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Abstract. The Danish Eulerian Hemispheric Model
(DEHM) was applied to investigate how projected climate
changes will affect the atmospheric transport of 13 per-
sistent organic pollutants (POPs) to the Arctic and their
environmental fate within the Arctic. Three sets of simula-
tions were performed, one with present day emissions and
initial environmental concentrations from a 20-year spin-up
simulation, one with present day emissions and with initial
environmental concentrations set to zero and one without
emissions but with initial environmental concentrations
from the 20-year spin-up simulation. Each set of simulations
consisted of two 10-year time slices representing the present
(1990-2000) and future (2090-2100) climate conditions.
DEHM was driven using meteorological input from the
global circulation model, ECHAM/MPI-OM, simulating the
SRES (Special Report on Emissions Scenarios) A1B climate
scenario. Under the applied climate and emission scenarios,
the total mass of all compounds was predicted to be up to
55% lower across the Northern Hemisphere at the end of
the 2090s than in the 1990s. The mass of HCHs within the
Arctic was predicted to be up to 38 % higher, whereas the
change in mass of the PCBs was predicted to range from
38% lower to 17 % higher depending on the congener and
the applied initial environmental concentrations. The results
of this study also indicate that contaminants with no or a
short emission history will be more rapidly transported to
and build up in the arctic environment in a future warmer
climate. The process that dominates the environmental be-
haviour of POPs in the Arctic under a future warmer climate
scenario is the shift in mass of POPs from the surface media
to the atmosphere induced by the higher mean temperature.

This is to some degree counteracted by higher degradation
rates also following the higher mean temperature. The
more dominant of these two processes depends on the
physical-chemical properties of the compounds. Previous
model studies have predicted that the effect of a changed
climate on the transport of POPs to the Arctic is moderate
relative to the effect of proposed changes in emissions,
which is confirmed in this study. However, the model studies
do not agree on whether climate change acts to reduce or
increase environmental concentrations of POPs in the Arctic,
and further work is needed to resolve this matter.

1 Introduction

The climate has changed in recent decades with the main sign
being an increase in global mean temperature. In both the
4th and the recent 5th IPCC Assessment Report (AR4 and
ARS5), the multi-model ensembles project an increase in the
global mean temperature in the range of 1-6 °C by the end
of the 21st century, relative to pre-industrial temperature lev-
els (IPCC, 2007; Rogelj et al., 2012). The broad range in the
projected temperature increase is linked to the various green-
house gas emission scenarios used as input to the climate
simulations.

Within the Arctic these changes are projected to be larger
than elsewhere. According to one of the intermediate emis-
sion scenarios applied in AR4, the SRES (Special Report on
Emissions Scenarios) A1B scenario, the average temperature
increase in the Arctic exceeds 9°C by the end of the 21st
century compared to the 1990s (Hedegaard et al., 2012). The
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increasing temperature leads to enhanced seasonal melting of
the Arctic Ocean sea ice, retreating of glaciers and melting of
the Greenland ice sheet. Changes are also projected for pre-
cipitation patterns as well as in weather patterns in general.

Climate change impacts the physical and chemical pro-
cesses in the atmosphere, including atmospheric transport
pathways, chemical composition, air-surface exchange pro-
cesses, natural emissions, etc., see Jacob and Winner (2009)
for a review. Changes in climate alone might lead to both
lower or higher levels of specific pollutants in the atmosphere
leading to a lower or higher exposure, which can be referred
to as a “climate benefit” or “climate penalty”, respectively.
During the last decade a number of studies have examined
the effects of climate change on air pollutants such as ozone
(Hedegaard et al., 2008, 2012; Anderson and Engardt, 2010;
Langner et al., 2012) and particulate matter (Hedegaard et al.,
2013; Colette et al., 2013; Simpson et al., 2014). So far, the
most robust signal is seen for ozone with an overall climate
penalty projected for the future; however, there are large un-
certainties associated with, for example, the natural sources
for ozone precursors and their sensitivity to climate changes
(Langner et al., 2012). It has also been shown that this kind of
study is very dependent on the applied climate input (Man-
ders et al., 2012).

The environmental fate of persistent organic pollutants
(POPs) is determined by many different environmental fac-
tors, several of which may be affected by climate change,
thus making the combined effect difficult to predict. A re-
port from a UNEP/AMAP expert group outlines qualitatively
the effects of the warming of the climate on the cycling and
fate of POPs in the environment (UNEP/AMAP, 2011): in-
creasing temperatures can lead to changed partitioning be-
tween the different media as well as to enhanced revolatiliza-
tion from historically deposited compounds, which can lead
to larger atmospheric transport. Higher temperatures also in-
crease degradation rates in both air and surface media. Melt-
ing of polar ice caps and glaciers will result in larger air—
surface exchange and the melting ice may release stored
POPs to the marine and atmospheric environments. Higher
wind speed may lead to enhanced atmospheric transport
downwind of major source areas and increasing precipitation
in the Arctic may lead to increasing deposition.

The effect of a changed climate on the transport and fate
of POPs in the Arctic has been investigated in a few studies
with a range of different modelling approaches and model
setups (Lamon et a., 2009; Armitage et al., 2011; Gouin et
al., 2013; Wohrnschimmel et al., 2013, Armitage and Wa-
nia, 2013). Despite differences in modelling approaches, the
studies generally predict that the effect of changed climate
on simulated environmental concentrations is within a factor
of two. However, the applied models in the previous studies
have a low spatial resolution with 10 zonally averaged cli-
mate zones and 4 atmospheric layers (Armitage et al., 2011;
Armitage and Wania, 2013), 25 geographically explicit com-
partments (Gouin et al., 2013) or 15° x 15° regular grid and
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2 atmospheric layers (Lamon et al., 2009; W&hrnschimmel et
al., 2013) as well as simplified representations of important
atmospheric processes. It is thus important to test whether
the predictions from these studies are reliable using more ad-
vanced models.

The aim of this study is to investigate how a changed cli-
mate will affect the fate of POPs with special focus on the
transport to and fate within the Arctic, and to determine if
there will be a climate penalty or benefit on POPs in terms
of higher or lower environmental concentrations and thus
higher or lower potential exposure. The applied model has
a much higher spatial resolution and with more detailed de-
scriptions of atmospheric degradation and airborne partic-
ulate matter than previous model studies. The model was
previously applied to study the effect of climate change on
future atmospheric levels of ozone and particulate matter
(Hedegaard et al., 2008, 2012, 2013; Langner et al., 2012;
Simpson et al., 2014).

2 Model

We applied the Danish Eulerian Hemispheric Model
(DEHM), a 3-D dynamic atmospheric chemistry-transport
model covering the Northern Hemisphere with a horizon-
tal resolution of 150 km x 150 km and 20 vertical layers ex-
tending to a height of 10hPa. DEHM comprises a com-
prehensive chemistry scheme including full ozone chem-
istry and particulate matter and is driven by meteorolog-
ical data (temperature in air and surface media, pressure,
wind velocity, humidity, solar radiation, cloud cover and sea
ice cover) from a numerical weather prediction model. A
detailed description of the model can be found in Chris-
tensen (1997), Frohn et al. (2002), and Brandt et al. (2012).
DEHM has successfully been applied to study the transport
and fate of a range of chemical compounds to the Arctic, in-
cluding sulphur and sulphate (Christensen, 1997), mercury
(Christensen et al., 2004; Skov et al., 2004), POPs (Hansen
et al., 2004, 2008a, b), and Decamethylcyclopentasiloxane
(Krogseth et al., 2013). Two-way air-surface gas exchange
processes as well as intra-compartmental processes are in-
cluded for the surface compartments soil, water, vegetation,
and snow (Hansen et al., 2004, 2008a). Model evaluations
against measured air concentrations show reasonable agree-
ment with predicted concentrations for a range of persistent
compounds (Hansen et al., 2004, 2006, 2008a, b; McLachlan
et al., 2010; Genualdi et al., 2011; Krogseth et al., 2013).
Most of the environmental processes described in DEHM
are climate-dependent and they will therefore affect the pre-
dicted fate of POPs under a changed climate. Temperature is
the main driver that affects the partitioning between gas- and
particle-phase POPs in air, degradation of gas-phase com-
pounds in air, vegetation and snow, degradation in soil and
water as well as the air-surface gas-exchange for the surface
media. Changes in precipitation patterns will affect the scav-
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enging of POPs from the atmosphere and the flush-through of
water of the soil compartment and changes in the snow cover
and sea ice cover will affect the air—surface gas-exchange for
the surface media (Hansen et al., 2004, 2008a). However, due
to the complexity of the DEHM maodel it is difficult to sepa-
rate the effect of the individual processes on the results.

Model set-up

A total of 13 different POPs are included in the model
simulations: «-, 8-, and y-HCH and 10 PCB congeners:
PCB8, PCB28, PCB31, PCB52, PCB101, PCB118, PCB138,
PCB153, PCB180, and PCB194. In addition, the simula-
tions are made with the regular chemistry scheme, including
67 compounds. This ensures a proper description of airborne
particulate matter with which POPs can associate and the OH
radicals, the primary degradation oxidant for POPs in the at-
mosphere.

We have performed three sets of simulations, one set with
present day emissions and initial environmental concentra-
tions from a 20-year spin-up simulation (the ES simulations),
one set with present day emissions and with initial environ-
mental concentrations set to zero (the E simulations), and
one set without emissions but with initial environmental
concentrations from the 20-year spin-up simulation (the “S”
simulations). The spin-up simulation was initialized with
zero environmental concentrations for all compounds except
for «-HCH in which case environmental concentrations were
taken from a previous study using a 45-year spin-up period
(see Table S1 in the Supplement). Each set of simulations
consist of two 10-year time slices representing present
(1990-2000, ES19, S19 or E19) and future (2090-2100,
ES20, E20 or S20) climate. We have applied the same emis-
sions to the atmosphere in the ES and E simulations (see
Table S1 in the Supplement). With this set-up the difference
in predicted concentrations for each set of simulations arises
only from the effect the difference in climate input has on
the transport and deposition processes. As driver of the
simulations we have applied meteorological data obtained
from a model simulation made with the ECHAM5/MPI1-OM
model (Roeckner et al., 2003, 2006; Marsland et al., 2003)
simulating the SRES A1B scenario (Nakicenovic et al.,
2000). The SRES A1B scenario projects the global average
temperature to increase by ~3°C by the end of the 21st
century with large seasonal and regional differences in the
warming with annual temperature increase exceeding 6 °C in
the sub-polar regions of Asia, North America, and Europe.
The average sea ice extent in the Arctic is estimated to
retreat by approximately 40 % and over the Barents Sea the
sea ice is predicted to vanish completely by the end of the
21st century. The globally averaged precipitation changes
only slightly, although there are large regional and seasonal
differences. The winter precipitation over the temperate and
Arctic regions is projected to increase by 10-50%. The
global temperature change related to the SRES A1B scenario
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from AR4 is quite similar to the RCP6 scenario used in
the IPCC AR5 (Rogelj et al., 2012). The SREAS AlB is
only one of several climate change scenarios and represents
an intermediate development of the climate. The projected
changes in this study should be viewed in this context.

Input data

DEHM requires physical-chemical properties and emission
data for each of the modelled compounds as input for
the model simulations. Temperature-dependent physical-
chemical properties for the HCHSs are from Xiao et al. (2004)
and for the PCBs from Schenker et al. (2005), degradation
rates in air are derived from Beyer et al. (2003), and reaction
half lives in soil and water are from common model input
properties for the ArcRisk project (W&hrnschimmel, per-
sonal communication, 2010; Table S2). «-HCH emissions
for the year 2000 are from Hansen et al. (2008a), S-HCH
emissions are calculated as 1/6 of the «-HCH emissions and
y-HCH are calculated emissions for the year 2005 (Li et al.,
2008). For the PCBs, annual emissions from 2007 based on
the high emission scenario from Breivik et al. (2007) are
applied (Table S1).

3 Results and discussion

The simulations all apply input from one possible climate
change scenario and this should therefore be considered as a
sensitivity study of how the results from the DEHM model
responds to the changed climate input in that particular sce-
nario. We have calculated the total mass in the entire model
domain and within the Arctic, defined as the area north of
the Arctic Circle (66.5° N) in this study, and compared the
results of the two time slices for the three model scenarios.
The largest differences are found for the least chlorinated
PCB congeners (55 %) for the S scenario (Fig. 1). Plots of
the monthly averaged total mass as well as masses in air, soil
and water, the distribution between the different media, and
the relative difference in total mass in the media within the
entire model domain as well as within the Arctic region are
included in the Supplement (Figs. S3-S10).

3.1 Test of statistical significance

A statistical test was applied to assess the significance of dif-
ferences in the modelled masses of POPs in the different me-
dia between the 1990s and 2090s. We have calculated the
difference of the annual averaged mass in air, water and soil
and in total (Figs. S1 and S2 in the Supplement), fitted a lin-
ear trend and tested if the trend of the annual differences over
the modelled decade is significant compared to the variability
around the trend using a Student’s ¢ test (Table S3). By eval-
uating the variability around the trend of the annual differ-
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Figure 1. Difference in total mass between the 1990s and the 2090s calculated from the linear trend of the difference in annual averages
compared to the average mass in 1999 in the entire model domain (left) and in the Arctic, defined as the area north of the Arctic Circle
(66.5° N) (right), for the ES scenario (blue), the E scenario (green) and the S scenario (red).

ences instead of the differences themselves we ensure that the
data are independent which is an assumption needed for the
t test. The mass is building up in the model during the model
simulations due to the emissions, but the same emissions are
applied in both time slices, so the trend of the annual dif-
ferences in mass is a good measure for the climate change
impacts. Although there are uncertainties in the model asso-
ciated with the process parameterizations and the input pa-
rameters, these are evened out when comparing two model
simulations with the same model set-up. The differences in
mass between the two time slices for the three simulations
within the whole domain and within the Arctic are displayed
in Table 1. Only differences with significance levels lower
than 0.1 are shown.

The studied compounds behave differently depending on
their physical-chemical properties and emission history in
the simulations, and there are only a few general tendencies
in the behaviour of them. For all three sets of simulations
the total mass within the entire model domain is lower in the
2090s than in the 1990s for all compounds except for 5-HCH
for the E scenario (Fig. 1). The mass in soil and water are also
lower in the 2090s than in the 1990s for most compounds
with a few exceptions. The differences in air are only statisti-
cal significant for a few compounds. For the Arctic there are
more exceptions from these general tendencies (Table 1).

3.2 a—HCH

The mass of «-HCH in soil and ocean water within the entire
model domain is lower in the 2090s than in the 1990s, but
the mass in air is higher in the 2090s for all three sets of sim-
ulations (Fig. S4). Highest air concentrations are seen over
the countries and regions with most recent use, such as India,
Southeast Asia, Tunisia and Nigeria at the end of the 1990s
(Fig. 2). High concentrations are also seen over the Pacific
and the North Atlantic oceans with sharp land—sea contrasts,
which show that revolatilization from the oceans is a ma-
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jor source of atmospheric a-HCH in these areas. The pattern
is similar at the end of the 2090s but with generally higher
concentrations in the entire model domain. Largest relative
differences between the two periods are found over the Arc-
tic and North America (Fig. 2). The large relative differences
over Africa and the Pacific Ocean at the border of the domain
are not considered here because the concentrations are very
low in these areas.

The averaged ocean water concentration in the Arctic is
lower in 2099 than in 1999 (Fig. 2). There are regional dif-
ferences with lower concentrations around Svalbard, in the
eastern Arctic Ocean and in the Canadian Archipelago and
higher concentrations in the central Arctic Ocean that are
connected to the changes in sea ice cover in the Arctic. The
average soil concentration within the Arctic is lower in the
2090s than in the 1990s, although large regional differences
are seen for the soil compartment (Fig. 2).

Within the entire model domain around 90 % of «-HCH
is found in water for all three scenarios (Fig. S5). Within
the Arctic, higher fractions of HCHs are found in soil than
in the entire model domain for all three scenarios, but water
is still the predominant medium for the HCHSs in the Arctic
(Fig. S9). The total mass of ¢-HCH within the Arctic de-
creases over the modelled decades for the ES and S simula-
tions and the mass is lower at the end of the 2090s than the
1990s (Fig. S7). For the E simulations the total mass within
the Arctic increases, but contrary to the whole model domain
the mass within the Arctic is higher at the end of the 2090s
than in the 1990s.

The overall response of «-HCH to climate change is
mainly driven by two processes, both of which are affected
by the higher mean temperature in the 2090s than in the
1990s. Revolatilization from the surface is higher in the
2090s indicated by more mass in air and less in the surface
media, and environmental degradation (dominated by degra-
dation in air) is higher, indicated by the lower total mass in
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Table 1. Differences in mass between the two time slices for the three simulations within the whole domain and within the Arctic in total (7'),
in air (A), in water (W), and in soil (S). | displays lower mass in the 2090s than in the 1990s and 4 displays higher mass in the 2090s than
in the 1990s. Only differences with significance levels lower than 0.1 are shown. The background colours display the statistical significance,
red displays significance levels lower than 0.001, orange displays significance levels lower than 0.01, and yellow displays significance levels

lower than 0.1.
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the model domain in the 2090s than in the 1990s for all sce-
narios.

The higher concentrations in the air lead to a larger atmo-
spheric transport of «-HCH to the Arctic. Larger atmospheric
transport can also arise from changes in wind patterns, but
this cannot be quantified from these simulations. For the ES
and S simulations the larger degradation counteracts the in-
creased transport, leading to lower overall mass in the Arctic
in the 2090s than in the 1990s. For the E simulations the
larger atmospheric transport to the Arctic leads to rapid de-
position to the relatively clean surface compartments, where
the degradation is lower than in the atmosphere. Climate-
induced changes in the surface characteristics with less sea
ice and snow cover enhances the possible transfer to soil and
ocean water, both of which are surface media with more ac-
cumulation potential due to the lower degradation rates. The
effect of this process is larger than the effect of the higher
degradation rates, and the result is thus more mass in the Arc-
tic in the 2090s than in the 1990s for the E simulation. The
differences in mass of «-HCH are all statistically significant
within a 0.1 significance level except for air in the Arctic for
the E simulation.

33 B—HCH

Water is also the dominant medium for 8-HCH as it is for
a-HCH (Figs. S5 and S9), but 8-HCH has a generally differ-
ent behaviour in the environment compared with «¢-HCH. It
has a lower log Kaw and it is therefore more readily trans-
ferred to the oceans via wet and dry deposition (Li et al.,
2002). It has a statistically significant higher overall mass in
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the 2090s than in the 1990s for the E simulation (Table 1).
The mass within the Arctic is also statistically significantly
higher in the 2090s than in the 1990s for all three scenar-
ios, with the highest positive difference of all the compounds
(38 %) for the E scenario (Fig. 1). This is due to the statisti-
cally significant higher mass in water (Table 1), which most
probably arises due to a larger volatilization to air from soil
combined with changes in the precipitation patterns that can
lead to a more rapid transfer of B-HCH to the oceans close
to the source areas.

The fraction found in the Arctic in this study is very low
for all three scenarios (Fig. 3). The reason for this is that 8-
HCH is primarily transported to the Arctic via ocean currents
(Li et al., 2002). This process takes several decades and is
therefore not adequately represented in the 10-year model
simulations in this study. The spatial distribution of g-HCH
in this study is thus not representative for the distribution of
B-HCH in the environment.

34 y—HCH

y —HCH is the compound that displays the most mixed pic-
ture in terms of influence of climate change on the predicted
mass in the three scenarios. The difference in total mass in
the entire domain is negative but it is only statistically sig-
nificant for the S scenario, whereas the total mass within the
Arctic is higher in the 2090s than in the 1990s with a high
statistical significance for the ES and the E scenarios, but
not for the S scenario. As for the other HCHs, water is the
dominant medium for y-HCH (Figs. S5 and S9). In contrast
with a-HCH, the mass of y-HCH increases during the mod-
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Figure 2. Annually averaged a-HCH concentrations in the lowermost atmospheric layer (top row) in ocean water (middle row) and soil
(bottom row) for 1999 (left column) and 2099 (middle column) and the difference in percent between 1999 and 2099 (right column) for the
ES simulations.
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Figure 3. The fraction of the compounds found within the Arctic
relative to the mass in the entire model domain calculated from the
annual averages in the last simulated year for ES19 (purple), E19
(red), S19 (turquoise), ES20 (blue) E20 (green), and S20 (orange).

elled decades for the ES and S scenarios that both include
emissions. The reason for this is that with the relatively short
spin-up simulation, combined with a relatively high emission
scenario, the concentrations are still building up in the mod-
elled environment. Although the environmental degradation
is larger in the 2090s than in the 1990s, the addition of fresh
y-HCH emissions to the model domain dominates and the
differences between the 2 decades do not become statistically
significant.

The total mass in the Arctic for the ES simulations is al-
most constant over the 1990s, whereas it increases in the
2090s (Fig. S7). The reason for this is that while the mass
in soil increases in both simulations the mass in sea water
decreases in the 1990s, whereas it increases in the 2090s
(Fig. S8). This can be a result of a larger deposition to the
sea in 2090s due to larger atmospheric transport to the Arc-
tic and a larger sea surface available for deposition following
the retreat of sea ice. The masses of y-HCH in air are very
similar for the ES and the E simulations (Figs. S4 and S8).

PCBs

The physical-chemical properties of the PCB congeners span
a range of four orders of magnitude in log Koa (7-12) and
almost one order of magnitude in log Kaw (—2 to —3) from
the least chlorinated PCB8 to the most chlorinated PCB194.
With higher log Koa Vvalues partitioning to particles in the
air becomes an important process affecting the environmen-
tal fate of PCBs and thus the effect of climate change on
the fate, in addition to the two processes dominating the fate
of the HCHs. Particle- and gas-phase compounds are trans-
ported differently in the atmosphere; their deposition pat-
terns are different, and most importantly particle-phase com-
pounds are less degradable, with zero degradation assumed
in the DEHM model (Hansen et al., 2008a). A higher tem-
perature shifts the gas-particle equilibrium towards the gas
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phase in the air. Higher log Koa values also favours parti-
tioning to organic phases in the surface media such as soil,
where all the PCBs are predominantly found in the model
(Fig. S5).

The total mass within the entire domain is lower in the
2090s than in the 1990s for all three scenarios, with the
largest differences for the four least chlorinated congeners
(PCB8-PCB52), which are primarily found in gas-phase in
the atmosphere (Fig. 1). The effect of climate change on the
fate of these congeners is dominated by the higher degra-
dation resulting in up to 55% less mass within the model
domain in the 2090s than in the 1990s. The total mass of
these congeners is almost equal at the end of the ES19 and
the E19 simulations and similarly for the ES20 and the E20
simulations. This indicates that the model relatively quickly
reaches an overall steady-state between concentrations in air
and in the surface compartments due to the relatively high
environmental degradation rates for these congeners. The
steady-state is not the same for the 2 decades, with the over-
all steady-state being lower for the 2090s than for the 1990s.
This is due to the larger environmental degradation following
the higher average temperature in the 2090s.

Degradation also dominates the fate of the intermediately
chlorinated congeners (PCB101-PCB118) although not to
the same extent as for the least chlorinated PCB congeners.
The result is a relatively low, but still statistically significant,
overall effect of climate change of less than 5% lower mass
in the 2090s.

For the most chlorinated congeners (PCB138 and higher)
the overall steady state is not reached at the start of the
ES simulations, indicated by increasing environmental mass
through the modelled decades (Fig. S3). The effect of climate
change is even smaller for these congeners, but still statisti-
cally significant.

The effect of climate change on the total mass in the Arc-
tic is smaller than the effect in the entire model domain, with
a maximum of 38 % difference for the least chlorinated con-
geners. This indicates that more mass is transported to the
Arctic in the 2090s than in the 1990s. For the least chlori-
nated congeners (PCB8-PCB52) the result is a lower mass in
the 2090s than in the 1990s due to the enhanced degradation.
With increasing chlorination, the partitioning to particles is
higher and the transport via the (non-degradable) particle-
phase thus leads to a smaller effect of the changed climate
on atmospheric transport of the PCB congeners to the Arctic.
Differences between the congeners (e.g. larger difference in
mass of PCB153 than of PCB180 in the Arctic for the E sim-
ulation) can be due to the different emission patterns for the
individual congeners.

The overall average mass in air in the entire model domain
cannot be distinguished from each other at the end of the
simulated decades except for the most chlorinated congeners
(PCB153 and higher) regardless of the initial environmen-
tal concentrations and, to a lesser degree, the climate input
(Fig. S4). This indicates that the dynamics of atmospheric
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concentrations of PCBs are dominated by primary emissions
and that re-emissions from surfaces do not contribute con-
siderably to the large-scale atmospheric transport and fate of
PCBs.

The differences in total mass within the Arctic is in gen-
eral more positive for the E scenario than for the ES sce-
nario. For the light PCB congeners where the difference is
most negative for the ES scenario, the differences for the E
scenario are smaller. For the compounds with small negative
difference for the ES simulation the difference for the E sim-
ulations are positive. For the studied compounds where the
model predicts higher mass in the Arctic in the 2090s for the
ES simulation, the difference in mass is larger for the E simu-
lation, except for PCB194 (Fig. 1). This indicates that climate
change acts to enhance atmospheric transport and subsequent
accumulation in the Arctic for new contaminants to a larger
degree than for compounds with longer emission histories.
One possible explanation for the exception of PCB194 may
be that there is a larger accumulation in soils in the 2090s.
This will lead to a build-up of mass in the soil, but also to
a larger loss from the soil compartment via run-through of
excess water in the model. However, this needs to be investi-
gated in further detail.

3.5 Fraction of mass found in the Arctic

We also examined the fraction of the total mass in the model
domain that is found within the Arctic at the end of each
of the simulations (Fig. 3). The fraction of the PCBs found
within the Arctic is between 3 and 53 % with largest frac-
tions for the least chlorinated congeners and the highest over-
all for PCB8 in the S20 simulation. The highest fraction of
the HCH’s (25%) is found for «-HCH for the S20 simula-
tion. The fraction found in the Arctic is higher in the 2090s
than in the 1990s for all compounds and for all three scenar-
ios. In general the differences between the scenarios are very
small apart from the HCHs and the least chlorinated PCB
congeners (PCB8-PCB52), where the fraction found in the
Acrctic is higher for the ES and the S simulations than for the
E simulations. For «-HCH the reason for this difference is
that the initial environmental concentrations reflect 45 years
of previous accumulation in contrast to the 20 years for the
other compounds. For the least chlorinated PCB congeners
the rapid degradation removes the compounds more slowly
from the cold arctic environment than from the rest of the
model domain and the concentrations in the S simulations
are not sustained with fresh emissions as they are in the ES
and E simulations.

3.6 Comparison with previous results
Armitage et al. (2011) and Gouin et al. (2013) recently re-
viewed the few model studies that have investigated the ef-

fect of a changed climate on the transport and fate of POPs
in the Arctic. Lamon et al. (2009) applied a global grid-
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ded multimedia model to calculate steady-state solutions for
PCB28 and PCB153 under the SRES-A2 climate scenario.
A global geographically explicit multimedia model was ap-
plied to calculate steady state solutions for a range of hypo-
thetical chemicals under the SRES-A1B scenario by Gouin
et al. (2013). Wohrnschimmel et al. (2013) applied a global
gridded multimedia model forced with the SRES-A2 climate
scenario and with average climate input for the period 1980-
2000 to predict the effect of climate change on the trans-
port of «-HCH and PCB153 to the Arctic. A zonally aver-
aged multimedia model was applied by Armitage and Wa-
nia (2013) to study the impact of changed climate conditions
on the fate of a range of hypothetical chemicals forced with a
climate change scenario resembling the SRES-A1B scenario.

The previous studies all apply models with different spa-
tial resolution, different process parameterizations and input
parameters as well as different climate change scenarios so
a direct comparison of the results from this study with the
previous model studies is therefore difficult. One common
result is that the impact of climate change is moderate, with
all studies but one predicting an effect of climate change on
environmental concentrations of POPs within a factor of 2.
The differences projected in this study are in the lower end
compared to previous predictions.

While the different models in general agree on the moder-
ate effect of climate change on the environmental concentra-
tions of POPs in the Arctic, they do not always agree on the
sign of the changes. Although there is some disagreement be-
tween the previous model studies most of them predict higher
air concentrations and lower ocean water concentrations of
PCB153 in the Arctic. The results in this study are opposite
to most of the previous studies but the predicted differences
are not statistically significant. Apart from one of the previ-
ous model studies, all of the studies including «-HCH predict
higher air concentrations and lower ocean water concentra-
tions in the Arctic. The results in this study are in accordance
with the previous findings and they are statistically signifi-
cant. Due to the complexity of the models it is not possible to
determine the processes that are responsible for differences
between the model predictions.

4 Conclusions

We have studied the effect of climate change on the fate of a
range of POPs. Under the applied climate and emission sce-
narios, the total mass of all compounds was predicted to be
lower by up to 55% across the Northern Hemisphere in a
future warmer climate under the SRES A1B scenario. The
mass of HCHs within the Arctic was predicted to be higher
by up to 38 %, whereas the change in mass of the PCBs was
predicted to range from 38 % lower to 17 % higher mass de-
pending on the congener and the applied initial environmen-
tal concentrations. These differences are statistically signifi-
cant for the HCHs, while not all of the results for the PCBs
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are statistically significant. It is not possible to state whether
there is, in general, a climate penalty or a climate benefit on
the transport of POPs into the Arctic in terms of higher or
lower environmental concentrations and thus higher or lower
potential exposure since it depends on the physical-chemical
properties of the compounds as well as the initial environ-
mental concentrations. The results of this study also indicate
that contaminants with no or a short emission history will be
more rapidly transported to and build up in the arctic envi-
ronment in a future warmer climate.

From this study we have gained insight into how climate
change affects the transport of a range of POPs to the Arc-
tic and which processes are dominating the environmental
behaviour of POPs in the Arctic in a future warmer climate
scenario. The most dominating process is the shift in mass of
POPs from the surface media to the atmosphere induced by
the higher mean temperature. This is to some degree counter-
acted by higher degradation rates also following the higher
mean temperature. The more dominant of these two pro-
cesses depends on the physical-chemical properties of the
compounds.

The results in this study confirm findings from previ-
ous studies using less complex models that the effect of
a changed climate on the transport of POPs to the Arctic
is moderate. Larger differences in environmental concentra-
tions are predicted due to changes in emissions than due to
changes in climate parameters (Lamon et al., 2009; Wéhrn-
schimmel et al., 2013). While the different models in general
agree on the moderate effect of climate change on the envi-
ronmental concentrations of POPs in the Arctic, they do not
always agree on the sign of the changes, i.e. whether there is
a climate penalty or a climate benefit on the environmental
fate of POPs. This is due to differences in process parameter-
izations and in the physical-chemical parameters, emissions
scenarios and climate change scenarios applied as input data.
To identify which parameters and processes are creating the
discrepancies between the models, a thorough model com-
parison such as the one conducted by Hansen et al. (2006) is
needed.

The Supplement related to this article is available online
at doi:10.5194/acp-15-6549-2015-supplement.
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