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Climate forcing is forecasted to influence the Adriatic Sea region in a variety of ways, including increasing
temperature, and affecting wind speeds, marine currents, precipitation and water salinity. The Adriatic
Sea is intensively developed with agriculture, industry, and port activities that introduce pollutants to
the environment. Here, we developed and applied a Level III fugacity model for the Adriatic Sea to esti-
mate the current mass balance of polychlorinated biphenyls in the Sea, and to examine the effects of a
climate change scenario on the distribution of these pollutants. The model’s performance was evaluated

llf?];‘;vords" for three PCB congeners against measured concentrations in the region using environmental parameters
Adriatic Sea estimated from the 20th century climate scenario described in the Special Report on Emission Scenarios
Climate change (SRI?S) by the IPCC, apd using Monte Fiarlo ungertainty analysis. Wg find that mpdeled fugacitie; of PCBs
Fugacity in air, water and sediment of the Adriatic are in good agreement with observations. The model indicates

that PCBs in the Adriatic Sea are closely coupled with the atmosphere, which acts as a net source to the
water column. We used model experiments to assess the influence of changes in temperature, wind
speed, precipitation, marine currents, particulate organic carbon and air inflow concentrations forecast
in the IPCC A1B climate change scenario on the mass balance of PCBs in the Sea. Assuming an identical
PCBs’ emission profile (e.g. use pattern, treatment/disposal of stockpiles, mode of entry), modeled fugac-
ities of PCBs in the Adriatic Sea under the A1B climate scenario are higher because higher temperatures
reduce the fugacity capacity of air, water and sediments, and because diffusive sources to the air are
stronger.

Uncertainty analysis

© 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The Adriatic Sea is an elongated portion of the Mediterranean
Sea that separates the Italian Peninsula and the Balkans. The Adri-
atic Sea region is intensively developed with agriculture, manufac-
turing, shipping and tourism. Activities associated with these
industries have introduced a range of synthetic pollutants into
the Sea, including polychlorinated biphenyls (PCBs), polychlori-
nated dibenzodioxins (PCDDs), polychlorinated dibenzofurans
(PCDFs), and organochlorine pesticides (OCPs). These persistent
pollutants are also deposited to the region by long-range transport
in air and water. Concern has increased, particularly in recent
years, about the ecotoxicological and human health implications
of the presence of PCBs in the Adriatic Sea environment (Picer,
2000).
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Effective management strategies for PCBs in the Adriatic Sea can
only be formulated based on knowledge of the sources, fate and
transport pathways, and ultimate sinks in the system. It is conve-
nient to assemble this information in the form of a mass balance
based on a contaminant fate model that can then be used to eval-
uate alternative management scenarios, or to forecast the influence
of possible changes in environmental conditions (Mackay, 2001).
This approach has been demonstrated in the Great Lakes region
of North America (Thompson et al., 1999), and in other marine
environments, for instance in the Eastern Mediterranean by Mand-
alakis et al. (2005), and the San Francisco Bay by Davis (2004). Lo-
cal areas of the Adriatic Sea system have also been studied using
contaminant fate models, including the Lagoon of Venice (i.e. Dalla
Valle et al., 2003) and the Sacca di Goro near the outlet of the Po
River (Carafa et al., 2006). However, a mass balance that includes
the sources and behavior of PCBs in the Adriatic Sea is missing.
In fact there are no studies that combine monitoring data with
modeling to gain insights into the key processes governing the fate
of the chemicals in the Adriatic Sea.
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Like POPs, climate change is also an issue of global concern. Evi-
dence of climate change has been observed at both the global and lo-
cal scales, including changes in surface temperatures, wind speeds,
oceanic currents, precipitation, ocean salinity and occurrence of ex-
treme weather events (Trenberth et al., 2007). In 1980, the World
Climate Research Programme (WCRP) was established with the
aim to determine how human activities influence climate change,
and in 1989 the Intergovernmental Panel on Climate Change (IPCC)
was launched by the World Meteorological Organization (WMO)
and the United Nations Environment Programme (UNEP). A few
studies have already focused on how concentrations of persistent or-
ganic pollutants might change in response to climate variability or
climate change, both at the global and at the local level (MacLeod
et al,, 2005; Dalla Valle et al., 2007; Lamon et al., 2009).

This study aims at (1) collecting information on PCB concentra-
tions in the Adriatic Sea, (2) building a Level III fugacity model for
the Adriatic Sea and evaluating the present mass balance of PCBs,
(3) performing an uncertainty analysis in order to identify influen-
tial input parameters and evaluate uncertainty in the model, and
(4) providing an estimate of the possible influence of climate
change on the fate of selected persistent organic pollutants in the
aquatic and atmospheric environment of the Adriatic Sea.

In this study we use climate projections for the Mediterranean
area developed in a recent intensive study (SINTA, Gualdi et al.,
2008) as inputs to parameterize a Level Il fugacity model which
was developed to study the fate and transport in the Adriatic Sea
of three PCB-congeners that have been well-studied in the system:
PCB 52, 138 and 153. We assess the influence of variation in eight
environmental parameters between the present 20CE climate sce-
nario and the forecast A1B climate scenario on the environmental
fate and transport of these PCBs in the Adriatic Sea ecosystem. The
eight environmental parameters are: (1) atmospheric temperature
(TA), (2) atmospheric circulation (U,V(AIR)), (3) precipitation
(RAIN), (4) sea water temperature (TW), (5) sea circulation
(UV(SEA)), (6) temperature effect on emissions (EMISS), (7) partic-
ulate organic carbon (POC) content in sea water, and (8) back-
ground concentrations of PCBs in air (BC).

1.1. The study area

The major axis of the Adriatic Sea is oriented in the northwest-
southeast direction. The northern section is shallow and gently
sloping, with an average depth of 35 m, whereas the central Adri-
atic Sea is 140 m deep on average, with the two Pomo Depressions
reaching 260 m. The southern section is characterized by a wide
depression more than 1200 m deep. Water exchange with the
Mediterranean Sea takes place through the Otranto Channel,
whose sill is 800 m deep (Artegiani et al., 1997). A large number
of rivers discharge into the basin, with significant influence on
the circulation and on nutrients inputs, particularly relevant being
the Po River in the northern basin, and the ensemble of the Alba-
nian rivers in the southern basin (Zavatarelli et al., 2000).

2. Methods
2.1. Model development

On the basis of its physical (Artegiani et al., 1997), biological
and oceanographic characteristics (Zavatarelli et al., 2000), we
have developed a fate and transport model for PCBs in the Adriatic
Sea that divides it into three sub-regions: the North Adriatic Sea
(NAS), the Central Adriatic Sea (CAS) and the South Adriatic Sea
(SAS), as shown in the Supporting Material (SM) in Fig. SM1.

Each model region consists of 3 bulk model compartments; sed-
iment, coastal water and atmosphere. The model takes into account

advective transport between the regions in air and water, advective
transfer processes between compartments, and reversible diffusive
exchange between compartments. Advection of air and water
(including aerosols and suspended particles), deposition and
resuspension of particles in water, dry and wet deposition from
air, degradation by OH' reaction in air, and degradation in water
and sediment are considered as intermedia and intramedium
processes in the model, as it is shown in Fig. SM2.

We have applied the model to calculate steady state (Level III)
mass balances, where total inputs of PCB are balanced by outputs.
Air, coastal water and sediment were defined as bulk environmen-
tal compartments, and aerosols in air and suspended particulate
matter (SPM) in water were also considered as two sub-compart-
ments in equilibrium with the gas phase in the atmosphere and
with the coastal water dissolved phase, respectively.

2.2. Model parameterization

Partitioning properties for the selected chemicals were taken
from Schenker et al. (2005), internal energies of phase change are
those recommended by MacLeod et al. (2007). Degradation half
lives in air are derived by second-order hydroxyl radical reaction
rate constants extrapolated from data presented by Anderson
and Hites (1996) and OH' concentrations from the dynamic and
spatially resolved global estimates by Spivakovsky et al. (2000).
For the other compartments, estimates of degradation rate con-
stants were taken from Wania and Daly (2002). The chemical
parameters used in this study are shown in Table SM1.

Model input values for environmental parameters are defined
for the Adriatic Sea according to Table SM2. The climate variables
for the description of the environment come from the SImulations
of climate chaNge in the mediTerranean Area (SINTA) project,
which was focused on a downscaling for the climate variables in
the Mediterranean area (Gualdi et al., 2008). The climate projec-
tions were performed using the Regional Circulation Model
(RCM) for atmospheric and marine temperatures and currents,
and for precipitation for two climate scenarios. The present climate
scenario is defined considering the year 1990 in the 20th century
scenario (20CE) defined by the IPCC. The A1B scenario is defined
considering the year 2100 as forecast under conditions described
in the Special Report on Emission Scenarios by the IPCC (Nakice-
novic et al., 2000). These data and the related estimates of uncer-
tainty used in our Monte Carlo analysis are reported in Tables
SM5-SM9. Mean values in these tables were used for model
parameterization under the 20CE and the A1B climate scenarios.

2.3. Uncertainty analysis

Our model simulation is based on selected input parameters
describing environmental properties, chemical properties, chemi-
cal release rates and background concentrations. We have esti-
mated uncertainties in these inputs as confidence factors (Cfs),
where 95% of possible values lie between Cf times the median
and the median divided by Cf (MacLeod et al., 2002). The Cfs for cli-
mate variables were calculated from the reference RCM output
database, as it is shown in Tables SM5-SM9 (Cfs in parentheses);
the variability in other properties were estimated based on values
used in uncertainty analysis studies in the literature (MacLeod
et al,, 2002). The parameters defining compartmental dimensions
were assigned Cf=1, as it was assumed in previous studies (i.e.
Macleod et al., 2002). For background concentrations the uncer-
tainty is defined by previous model experiments at the global scale
(Lamon et al., 2009).

Monte Carlo analysis using the Crystal Ball™ software package
was used to propagate variance in inputs to the model results and
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identify input parameters that are most important in determining
the variance of the outputs.

2.4. Emission scenario

Emissions of the three PCB congeners in the Adriatic Sea region
were estimated from the maximum emission scenario by Breivik
et al. (2007) by taking the average emission rate for the period
1990-2000. In order to focus attention on the effect of variability
in climate parameters, we assume that the sources of PCBs are
the same under both climate scenarios; the only change in emis-
sion under the A1B climate scenario is related to the influence of
the change in temperature on the rate of volatilization of PCBs
from primary sources. The information by Breivik et al. (2007)
shows that the majority of primary PCB emissions to the atmo-
sphere occur by passive volatilization from use and disposal of
PCBs. The change in emission related to the difference in tempera-
ture (AT) between the 20CE and the A1B scenario was calculated
using the following equation:

=exp|—4—- -, 1
Evs PR \Toe Tam @

where (Exoce/Eais) is the ratio of the emission rate by passive vola-
tilization at temperatures Toocg and Taig, AU, is the internal energy
of vaporization of the PCB congener (Jmol™!), and R is the gas
constant.

3. Model experiments

As a prerequisite to compare the fate of PCBs under the two cli-
mate scenarios, we first build confidence that our selected emis-
sion scenario, physicochemical properties, and environmental
fate model together provide a reasonable representation of PCBs
in the Adriatic Sea environment. To this end, we compared the
model calculations from the 20CE model scenario against measure-
ments from the real environment to evaluate the performance of
the model.

We then performed several model experiments to compare the
fate of PCB 52, 138 and 153 under the 20CE and the A1B climate
scenarios. In a first experiment we compare modeled concentra-
tions and fugacities of all three PCBs under the 20CE and A1B sce-
narios. Then, we parameterized different sub-scenarios based on
the 20CE scenario, where we replace one of the six factors that dif-
fer between the two climate scenarios with parameter values from
the A1B scenario, changing one factor at a time, in detail: (1) atmo-
spheric temperature (TA), (2) atmospheric circulation (U,V(AIR)),
(3) precipitation (RAIN), (4) marine temperature (TW), (5) sea cir-
culation (U,V(SEA)), and (6) temperature effect on emissions to
the atmosphere (EMISS). We considered also a change in (7) POC
(POC) which was assumed to behave as dissolved organic carbon
(DOC) as it was estimated by Vichi et al. (2003), where an increase
by 30% in a future climate change scenario was calculated. Our
assumption that changes in POC are directly proportional to
changes in DOC would be valid if both were proportional to
changes in net primary productivity in the system. These are
strong assumptions, and there are large uncertainties in the
parameterization of POC in the future climate scenario, however
the model results presented in the following paragraph demon-
strate that the forecast changes of the magnitude of 30% do not
have a strong influence on modeled fugacities/concentrations com-
pared to other factors. Furthermore, we considered (8) the concen-
tration of PCBs in background air flowing into the region (BC), as it
was calculated by similar model experiments using BETR Global
(Lamon et al., 2009) as reported in Table SM4. We use the factor
of change, F, defined as the ratio of model results under the alter-

native scenario and 20CE scenario in order to compare the different
scenarios.

4. Model results
4.1. Model evaluation

We evaluate the model performance by comparing the fugacity
of each PCB congener in the different compartments calculated by
the model against values calculated from measured concentra-
tions. Fugacity (f, Pa) is a criterion of equilibrium partitioning of
chemicals that is directly proportional to concentration (C,
M m~3). The proportionality constant between the two is the
fugacity capacity (Z, Pam>® M™!), thus,

C—f-z. 2)

Fugacity can be thought of as the escaping tendency of the sub-
stance (Mackay, 2001): the higher the fugacity, the higher the ten-
dency of the chemical to transfer to another phase. We use fugacity
here rather than concentration because it allows the contamina-
tion level in air, water and sediment to be displayed on the same
graph, using the same units, and because we can readily calculate
the extent and direction of disequilibrium between PCBs in the air,
water and sediments of the Adriatic Sea as fugacity ratios.

Fig. 1 shows fugacities calculated from measured concentrations
of PCBs in air, water and sediment in the Adriatic compared to
modeled fugacities (Pa). For the atmosphere, data from Manodori
et al. (2006) and Klanova et al. (2007a,b) were used to estimate con-
centrations in the NAS and CAS. For the coastal water environment
we used the measurements from Ferrara and Funari (2004). For
the sediment, data from the Defence of the Sea System database
(Si.Di.Mar, http://www.sidimar.tutelamare.it/) were compared to
model outputs, assuming a sediment solid density of 2550 kg m >
(Frignani et al., 2005). Error bars indicate the range of uncertainty
in the model calculation determined in the Monte Carlo analysis,
and the range of variability in measured data from our review of
monitoring studies. The comparison between model results and
observed values is possible for 8 of the 9 modeled compartments;
no measured data was available for the air compartment in the
South Adriatic Sea (SAS). The agreement between measured data
and model results is always within one order of magnitude, and
71% of the results lay within a factor of 3.16 (Fig. 1A). For PCB 52,
the model result is in good agreement especially for water and
sediment in the NAS and CAS, and for air in the CAS. For PCB 138
the model agrees well with measurements in all regions, only
in the case of the sediment compartment in the SAS and air in
the CAS model results are outside of a factor of 3.16 of the
measurements (see Fig. 1B).

For PCB 153 the modeled fugacity in sediment in the SAS is
again furthest from the measured value, but for all the other results
the modeled values are within a factor of 3.16 of values calculated
from empirical measurement data (see Fig. 1C). The model thus
shows some tendency to underestimate the fugacity in the sedi-
ment compartment. This may be attributable to overestimation
of the degradation rate constant in the sediment or by an underes-
timation of the rate of deposition of SPM to the sediment. Another
possible explanation is that the inventory of PCBs in sediments of
the Adriatic is largely determined by higher loadings that occurred
prior to 1990 that are not considered in our steady-state
calculations.

The modeled ratios of fugacities between the compartments are
also in good agreement with measured values for both PCB 138 and
153. For PCB 52, ratios between fugacities in water and sediment
are also in good agreement, and the air to water fugacity ratio is
within one order of magnitude for both regions. Mass balances
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Fig. 1. Comparison of measured and modeled concentrations of (A) PCB 52, (B) PCB
138 and (C) PCB 153 in air, water and sediment. A range of variability is not shown
for the air compartment because only a small set of measurement was available
from passive sampling. Diagonal lines indicate perfect agreement, and agreement
within factors of 10%° and 10. Horizontal error bars represent the range of
variability in measurement data within the region, and vertical error bars represent
the 95% confidence limits derived from our Monte Carlo uncertainty analysis.

for the three PCB congeners are shown in Fig. SM3 where fluxes are
reported as M h~'. The model indicates that PCBs in water of the
Adriatic Sea are closely coupled to the atmosphere. The dominant
source of all three PCB congeners to the model domain is inflow
of contaminated air. A large fraction (46-70%) of PCBs that enter
the air compartment are advected out to neighboring regions.

However up to 53% is deposited from air to water and may then
be deposited from water to sediment. Degradation fluxes of PCBs
are generally low, except in water in the SAS, which has a large res-
idence time that allows degradation to become competitive with
advective removal processes. The overall residence time for PCB
52, 138 and 153 in the model domain is, respectively 2, 20 and
12 years. The longer residence times of PCB 138 and PCB 153 are
due to higher hydrophobicity and longer degradation half-lives in
all compartments.

4.2. Sensitivity and Uncertainty analysis

Sample results of our sensitivity and uncertainty analysis for
PCB 153 are shown in Fig. 2 as plots of confidence factors in input
parameters versus confidence factors in outputs attributable to
that input (MacLeod et al., 2002). The parameter contributing most
to variance in model output is the solids concentration in air, and
the water temperature in the water and sediment compartments,
reflecting the importance of the environmental variables in deter-
mining the level of PCBs in the system. The background concentra-
tion of PCBs in air is contributing to variance in all compartments,
reflecting the importance of inflow air as a source to the system.
Furthermore, solids’ density and aerosol dry deposition rate are
influential in determining the modeled fugacity in air.

In water, the sediment-water mass transfer coefficient plays an
important role, and half-life in sediment is prominent in determin-
ing the uncertainty associated to the modeled sediment fugacity.

Figs. SM4 and SM5 in the Supplementary Material shows the
sensitivity results for PCBs 52 and 138. For the lower chlorinated
PCB 52, the rate constant for reaction with OH radicals in air, back-
ground air concentration and atmospheric height, and water and
sediment half lives contribute most to uncertainties in modeled
fugacities. For the highly chlorinated PCBs 138 and 153 degrada-
tion is less important, whereas dry deposition velocity and solids
density are important in determining the results. Environmental
parameters playing an important role are solids concentration in
air, solids’ density, sediment burial rate for PCBs 138 and 153,
which are more hydrophobic and hence have a higher affinity for
the solids fraction in the different media. Climate variables that
are most important in affecting the model results for PCB fugacities
are water temperature and marine currents.

4.3. Model results for climate scenario experiments

Fig. 3 shows the factor F - the ratio of modeled fugacity (f),
fugacity capacity (Z), or concentration (C) in the alternate climate
scenario to f, Z and C in the 20CE scenario - for model experiments
for PCB 153. F(f,Z,C)a1p represents the ratio of the values defined for
each selected metric under the A1B and the 20CE climate scenar-
ios. To understand which environmental variables are most impor-
tant under our climate change scenario in determining differences
in PCBs’ environmental behavior, we calculated F(f), F(Z) and F(C)
also for the single-parameter climate scenarios, and compared
the results with the Fa1g. ThUS, Fra, FU,V(AIR)v Fraine Frws FU,V(SEA)v Fg.
miss» Fpoc, Fee, are factors of change for, respectively atmospheric
temperature and circulation, precipitation, sea temperature and
circulation, temperature effect on emissions, POC content in sea
water, and background concentrations of PCBs in air.

Under the A1B scenario, modeled fugacities of PCB 153 are be-
tween a factor of 2.2 and 3.3 higher than under the 20CE scenario
(white squares in Fig. 3A). Because of Eq. (2), higher fugacity under
the A1B scenario may reflect either higher concentrations, or lower
fugacity capacity (Z). Modeled concentrations under the A1B sce-
nario are always within a factor of 1.6 of values for the 20CE sce-
nario (white squares in Fig. 3.C), and it is evident that higher
fugacities under the A1B scenario are primarily a result of lower
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fugacity capacities (white squares in Fig. 3B). Fig. SM7 shows the
same information for PCB 138, which behaves very similarly to
PCB 153.

F(f) calculations for PCB 52 fall in the range 1.1-1.6, this means
that modeled fugacities for this congener are between a factor of 1.1
and 1.6 higher under the A1B scenario compared to the 20CE cli-
mate scenario (white squares in Fig. SM6.A). Modeled concentra-
tions under the A1B climate scenario are within a factor of 0.7
and 1.0 of values for the 20CE scenario (see white squares in
Fig. SM6C), hence it is clear that the higher fugacities under the
A1B scenario for PCB 52 are also primarily a result of lower Z
(Fig. SM6B, white squares).

Furthermore, from comparison of Fig. 3, Figs. SM6 and SM7 a
decrease in concentration under the A1B scenario is predicted only
for PCB 52 in all environmental compartments, whereas an in-
crease is expected for PCB 138 and 153 in all compartments, as
the chemicals’ mobility is enhanced under the A1B climate
scenario.

Following the definition of fugacity by Eq. (2), Fig. 3A, B and C
show cases where F(f)a1g > 1 is attributable to both a F(Z)a1p<1
(as it is observed for Frw, Fra, Faig), OI an increase in concentration
C (Fu,v(sea) and Fgc). F(f)sc and F(C)gc > 1 also influence the increase
in F(f)aig. Ff)ta>1 and Ff)rw > 1 are related to F(Z)ra<1 and
FZ)rw <1 as it is shown in Fig. 3B. POC does not strongly affect
Z, in fact from Fig. 3 we see that the trends of F(f)poc and F(f)u,v(sea)
are determined almost entirely by F(C)poc and F(C)y,v(ska)-

Fig. 3 shows that the most influential environmental variables
determining the fugacity of PCBs under the A1B scenario are BC,
Ta, Tw, U,V(sea), and POC. Otherwise, precipitation and the effect
of temperature on primary emissions are not relevant parameters
in determining the enhanced environmental fugacities under the
A1B scenario. As far as precipitation is concerned, Fray is very
low and this is due to the fact that the highest expected variation
in precipitation under the A1B scenario is only 0.13 mm y~! in the
CAS under the A1B scenario, as it is shown in Table SM7. From
Figs. SM3, SM6 and SM7 we observe that BC is important in deter-
mining the mass balance of PCBs in the Adriatic Sea region. In fact
BC is the most influential parameter in determining the increase in
F(f)a1s and F(C)aqg. This result is in agreement with previous stud-
ies showing that under a climate change scenario the temperature
effect on primary volatilization of PCBs would increase concentra-
tions globally (Lamon et al., 2009), thus background concentrations
would be higher everywhere.

5. Discussion

We report a new mass balance model for PCBs 52, 138 and 153
in the Adriatic Sea. The agreement between measured and mod-
eled fugacities shown in Fig. 1 demonstrates that under the 20CE
scenario the model can account for much of the variability in mon-
itoring data between sites and between air, water and sediment.
Our mass balance indicates that the main source of PCBs to the re-
gion is inflow of background air, hence remote sources are more
important than local ones in determining the pollutant concentra-
tions in the Sea. This finding was not expected, in fact since in some
areas there are some sources of pollution, we were expecting local
sources to play a more prominent role in determining the PCBs
concentration in environmental media. However, an analogous
finding was reported by Mackay and Bentzen (1997) for the North
American Great Lakes, where exchange between the atmosphere
and water plays a primary role in determining water concentra-
tions. Our mass balance indicates that in the Adriatic, the main
input of PCBs comes from atmospheric deposition and sediment
resuspension rather than from direct emissions to water. This
finding strengthen the long range transport potential effect of

emissions and enhances the importance of remote sources in
determining local pollution.

Furthermore, from the mass balance presented in this study we
see that OH' reaction is important for PCB 52 (in Fig. SM4), but the
influence of this parameter is much lower for PCB 138 and 153
(Fig. SM5 and Fig. 2 respectively). Similar findings are reported in
a mass balance of the Eastern Mediterranean by Mandalakis et al.
(2005), where the main depletion pathway of PCBs from atmo-
sphere was OH' reaction for PCBs with up to 6 chlorines, whereas
for higher chlorinated PCBs the main depletion pathway was depo-
sition from atmosphere; our model output is in fact sensitive to
aerosol deposition for both PCBs 138 and 153 (S>0.1 in Fig. 2
and Fig. SM5). OH' reaction is less important in our study because
we consider a smaller area where advection is more efficient.

Results from the model experiments for the climate change sce-
narios show that PCB concentrations in the environment change by
up to 58% in the A1B scenario in response to changes in environmen-
tal conditions. However, fugacities are expected to increase by a lar-
ger factor of 1.2-3.3 in air, water and sediment under the A1B
climate scenario. This is driven primarily by lower fugacity capaci-
ties of the bulk air, water and soil compartment under higher tem-
peratures in the A1B scenario. Although our study was focused on
the abiotic environment, we note that lower fugacity capacities of
air, water and soil could have implications for the partitioning of
pollutants into homeothermic organisms. Assuming that lipid levels
remain constant for homeotherms, their fugacity capacity would not
change in a warming environment. Thus, chemicals that have an
enhanced tendency to escape from warmer air, water and sediment
compartments under a climate change scenario would achieve
higher equilibrium concentrations in the bodies of homeotherms.

Our model experiments for the A1B climate change scenario
identified background concentration, temperature, sea currents
and POC as the climate and environmental parameters affecting
the distribution and fugacity of PCBs in the study area, whereas
precipitation, wind speeds and effect of temperature on local pri-
mary emissions were less influential in changing modeled fugaci-
ties in the future climate scenario (Fig. 3, Figs. SM6 and SM7).
These results are consistent with the sensitivity analyses. Back-
ground inflow concentration (BC) is the most important single fac-
tor in determining the increase in F(f)aig, and this is consistent
with a previous modeling study conducted at the global scale (La-
mon et al., 2009).

We stress that this work is not a comprehensive assessment of
possible interactions between climate change and POPs. We con-
sidered only a subset of environmental variables that may be af-
fected by climate forcing, and have not so far explicitly
considered the watershed in our assessment. However, the model
results presented here provide some initial estimates of the possi-
ble effects of climate change on the fate and transport of PCBs in
the Adriatic Sea. Our model assessment forecasts that under the
influence of a climate change scenario pollutants with properties
similar to PCBs will have increased mobility, and that the most
influential parameter in determining this behavior is increasing
temperature. The overall residence time tends to increase under
the assumed A1B climate change scenario for highly chlorinated
PCBs congeners, whereas it tends to decrease for the lighter PCB
52. This reflects the higher mobility expected for light PCBs cong-
eners under the A1B climate scenario. Our results demonstrate that
future exposure to legacy chemicals in the Adriatic Sea region will
depend foremost on the temporal trend of primary and secondary
emissions in Europe and globally.

Acknowledgement

We acknowledge Stefano Foramiti from the Venice Research
Consortium (CVR) for his support in data treatment.



L. Lamon et al./ Chemosphere 87 (2012) 1045-1051 1051

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.chemosphere.2012.02.010.

References

Anderson, P.N., Hites, R.A., 1996. OH radical reactions: the major removal pathway
for polychlorinated biphenyls from the atmosphere. Environmental Science and
Technology 30, 1756-1763.

Artegiani, A., Bregant, D., Paschini, E., Pinardi, N., Raicich, F., Russo, A., 1997. The
Adriatic sea general circulation. Part I: Air sea interactions and water mass
structure. Journal of Physical Oceanography 27, 1492-1514.

Breivik, K., Sweetman, A., Pacyna, M.]., Jones, K.C., 2007. Towards a global historical
emission inventory for selected PCB congeners - a mass balance approach 3. An
update. Science of the Total Environment 377, 296-307.

Carafa, R., Marinov, D., Dueri, S., Wollgast, ]J., Ligthart, J., Canuti, E., Viaroli, P.,
Zaldivar, J.M., 2006. A 3D hydrodynamic fate and transport model for herbicides
in Sacca di Goro coastal lagoon (Northern Adriatic). Marine Pollution Bulletin
52,1231-1248.

Dalla Valle, M., Marcomini, A., Codato, E., 2007. Climate change influence on POPs
distribution and fate: a case study. Chemosphere 67, 1287-1295.

Dalla Valle, M., Marcomini, A., Sfriso, A., Sweetman, AJ., Jones, K.C., 2003. Estimation
of PCDD/F distribution and fluxes in the Venice Lagoon, Italy: combining
measurement and modelling approaches. Chemosphere 51, 603-616.

Davis, J.A., 2004. The long-term fate of polychlorinated biphenyls in San Francisco
Bay (USA). Environmental Toxicology and Chemistry 23, 2396-2409.

Ferrara, F., Funari, E., 2004. Adriatic Sea water quality and related chemical risk.
MURST/CNR project “Prisma 2", final report. Istituto Superiore di Sanita.
Rapporti ISTISAN 04/4, 158 p. (in Italian).

Frignani, M., Langone, L., Ravaioli, M., Sorgente, D., Alvisi, F., Albertazzi, S., 2005.
Fine-sediment mass balance in the western Adriatic continental shelf over a
century time scale. Marine Geology 222-223, 113-133.

Gualdi, S., Rajkovic, B., Djurdjevic, V., Castellari, S., Scoccimarro, E., Navarra, A.,
Dacic, M., 2008. SImulations of climate chaNge in the mediTerranean Area. Final
Scientific Report, Istituto Nazionale di Geofisica e Vulcanologia (INGV).

Klanova, J., Kohoutek, J., Kostrhounova, R., Holoubek, 1., 2007a. Are the residents of
former Yugoslavia still exposed to elevated PCB levels due to the Balkan wars?
Part 1: Air sampling in Croatia, Serbia, Bosnia and Herzegovina. Environment
International 33, 719-726.

Klanova, J., Kohoutek, J., Cupr, P., Holoubek, 1., 2007b. Are the residents of former
Yugoslavia still exposed to elevated PCB levels due to the Balkan wars? Part 2:
Passive air sampling network. Environment International 33, 727-735.

Lamon, L., von Waldow, H., MacLeod, M., Scheringer, M., Marcomini, A.,
Hungerbuehler, K., 2009. Modeling the global levels and distribution of
polychlorinated biphenyls in air under a climate change scenario.
Environmental Science and Technology 43, 5818-5824.

Mackay, D., 2001. Multimedia environmental models. In: The Fugacity Approach,
second ed. Lewis Publishers, Boca Raton, FL, USA, p. 261.

Mackay, D., Bentzen, E., 1997. The role of the atmosphere in Great Lakes
contamination. Atmospheric Environment 31, 4045-4047.

MacLeod, M., Scheringer, M., Hungerbiihler, K., 2007. Estimating enthalpy of
vaporization from vapor pressure using Trouton’s rule. Environmental Science
and Technology 41, 2827-2832.

Macleod, M., Riley, W.J., McKone, T.S., 2005. Assessing the influence of climate
variability on atmospheric concentrations of polychlorinated biphenyls using a
global-scale mass balance model (BETR-Global). Environmental Science &
Technology 39, 6749-6756.

MacLeod, M., Fraser, AJ., Mackay, D., 2002. Evaluating and expressing the
propagation and uncertainty in chemical fate and bioaccumulation models.
Environmental Toxicology and Chemistry 21, 700-709.

Mandalakis, M., Apostolaki, M., Stephanou, E.G., 2005. Mass budget and dynamics of
polychlorinated biphenyls in the eastern Mediterranean Sea. Global
Biogeochemical Cycles 19, GB3018, 16pp.

Manodori, L., Gambaro, G., Moret, 1., Capodaglio, G., Cairns, W.R.L., Cescon P., 2006.
Seasonal evolution of gas-phase PCB concentrations in the Venice Lagoon.
Chemosphere 62, 449-458.

Nakicenovic, N., Alcamo, J., Davis, G., de Vries, B., Fenhann, j., Gaffin, S., Gregory, K.,
Grubler, A, Jung, T., Kram, T., La, E., Michaelis, L., Mori, S., Morita, L., Pepper, W.,
Pitcher, H.M,, Price, L., Riahi, K., Roehrl, A., Rogner, H., Sankovski, A., Schlesinger,
M., Shukla, P., Smith, S.J., Swart, R., van Rooijen, S., Victor, N., Dadi, Z., 2000.
Special Report on Emissions Scenarios: A Special Report of Working Group III of
the Intergovernmental Panel on Climate Change. Cambridge University Press,
Cambridge.  <http://www.grida.no/publications/other/ipcc_sr/?src=/climate/
ipcc/emission/>.

Picer, M., 2000. DDTs and PCBs in the Adriatic Sea. Croatica Chemica Acta 73, 123-
186.

Schenker, U., MacLeod, M., Scheringer, M., Hungerbiihler, K., 2005. Improving data
quality for environmental fate models: a least-squares adjustment procedure
for harmonizing physicochemical properties of organic compounds.
Environmental Science and Technology 39, 8434-8441.

Spivakovsky, C.M., Logan, ].A., Montzka, S.A., Balkanski, Y.J., Foreman-Fowler, M.,
Jones, D.B.A., Horowitz, LW., Fusco, A.C., Brenninkmeijer, C.A.M., Prather, M.J.,
Wofsy, S.C., McElroy, M.B., 2000. Three-dimensional climatological distribution
of tropospheric OH: Update and evaluation. Journal of Geophysical Research
105, 8931-8980.

Thompson, S., Mackay, D., MacLeod, M., 1999. A modeling strategy for planning the
virtual elimination of persistent toxic chemicals from the Great Lakes: an
illustration of four contaminants in Lake Ontario. Journal of Great Lakes
Research 25 (4), 814-827.

Trenberth, K.E., Jones, P.D., Ambenje, P., Bojariu, R., Easterling, D., Klein, T.A., Parker,
D., Rahimzadeh, F., Renwick, ].A., Rusticucci, M., Soden, B., and Zhai, P., 2007.
Climate Change 2007: The Physical Science Basis. <http://www.ipcc.ch/pdf/
assessment-report/ar4/wg1/ar4-wg1-chapter3.pdf>.

Vichi, M., May, W., Navarra, A., 2003. Response of a complex ecosystem model of the
northern Adriatic Sea to a regional climate change scenario. Climate Research
24, 141-158.

Wania, F,, Daly, G.L, 2002. Estimating the contribution of degradation in air and
deposition to the deep sea to the global loss of PCBs. Atmospheric Environment
36, 5581-5593.

Zavatarelli, M., Baretta, ].W., Baretta-Bekker, ].G., Pinardi, N., 2000. The dynamics of
the Adriatic Sea ecosystem. An idealized model study. Deep-Sea Research [ 47,
937-970.


http://dx.doi.org/10.1016/j.chemosphere.2012.02.010
http://www.grida.no/publications/other/ipcc_sr/?src=/climate/ipcc/emission/
http://www.grida.no/publications/other/ipcc_sr/?src=/climate/ipcc/emission/
http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-chapter3.pdf
http://www.ipcc.ch/pdf/assessment-report/ar4/wg1/ar4-wg1-chapter3.pdf

	Modeling the influence of climate change on the mass balance  of polychlorinated biphenyls in the Adriatic Sea
	1 Introduction
	1.1 The study area

	2 Methods
	2.1 Model development
	2.2 Model parameterization
	2.3 Uncertainty analysis
	2.4 Emission scenario

	3 Model experiments
	4 Model results
	4.1 Model evaluation
	4.2 Sensitivity and Uncertainty analysis
	4.3 Model results for climate scenario experiments

	5 Discussion
	Acknowledgement
	Appendix A Supplementary material
	References


