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Abstract

We have applied a global multimedia fate model to evaluate changes in the atmospheric distribution of two
polychlorinated biphenyls, PCB 28 and PCB 153, under the influence of climate change. We defined a climate
scenario representing the last twenty years of tfec2@tury (“20CE scenario”) and a scenario representing the
global climate under the assumption of strong future greenhouse gas emissions (“A2 scenario”). These two
climate scenarios are defined by four groups of environmental factors: 1) temperature in the atmosphere, 2) wind
speeds and directions, 3) oceanic current velocities and directions, and 4) precipitation rate and geographical
pattern. As a fifth factor in our scenarios, we consider the effect of temperature on primary volatilization
emissions of PCBs. Comparison of model results for the 20CE scenario against long-term monitoring data of
concentrations of PCBs in air shows satisfactory agreement between modeled and measured PCBs
concentrations. Temperature and wind differences between the two scenarios are the dominant factors
determining the difference in atmospheric distribution of PCB under the A2 scenario. This study indicates that,
in a future impacted by climate change, we can expect increased volatilization emissions and increased mobility
of persistent organic pollutants with properties similar to the PCBs.

Introduction

Climatologic studies show that never in the past have changes been as rapid as those we are experiencing in
modern times, and there is now strong evidence that this is due to human iffluated ice cores show that

the atmospheric concentration of carbon dioxide jG@d been fluctuating between 180 and 300 ppm over the

last 650 000 years, but a sharp increase from 280 ppm in the pre-industrial period to 379 ppm in 2005 has been
documented. Numerous changes in climate have been observed at both the global and local scales; these include
changes in surface temperatures and ice cover in the Arctic, widespread changes in precipitation amounts, ocean
salinity, wind patterns and aspects of extreme weather including droughts, heavy precipitation, heat waves and
intensity of tropical cyclonés

Persistent Organic Pollutants (POPs) are defined in the UNECE (United Nations Economic Commission for
Europe) Convention on Long-Range Transboundary Air Pollution (CLRTAP) as persistent, toxic and
bioaccumulative compountls Because of an increasing concern about these contaminants, treaties were signed
at international level: the United Nations Environmental Program (UNEP) Stockholm Convention signed by 127
countries in 2001 is an important example of the worldwide attention focused ofi POPs

The environmental behavior of chemicals like PCBs, which are archetypal POPs, depends on a complex
interaction between many variables; therefore any alteration of climate conditions may affect their distribution
and fate in a multitude of different ways. Providing experimental evidence of changes in POPs fate due to
climate change is extremely challenging, as long-term monitoring data are needed for each environmental
compartment In this project we approach this problem considering a manageable sub-set of possible changes in
climate conditions in model scenarios, and systematically explore the effects of each of those changes. The
climate scenarios we used here are defined by differences in 1) temperature, 2) atmospheric circulation patterns,
3) ocean circulation patterns and 4) precipitation rate. In addition, we also considered the effect of temperature
differences between the climate scenarios on the rate of primary volatilization emissions of PCB 28 and PCB
153, since this has been recognized as the dominant mechanism of release of PCBs to the &tmosphere
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Materialsand M ethods

BETR-Global is a multimedia fate and transport model with a spatial resolution of 15° x 15°. The model
represents advective transport between the regions in air and water, intermedia transport and partitioning
processes. The model is capable of both dynamic (time varying) and steady state (time invariant) calculations.
Atmospheric and oceanic data (i.e. precipitation rates, 3-dimensional temperature fields, global atmospheric and
oceanic circulation fluxes) resolved on a monthly resolution for a representatiVedgeearibe environmental
conditions in dynamic model runs, and yearly average conditions describe the environment in steady state runs.
Each region consists of 7 environmental compartments (oceanic water, fresh water, lower and upper atmosphere,
soil, sediment, vegetation). The model represents advective transport between the regions in air and water as
well as intermedia transport processes like deposition and revolatilization within the tegions

In this project, parameters describing the environment in BETR-Global were derived from the output of
ECHAM5/MPI-OM, an atmosphere-ocean general circulation model (AOGCM). The datasets were obtained
from the Coupled Model Intercomparison Project (CMIP3) and are representative of the forecasts of the
ensemble of models that were used for the Fourth Assessment Report (AR4) bf IPCC

In order to evaluate the influence of a climate change scenario on the environmental distribution of POPs we
used two different climate scenarios. One scenario represents current climate conditions (i.e. 20CE) and the
other one represents a possible future climate in the year 2100 (i.e. A2). Our 20CE scenario is based on the
AOGCM output for the years 1981 to 2000 of the CMIP3-“climate of tHec@btury experiment” (20C3M),

and our A2 scenario is based on the output for the years 2080 to 2099 of the CMIP3 SRES A2 eXperiment

The highly resolved datasets from the AOGCM were averaged temporally and spatially to match the resolution
of BETR-Global, and used as an input to our chemical fate model in dynamic and steady state model
simulations.

For our model evaluation we used the dynamic version of the model, whereas we examined the effect of the
climate change scenario using steady-state calculations. We considered dynamic calculations to evaluate the
model against recent monitoring data since PCBs are not currently near steady-state in the global environment.
We selected instead steady-state concentrations to evaluate the effect of the A2 climate scenario because they
reflect the long time-scale associated with POPs, and the steady-state concentration is a surrogate for cumulative
environmental exposure, regardless of the temporal pattern of emi&sions

First, we carried out steady state calculations using generic climate scenarios in order to assess the relative
importance of each climate variable in influencing PCBs environmental distribution. Then, we used generic
emission scenarios in order to identify the effect of climate change on the distribution of PCBs released from
different source regions. Attention was focused on the concentration of PCBs in the atmosphere of the model
because PCBs 28 and 153 have been subject to long term monitoring programs that characterize concentration in
the atmosphere.

Results and discussion

Using emission estimates from Breivik e alve compared the hindcast of present conditions with available

field data for different years and locations, provided by ERtiEPEuropean countries and by IADN for North
American aredS. The model results are in satisfactory agreement with observations: Figure 1 compares
modeled and observed seasonal (three-month) average concentrations of the two PCB congeners in air at the 16
monitoring stations for the default and the maximum emission scenarios as defined by Brei¥jldistgalnal

lines represent perfect agreement and agreement within factor$°q&=1816) and 10 for comparison. Figure 1

shows that atmospheric concentrations are generally under-predicted with the default emission scenario, and are
slightly over-predicted when assuming the maximum emission scenario. In the maximum emission scenario,
64% of the modeled concentrations are within a factor of 3.16 of the measured concentrations, and 96% of the
data points for PCB 28 and PCB 153 lie within one order of magnitude of the 1:1 line. We view the agreement
between measured and modeled concentrations as satisfactory in that the model provides a description of PCB
28 and 153 concentrations in air that is in reasonable agreement with observations. Since the maximum
emission scenario provides better agreement with field data, we used the maximum emission scenario in our
calculations that compare the two climate scenarios.

First model experiment
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Different hypothetical steady state climate scenarios assuming a change in only one factor, i.e., temperature, total
precipitation, atmospheric and oceanic circulation, demonstrate that the most influential factors in determining
the changes in concentration in lower air in the A2 scenario are changes in wind speed, wind direction and
temperature. A realistic spatial distribution of emissiamas assumed, and the results were compared with the
original A2 climate scenario, where all parameters change compared to the 20CE scenario.

Figure 2 shows the ratio of concentrations of PCBs under the A2 climate scenario to the concentrations under the
20CE scenario (first column). For both congeners, concentrations in air are higher everywhere in the global
atmosphere under the A2 scenario. The spatial pattern of increase in concentrations is similar for PCB 28 and
PCB 153 but the increase is higher for PCB 153, up to a factor of 2.5, compared to a factor of 1.8 for PCB 28.
This is possibly due to its higher sensitivity of vapor pressure to changes in temperature, and higher half life in
air (29-90 d compared to 14-29 d for PCB'38

Areas of notable increase in modeled concentrations are the Arctic and the equatorial Pacific Ocean.

The other panels of Figure 3 show results from the first model experiment, where we constructed hypothetical
climate scenarios from one climate parameter taken from the A2 climate scenario and all other parameters from
the 20CE scenario. Shown are the three parameters with the strongest influence on the concentration patterns in
air: temperature effects on emissions (second column), temperature effects on dynamic re-partitioning and
degradation (third column) and wind speeds (fourth column). This Figure shows that different factors contribute
to the difference in atmospheric concentration between A2 and the 20CE scenarios for different locations. The
effect of temperature on primary emissions (second column in Figure 2) results is a general increase in
concentrations throughout the globe that is stronger for PCB 153 than for PCB 28. The increase is strongest over
central Asia, which is caused by increased primary volatilization emissions in eastern Europe and Russia. The
effect of higher temperatures under the A2 scenario on environmental partitioning and degradation of PCBs
results in higher concentrations globally, especially in the Arctic and, to a lesser extent, the Antarctic (third
column in Figure 2). The changes in atmospheric circulation patterns account for higher concentrations of both
congeners in the equatorial Pacific, and lower concentrations in the equatorial Atlantic and over Antarctica
(Figure 2, last column).

The other parameters considered in this study, i.e. oceanic currents and precipitation, lead to smaller changes in
environmental behavior of PCBs in lower air.

Second model experiment

We considered four hypothetical emission scenarios assuming respectively North America, Europe, Asia, and
South America as emission regions, and we compared the steady state model results for lower air concentrations
under the A2 and the 20CE scenarios. The results are shown in Figure 3, where each emission region is
highlighted with a squared box. Figure 3 shows that for PCB 28 the modeled concentrations in air in the
hemisphere where emissions occur increases, and there is a slight decrease in the other hemisphere, reflecting
that the average half-life of PCB 28 in air is not long enough for efficient inter-hemispheric mixing. Modeled
concentrations of PCB 28 are higher in the direction “downwind” (i.e., eastward) of the source regions under the
A2 scenario, and are in some cases lower immediately “upwind” (i.e., westward). This trend is most evident
when the European region is considered as the source region, and is attributable to the accelerated wind speed in
the eastward direction in both the lower air and the upper air compartments under the A2 scenario.

For PCB 153, modeled concentrations in air increase in both hemispheres under the A2 scenario compared to the
20CE scenario. In all scenarios and for both PCBs, the modeled PCB concentrations in equatorial regions over
the Pacific Ocean are higher under the A2 scenario than under the 20CE scenario.

Downwind of the source regions the model forecasts higher concentrations under the A2 scenario for both
congeners. This trend implies an increased potential for inter-continental transport and transport into the Arctic,
and is most obvious for emissions in Europe, but is also apparent for emissions in North America and Asia.

Our results identified temperature and atmospheric circulation pattern as climate variables affecting the PCB
distribution in the atmosphere most strongly. The increase in primary volatilization emissions as a result of
higher temperature in the A2 scenario is the most influential factor affecting the atmospheric concentration of
PCB 28 and PCB 153. A first consideration is then that the more efficient mobilization of POPs-like substances
from primary sources in a future impacted by climate change may dominate all other effects of such change on
global scale POPs dynamics. And, our model experiments show also that PCBs are more efficiently transported
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in the global atmosphere under the A2 scenario compared to the 20CE scenario. However the overall persistence
in the multimedia environment is lower under the A2 scenario (2.7 years in the 20CE scenario versus 3.8 years in

the A2 scenario for PCB 28), therefore our experiments show that PCBs are less persistent in a future impacted
by global-scale warming.
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Figure 1: Comparison of seasonally aver aged measured and modelled concentrations of PCB 28 (left
column, o) and PCB 153 (right column, A) assuming the default (first panel) and the maximum (second

panel) emission scenarios as defined by Breivik et al.®
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Figure 2: Ratio of modeled PCBs concentrations at steady state in the atmospher e under hypothetical
climate conditionsfor PCB 28 (first line) and PCB 153 (second lin€). The hypothetical climate conditions
refer to: (first column) the A2 scenario; (second column) the 20CE scenario with a changein the
volatilization from primary sourcesto reflect the temperaturein the A2 scenario; (third column)
temperaturefieldsfrom the A2 scenario (here volatilization is considered only from water and soil), other
parameters from the 20CE scenario; (fourth column) wind fields from the A2, other parametersfrom the
20CE scenario.
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Figure 3: Ratio of modeled PCB concentrations at the steady state in the atmospher e under the A2 climate
scenario to concentrations under the 20CE scenario for PCB 28 (first line) and PCB 153 (second line) for
four emission regions, marked with a black box.
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