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PBDEs undergo rapid atmospheric
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e PeCB and BDE-209 atmospheric levels
remain stagnant or surge in specific
hotspots.
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ABSTRACT

This study presents a comprehensive 15-year (2009-2023) assessment of persistent organic pollutants (POPs) in
the Spanish atmosphere to evaluate the Stockholm Convention’s effectiveness. Polyurethane foam passive
samplers were deployed across 23 sites to monitor legacy pesticides and industrial chemicals. Results reveal a
concentration hierarchy dominated by hexachlorobenzene (HCB), which accounted for a median of 41% of the
>"POP concentrations and displayed a remote-enriched spatial pattern characteristic of global distillation. In
contrast, legacy pesticides and indicator polychlorinated biphenyls (iPCBs) were influenced by temperature-
dependent secondary volatilization from historically contaminated soils, as indicated by Clausius-Clapeyron
analyses. These compounds frequently exhibited an unexpected urban enrichment likely associated with heat
island effects, while polybrominated diphenyl ethers (PBDEs) displayed a pronounced urban gradient (a 35-fold
increase from remote baselines) driven by the late-regulated BDE-209. Long-term temporal analyses underscore a
sharp regulatory dichotomy. Early-banned compounds, such as endosulfan, HCB and dichlorodiphenyltri-
chloroethane (DDT), and lighter PBDEs, are experiencing rapid environmental depletion, with significant annual
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declines of up to —33%. Conversely, pentachlorobenzene (PeCB), iPCBs, and BDE-209 show stalled or locally
increasing trends (up to +20%), sustained by unintentional combustion, active consumer goods, and regulatory
lag times. Altitudinal profiling across Tenerife sites highlights this divergence: coastal areas reflect local sec-
ondary emissions, whereas high-altitude observations confirm the progressive clearance of the global free
troposphere. Overall, these findings provide new insights into the spatial and temporal dynamics of atmospheric
POPs, reaffirming the role of long-term monitoring in guiding international abatement strategies.

1. Introduction

Persistent Organic Pollutants (POPs) are a group of chemicals char-
acterized by their environmental persistence, ability to biomagnify in
food webs, toxicity, and capacity for long-range atmospheric transport
(LRAT). Recognizing their global threat to human health and ecosys-
tems, the Stockholm Convention (SC) was adopted in 2001 as a legally
binding treaty to eliminate or restrict the production, use, and release of
POPs worldwide [1]. Since its ratification by Spain in 2004, the country
has actively engaged in fulfilling its obligations under the Convention,
including the development and execution of a National Implementation
Plan (NIP). Given the crucial importance of long-term monitoring in
tracking POPs, the Plan identified air monitoring as a priority, in line
with the scientific requirements set out in Article 16 of the Convention.
To address this issue, Spain established the Spanish Monitoring Pro-
gramme on POPs (SMP-POPs in 2008 [2-5]. This network, developed
through collaborative efforts between the Centre for Energy, Environ-
mental and Technological Research (CIEMAT) and the Spanish National
Research Council (CSIC), employs passive air samplers equipped with
polyurethane foam (PUF-PAS) disks to monitor POP concentrations in
diverse geographic locations across the country. The SMP-POPs adheres
to the Global Monitoring Plan (GMP) guidelines of the SC and has
proven effective in supporting large-scale assessments of POP transport,
sources, and temporal trends. Previous studies based on early SMP-POPs
data explored the initial variability of some POPs [2,4,5]. However,
continuous long-term datasets are essential to robustly evaluate regu-
latory effectiveness, identify ongoing secondary sources, and understand
the atmospheric behavior of these compounds.

To address these gaps, the present study provides a comprehensive
15-year assessment (2009-2023) of intentionally produced POPs across
the SMP-POPs. Based on 59 sampling campaigns and a robust dataset of
1197 samples, target analytes encompass indicator polychlorinated bi-
phenyls (iPCBs), polybrominated diphenyl ethers (PBDEs), hexa-
chlorocyclohexanes (HCHs), hexachlorobenzene (HCB),
pentachlorobenzene (PeCB), endosulfan, and dichlorodiphenyltri-
chloroethane (DDT) along with its metabolites, dichlorodiphenyldi-
chloroethylene (DDE) and dichlorodiphenyldichloroethane (DDD). The
overarching objective of this work is to improve the scientific under-
standing of the physico-chemical processes governing regional air
pollution through an extended time series. Specifically, the study aims
to: (i) characterize pollutant profiles and spatial variability to differen-
tiate between contemporary emissions and legacy reservoirs; (ii) eluci-
date the thermodynamic drivers governing their atmospheric behavior,
such as global distillation and temperature-dependent secondary vola-
tilization from soils and urban areas; and (iii) evaluate long-term tem-
poral trends to critically assess the environmental atmospheric removal
of legacy POPs versus the stagnation and localized surges of modern
tracers. By providing critical insights into the current status and dy-
namics of intentionally produced POPs in ambient air, this research
aligns with the long-term goals of the European Monitoring and Evalu-
ation Programme (EMEP) and aids in the implementation of key Euro-
pean Union directives, including the Ambient Air Quality Directive
(2008/50/EC) and the National Emission Ceilings Directive (2016/
2284/EU). Furthermore, the in-depth analysis of this comprehensive 15-
year dataset strengthens large-scale assessments, reinforcing the indis-
pensable role of national networks in supporting coordinated regional
and international environmental policy, decision-making, and the

ongoing evaluation of the Stockholm Convention.
2. Materials and Methods
2.1. Sample collection

Samples were collected from 23 locations across mainland Spain and
its archipelagos (the Balearic and Canary Islands) (Table S1 and Fig. S1).
Sites were classified by population density according to [6] guidelines,
resulting in four remote (<2000 inhabitants within a 10 km radius), ten
rural (2000 — 20,000), four suburban (20,000 — 200,000), and five urban
(>200,000) stations. With a total land area of 500,000 km?, the network
maintains a spatial resolution of approximately 20,000 km? per site. This
density significantly exceeds the recommended threshold for Level 2
sites (50,000 km? per site) established in the EMEP monitoring strategy
for 2020-2029. Consequently, the SMP-POPs is a robust program
capable of accurately reflecting POPs atmospheric residence times and
effectively capturing spatial gradients, deposition, and volatilization
phenomena. Notably, our network includes two distinct monitoring
stations on Tenerife Island representing an altitudinal gradient: the
high-altitude remote background station of Izana (2390 m a.s.l.) and the
urban coastal station of Santa Cruz de Tenerife (28 m a.s.l.).

Passive air samplers utilizing PUF disks (14 cm diameter; 1.2 cm
thickness, and 0.03 g/ cm® density; TechnoSpec, Spain) were employed.
The principles of this methodology are thoroughly documented [7,8].
Prior to deployment, PUFs were conditioned via two-stage Soxhlet
extraction with acetone followed by the specific solvent used for target
analyte extraction. Clean PUFs were wrapped in aluminum foil and
stored at —20 °C in polyethylene bags. At each site, four PUF-PAS were
deployed for three-month periods to ensure seasonal coverage. This set
was fractionated to cover the concurrent analysis of iPCBs (PCB—28,
—52, —101, —138, —153 and —180; Table S2), PBDEs (BDE—17, —28,
—47, —66, —77, —85, —99, —100, —119, —138, —153, —154, —156,
—183, —184, —191, —196, —197, —206, —207, and —209), and organ-
ochlorine pesticides, including DDTs (p,p’- and o,p'-DDT), DDEs (p,p- and
0,p’-DDE), DDD (p,p’-DDD and o,p’-DDD), HCB, HCHs (a-, B- and y-HCH),
PeCB, and endosulfan (a- and f-endosulfan). Additionally, field blanks
were handled and analyzed identically to the samples at each site and
field campaign, placing them in the passive sampler housing for
approximately 1 min during deployment and retrieval to account for
artifact contamination during handling and transport.

2.2. Chemical analysis

Since the inception of the SMP-POPs, sample analysis has been
shared equally between CIEMAT and CSIC. Procedures, instrumenta-
tion, and QA/QC measures were previously validated [2,3,5] and are
provided in Text S1 (Supplementary Material). Briefly, samples were
spiked with 13C-labeled surrogate standards prior to Soxhlet extraction
(Table S3). The resulting extracts were purified and fractionated using
solid-liquid adsorption chromatography via manual glass columns or
automated systems (Power PrepTM, FMS, Inc., USA; or DEXTech+,
LCTech GmbH, Germany). Analysis was performed by gas chromatog-
raphy coupled to either low-resolution tandem mass spectrometry
(GC-MS/MS) or high-resolution mass spectrometry (GC-HRMS), with
quantification based primarily on the isotopic dilution method.



A. de la Torre et al.
2.3. Data analysis

POP air concentrations were calculated by dividing the total analyte
mass by the number of PUFs, sampling duration, and the effective
sampling rate (m®/day). A constant sampling rate of 4 m*® /day was
applied for iPCBs, PBDEs, HCHs, DDTs, DDEs, DDDs, and endosulfan,
while site- and season-specific air volumes for PeCB and HCB were
estimated using the Harner’s Template [9,10]. Limits of quantification
(LOQs) were defined at a signal to noise ratio (S/N) of 10:1 (Table S3).
To account for the non-normal distribution of environmental data,
values below the LOQ were substituted by LOQ/ \/ 2, an approach that
minimizes bias in statistical estimates. Extreme outliers, defined as
values exceeding 3 x the interquartile range, were identified and
excluded independently for each analyte and sampling site.

Statistical analyses were conducted using R software (v 4.5.2). The
specific R packages used, along with a comprehensive description of the
outlier detection protocol and the stepwise temporal trend workflow,
are detailed in Text S2. Given the characteristic heteroscedasticity and
non-normal distribution of atmospheric POP concentrations (confirmed
via Kolmogorov-Smirnov tests, p < 0.05), non-parametric methods were
prioritized. Spatial variability across locations and urbanization cate-
gories (Remote, Rural, Suburban, and Urban) was evaluated using
Kruskal-Wallis H tests followed by Dunn-Bonferroni post-hoc compari-
sons, while Spearman’s rank correlation (rs) was used to explore inter-
compound associations. Processes governing atmospheric levels were
investigated via a dual approach. First, atmospheric partial pressures
were derived from the measured air concentrations utilizing the ideal
gas law (Eq. S1). These values then served as the input for the Clausius-
Clapeyron (CC) equation (Eq. S2) to differentiate between local sec-
ondary sources and LRAT or deposition-dominated regimes. All
temperature-dependent thermodynamic calculations were performed
using site-specific temperature records corresponding to each individual
sampling campaign to ensure the inclusion of local microclimatic con-
ditions, such as urban heat island effects, at each monitoring station.
Second, temporal trends were identified using annual median log10-
transformed concentrations following GMP protocols [6]. The
normality of these distributions was first assessed via the Shapiro-Wilk
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test to determine the appropriate statistical approach. When data met
normality criteria, trend significance (p < 0.05) was assessed using
Pearson correlation, with the magnitude of change (Annual Percentage
Change (APC, %) and environmental half-lives (t1/2)) quantified via
Linear Regression. For datasets failing the normality test,
non-parametric Mann-Kendall tests and Theil-Sen estimators were
alternatively employed. To ensure robustness, a power analysis was
performed following the Arctic Monitoring and Assessment Programme
(AMAP) and the OSPAR Commission (OSPAR) guidelines [11,12]. While
a target power of 0.80 was prioritized, trends with a power between 0.50
and 0.80 were also considered informative and are explicitly discussed
in the results.

3. Results and Discussion

Descriptive statistics for the sum of indicator PCBs (}_iPCBs), PBDEs
(>_PBDEs), HCHs (> HCHs), HCB, DDTs and their metabolites
(>_DDXs), and endosulfan isomers (3 _endosulfan), as well as individual
HCB and PeCB, are summarized in Table S4. As illustrated in Fig. 1, a
consistent hierarchy of median concentrations was observed across the
dataset: HCB (41.8 pg/m®) > > iPCBs (13.8 pg/m®) ~ > DDXs (11.9 pg/
m®). These three families were followed by the next homogeneous sta-
tistical tier with lower, yet comparable levels: PeCB (12.8 pg/m?)
~ Y HCHs (12.1 pg/m?®). Finally, the lowest concentrations were
recorded for >"PBDEs (2.3 pg/m?®) and > endosulfan (1.6 pg/m?). This
pattern indicates that POP contamination in Spain is dominated by
legacy organochlorine compounds with high environmental persistence,
particularly HCB, iPCBs and DDXs. Beyond central tendencies, the
morphology of the raincloud plots provides further insight into atmo-
spheric behavior. Compounds like HCB or PeCB exhibit compact,
unimodal distributions. In contrast, > iPCBs,  PBDEs, and > DDXs
display broader dispersion and multi-modal profiles. This high internal
variability suggests that their concentrations are not governed by a
uniform background level, but are heavily influenced by site-specific
characteristics and distinct emission sources. Consequently, this con-
centration profile defines the overall atmospheric footprint across the
network (Fig. 2), where HCB overwhelmingly dominates the relative

Atmospheric Concentrations by POP family (2009-2023)
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Fig. 1. Atmospheric concentrations (pg/m?) of POP families (2009-2023). Raincloud plots display individual observations (left jittered points), boxplots (median
and interquartile range), and kernel density distributions (right). Different letters above the plots indicate statistically significant differences between groups

(p < 0.05). The y-axis is shown on log; scale.
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Relative Contribution of POP Families to Total Atmospheric Burden
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Fig. 2. Relative contribution (%) of POP families to the total atmospheric burden across 23 monitoring sites. Stacked bar chart represents the median relative
contribution of each family at location. Sites are categorized by urbanization level (Remote, Rural, Suburban, and Urban) and sorted alphabetically within each

group. POP families are ordered according to their global median contribution.

POP inventory at remote and rural sites, whereas profiles become
notably more diverse in suburban and urban environments due to the
increasing contribution of other chemical families, justifying a more
detailed analysis based on site classification.

The chemical pattern of POPs varied significantly according to site
classification (Fig. S2; Table S5 and S6). Although urban areas consis-
tently acted as primary emission hotspots, the spatial gradients pre-
sented family-specific nuances. While median concentrations of
>"PBDEs exhibited a strict stepwise increase across all urbanization
levels (Remote: 0.4 < Rural: 1.0 < Suburban: 4.1 < Urban: 12.9 pg/m3),
>"iPCBs and ) HCHs showed comparable intermediate levels between
the rural and suburban categories (ranging from 10.8 to 12.7 pg/m°).
Similarly, > DDXs displayed a clear spatial dichotomy, with signifi-
cantly higher concentrations in suburban and urban areas (20.0 and
21.0 pg/m?>, respectively) compared to remote and rural sites (8.4 and
8.7 pg/m®). Conversely, HCB, PeCB, and > endosulfan exhibited no
pronounced urban-remote gradients, indicating a well-mixed atmo-
spheric distribution across the network. Their median concentrations
ranged from 36.6 to 53.1 pg/m°> for HCB, 12.3-14.1 pg/m® for PeCB,
and 1.3-2.0 pg/m® for Sendosulfan. While this urbanization-based
classification provides a valuable framework, the high internal vari-
ability observed within sampling sites (Table S7) indicates that certain
dynamics transcend broad geographical labels. A compelling example
emerges when comparing the two most densely populated urban cen-
ters: Barcelona and Madrid. Five of the seven highest median concen-
trations in the entire network were recorded in Barcelona, including
STiPCBs (90.6 pg/m?), Y.PBDEs (68.5 pg/m?), >.DDXs (59.4 pg/m?),
S"HCHs (37.0 pg/m®), and PeCB (18.3 pg/m?®). Notably, for PBDEs,
concentrations in Barcelona are 3.5 times higher than those in Madrid
(19.6 pg/m®). These discrepancies can be attributed to Barcelona’s
coastal location, favoring soil volatilization through higher humidity
and temperature, and its intense port and industrial activities. Further-
more, the microenvironments differ significantly: the Madrid station

represents an urban background (consistent with Directive (EU) 2024/
2881), whereas the Barcelona sampler is positioned in a high-traffic
zone acting as a pollution hotspot. This dense urban environment acts
as a continuous primary source, as combustion from both on-road
vehicular traffic and off-road machinery has been identified as a
massive unintentional emitter of PCBs and highly brominated PBDEs
like BDE—209 [13,14]. Therefore, a granular approach is necessary to
account for unique local characteristics.

3.1. PeCB and HCB

HCB and PeCB exhibited generally uniform atmospheric distribution
across the 23 monitoring sites (Fig. S3 and S4). This behavior is
consistent with their high volatility (vapor pressures of 0.015 and
0.065 Pa, respectively; Table S2), which favors their persistence in the
gas phase and minimizes local deposition. However, a closer examina-
tion of the site categorization reveals a clear-cut divergence between the
two. While PeCB showed no discernible urban-remote gradient, HCB
displayed a statistically reverse spatial trend (Remote: 53.1 > Urban:
42.5 ~ Rural: 39.9 ~ Suburban: 36.6 pg/m? Table S6). This remote
enrichment provides strong empirical evidence of the global distillation
effect (or cold condensation). Driven by its environmental persistence
and large-scale background reservoir, HCB can undergo LRAT and
preferentially condenses in colder, high-altitude or remote environ-
ments. As shown in Fig. 3, this spatial dynamic is consistent with CC
relationships, where significant positive slopes (indicating higher partial
pressures at lower temperatures) were systematically identified. For
HCB, this temperature dependence was significant at 9 of the 23 stations
(e.g., p < 0.001 at Campisabalos, Niembro, and O Savinao), while PeCB
exhibited positive CC relationships at 10 locations (e.g., p < 0.001 at
Cap de Creus, Donana, Badajoz, and Mahon; Table S8 and Fig. S5).
Positive CC slopes can arise from both the regional advection of cold,
contaminated air masses (LRAT) and enhanced primary emissions from
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Atmospheric Dynamics: Clausius-Clapeyron and Temporal Trends
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Fig. 3. Coupled atmospheric dynamics and temporal trends for POP families. Marker shapes represent temperature dependence (Clausius-Clapeyron) based on
median congener AH values: upward triangles for volatilization (AH > 0, p < 0.05), downward triangles for deposition/LRAT (AH < 0, p < 0.05), and circles for
non-significant relationships (p > 0.05). Marker fill colors represents the Annual Percentage Change (APC, % yr™) calculated from total family concentration. Only
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significant trends or insufficient statistical power. Median values for families were derived from: o,p’- and p,p’-DDE (3 _DDEs); o,p’- and p,p’-DDD (3 _DDDs); o,p’-
and p,p’-DDT (3_DDTs); PCB—28, —52, and —101 (3 _L-PCBs); PCB—138, —153, and —180 (3_H-PCBs); BDE—47, —99, and —100 (3> _PBDEw0209); and BDE—47,

~99, —100, and —209 (>PBDEs).

domestic heating during winter [15-18]. However, for HCB, the afore-
mentioned reverse spatial trend (enrichment at remote sites rather than
urban centers) effectively rules out localized urban winter combustion
as the driving force. Instead, its positive CC slopes are fundamentally
governed by regional-scale LRAT and global distillation dynamics,
which overwhelm local soil-air exchange signals.

Despite sharing these thermodynamic signatures, their long-term
temporal trends diverge sharply. HCB showed a consistent decline
across the network, with 13 locations exhibiting APCs ranging from
—6% to —9% (Fig. 3, S6 and Table S9). In contrast, PeCB concentrations
remained much more stable, with only Niembro (APC —6%) and Val-
ladolid (APC —5%) registering significant downward trends. This
divergence, characterized by distinct temporal trajectories despite

highly synchronized spatial and thermodynamic behaviors, can be
explained by their inter-compound correlations. HCB and PeCB exhibi-
ted significant positive correlations across all 23 monitoring stations (rg
ranging from 0.51 to 0.91, p < 0.01; Fig. S17), completely independent
of the site classification. This ubiquitous covariance indicates that both
compounds are co-transported within the same background air masses
and governed by identical meteorological factors. Therefore, their
temporal divergence highlights the fundamental nature of their global
inventories: while they travel together in the regional atmosphere, the
global pool of HCB is slowly depleting due to strict long-term bans.
Conversely, the baseline levels of PeCB are continuously maintained by
contemporary active sources that counterbalance its atmospheric
removal.
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This reliance on large-scale background dynamics is best exemplified
by the vertical distribution on Tenerife Island, which reveals a complex
dissociation from local processes. The lack of significant CC relation-
ships at both Santa Cruz de Tenerife (urban: 28 m a.s.l.) and Izana
(remote: 2390 m a.s.l.) may reflect that their presence is primarily
driven by LRAT. Nevertheless, a compelling finding arises from the
altitudinal gradient: while PeCB levels remained uniform across both
elevations (9 pg/m>; median), HCB concentrations were significantly
higher at the high-altitude site of Izana (47.8 pg/m?®) than in coastal
Santa Cruz (27.8 pg/m?; Fig S3, Table S4). This enrichment suggests that
Izana effectively captures the HCB burden of the free troposphere,
consistent with recent global observations showing that HCB tends to
exhibit higher, more stable concentrations at elevated altitudes due to its
persistence and stronger coupling to the free-tropospheric background
[19,20]. Furthermore, despite a synchronized annual decline of HCB at
both sites (—6%), PeCB levels remained stable. This local altitudinal
divergence mirrors the network-wide observations, which may be
indicative that while HCB is successfully being gradually scrubbed from
the global atmosphere, PeCB remains a continuously replenished back-
ground pollutant.

Interestingly, our observation of steady PeCB levels contrasts with
recent continent-wide evaluations across Europe. [21] reported a
widespread decline in atmospheric PeCB (median annual change of
—9%) across the MONET network between 2003 and 2019. The
decoupling observed in the SMP-POPs could be attributed to specific
regional and temporal factors. First, although the overall study spans
from 2009 to 2023, PeCB was incorporated into the network later, in
2016. This recent temporal window (2016-2023) suggests that PeCB
had already reached a steady-state baseline in southwestern Europe
following the initial regulatory drops that occurred shortly after its in-
clusion in the SC in 2009. Remarkably, this temporal plateau has been
recently mirrored in decadal observations from East Asia [22,23], con-
firming a global phenomenon where historical HCB is successfully
declining while PeCB reaches a steady state. The primary sources of
PeCB have shifted towards thermal processes, including solid waste
incineration, coal and biomass combustion, coking processes, and
non-ferrous industrial processes [23-26]. Furthermore, it is still released
as a chemical impurity in currently or formerly applied agricultural
pesticides, such as pentachloronitrobenzene, endosulfan,
chlorpyrifos-methyl, atrazine, and clopyralid [17,27]. In Spain, these
baseline levels are likely further sustained by the higher frequency of
severe forest fires and biomass combustion, both from winter domestic
heating (supported by CC observations) and agricultural residue
burning, which act as continuous secondary sources [28]. Finally, the
higher solar radiation in Spain could favor the photochemical degra-
dation of the abundant HCB, a process that may yield PeCB as a primary
byproduct via reductive dechlorination, thereby providing a potential
supplementary secondary source that effectively sustains its atmo-
spheric baseline.

3.2. Endosulfan

Endosulfan exhibits a partitioned environmental behavior governed
by marked physico-chemical differences between its isomers. a-endo-
sulfan is volatile (vapor pressure (P) of 0.0012 Pa; log Kop = 7.94;
Table S2), partitioning primarily into the gas phase, and dominates the
atmospheric load with a well-mixed spatial distribution (Fig. S7).
Conversely, the less volatile f-isomer (P,=0.00011 Pa; log Kos = 9.12)
presents a higher affinity for atmospheric particles and remains closer to
historical application areas. This mobility constraint is perfectly illus-
trated in Tenerife (Fig. S8): a-endosulfan levels were identical at the
high-altitude Izana observatory and coastal Santa Cruz (both showing a
median of 2.4 pg/m? Table S4), confirming homogeneous free tropo-
sphere transport via LRAT. However, f-endosulfan was significantly
depleted at Izana (0.1 pg/m®) compared to Santa Cruz (0.8 pg/m®),
confirming a strictly local terrestrial origin.
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The origin and age of these atmospheric residues can be further
elucidated through their isomeric profile. The commercial technical
mixture contained an o/f ratio of 2.0-2.3 [10,29]. However, observed
atmospheric o/p ratios across the SMP-POPs were overwhelmingly
> 3.0 (medians of 4.8, 4.8, 4.5 and 3.6 for Remote, Rural, Suburban and
Urban, respectively; Table S5). Beyond differential volatility, this o
enrichment is accentuated by the irreversible environmental isomeri-
zation of the p-isomer into a-endosulfan, coupled with its higher water
solubility, which increases its susceptibility to wet deposition scav-
enging [30-33]. Consequently, this isomeric profile serves as a diag-
nostic tracer of weathered emissions, indicating that the baseline is
sustained by secondary re-volatilization from agricultural soils. CC
analysis supports this result: individual isomers exhibited significant
negative slopes (indicating higher atmospheric concentrations at higher
ambient temperatures) at 8 (a-endosulfan) and 12 (p-endosulfan) loca-
tions (Fig. 3). This thermodynamic behavior contrasts with HCB and
PeCB, indicating endosulfan is likely sustained by summer volatilization
from historically contaminated soils.

Nevertheless, while > endosulfan exhibited a generalized temporal
decline (Fig. S8), a closer examination reveals distinct trajectories.
Historically applied extensively in southern Spain and the Mediterra-
nean coast, endosulfan's current atmospheric presence relies heavily on
local soil-air exchange from finite legacy reservoirs rather than contin-
uous global emissions. Following its market withdrawal (2006-2007)
and global ban (2011; SC), the 15-year SMP-POPs dataset captures the
immediate environmental depletion phase of these anthropized soils.
a-endosulfan showed a steep decline at 22 of the 23 network stations
(APCs: —13% to —33%; Figs. 3 and S8). The p-isomer also declined
significantly at 16 locations (APCs: —12% to —31%). These pronounced
decreases are consistent with the rapid global atmospheric decline of
endosulfan, which responds much faster to international regulations
than older legacy POPs and exhibits some of the steepest annual declines
worldwide [21,34-37]. Interestingly, p-endosulfan depletion rates
exhibit a clear latitudinal gradient across SMP-POPs. The most signifi-
cant and steepest declines occur in lower latitudes, encompassing his-
torical southern and Mediterranean hotspots. In contrast, f-levels have
already stalled at northern sites and Mahon. Owing to lower historical
usage and cooler baseline temperatures that limit secondary volatiliza-
tion, these smaller soil reservoirs have likely reached a steady-state
equilibrium. This temporal disparity is exemplified by the Tenerife
sites: a-endosulfan declined identically at Izana (—33%) and Santa Cruz
(—32%), reflecting global tropospheric depletion, while the p-isomer
dropped half as much at the remote Izana site (—17%) compared to the
coastal source (—30%).

This dissociation from ongoing primary emissions is further reflected
in the Spearman matrices (Fig. S17). Notably, neither endosulfan isomer
correlated with PeCB, corroborating their distinct origins: contemporary
combustion processes versus legacy agricultural sources. Interestingly,
a-endosulfan systematically displayed stronger correlations with HCB
than the p-isomer at western Atlantic sites (e.g., Noia, A Coruna, Huelva,
Santa Cruz and Izana). In contrast, eastern Mediterranean sites (Barce-
lona, Cap de Creus and Mahén) showed no such covariance. This
Atlantic-Mediterranean dichotomy mirrors prevailing atmospheric cir-
culation patterns over the Iberian Peninsula. Atlantic sites predomi-
nantly receive older, well-mixed marine air masses (Westerlies), where
volatile legacy pesticides (a-endosulfan and HCB) act as co-varying trace
components of the hemispheric background. Conversely, the Mediter-
ranean basin features lower synoptic ventilation, strong land-sea breeze
recirculation, and intense regional agricultural pressure [38]. In these
eastern locations, continuous secondary emissions from local soils
completely overwhelm the global background signal, disconnecting
endosulfan’s atmospheric dynamics from HCB.

3.3. DDT and its main metabolites

Following a trajectory similar to endosulfan, the atmospheric
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presence of DDT and its primary metabolites (DDE and DDD) is entirely
governed by historical legacy sources. Banned in Spain in 1977, their
contemporary levels rely strictly on progressive degradation and
temperature-driven secondary volatilization from environmental reser-
voirs. This aged state is robustly confirmed by the isomer profiles. Given
that p,p'-DDE is the primary aerobic degradation product of p,p-DDT
[33,39], atmospheric p,p-DDE/p,p-DDT ratios > 1 indicate historical
residues devoid of fresh inputs. Across the SMP-POPs, this ratio was
consistently high (median of 5.9), reaching extreme values indicative of
intense degradation in southern hotspots like Badajoz (21.9) and
Donana (21.8). Consequently, the continuous outgassing of the massive
historical reservoirs drives highly significant downward atmospheric
trends. As illustrated in Fig. 3, Y DDTs, > DDDs, and ) DDEs are un-
dergoing rapid depletion, exhibiting significant annual decreases at 10,
12, and 13 locations, respectively (with APCs reaching up to —14%,
—21%, and —15%; Fig S9). These background depletion rates align with
continental observations from the European MONET network [21].
However, the high spatial resolution of the SMP-POPs reveals critical
local deviations from this generalized atmospheric clearance. A notable
exception to this widespread decline is the apparent increase of > DDDs
in O Savinao (APC +35%). However, its time series reveals a sudden
step-change rather than a progressive trend: concentrations were low
until 2011, followed by an abrupt increase that established a higher,
persistent baseline for the subsequent decade. This localized anomaly
likely reflects a discrete terrestrial disturbance in the site's vicinity, such
as deep agricultural plowing or earthworks, that suddenly exposed a
buried, anoxic DDD reservoir to secondary volatilization [40].
Furthermore, altitudinal data from Tenerife provides compelling in-
sights into the progressive clearance of the free troposphere: absolute
DDXs levels were substantially lower at the high-altitude Izana obser-
vatory (4.2 pg/m?; Fig S9) compared to the coastal Santa Cruz site
(27.9 pg/m>). While the coastal source exhibits significant depletion
across all metabolites, only the parent > DDTs decreased at Izana. This
suggests that the global free troposphere is being cleared of the residual
parent compound, whereas the coastal boundary layer remains strictly
governed by local terrestrial degradation.

While heavily degraded profiles in southern and central regions
(DDT <10% of the Y DDXs concentration) confirm the depletion of
historical agricultural applications, a pronounced spatial anomaly
emerged in northern and eastern coastal hubs. Industrialized and port-
influenced stations (Azpeitia, A Coruna, and Barcelona) exhibited un-
expectedly large proportions of the parent compound (p,p’-DDE/p,p-
DDT ratios < 1.9), indicating unadulterated DDT signatures. This phe-
nomenon can be attributed to two region-specific factors. First, the in-
fluence of dicofol impurities remains a significant factor [20]. To verify
this, isomeric relationship between o,p-DDT and p,p’-DDT was evaluated
throughout the network (Table S4). Median values consistently excee-
ded the theoretical technical DDT threshold of 0.2-0.3 [41], with results
ranging from 0.62 to 1.34 across the sites. This underscores that, even
decades after restricted use, dicofol-type signatures continue to govern
the DDT baseline within Spanish atmosphere. Second, the historical use
of technical DDT in marine antifouling paints should be considered as a
plausible secondary source in maritime settings [30]. In major hubs,
routine port maintenance, dredging, and shipyard operations could
potentially re-expose anoxic sediments, liberating preserved parent DDT
into the coastal boundary layer [42]. While this pathway remains
difficult to quantify directly, the concurrence of low degradation sig-
natures in port-cities suggests that sediment remobilization may com-
plement the broader regional influence of dicofol-related inputs.

Despite its legacy origin, DDXs present an urban enrichment,
diverging fundamentally from endosulfan. While DDE and DDD showed
generally elevated concentrations in populated environments, total DDT
exhibited a statistically significant positive gradient with population
density (Remote: 1.3 < Rural: 1.6 < Suburban: 2.9 < Urban: 6.5 pg/m°;
Table S5). Consequently, major hubs (e.g., Barcelona, Madrid, and Santa
Cruz de Tenerife) emerged as primary hotspots for the parent compound
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(Fig. S9). This urban trapping primarily stems from the sealing of former
agricultural lands beneath contemporary infrastructure, supplemented
by minor historical contributions from structural spraying [37,43]. This
effect is exacerbated by the urban heat island, which forces the contin-
uous volatilization of trapped residues. CC analysis agrees with this
mechanism, with } DDTs exhibiting significant negative slopes in 16 of
the 23 locations (Fig. 3). A notable rural exception to this urban pattern
is Cap de Creus, which recorded exceptionally high, aged > DDXs levels
(ratio of 6.8). This localized hotspot could be the legacy of massive
historical aerial fumigations over adjacent Mediterranean wetlands (e.
g., Aiguamolls de 'Emporda) to eradicate malaria vectors [44-47],
potentially exacerbated by coastal breeze circulations that favor the
retention and accumulation of aged air masses.

Inter-compound correlations further elucidate these temperature-
driven dynamics. The parent p,p-DDT correlated positively with endo-
sulfan isomers across the SMP-POPs, likely reflecting synchronized
outgassing from regional soils. Additionally, p,p-DDE positively corre-
lated with HCB at 19 locations, indicating that substantial HCB in-
ventories (historically applied as seed fungicides) [48] persist in Spanish
soils and co-volatilize alongside degraded DDT. Notably, HCB and p,
p'-DDE completely decoupled only at sites where DDT inputs are driven
by distinct local factors (A Coruna and Cap de Creus). Although PeCB
lacks a direct agricultural history, it correlated with p,p-DDE at several
sites (e.g., Huelva, O Savinao, Zarra, Madrid, Niembro), suggesting both
compounds, historically present as impurities in other organochlorine
fungicides, share secondary emissions from managed soils. Finally,
Tenerife’s altitudinal profile highlights a perfect mechanistic dissocia-
tion. At the remote Izana observatory, PeCB correlated strongly with
primary DDXs, reflecting homogeneous mixing within the free tropo-
sphere (LRAT). Conversely, at Santa Cruz, PeCB decoupled entirely from
DDXs, supporting that the coastal boundary layer is dominated by in-
dependent local sources for PeCB (combustion) and DDXs (urban soil
volatilization).

3.4. HCHs

In contrast to other legacy pesticides like DDTs and endosulfan, the
atmospheric burden of HCH isomers across the continental boundary
layer exhibits a highly localized and generally weak temperature
dependence, pointing to a complex interplay between limited secondary
outgassing and regional advection. The evaluation of the a-/y-HCH ratio
provides evidence regarding historical usage patterns. While the tech-
nical HCH mixture is inherently dominated by the a-isomer (ratio 3-7),
pure lindane (>99% y-HCH) yields ratios < 1 [49,50]. Across the con-
tinental network, median ratios consistently fell well below 1 (Table 54),
suggesting that Spanish agriculture and public health programs heavily
relied on lindane. A singular exception is the remote high-altitude Izana
observatory, which exhibited a median a-/y-HCH ratio of 3.3. This
a-enrichment is the chemical signature of highly aged, global back-
ground air masses within the free troposphere, where the photochemi-
cally stable a-isomer accumulates.

Despite their legacy origins, specific HCH isomers exhibited an
enrichment comparable to DDT. Both y- and -HCH displayed significant
positive gradients with population density (e.g., Remote: 4.5 < Rural:
6.2 = Suburban: 7.4 < Urban: 15.0 pg/m® for y-HCH; Table S6), iden-
tifying major urban centers such as Barcelona, Madrid, and A Coruna as
hotspots within the monitoring network (Fig. S10), alongside regional
anomalies like Azpeitia and Mahon. Rather than widespread agriculture,
this urban enrichment is plausibly linked to the re-volatilization of
historical residues within urban and peri-urban zones. This baseline is
sustained by the historical use of lindane in domestic and public health
applications (e.g., scabies and lice treatments or pet shampoos) [29,31,
51,52], which acts as persistent secondary sources exacerbated by the
aforementioned urban soil sealing and the heat island effect forcing
continuous outgassing. Conversely, a-HCH lacked a clearly defined
urban gradient, reflecting a stronger dependence on regional advection
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and the hemispheric background.

The divergent physicochemical properties of the isomers profoundly
affect their local secondary emission dynamics. As indicated by the CC
analyses (Fig. 3 and Table S8), the temperature-driven volatilization of
HCHs is highly localized. The volatile a-HCH lacked widespread nega-
tive slopes, exhibiting significant positive temperature dependences in
only two locations, suggesting its baseline is heavily influenced by
advection (LRAT) rather than exclusive local soil-air exchange. Simi-
larly, the y-HCH exhibited significant negative slopes (active volatili-
zation) in only three locations. Despite this scattered thermodynamic
response, the active depletion of legacy reservoirs is driving a general-
ized atmospheric depletion. All isomers are declining at comparable
rates: a-HCH decreased significantly at 10 peninsular locations (APCs
from —5% to —10%; Figs. 3, S6 and S10), p-HCH at 12 sites (—5% to
—34%), and y-HCH at 13 sites (—5% to —16%). These pronounced
depletion rates are highly consistent with European and global obser-
vations, where HCHs currently exhibit some of the most rapid and sus-
tained atmospheric declines among legacy POPs following their
regulation [21,53,54]. Crucially, against this backdrop of widespread
continental decline, a-HCH concentrations at Izana remain completely
stagnant, corroborating its isolation from local depleting sources and
continuous replenishment by the global tropospheric background.

Spearman matrices capture the co-occurrence of these residual leg-
acy sources. In historically agricultural and peri-urban environments (e.
g., Zarra, Campisdbalos, Barcarrota, Valladolid, Albacete; Fig. S17), the
more volatile a- and y-HCH isomers exhibited robust positive correla-
tions with other legacy agricultural pesticides (DDXs, HCB, and endo-
sulfan). This confirms that historical multi-pesticide applications
created thoroughly mixed soil reservoirs. Site-specific anomalies further
highlight distinct local phenomena: in Azpeitia, while the y-isomer
maintains a significant covariance with DDTs and endosulfan, the
a-HCH correlates with endosulfan but completely decouples from DDXs,
pointing to specific historical co-applications or complex industrial
dumping. Nevertheless, the definitive contrast between local soil emis-
sions and the global background is well exemplified in Tenerife. At Santa
Cruz, o- and y-HCH co-volatilize tightly with local legacy soil reservoirs
(endosulfan, HCB, DDXs); remarkably, neither correlates with -HCH,
confirming its higher retention in local soils. Conversely, at the high-
altitude Izana observatory, the simultaneous covariance of HCHs with
all legacy pesticides results solely from the homogeneous mixing of aged
global backgrounds within the free troposphere.

3.5. iPCBs

Unlike legacy agricultural pesticides, the spatial distribution of iPCBs
maps the footprint of contemporary urbanization and industrialization.
Across the SMP-POPs, } iPCBs and all individual congeners exhibited a
highly significant positive gradient with population density (Remote:
8.1 < Rural: 11.3 = Suburban: 12.7 < Urban: 45.2 pg/m°; Figs. S2 and
S11). Consequently, major metropolitan hubs emerged as the primary
hotspots, led by Barcelona (90.6 pg/m®) and Madrid (62.6 pg/m>)
(Fig. S12). This urban footprint is the direct environmental legacy of the
massive mid—20th-century consumption of commercial PCB mixtures,
such as Aroclors, Clophens, Pyralenes, and Phenoclors [55-57].

The physicochemical properties of the individual congeners, where
vapor pressure drops by a factor of ~400 from the PCB—28 to PCB—180
while log Koa proportionally increases (Table S2), induce a profound
thermodynamic fractionation. Although a general decrease in iPCB
levels with increasing chlorination is expected (as observed in Azpeitia
and Els Torms; Fig. S13), evaluating median concentrations reveals
distinct atmospheric patterns. In remote and rural sites like O Savinao
and San Pablo de los Montes, the load is dominated by lighter, gas-phase
congeners (PCB—28, PCB—52, and PCB—101). Historically prevalent in
lighter commercial formulations (e.g., Aroclor 1242) used in open ap-
plications such as building sealants and paints, their high volatility al-
lows them to dominate the regional background [58]. Conversely, a
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completely different profile emerges in Noia, Barcelona, Madrid, and
Cap de Creus, characterized by significantly higher proportions of heavy
congeners (PCB—153, PCB—138, and PCB—180) typically associated
with heavier dielectric fluids (e.g., Aroclor 1260 [33]). Given their
extreme affinity for atmospheric particles (log Koa > 9.5) and negligible
LRAT capabilities, these heavy congeners serve as a strong indicator of
proximity to historically burdened sources.

This local emission dynamic is consistent with the striking thermo-
dynamic behavior observed in the CC analyses (Fig. 3 and Table S8).
Impressively, the heaviest congeners (PCB—138, —153, and —180)
simultaneously exhibited strongly significant negative slopes across
seven highly urbanized or industrial environments (Madrid, Barcelona,
Valladolid, Albacete, Azpeitia, Huelva, and Santa Cruz de Tenerife).
However, active secondary volatilization (negative slopes) for some
heavy congeners was also detected at specific remote (San Pablo de los
Montes and Campisdbalos) and rural sites (Zarra, Viznar, and O Savi-
nao). This thermodynamic anomaly physically confirms that while
heavy PCB presence is strongly sustained by the urban heat island effect,
where extreme temperatures force the outgassing of urban surfaces,
including buildings, pavements and technical infrastructures, localized
historical residues in rural soils or legacy substations also actively
volatilize into the boundary layer under elevated summer temperatures.

Following decades of international prohibitions (e.g., Directive 96/
59/EC), the atmospheric depletion of iPCBs has significantly slowed.
This generalized plateau confirms that primary emissions have ceased,
and contemporary levels are now sustained by continuous secondary
outgassing from massive environmental reservoirs. To unravel these
active atmospheric removal dynamics, temporal trends were evaluated
by grouping congeners into lighter (> L-iPCBs: PCB—28, —52, —101)
and heavier (3_H-iPCBs: PCB—138, —153, —180) homologues. The more
volatile ) L-iPCBs are rapidly depleting from the global free troposphere
at Izana (—10%; Table S9), as well as from specific urban and industrial
hotspots (Azpeitia, Barcelona, and A Coruna; APCs from —5% to —8%).
Incipient potential increases (+6%) of > L-iPCBs were observed at San
Pablo de los Montes and Viznar; however, their moderate statistical
power (0.5-0.8) indicates that these specific trajectories require further
long-term validation. Concurrently, the > H-iPCBs are only undergoing
localized depletion in Azpeitia, Niembro, Noia, and Barcelona (APCs
from —7% to —15%). These compound-specific trajectories are highly
consistent with global and European observations, where lighter PCBs
exhibit faster depletion rates driven by rapid OH radical degradation
and long-range transport, whereas heavy, particle-bound congeners
deplete more slowly and locally due to the gradual dissipation of his-
torically contaminated sinks [21,35,54,59,60].

The diverse origins and atmospheric trajectories of PCBs are further
unraveled by Spearman correlation matrices. Across a heterogeneous
subset of locations (e.g., Noia, Madrid, Barcelona, A Coruna, Santa Cruz,
and Campiséabalos), heavy PCBs showed surprising positive correlations
with legacy agricultural pesticides (DDTs and/or endosulfan). Rather
than a shared physical source, this synchronization points to meteoro-
logical trapping and local atmospheric stagnation events, which indis-
criminately accumulate all regional soil and urban emissions within the
boundary layer. Meanwhile, at the high-altitude Izana observatory,
PCBs correlate strictly with highly degraded DDEs and parent DDTs, but
notably lack any correlation with the modern endosulfan isomers. This
perfectly reflects the homogeneous mixing of aged, globally distributed
legacy pollutants via LRAT. Finally, the rural coastal hotspot of Cap de
Creus presents again a notable anomaly: iPCBs exhibited strong corre-
lations with the DDEs and DDTs while completely decoupling from
volatile endosulfans. Given the heavily weathered legacy reservoirs
previously identified in this exact location, this unique covariance pro-
vides physical evidence of a distinct emission mechanism. Rather than
pure gaseous volatilization, the continuous outgassing in this Mediter-
ranean hotspot may force the joint secondary emission and particle
resuspension of heavy PCBs and agricultural legacy POPs from the exact
same historically contaminated local soils.
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3.6. PBDEs

Building on the urban footprint of legacy PCBs, PBDEs act as defin-
itive tracers of contemporary human settlements and legacy consumer
products. Although their production was regulated over the past two
decades, their extensive historical incorporation into long-lasting con-
sumer goods (e.g., plastics, textiles, and electronics) ensures that mod-
ern urban centers remain massive emission reservoirs. Across the SMP-
POPs, PBDEs exhibited the most extreme spatial gradient of all
analyzed POPs. Y PBDE:s levels surged sharply with population density,
escalating from minimal baselines in remote sites (0.4 pg/m?® median)
to massively enriched levels in strictly urban environments (12.9 pg/
m?>), representing a staggering 35-fold increase. Consequently, major
metropolitan areas completely dominate the network hotspots (Figs. S14
and S15). Barcelona stands out as the absolute network maximum
(68.5 pg/m?), virtually tripling the concentration of the second-highest
cities (Madrid and Santa Cruz de Tenerife, 19.6 and 16.0 pg/m?,
respectively), followed closely by Huelva (12.7 pg/m®).

A congener-specific evaluation reveals that atmospheric partitioning
is dictated by specific local emission mechanisms rather than general
location categories. In urban and suburban environments, the profile is
overwhelmingly monopolized by the heaviest congener, BDE—209
(Fig. S16). Isolating the lighter fraction, all PBDEs without 209
(3> _PBDEwo0209) still reveals a clear urban footprint (Remote: 0.2 <
Rural: 0.3 < Suburban 0.8 < Urban: 1.7 pg/m®), but at concentrations
an order of magnitude lower than the BDE—209 burden. This stark
difference accurately reflects European regulatory history: while lighter
Penta- and Octa-BDE commercial formulations were banned in 2004,
the Deca-BDE mixture (mainly BDE—209) was not included in the SC
until 2017. Outside metropolitan hubs, divergent profiles emerge. In
specific rural and remote sites (e.g., San Pablo de los Montes, Penau-
sende, Barcarrota), the load is dominated by lighter congeners
(BDE—47, —99, —100), pointing to the localized outgassing of older
Penta-BDE treated materials. However, this physical fractionation is
driven by a profound thermodynamic divide and is consistent with the
patterns observed in the CC analyses (Fig. 3). The > PBDEw0209 frac-
tion exhibited highly significant negative slopes in 16 of the 23 loca-
tions. These lighter PBDEs actively and continuously volatilize from
contemporary materials and infrastructures into the local atmosphere
under temperature-driven forcing. Conversely, BDE—209 possesses an
extremely low vapor pressure and massive log Koa, rendering its gaseous
volatilization negligible under ambient temperatures. Accordingly,
BDE—-209 lacked widespread temperature-driven volatilization slopes
across the network, showing active secondary emission exclusively in
Viznar. Its substantial presence in the lower boundary layer is strictly
largely driven by the physical abrasion of plastics and the mechanical
resuspension of contaminated urban particulate matter.

These distinct emission trajectories are unraveled by the Spearman
matrices. In major urban and industrial epicenters, lighter, volatile
PBDEs showed strong and statistically significant correlations with
iPCBs. Interestingly, this co-emission profile varies across hubs
depending on local infrastructural reservoirs: while PBDEs co-vary with
almost all PCB homologues in cities like A Coruna, Azpeitia, and Bar-
celona, they correlate strictly with heavier congeners (PCB—101 to
—180) in Madrid, and with lighter homologues (PCB—52 and —101) in
Huelva. Regardless of the specific congener, this widespread synchro-
nization underscores their continuous co-emission from shared
contemporary urban infrastructures and consumer goods [60]. A
completely different physical mechanism is captured at the rural coastal
hotspot of Cap de Creus, where the particle-bound BDE—209 exhibited
correlations with specific mid-to-heavy PCBs (PCB—101, —138, and
—153) and the DDX family, while completely decoupling from volatile
endosulfan. Given the heavily weathered legacy reservoirs previously
identified in this location, this unique covariance suggests that the dry
Mediterranean climate forces the joint atmospheric resuspension of
historically contaminated soil dust containing a complex mixture of
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legacy agricultural POPs, industrial PCBs, and contemporary flame
retardant tracers. Finally, at the high-altitude observatory of Izana, the
profile is again dominated by BDE—209 (Fig. S16). Rather than a local
source, its dominance and correlation with specific highly weathered
legacy POPs (0,p-DDE and a-endosulfan) likely points towards the LRAT
of BDE—209 bound to fine global background aerosols within the free
troposphere [61-63].

The profound impact of regulatory lag times between Penta-/Octa-
and Deca-BDE commercial mixtures is captured by the temporal trends
(Fig. 3, Table S9). The stricter 2004 regulations are finally driving an
active environmental reduction of the lighter fraction. The
>"PBDEw0209 is declining significantly at 8 locations across the
monitoring network, without exhibiting any upward trends. Notably,
this fraction dropped at an identical rate (—15%) at both the remote
Izana site and coastal Santa Cruz (Fig. S15), indicating a synchronized
depletion of the global free troposphere background rather than strictly
local coastal sources. However, a highly distinct scenario emerges for
BDE—209. Due to its late restriction, BDE—209 continues to show steady
or rising atmospheric levels globally, even in remote environments such
as the Norwegian Arctic [21,35,64]. Within the SMP-POPs, BDE—209
increased significantly in several locations (e.g., Noia, Mahén, and A
Coruna), but most notably in the southwest, specifically in Huelva (APC
+25%) and the adjacent Donana National Park (+45%). The localized
surge in the Huelva-Donana region strongly suggests the presence of
ongoing local emissions of BDE—209. The Huelva industrial pole is one
of the largest metallurgical and chemical complexes in southern Europe,
historically associated with heavy industrial processing and waste
management. The continuous mechanical degradation of
Deca-BDE-treated plastics in this industrial hub likely acts as a primary
emitter of particle-bound BDE—209 [65,66], which is subsequently
advected by regional sea breezes directly into the neighboring protected
area of Donana, completely masking any regulatory-driven decline.

4. Conclusions

The continuous 15-year monitoring of atmospheric POPs across the
SMP-POPs provides strong evidence of the overall success of the SC
while highlighting critical ongoing environmental challenges. The
rapid, generalized depletion of early-banned compounds, specifically
HCB, legacy pesticides (endosulfan, DDXs, and HCHs), and lighter
PBDEs, aligns with ongoing depletion of historically burdened envi-
ronmental reservoirs. However, this regulatory success is starkly con-
trasted by the persistence of PeCB and iPCBs, alongside localized surges
in BDE—209. These resistant atmospheric loads appear to be sustained
by a combination of continuous unintentional combustion emissions,
extended regulatory lag times associated with active consumer goods,
and the urban heat island effect promoting the secondary volatilization
of legacy sinks. Furthermore, our thermodynamic analyses reveal that
while local secondary re-emissions strictly govern regional boundary
layers, high-altitude remote observatories reflect the gradual clearing of
the global free troposphere. Ultimately, this long-term dataset reinforces
that while historical bans are highly effective, sustained national-scale
monitoring is essential to track unintentional emissions, identify
contemporary urban and industrial hotspots, and inform future envi-
ronmental policies.

CRediT authorship contribution statement

Begona Jiménez: Writing — review & editing, Validation, Supervi-
sion, Resources, Project administration, Methodology, Investigation,
Funding acquisition, Data curation, Conceptualization. Maria Angeles
Martinez: Writing — review & editing, Validation, Supervision, Re-
sources, Project administration, Methodology, Investigation, Funding
acquisition, Data curation, Conceptualization. Adrian de la Torre:
Writing - review & editing, Writing — original draft, Visualization,
Validation, Methodology, Investigation, Formal analysis, Data curation.



A. de la Torre et al.

Juan Munoz-Arnanz: Writing — review & editing, Validation, Meth-
odology, Investigation, Data curation. Irene Navarro: Writing — review
& editing, Validation, Methodology, Investigation, Data curation. Pere
Colomer-Vidal: Writing — review & editing, Validation, Methodology,
Investigation, Formal analysis, Data curation. Covadonga Alonso:
Writing — review & editing, Validation, Methodology, Investigation,
Data curation. Roscales José Luis: Validation, Methodology, Investi-
gation, Data curation. Angeles Jiménez: Funding acquisition, Concep-
tualization. Ana Garcia: Funding acquisition, Conceptualization.

Statement of significance

Persistent organic pollutants (POPs), including PBDEs, PCBs, and
legacy pesticides, are toxic, bioaccumulative hazardous materials posing
severe risks to ecosystems and human health. This 15-year atmospheric
monitoring study evaluates the effectiveness of the Stockholm Conven-
tion. While early-banned POPs show rapid environmental depletion, we
demonstrate that urban areas remain critical emission hotspots. We
identify the urban heat island effect as a key thermodynamic driver for
the secondary outgassing of trapped residues. By uncovering these
mechanisms and identifying stalled depletion for late-regulated POPs
like BDE—209, this work provides crucial empirical evidence to refine
mitigation strategies and safeguard populated regions.
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