engage across the public
interface.88 Raising awareness in the public is essential for the
much-needed population-scale changes in thinking that will be
needed to address current and future challenges.
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