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Revolatilization of persistent organic pollutants in
the Arctic induced by climate change

Jianmin Ma'*, Hayley Hung'*, Chongguo Tian? and Roland Kallenborn3#

Persistent organic pollutants (POPs) are organic compounds
produced by human activities that are resistant to envi-
ronmental degradation. They include industrial chemicals,
such as polychlorinated biphenyls, and pesticides, such as
dichlorodiphenyltrichloroethane. Owing to their persistence in
the environment, POPs are transported long distances in the
atmosphere, accumulating in regions such as the Arctic, where
low temperatures induce their deposition™?. Here the com-
pounds accumulate in wildlife and humans, putting their health
at risk"3#. The concentrations of many POPs have decreased
in Arctic air over the past few decades owing to restrictions
on their production and use. As the climate warms, however,
POPs deposited in sinks such as water and ice are expected
to revolatilize into the atmosphere®, and there is evidence that
this process may have already begun for volatile compounds®.
Here we show that many POPs, including those with lower
volatilities, are being remobilized into the air from repositories
in the Arctic region as a result of sea-ice retreat and rising
temperatures. We analysed records of the concentrations of
POPs in Arctic air since the early 1990s and compared the
results with model simulations of the effect of climate change
on their atmospheric abundances. Our results indicate that
a wide range of POPs have been remobilized into the Arctic
atmosphere over the past two decades as a result of cli-
mate change, confirming that Arctic warming could undermine
global efforts to reduce environmental and human exposure to
these toxic chemicals.

Most POPs are manufactured for specific purposes owing
to certain characteristic properties; for example, polychlorinated
biphenyls (PCBs) have been widely used as electrical fluids
and plasticizers owing to their excellent dielectric properties,
stability and inertness. Once released, POPs partition into air,
water, soil, snow/ice and other environmental media according to
their physical-chemical properties. As these properties vary with
temperature, climate change will affect their fate in the environment
and influence observed concentrations and trends.

Surface reservoirs (for example, oceans and soil) become
secondary sources of POPs after they are no longer used, re-
emitting previously deposited chemicals®>”®. Carried primarily by
air from southerly sources to the Arctic, POPs may be deposited
and their concentrations amplified in the region as a result of
the ‘cold-trapping’ effect?. POPs that have accumulated in the
cryosphere may be released during ice/snow melt, and those stored
in sea water may be volatilized back into the atmosphere when
the Arctic Ocean opens®®. Evidence of evasion from the ocean

was observed for a-hexachlorocyclohexane (a-HCH, a pesticide)
over open water in Hudson Bay and the Beaufort Sea'?, and an
increase in PCB air concentration was measured at the ice edge in
the Atlantic Arctic''. Most processes leading to POP exchange in
the environment respond to changes in air and ocean temperatures.
Air-concentration data of POPs monitored across the Arctic have
shown good associations with interannual climate variability in
the Northern Hemisphere!'>!*. Warming trends in the Arctic, well
documented in the past two decades', have accelerated Arctic ice
retreat and snow melt. It is, therefore, expected that atmospheric
concentrations of POPs will increase owing to re-emission from
their repositories in Arctic waters, soils, snow/ice and permafrost.
Indeed, increasing trends of some POPs, including hex-
achlorobenzene (HCB) and PCBs, were observed in Arctic air in
the early- to mid-2000s at the Zeppelin Mountain Air Monitoring
Station, Svalbard/Norway (78° 55’ N, 11° 56’ E), and at the Alert
station, Canada (82° 30" N, 62° 20’ W): potentially the result of
revolatilization from the ocean owing to sea-ice retreat®. However,
most POPs in the Arctic have shown decreasing trends since
the early 1990s (refs 6,12,13). A non-parametric Mann—Kendall
statistical test'>'® reveals statistically significant declining trends
at a 95% confidence level for ten POPs in weekly measured
air concentrations recorded at the Zeppelin Station (1993-2009)
(Supplementary Methods and Table S1). Similar declining trends
were also reported at the Alert Station for HCHs and chlordanes®.
Readily observable increasing trends of HCB and PCBs in
Arctic air (potentially due to climate change) can be attributed
to their much higher Henry’s law constants (Supplemen-
tary Table S2; at 25°C, 49 Pam’mol™! for HCB and ranging
from 18-29Pam’®mol™' for PCBs, compared with 0.31 and
0.73Pam’mol™! for y- and a-HCH, respectively), indicating
higher tendencies for volatilization from water to air. Declining
trends of other POPs may be caused by decreasing emissions
following their worldwide ban or regional restrictions'” on their
production and use. Other factors, for example, the location of
sources, atmospheric reaction/degradation processes, their resi-
dence times in the atmosphere and surface media, and their pathway
for environmental cycling, also contribute to their observed time
trends, potentially overwhelming the influence of Arctic warming.
Here we examine the time series of POP air concentrations
measured at the Zeppelin and Alert Stations, using statistical
correlation analysis to detect evidence of POP revolatilization in the
Arctic induced by regional warming. To do so, the overwhelming
declining trend of POPs due to factors other than climate change
must first be removed to reveal any underlying variations possibly
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Figure 1| Detrended (residual) and normalized (by the standard deviation) anomaly of weekly sampled air concentrations (pg m=3) from 1993 to 2009
at the Zeppelin Station. a-c, a-HCH (a), p,p’-DDT (b) and cis-chlordane (¢) (solid lines) from 1993 to 2009. Linear trends of the normalized mean
air-temperature anomaly (blue dashed line) and normalized mean ice cover (red dashed line) over the Arctic are also presented. The air temperature and
ice-cover data were collected from the National Oceanic and Atmospheric Administration’s National Centers for Environmental Prediction/Department of
Energy Reanalysis 2 (ref. 31). The detrended weekly time series of the chemicals are positively correlated with the weekly moving averages of mean air
temperature (°C) and negatively correlated with the weekly moving averages of mean ice cover (%) over the Arctic. For instance, there is a statistically
significant negative correlation (2000-2009) between detrended a-HCH and ice cover at r=—0.38 (p =1.65 x 10~"7, n = 468). Other correlations
between the weekly detrended time series of selected chemicals and SAT/ice cover were not quantified because of a number of missing weekly
measurement data of the chemicals.
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related to Arctic warming. This is done by statistical detrending
of the observed air-concentration time series at the two sites
(see Methods and Supplementary Methods). Figure 1 shows the
weekly time series of normalized air-concentration anomalies
of a-HCH, p,p’-DDT (dichlorodiphenyltrichloroethane) and cis-
chlordane and their respective detrended time series from 1993
to 2009 measured at the Zeppelin Station. The linear trends of
weekly moving averages of mean surface air temperature (SAT) and
sea-ice-cover anomalies, normalized by their respective standard
deviations averaged over the Arctic, are also plotted here. After the
overwhelming declining trends are removed, detrended a-HCH,
p,p’-DDT and cis-chlordane show increasing trends corresponding
well with increasing Arctic mean SAT and decreasing sea-ice cover
(Fig. 1). The association becomes more evident after 2000 when
Arctic sea-ice retreat sped up'®. Detrended air concentrations of
v-HCH (the pesticide lindane) measured at the Zeppelin and Alert
Stations are shown in Supplementary Fig. S1. Given that Arctic
ice melt occurs mostly in summer and the input of POPs to
the Arctic from southerly sources is lowest under the summer
atmospheric circulation pattern'®, local Arctic environmental
factors (for example, SAT and sea-ice extent) should be the
main influence on changes in POP air concentrations. Indeed,
detrended air concentrations of most POPs from 2000 to 2009 are
positively and negatively correlated (|r| > 0.5), at significance levels
of 90% or more, with summer (June—August) SATs and sea-ice
extent from 2000 to 2009, respectively (Supplementary Tables S3
and S4). Further details on correlation analyses are described in
Supplementary Methods.

The strong correlations between detrended POP air concentra-
tions and SATs/sea-ice extent indicate that, under Arctic warming,
these toxic chemicals probably volatilize from secondary emission
sources/reservoirs in water, snow, ice and land across the Arctic,
where they have accumulated in the past. These revolatilization pro-
cesses may contribute to the increasing trend of the detrended POP
time series (Fig. 1 and Supplementary Fig. S1). These arguments
can be assessed by means of a perturbation model, developed to
quantify the extent of climate change influence on POP distribution
in the closed air—water and air—soil systems and to interpret the
dynamics involved®. In the present study, the model has been
extended to an air—snow/ice system in the Arctic environment
(see Methods). Supplementary Fig. S2 presents perturbed air con-
centrations (c,) of a-HCH and PCB28 for a period of 50 years
under three Arctic-warming scenarios, to examine the sensitivity
of POP atmospheric levels to projected Arctic-warming scenarios.
These warming scenarios result in marked increases in ¢, for both
chemicals due to their release from the snowpack. Compared with
a mean air concentration (¢) for a-HCH of 32pgm™ over the
observation period (the mean concentration used in the pertur-
bation modelling; Supplementary Table S5), a SAT anomaly (T")
of 10K 100yr™" resulted in a maximum ¢, of ~8pgm™>: only
a factor of four lower than the mean concentration, suggesting
strong release from contaminated Arctic snowpack?"*. In the case
of PCB28, which has a larger Henry’s law constant than a-HCH, the
projected warming leads to lower ¢, owing to weaker persistence
in air and lower internal energy of phase transfer (A Uyw; ref. 23)
than o-HCH (Supplementary Table S2), resulting in a smaller
increase in Henry’s law constant with temperature for PCB28 than
for a-HCH (Supplementary Table S2). Further insight into the
changes in the modelled perturbations of POP air concentrations
in the air—snow system can be gained from Supplementary Fig. S3,
which shows modelled normalized perturbations of summer POP
air concentrations in the Arctic from 1993 to 2009.

Snow melt and sea-ice retreat render more open water surfaces
across the Arctic Ocean, which is regarded as a major reservoir
of POPs in the Arctic**. Figure 2a shows modelled annual air-
concentration perturbations (c,) of HCHs and PCBs from 1991

to 2100 under the Intergovernmental Panel on Climate Change
(IPCC) multimodel ensemble averaged annual SAT anomalies over
the Arctic using the Special Report on Emissions Scenarios (SRES)
A1B emissions scenario (Methods; ref. 25). The perturbed a-HCH
concentration in the atmosphere increases and remains at high
values until 2037, decreasing thereafter owing to degradation.
The modelled air-concentration perturbation of a-HCH using the
ensemble-averaged IPCC SATs agrees reasonably well with the
detrended data from 1999 to 2009, with r = 0.66 (p = 0.028).
This enhances our confidence in the prediction of atmospheric
POP concentrations under projected twenty-first-century climate
change scenarios. PCB congeners 28, 52 and 101 show similar
trends. Differing from a-HCH and these three PCBs, the more
hydrophobic PCB153 and more water-soluble y-HCH show
increasing trends throughout the twenty-first century, potentially
caused by their ability to stay in environmental sinks (for example,
sediment/soil and water) for longer periods of time. Under the
simulated SAT over the Arctic, the maximum perturbations of
the selected POPs range from 0.7% (y-HCH) to 92% (PCB153)
from their means over the observational period (Fig.2a and
Supplementary Table S5). The stronger response of PCB153 to the
projected warming agrees with the finding of ref. 23.

Assuming a uniform spatial distribution of a-HCH in the
Arctic air®®, the modelled ¢ in the Arctic air-water system can be
compared with the detrended summer a-HCH air concentration
derived from monitored data at the Zeppelin Station (Fig. 2b).
Results show a good agreement between modelled perturbation and
detrended time series (1994-2009), with a correlation coefficient
of 0.72 (p = 0.001). Such a correlation is also seen in the air—
snow system (see Supplementary Information), indicating that the
exposure and fate of a-HCH (and other POPs with similar physical—
chemical properties) in the Arctic environment is determined
largely by revolatilization from the Arctic Ocean and release from
snow/ice under Arctic warming. Figure 2c illustrates detrended and
modelled ¢, of p,p’-DDT averaged over the summers of 19932009
subject to the summer T’ in the air-water system. Measured
summer air concentrations of p,p’-DDT are also presented in the
figure (dashed line). The modelled ¢, of p,p’-DDT is correlated
with the detrended time series with a correlation coefficient of 0.79
(p=0.007) from 2000 to 2009.

Detrended data can also help to identify where in the Arctic
the climate perturbation is strongest. Figure 3a,b shows spatial
correlations between detrended a-HCH time series and SATs as well
as ice cover (Methods). Positive correlations between o-HCH and
mean SAT, indicating increasing o-HCH air concentrations with
increasing SATs, extend from the East Siberia Sea to the Beaufort
Sea. Accordingly, strong negative correlations between a-HCH and
ice coverage also lie over this part of the Arctic Ocean. Another
region where o-HCH air concentrations show significant positive
correlations with mean SAT and negative correlations with ice
coverage is Greenland. The negative correlation between the ice and
o-HCH air concentrations over the Western Arctic Ocean coincides
geographically with high water concentrations of the HCHs
measured in the Arctic Ocean during the late 1990s (ref. 27), with
water concentrations highest in the central Canadian Archipelago,
intermediate in the Beaufort and Chukchi seas and at the North
Pole, and lowest in the Greenland Sea and northern Barents Sea. The
Zeppelin station is located next to the Eastern Arctic Ocean, which
had the lowest water concentrations of HCHs and therefore is not
a major source of a-HCH to air. The atmospheric concentration
of a-HCH at the Zeppelin station is probably correlated with SAT
and ice coverage owing to atmospheric mixing with surrounding
areas. An atmospheric transport model for POPs—the Canadian
Model for Environmental Transport of Organochlorine Pesticides
(CanMETOP, Supplementary Methods)'*?**—has been used to
simulate water—air exchange fluxes of a-HCH over the Arctic Ocean
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Figure 2 | Comparison of modelled, detrended and measured air concentrations (pg m~3) of HCHs, PCBs and p,p’-DDT. a, Modelled annual
air-concentration perturbations of HCHs and PCBs in the closed air-water system from 1991 to 2100 under the IPCC multimodel ensemble average of
annual SAT anomalies (°C) over the Arctic under SRES emissions scenario A1B. Annual SAT anomalies (T") are shown by the black dashed line and scaled
on the second right-hand-side y axis; PCBs (scaled on the first right-hand-side y axis) and HCHs (scaled on the left-hand-side y axis) are presented by
coloured solid lines. b, Perturbed (in the air-water system), detrended and measured (normalized by standard deviation) summer a-HCH air concentration
at the Zeppelin Station. ¢, Perturbed (in the air-water system), detrended and measured (normalized by standard deviation) summer p,p’-DDT air
concentrations at the Zeppelin Station. Modelled summer air-concentration perturbations of a-HCH and p,p’-DDT used summer air-temperature
anomalies T’ from 1993 to 2009 calculated as the departures from the mean air temperature averaged over 1948-2009 in the Arctic region.

in two modelling scenarios (see Methods). Plotted in Fig. 3¢, the  was found in the early 1990s, and its revolatilization from water to
modelled flux anomalies agree to some extent with the spatial  air was observed in the Arctic Ocean™.

pattern of the correlation coefficients between a-HCH and SATs Here, we have demonstrated that Arctic warming affects the fate
(Fig. 3a). A sink-to-source reversal of a-HCH in the Arctic Ocean  of POPs in the Arctic environment. The decline of chemicals that
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Figure 3 | Correlation coefficients between monitored mean air
concentration (pg m~3) of a-HCH at the Zeppelin Station and gridded
mean SAT and ice cover across the Arctic, and CanMETOP modelled
air-water exchange flux (ng m~2) of a-HCH. a, Spatial-correlation map
showing gridded correlation coefficients at 1° x 1° latitude/longitude
between detrended a-HCH air concentrations at the Zeppelin Station and
gridded mean SAT at 1° x 1° latitude/longitude in the summers from 2000
to 2009 (warm red/orange shades indicate positive correlation). b, The
same as a but for correlations between detrended a-HCH air
concentrations at the Zeppelin Station and gridded ice cover (cool
blue/purple shades indicate negative correlation). The SAT and ice-cover
data used in a and b were collected from the National Oceanic and
Atmospheric Administration’s National Centers for Environmental
Prediction/Department of Energy Reanalysis 2 (ref. 31). ¢, CanMETOP
modelled anomaly of a-HCH air-water exchange fluxes (ng m~2) in 2007
across the Arctic Ocean. Fluxes were calculated by subtracting the fluxes
modelled using summer meteorology and ice cover averaged over
1969-2003 from the fluxes modelled using daily summer meteorology and
ice cover in 2007.

are under global control is expected in the environment. However,
with their persistence in sinks such as water, snow/ice and soils,
Arctic warming and ice retreat will return them to the Arctic
atmosphere, making them once again available for circulation.
This will subsequently alter exposure pathways in the biotic
environment and related health impacts. This study highlights
the importance of improved understanding and awareness of
climate influence on the environmental mobility of POPs, which
would otherwise undermine global efforts to reduce environmental
and human exposure.

Methods

Statistical detrending, correlation analysis and data. We first removed the
overwhelming downward trends to reveal any underlying signals of Arctic
warming. Air-concentration anomalies (deviations from the mean over the
observation period) were calculated by subtracting the mean concentration of
each selected POP from the measured weekly concentrations. The anomalies
were then normalized by the standard deviations of all measurements followed
by statistical detrending (Supplementary Methods). We detrended all weekly and
seasonal time series of air concentrations of POPs monitored at the Zeppelin
Station listed in Supplementary Table S1. The rate of increase of the detrended
time series of the three substances shown in Fig. 1 is dependent on the magnitude
of their respective Mann—Kendall statistic |Z]| values (Supplementary Table S1).
The spatial correlation analysis (Fig. 3a,b) was conducted by regressing the
detrended summer time series of a-HCH measured at the Zeppelin Station
onto 1° x 1° latitude/longitude gridded mean SAT and ice coverage in the
Arctic averaged over summers from 2000 to 2009. All raw data and monitoring
information (weekly and seasonal air concentrations) used in the detrending and
statistical analysis are freely available on the Arctic Monitoring and Assessment
Programme/European Monitoring and Evaluation Programme website at
http://tarantula.nilu.no/projects/ccc/emepdata.html.

Perturbation modelling. In the perturbation analysis, concentration ¢ =¢ + ¢/,
where ¢ is the mean or time-averaged concentration of POPs over the observation
period and ¢’ is the deviation from the mean. The aim is to determine ¢’ under the
temperature and precipitation perturbation T/ (T =T +T') and p’ (p=p+p'),
where T and p are air temperature and precipitation, respectively, associated with
Arctic warming. In the air-snow/ice system, the physical/chemical processes of
POPs are perturbed by changes in air temperature, precipitation and snow/ice
melt induced by Arctic climate change; the resulting deviations in POP air
concentrations from the mean are quantified. Details of perturbation analysis in a
closed air—snow/ice system are presented in ref. 20 and Supplementary Methods.

IPCC multimodel ensemble-averaged SATs. The climate model simulated

and ensemble-averaged SATs are based on the IPCC Coupled Model
Intercomparison Project phase 3 multimodel dataset (available at
http://www-pcmdi.llnl.gov/ipcc/about_ipcc.php). The simulations analysed
include the integrations of the twentieth-century simulation (IPCC 20C3M) and
the twenty-first-century simulation using the IPCC SRES A1B emissions scenario.
For each model, the first integration of the 20C3M climates and the corresponding
SRES A1B simulation are used®.

CanMETOP modelling. Two model scenarios of CanMETOP modelling of
air/water exchange fluxes were implemented: (1) using annual mean ice coverage
averaged over 1969 to 2003 (the ‘norm’) and (2) using daily ice coverage in 2007,
which shows strong ice melt during the summertime. The difference in fluxes
(ng m~?) between the two scenarios is the air-water exchange anomaly for 2007
(that is, deviation of 2007 fluxes from the ‘norm’), as presented in Fig. 3c. As there
are few spatially resolved measurements of water concentrations of a-HCH in
the Arctic Ocean, a uniformly distributed water concentration (1.5ngl™") was
used as an initial condition in modelling air—water exchange across the surface
water of the Arctic Ocean. The water concentrations will be altered subsequently
by atmospheric deposition and air—water exchange processes. It must be noted
that POP spatial distributions in the Arctic Ocean are not necessarily uniform. If
uniformly distributed water concentrations were used as an initial condition, it
would only affect modelling results in the early stages of the model run, because the
chemical will be subjected to mixing in the atmosphere and the system will tend
towards equilibrium in the long term. Details of the CanMETOP are presented in
Supplementary Methods.
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