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Abstract

The Danish Eulerian Hemispheric Model (DEHM) wagplaga to investigate how projected
climate changes will affect the atmospheric transmd 13 persistent organic pollutants
(POPs) to the Artic and their environmental fatéhwi the Arctic. Three sets of simulations
were performed, one with present day emissions iaiidl environmental concentrations
from a 20 year spin-up simulation, one with presdaly emissions and with initial
environmental concentrations set to zero and on#owi emissions but with initial
environmental concentrations from the 20 year sjpirsimulation. Each set of simulations
consisted of two ten-year time slices represerttiegpresent (1990 — 2000) and future (2090
— 2100) climate conditions. DEHM was driven usingteorological input from the global
circulation model, ECHAM/MPI-OM, simulating the SBEA1B climate scenario. Under the
applied climate and emission scenarios, the tosdsof all compounds was predicted to be
up to 55% lower across the Northern Hemispherdaend of the 2090s than in the 1990s.
The mass of HCHs within the Arctic was predictedb® up to 38% higher, whereas the
change in mass of the PCBs was predicted to range38% lower to 17% higher depending
on the congener and the applied initial environ@letdncentrations. The results of this study
also indicate that contaminants with no or a skonission history will be more rapidly
transported to and build up in the arctic environtrie a future warmer climate. The process
that dominates the environmental behaviour of P@Pthe Arctic under a future warmer
climate scenario is the shift in mass of POPs fitb surface media to the atmosphere
induced by the higher mean temperature. This isaime degree counteracted by higher
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degradation rates also following the higher meanptrature. The more dominant of these
two processes depend on the physical-chemical grep@f the compounds. Previous model
studies have predicted that the effect of a chamjjethte on the transport of POPs to the
Arctic is moderate relatively to the effect of poged changes in emissions, which is
confirmed in this study. However, the model stuadiesnot agree on whether climate change
acts to reduce or increase environmental concérsabf POPs in the Arctic, and further

work is needed to resolve this matter.

1 Introduction

The climate has changed in recent decades withméia sign being an increase in global
mean temperature. In both the 4th and the recdniPBEC Assessment Report (AR4 and
AR5), the multi-model ensembles project an incraasie global mean temperature in the
range of 1-6°C by the end of the 21st century,tiredato pre-industrial temperature levels
(IPCC, 2007; Rogelj et al., 2012). The broad ramgthe projected temperature increase is
linked to the various greenhouse gas emission gosnaised as input to the climate

simulations.

Within the Arctic these changes are projected ttalger than elsewhere. According to one of
the intermediate emission scenarios applied in AlR4, SRES A1B scenario, the average
temperature increase in the Arctic exceeds 9°Qheyend of the 21st century compared to the
1990s (Hedegaard et al., 2012). The increasing eemyre leads to enhanced seasonal
melting of the Arctic Ocean sea ice, retreatingylaiciers and melting of the Greenland ice
sheet. Changes are also projected for precipitggaiterns as well as in weather patterns in

general.

Climate change impacts the physical and chemicatgsses in the atmosphere, including
atmospheric transport pathways, chemical composit@r-surface exchange processes,
natural emissions, etc., see Jacob and Winner [Z00% review. Changes in climate alone
might lead to both lower or higher levels of spegfollutants in the atmosphere leading to a
lower or higher exposure, which can be referreasta “climate benefit” or “climate penalty”,

respectively. During the last decade a numberwafiss have examined the effects of climate
change on air pollutants such as ozone (Hedegaarid €008; 2012; Anderson et al., 2010;
Langner et al.,, 2012) and particulate matter (Haded) et al., 2013; Colette et al., 2013;
Simpson et al., 2014). So far the most robust $ignseen for ozone with an overall climate

penalty projected for the future; however, there @rge uncertainties associated with for
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example the natural sources for ozone precursadstlagir sensitivity to climate changes
(Langner et al., 2012). It has also been showntthatkind of study is very dependent on the
applied climate input (Manders et al., 2012).

The environmental fate of persistent organic palitd (POPs) is determined by many
different environmental factors, several of whiclayrbe affected by climate change, thus
making the combined effect difficult to predict.réport from an UNEP/AMAP expert group
outlines qualitatively the effects of a warmingtbé climate on the cycling and fate of POPs
in the environment (UNEP/AMAP, 2011): Increasingnperatures can lead to changed
partitioning between the different media as well tasenhanced re-volatilization from
historically deposited compounds, which can leadatger atmospheric transport. Higher
temperatures also increase degradation rates maotnd surface media. Melting of polar
ice caps and glaciers will result in larger airfaoe exchange and the melting ice may release
stored POPs to the marine and atmospheric envinstsmeligher wind speed may lead to
enhanced atmospheric transport downwind of majorcgoareas and increasing precipitation

in the Arctic may lead to increasing deposition.

The effect of a changed climate on the transpodt fate of POPs in the Arctic has been
investigated in a few studies with a range of défé modelling approaches and model setups
(Lamon et a., 2009; Armitage et al., 2011; Gouiralet2013; Wohrnschimmel et al., 2013,
Armitage and Wania, 2013). Despite differences indelling approaches, the studies
generally predict that the effect of changed clemabn simulated environmental
concentrations is within a factor of two. Howevigre applied models in the previous studies
have a low spatial resolution with 10 zonally age@d climate zones and 4 atmospheric layers
(Armitage et al., 2011; Armitage and Wania, 2023) geographically explicit compartments
(Gouin et al., 2013) or 25X 15° regular grid and 2 atmospheric layers (Lamon gt28109;
Wohrnschimmel et al., 2013) as well as simplifiegresentations of important atmospheric
processes. It is thus important to test whethermtiedictions from these studies are reliable

using more advanced models.

The aim of this study is to investigate how a ctehglimate will affect the fate of POPs with
special focus on the transport to and fate withaArctic, and to determine if there will be a
climate penalty or benefit on POPs in terms of érghr lower environmental concentrations
and thus higher or lower potential exposure. Theliep model has a much higher spatial

resolution and with more detailed descriptions thaspheric degradation and airborne
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particulate matter than previous model studies.mbdel was previously applied to study the
effect of climate change on future atmospheric lev&f ozone and particulate matter
(Hedegaard et al., 2008; 2012; 2013; Langner g2@12; Simpson et al., 2014).

2 Model

We applied the Danish Eulerian Hemispheric ModeEKIM), a 3D dynamic atmospheric
chemistry-transport model covering the Northern pmere with a horizontal resolution of
150 km X 150 km and 20 vertical layers extending teeight of 10hPa. DEHM comprises a
comprehensive chemistry scheme including full ozcmemistry and particulate matter and is
driven by meteorological data (temperature in agt aurface media, pressure, wind velocity,
humidity, solar radiation, cloud cover and seadoeer) from a numerical weather prediction
model. A detailed description of the model can dwenfl in Christensen (1997), Frohn et al.
(2002) and Brandt et al. (2012). DEHM has succdgsiieen applied to study the transport
and fate of a range of chemical compounds to thaidrincluding sulphur and sulphate
(Christensen, 1997), mercury (Christensen et @D42 Skov et al., 2004), POPs (Hansen et
al., 2004; 2008a;b) and Decamethylcyclopentasilex&rogseth et al., 2013). Two-way air-
surface gas exchange processes as well as intnpacmental processes are included for the
surface compartments soil, water, vegetation amdvgiiHansen et al., 2004; 2008a). Model
evaluations against measured air concentration& shasonable agreement with predicted
concentrations for a range of persistent compogiHdasen et al., 2004; 2006; 2008a; 2008b;
McLachlan et al., 2010; Genualdi et al., 2011; &t et al., 2013).

Most of the environmental processes described iHlEre climate-dependent and they will
therefore affect the predicted fate of POPs undehaamged climate. Temperature is the main
driver that affects the partitioning between gasd particle-phase POPs in air, degradation of
gas-phase compounds in air, vegetation and snayvadation in soil and water as well as the
air-surface gas-exchange for the surface mediangdsain precipitation patterns will affect
the scavenging of POPs from the atmosphere andlubb-through of water of the soill
compartment and changes in the snow cover ancceazover will affect the air-surface gas-
exchange for the surface media (Hansen et al.,;ZiBBa). However, due to the complexity
of the DEHM model it is difficult to separate thH#feet of the individual processes on the

results.
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2.1 Model set-up

A total of 13 different POPs are included in thed®losimulationsu-, B-, andy-HCH and 10
PCB congeners: PCB8, PCB28, PCB31, PCB52, PCB1CB1P8, PCB138, PCB153,
PCB180, and PCB194. In addition, the simulations mwade with the regular chemistry
scheme, including 67 compounds. This ensures aeprdgscription of airborne particulate
matter with which POPs can associate and the Oldaiad the primary degradation oxidant
for POPs in the atmosphere.

We have performed three sets of simulations, ohevile present day emissions and initial
environmental concentrations from a 20 year spirsiopulation (the ‘ES’ simulations), one
set with present day emissions and with initialiesnmental concentrations set to zero (the
‘E’ simulations), and one set without emissions Wwiih initial environmental concentrations
from the 20 year spin-up simulation (the ‘S’ simidas). The spin-up simulation was
initialized with zero environmental concentratidios all compounds except far-HCH in
which case environmental concentrations were tdi@n a previous study using a 45 year
spin-up period (see Table S1 in the supplemenghsat of simulations consist of two ten-
year time slices representing present (1990-2a0919’, ‘S19’ or ‘E19") and future (2090 —
2100, ‘ES20’, ‘E20’ or ‘S20’) climate. We have ajgal the same emissions to the atmosphere
in the ‘ES’ and ‘E’ simulations (see Table S1). kvihis set-up the difference in predicted
concentrations for each set of simulations aris#g foom the effect the difference in climate
input has on the transport and deposition procegsegriver of the simulations we have
applied meteorological data obtained from a mootetkation made with the ECHAMS5/MPI-
OM model (Roeckner et al., 2003; 2006; Marslanélet2003) simulating the SRES A1B
scenario (Nakicenovic et al., 2000). The SRES AtBnario projects the global average
temperature to increase by°E3by the end of the 21st century with large sedsand
regional differences in the warming with annual pemature increase exceedinCan the
sub-polar regions of Asia, North America and Eurofjee average sea ice extent in the Arctic
Is estimated to retreat by approximately 40%, aret the Barents Sea the sea ice is predicted
to vanish completely by the end of the 21st centlitye globally averaged precipitation
changes only slightly, although there are largeorea and seasonal differences. The winter
precipitation over the temperate and arctic regisngrojected to increase by 10-50%. The
global temperature change related to the SRES Ag&Basio from AR4 is quite similar to the
RCP6 scenario used in the IPCC AR5 (Rogelj et28l1,2). The SREAS A1B is only one of
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several climate change scenarios and representdeamediate development of the climate.

The projected changes in this study should be \dawehis context.

2.1.1 Input data

DEHM requires physical-chemical properties and siois data for each of the modelled
compounds as input for the model simulations. Teatpee dependent physical-chemical
properties for the HCHs are from Xiao et al. (2084} for the PCBs from Schenker et al.,
(2005), degradation rates in air are derived fraeyeB et al. (2003), and reaction half lives in
soil and water are from common model input propsrtifor the ArcRisk project
(Wo6hrnschimmel, personal communication; Table S2HCH emissions for the year 2000
are from Hansen et al. (20088;HCH emissions are calculated as 1/6 of thelCH
emissions ang-HCH are calculated emissions for the year 2005efLal., 2008). For the
PCBs, annual emissions from 2007 based on the dnghksion scenario from Breivik et al.
(2007) are applied (Table S1).

3 Results and discussion

The simulations all apply input from one possiblienate change scenario and this should
therefore be considered as a sensitivity study @ lthe results from the DEHM model
responds to the changed climate input in that @der scenario. We have calculated the total
mass in the entire model domain and within the i8yah this study defined as the area north
of the Arctic Circle (66.8\), and compared the results of the two time sliceshe three
model scenarios. Largest differences are foundhiteast chlorinated PCB congeners (55%)
for the ‘S’ scenario (Figure 1). Plots of the mdnthveraged total mass as well as masses in
air, soil and water, the distribution between tiféeecknt media, and the relative difference in
total mass in the media within the entire model domas well as within the Arctic region are

included in the supplement (Figures S3 — S10).

3.1 Test of statistical significance

A statistical test was applied to assess the sugm€e of differences in the modelled masses
of POPs in the different media between the 19903 2(000s. We have calculated the

difference of the annual averaged mass in air, vaatd soil and in total (Figures S1 and S2 in
the supplement), fitted a linear trend and testekle trend of the annual differences over the

modelled decade is significant compared to theabdity around the trend using a Student’s
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t-test (Table S3). By evaluating the variabilityoand the trend of the annual differences
instead of the differences themselves we ensurethieadata are independent which is an
assumption needed for the t-test. The mass isibgildp in the model during the model
simulations due to the emissions, but the samesamnis are applied in both time slices, so
the trend of the annual differences in mass isagoeasure for the climate change impacts.
Although there are uncertainties in the model aased with the process parameterizations
and the input parameters, these are evened out edmparing two model simulations with
the same model set-up. The differences in masseeetwthe two time slices for the three
simulations within the whole domain and within tAectic are displayed in Table Only

differences with signifance levels lower than & shown.

The studied compounds behave differently dependmgheir physical-chemical properties
and emission history in the simulations, and theee only a few general tendencies in the
behaviour of them. For all three sets of simulaidine total mass within the entire model
domain is lower in the 2090s than in the 1990salbcompounds except f@-HCH for the

‘E’ scenario (Figure 1). The mass in soil and water also lower in the 2090s than in the
1990s for most compounds with a few exceptions. differences in air are only statistical
significant for a few compounds. For the Arcticrihare more exceptions from these general

tendencies (Table 1).

3.2 a-HCH

The mass ofti-HCH in soil and ocean water within the entire madiemain is lower in the
2090s than in the 1990s, but the mass in air ibdnign the 2090s for all three sets of
simulations (Figure S4). Highest air concentratians seen over the countries and regions
with most recent use, such as India, Southeast, Asinisia and Nigeria at the end of the
1990s (Figure 2). High concentrations are also ssen the Pacific and the North Atlantic
Oceans with sharp land-sea contrasts, which shatwéhvolatilization from the oceans, is a
major source of atmosphericHCH in these areas. The pattern is similar atetheé of the
2090s but with generally higher concentrationshi@ éntire model domain. Largest relative
differences between the two periods are found tweArctic and North America (Figure 2).
The large relative differences over Africa and Bazific Ocean at the border of the domain

are not considered here because the concentratiengry low in these areas.
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The averaged ocean water concentration in the Aistiower in 2099 than in 1999 (Figure
2). There are regional differences with lower coniions around Svalbard, in the Eastern
Arctic Ocean and in the Canadian Archipelago agtidri concentrations in the central Arctic
Ocean that are connected to the changes in seeowa in the Arctic. The average soil
concentration within the Arctic is lower in the ZB9than in the 1990s, although large

regional differences are seen for the soil compamtniFigure 2).

Within the entire model domain around 90% @HCH is found in water for all three
scenarios (Figure S5). Within the Arctic, higheaclions of HCHs are found in soil than in
the entire model domain for all three scenarios water is still the predominant medium for
the HCHs in the Arctic (Figure S9). The total mass-HCH within the Arctic decreases
over the modelled decades for the ‘ES’ and ‘S’ dations and the mass is lower at the end of
the 2090s than the 1990s (Figure S7). For theifRukations the total mass within the Arctic
increases, but contrary to the whole model dontanntass within the Arctic is higher at the
end of the 2090s than in the 1990s.

The overall response ofHCH to climate change is mainly driven by two msses, both of
which are affected by the higher mean temperataréhé 2090s than in the 1990s. Re-
volatilization from the surface is higher in the9P8 indicated by more mass in air and less in
the surface media, and environmental degradatiomiftated by degradation in air) is higher,
indicated by the lower total mass in the model danvathe 2090s than in the 1990s for all

scenarios.

The higher concentrations in the air lead to ada@mospheric transport afHCH to the
Arctic. Larger atmospheric transport can also afisen changes in wind patterns, but this
cannot be quantified from these simulations. F& 8BS’ and ‘S’ simulations the larger
degradation counteracts the increased transpadirig to lower overall mass in the Arctic in
the 2090s than in the 1990s. For the ‘E’ simulatitime larger atmospheric transport to the
Arctic leads to rapid deposition to the relativétjean’ surface compartments, where the
degradation is lower than in the atmosphere. Ckmiaduced changes in the surface
characteristics with less sea ice and snow covbarares the possible transfer to soil and
ocean water, both of which are surface media witmienaccumulation potential due to the
lower degradation rates. The effect of this prodsskrger than the effect of the higher
degradation rates, and the result is thus more mabg Artic in the 2090s than in the 1990s
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for the ‘E’ simulation. The differences in massuagflCH are all statistically significant within

a 0.1 significance level except for air in the Agdor the ‘E’ simulation.

3.3 B-HCH

Water is also the dominant medium f8HCH as it is fora-HCH (Figure S5 and S9), bt
HCH has a generally different behaviour in the esrwinent compared witl-HCH. It has a
lower log Kaw and it is therefore more readily transferred te tteans via wet and dry
deposition (Li et al., 2002). It has a statistigadlgnificant higher overall mass in the 2090s
than in the 1990s for the ‘E’ simulation (Table The mass within the Arctic is also
statistically significant higher in the 2090s tharthe 1990s for all three scenarios, with the
highest positive difference of all the compound3%3 for the ‘E’ scenario (Figure 1). This is
due to the statistically significant higher massviater (Table 1), which most probably arises
due to a larger volatilization to air from soil cbimed with changes in the precipitation
patterns that can lead to a more rapid transf@i-ldCH to the oceans close to the source

areas.

The fraction found in the Arctic in this study isry low for all three scenarios (Figure 3).
The reason for this is th@tHCH is primarily transported to the Arctic via @recurrents (Li

et al., 2002). This process takes several decadksdherefore not adequately represented in
the 10 year model simulations in this study. Thatigpdistribution of3-HCH in this study is
thus not representative for the distributiordiCH in the environment.

3.4 y-HCH

v-HCH is the compound that display the most mixexlype in terms of influence of climate
change on the predicted mass in the three scendhesdifference in total mass in the entire
domain is negative but it is only statisticallysigcant for the ‘S’ scenario, whereas the total
mass within the Arctic is higher in the 2090s thanthe 1990s with a high statistically
significance for the ‘ES’ and the ‘E’ scenariost ot for the ‘S’ scenario. As for the other
HCHs water is the dominant medium feHCH (Figure S5 and S9). In contrast wittHCH,
the mass of-HCH increases during the modelled decades fofEBéand ‘S’ scenarios that
both include emissions. The reason for this is Witt the relatively short spin-up simulation,
combined with a relatively high emission scenatti@, concentrations are still building up in

the modelled environment. Although the environmiedtgradation is larger in the 2090s
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than in the 1990s, the addition of freshiCH emissions to the model domain dominates and

the differences between the two decades do nonestatistically significant.

The total mass in the Artic for the ‘ES’ simulatsoms almost constant over the 1990s,
whereas it increases in the 2090s (Figure S7).ré&ason for this is that while the mass in soill
increases in both simulations the mass in sea wdgereases in the 1990s, whereas it
increases in the 2090s (Figure S8). This can besaltrof a larger deposition to the sea in
2090s due to larger atmospheric transport to thatiddand a larger sea surface available for
deposition following the retreat of sea ice. Thesges of-HCH in air are very similar for the
‘ES’ and the ‘E’ simulations (Figure S4 and S8).

PCBs

The physical-chemical properties of the PCB congerspan a range of four orders of
magnitude in log Ka (7 — 12) and almost one order of magnitude inHag (-2 — -3) from
the least chlorinated PCB8 to the most chlorind®&B194. With higher log . values
partitioning to particles in the air becomes anom@nt process affecting the environmental
fate of PCBs and thus the effect of climate chamgénhe fate, in addition to the two processes
dominating the fate of the HCHs. Particle- and glaase compounds are transported
differently in the atmosphere; their depositiontgats are different, and most importantly
particle-phase compounds are less degradable,zerth degradation assumed in the DEHM
model (Hansen et al., 2008a). A higher temperaghifés the gas-particle equilibrium towards
the gas phase in the air. Higher logaalues also favours partitioning to organic phases
the surface media such as soil, were all the PGBdominantly are found in the model
(Figure S5).

The total mass within the entire domain is lowetha 2090s than in the 1990s for all three
scenarios, with the largest differences for ther fmast chlorinated congeners (PCB8 —
PCB52), which are primarily found in gas-phasehie atmosphere (Figure 1). The effect of
climate change on the fate of these congeners msindded by the higher degradation
resulting in up to 55% less mass within the moashdin in the 2090s than in the 1990s. The
total mass of these congeners is almost equal eatettd of the ‘ES19’ and the ‘E19’
simulations and similarly for the ‘ES20’ and the2@® simulations. This indicates that the
model relatively quickly reaches an overall steathte between concentrations in air and in
the surface compartments due to the relatively kighironmental degradation rates for these

10
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congeners. The steady-state is not the same fawthelecades, with the overall steady-state
being lower for the 2090s than for the 1990s. Tikisdue to the larger environmental
degradation following the higher average tempeeaituthe 2090s.

Degradation also dominates the fate of the interatel¢ chlorinated congeners (PCB101 —
PCB118) although not to the same extent as fordhst chlorinated PCB congeners. The
result is a relatively low, but still statisticalfignificant, overall effect of climate change of
less than 5% lower mass in the 2090s.

For the most chlorinated congeners (PCB138 andehjgthe overall steady state is not
reached at the start of the ‘ES’ simulations, iathd by increasing environmental mass
through the modelled decades (Figure S3). The teffeclimate change is even smaller for
these congeners, but still statistically significan

The effect of climate change on the total massenArctic is smaller than the effect in the
entire model domain, with a maximum of 38% diffarerior the least chlorinated congeners.
This indicates that more mass is transported tticc in the 2090s than in the 1990s. For
the least chlorinated congeners (PCB8 — PCB52)abt is a lower mass in the 2090s than
in the 1990s due to the enhanced degradation. Mitkasing chlorination, the partitioning to
particles is higher and the transport via the (degradable) particle-phase thus leads to a
smaller effect of the changed climate on atmospheainsport of the PCB congeners to the
Arctic. Differences between the congeners (e.geladifference in mass of PCB153 than of
PCB180 in the Arctic for the ‘E’ simulation) can tae to the different emission patterns for

the individual congeners.

The overall average mass in air in the entire mddatain cannot be distinguished from each
other at the end of the simulated decades excephdéomost chlorinated congeners (PCB153
and higher) regardless of the initial environmem@hcentrations and, to a less degree, the
climate input (Figure S4). This indicates that tiymamics of atmospheric concentrations of
PCBs are dominated by primary emissions and thamigssions from surfaces do not
contribute considerably to the large-scale atmasplransport and fate of PCBs.

The differences in total mass within the Arctigriggeneral more positive for the ‘E’ scenario

than for the ‘ES’ scenario. For the light PCB camgrs where the difference is most negative

for the ‘ES’ scenario, the differences for the $€enario are smaller. For the compounds with

small negative difference for the ‘ES’ simulatidretdifference for the ‘E’ simulations are

positive. For the studied compounds where the mpiglicts higher mass in the Arctic in the
11
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2090s for the ‘ES’ simulation, the difference ingwas larger for the ‘E’ simulation, except
for PCB194 (Figure 1). This indicates that climateange acts to enhance atmospheric
transport and subsequent accumulation in the Afotimew contaminants to a larger degree
than for compounds with longer emission histori@ne possible explanation for the
exception of PCB194 may be that there is a largeumulation in soils in the 2090s. This
will lead to a build-up of mass in the soil, bus@lo a larger loss from the soil compartment
via run-through of excess water in the model. Havevhis needs to be investigated in

further detail.

3.5 Fraction of mass found in the Arctic

We also examined the fraction of the total mashenmodel domain that is found within the
Arctic at the end of each of the simulations (F&g8). The fraction of the PCBs found within
the Arctic is between 3% and 53% with largest foacg for the least chlorinated congeners
and the highest overall for PCB8 in the ‘S20’ siatign. The highest fraction of the HCH’s
(25%) is found forw-HCH for the ‘S20’ simulation. The fraction fournwl the Arctic is higher

in the 2090s than in the 1990s for all compounds fan all three scenarios. In general the
differences between the scenarios are very smalit dom for the HCHs and the least
chlorinated PCB congeners (PCB8 — PCB52), wherdrélotion found in the Arctic is higher
for the ‘ES’ and the ‘'S’ simulations than for th€' ‘simulations. For-HCH the reason for
this difference is that the initial environmentaincentrations reflect 45 years of previous
accumulation in contrast to the 20 years for tHeeotompounds. For the least chlorinated
PCB congeners the rapid degradation removes th@aamils less fast from the cold arctic
environment than from the rest of the model domam the concentrations in the ‘S’
simulations are not sustained with fresh emissamhey are in the ‘ES and ‘E’ simulations.

3.6 Comparison with previous results

Armitage et al. (2011) and Gouin et al. (2013) ntlgereviewed the few model studies that
have investigated the effect of a changed climatehe transport and fate of POPs in the
Arctic. Lamon et al. (2009) applied a global griddaultimedia model to calculate steady-
state solutions for PCB28 and PCB153 under the SRESlimate scenario. A global
geographically explicit multimedia model was apglie calculate steady state solutions for a
range of hypothetical chemicals under the SRES-AtBnario by Gouin et al. (2013).
Wo6hrnschimmel et al. (2013) applied a global graldeultimedia model forced with the
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SRES-A2 climate scenario and with average climafauti for the period 1980-2000 to
predict the effect of climate change on the transpba-HCH and PCB153 to the Arctic. A

zonally averaged multimedia model was applied byifage and Wania (2014) to study the
impact of changed climate conditions on the fata eiinge of hypothetical chemicals forced

with a climate change scenario resembling the SRESscenario.

The previous studies all apply models with différepatial resolution, different process
parameterizations and input parameters as wellifeeraht climate change scenarios so a
direct comparison of the results from this studyhvthe previous model studies is therefore
difficult. One common result is that the impacicbate change is moderate, with all studies
but one predicting an effect of climate change amirenmental concentrations of POPs
within a factor of 2. The differences projectedhirs study are in the lower end compared to

previous predictions.

While the different models in general agree onrioglerate effect of climate change on the
environmental concentrations of POPs in the Ar¢hey do not always agree on the sign of
the changes. Although there is some disagreeméwebe the previous model studies most
of them predict higher air concentrations and loaean water concentrations of PCB153 in
the Arctic. The results in this study are oppostdemost of the previous studies but the
predicted differences are not statistically sigmfit. Apart from one of the previous model
studies all the studies includingHCH predicts higher air concentrations and loweeam
water concentrations in the Arctic. The resultsthis study are in accordance with the
previous findings and they are statistically sig@iht. Due to the complexity of the models it
is not possible to determine the processes thatemgonsible for differences between the
model predictions.

4 Conclusions

We have studied the effect of climate change onfélte of a range of POPs. Under the
applied climate and emission scenarios, the tosdshof all compounds was predicted to be
lower by up to 55% across the Northern Hemisphera future warmer climate under the
SRES A1B scenario. The mass of HCHs within theidnegs predicted to be higher by up to
38%, whereas the change in mass of the PCBs wdka@ to range from 38% lower to 17%
higher mass depending on the congener and theedppitial environmental concentrations.
These differences are statistical significant toe HCHs, while not all the results for the

PCBs are statistical significant. It is not possitd state whether there in general is a climate
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penalty or benefit on the transport of POPs inte A&rctic in terms of higher or lower
environmental concentrations and thus higher oefguotential exposure since it depends on
the physical-chemical properties of the compounslswall as the initial environmental
concentrations. The results of this study alsocaig that contaminants with no or a short
emission history will be more rapidly transportedand build up in the arctic environment in

a future warmer climate.

From this study we have gained insight into hownelie change affects the transport of a
range of POPs to the Arctic and into which processe dominating the environmental
behaviour of POPs in the Arctic in a future warrolmate scenario. The most dominating
process is the shift in mass of POPs from the senfaedia to the atmosphere induced by the
higher mean temperature. This is to some degrente@cted by higher degradation rates
also following the higher mean temperature. The endominant of these two processes

depend on the physical-chemical properties of tmepounds.

The results in this study confirm findings from yaais studies using less complex models
that the effect of a changed climate on the trarisggfd®OPs to the Arctic is moderate. Larger
differences in environmental concentrations arelipted due to changes in emissions than
due to changes in climate parameters (Lamon e2@09; Wohrnschimmel et al., 2013).
While the different models in general agree onrtioglerate effect of climate change on the
environmental concentrations of POPs in the Ard¢hey do not always agree on the sign of
the changes, i.e. whether there is a climate peoala climate benefit on the environmental
fate of POPs. This is due to differences in progemsmeterizations and in the physical-
chemical parameters, emissions scenarios and elio@nge scenarios applied as input data.
To identify which parameters and processes aretiogedhe discrepancies between the
models a thorough model comparison such as theonducted by Hansen et al. (2006) is

needed.
The Supplement related to thisarticleisavailable online at doi: XXXXX-supplement.
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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 (T), in air (A), in water (W), and in soil (S). { displays lower
mass in the 2090s than in the 1990s and * displays higher mass in the 2090s than in the 1990s. Only
differences with signifance levels lower than 0.1 are shown. The background colours display the
statistical significance, red displays signifance levels lower than 0.001, orange displays signifance
levels lower than 0.01, and yellow displays signifance levels lower than 0.1.
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Figure 1Difference in total mass between the 1990s an@@#9®s calculated from the linear
trend of the difference in annual averages comptréde average mass in 1999 in the entire
model domain (left) and in the Arctic, defined he firea north of the Arctic Circle (68\y

(right), for the ‘ES’ scenario (blue), the ‘E’ s@io (green) and the ‘'S’ scenario (red).
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Figure 2. Annually averagettHCH concentrations in the lowermost atmospheneigtop

row) in ocean water (middle row) and soil (bottoaw) for 1999 (left column) and 2099
(middle column) and the difference in percent betw&999 and 2099 (right column) for the

‘ES’ simulations.
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Figure 3. The fraction of the compounds found wittlie Arctic relative to the mass in the
entire model domain calculated from the annualayes in the last simulated year for ‘ES19’
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