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Persistence and long-range transport potential of 14 chemicals
are calculated with seven models for the environmental fate of
POPs; similarities and differences are pointed out; and
recommendations for the use of types of model are made.
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Two different approaches to modeling the environmental fate of organic chemicals have been
developed in recent years. The first approach is applied in multimedia box models, calculating average
concentrations in homogeneous boxes which represent the different environmental media, based on
intermedia partitioning, transport, and degradation processes. In the second approach, used in
atmospheric transport models, the spatially and temporally variable atmospheric dynamics form the
basis for calculating the environmental distribution of chemicals, from which also exchange processes
to other environmental media are modeled. The main goal of the present study was to investigate if the
multimedia mass balance models ClimoChem, SimpleBox, EVn-BETR, G-CIEMS, OECD Tool and
the atmospheric transport models MSCE-POP and ADEPT predict the same rankings of the overall
persistence (P,,) and long-range transport potential (LRTP) of POPs, and to explain differences and
similarities between the rankings by the mass distributions and inter-compartment mass flows. The
study was performed for a group of 14 reference chemicals. For P,,, the models yield consistent results,
owing to the large influence of phase partitioning parameters and degradation rate constants, which are
used similarly by all models. Concerning LRTP, there are larger differences between the models than
for Py, due to different LRTP calculation methods and spatial model resolutions. Between
atmospheric transport models and multimedia fate models, no large differences in mass distributions
and inter-compartment flows can be recognized. Deviations in mass flows are mainly caused by the

geometrical design of the models.

Introduction

Pollution caused by Persistent Organic Pollutants (POPs) is one
of the large global environmental problems, due to the long
environmental persistence of these substances and their ability to
be transported over long distances. Historically, two different
policy fields have been involved with POPs in the environment
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(i.e. air quality and chemical safety), and within each field an
international convention on POPs was formulated. First, under
the auspices of the United Nations Economic Commission for
Europe (UNECE), the international community on air quality
recognized the potential hazards of POPs, and within the
framework of the Convention on Long-range Transboundary
Air Pollution'? 27 countries (as of 2007) ratified the Protocol on
Persistent Organic Pollutants.>* This Protocol encourages
research, emission reduction and monitoring of POPs, as well as
international co-operation between scientists. Second, the
United Nations Environment Programme,* which focuses on
chemical safety, described its policy on POPs in the Stockholm
Convention.’ In both fields, POP fate modeling is a relevant
source of information. Mathematical models are increasingly
used to simulate the environmental distribution of POPs,*®
because there is only a limited amount of measurements available
with a poor spatial and temporal coverage. Accordingly, the
Executive Body of the CLRTAP, under its Cooperative Pro-
gramme for Monitoring and Evaluation of the Long-range
Transmission of Air Pollutants in Europe, initiated an inter-
comparison study between different POP fate models, to which
experts of different countries would contribute.” The study
presented in this paper is a result of a part of this model inter-
comparison study.

Two different POP fate modeling approaches have been
developed in the recent years.® The first is the multimedia
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partitioning approach, which is generally applied in multimedia
box or mass balance models. This type of model assumes
homogeneous environmental compartments, in which average
concentrations are calculated based on advective and diffusive
intermedia exchange processes (wet and dry deposition, volatil-
ization, etc.), advective or macro-diffusive exchange between
different geographical regions, and degradation. Due to their
relatively low complexity, they are often used in risk assessments,
i.e. for screening assessments of large numbers of chemicals.'® In
recent years, beside the box models, also spatially explicit
multimedia mass balance models have been developed (ie.
IMPACT-2002,"* BETR-Global,’> G-CIEMS'). The second
approach, developed from the air quality field, is based on
atmospheric dynamics, and applied in atmospheric transport
models.'*'* These models provide a higher temporal and spatial
resolution than box models; they use a dynamic description of air
flows based on mass, energy, and momentum conservation
equations that are discretized over connected atmospheric
volumes; to this description of air flow, several reservoirs
representing the surface compartments are linked.

Both types of model can be used for the same goal: to identify
chemicals with POP-like persistence and long-range transport
potential. Ideally, both types of models would yield the same
outcomes for descriptors of overall persistence (P,,) and long-
range transport potential (LRTP). However, only few studies
have investigated this question,®!¢ and it is not sufficiently clear
how consistent the different models are. First, the different spatial
and temporal resolutions used may lead to differences in model
predictions. Second, different models of the same type may predict
different concentrations and process intensities owing to variation
in model algorithms and geometric dimensions. The following
aspects have been addressed in recent model comparison studies:
a number of spatially explicit models have been compared with
non-spatial versions of the same model domain.'*'”-** Wania and
Dugani'® compared the LRTP estimates of polybrominated
diphenyl ethers for four multimedia fate models. Fenner et al.'®
performed a model inter-comparison study on the predicted P,
and LRTP of chemicals for nine multimedia fate models.
However, these studies did not consider atmospheric transport
models. Hansen et al® explored the differences in predicted
concentrations of a-hexachlorocyclohexane (a-HCH) between an
atmospheric transport model and a multimedia mass balance
model. They compared EVn-BETR?**! with DEHM-POP,?? and
related the predicted concentration differences to the differences
in the model description of environmental processes in the two
models. Hollander ez al.?* compared average concentrations and
spatial concentration patterns of PCB-153 between the atmo-
spheric model LOTOS-EUROS and the multimedia mass balance
model SimpleBox. In these two studies, only one single multi-
media model and one atmospheric model were taken into account,
which makes it difficult to make general statements on the
performance of the two model types. Lammel et al** presented
a comparison study between the multimedia models SimpleBox
2.0, Chemrange 1.0,%*” MPI-MBM?® and the atmospheric
transport model MCTM?'5*3° for six substances. Although they
found deviations between the models for the quantification of the
LRTP of these compounds, they concluded that there is good
agreement between the models with respect to the LRTP-ranking
of chemicals.

The present study goes beyond the previous investigations in
that it includes more and/or more diverse models than the earlier
studies. The main goal of the study is to investigate if the
multimedia mass balance models ClimoChem,*' SimpleBox,*?
EVn-BETR,***! G-CIEMS,!* OECD Tool* and the atmospheric
transport models MSCE-POP’ and ADEPT?** yield similar
rankings of the P, and LRTP of selected organic chemicals. The
second goal is to analyse the mass distributions and inter-
compartment mass flows of one selected chemical, PCB-153 and
to discuss differences and similarities between the rankings in the
light of the results obtained for PCB-153.

Material and methods
Model setup

Seven models for predicting POP’s environmental fate partici-
pated in this inter-comparison study, of which two are derived
from atmospheric transport models (ADEPT and MSCE-POP).
The other five models are based on a multimedia mass balance
modeling approach (i.e. EVnBETR, SimpleBox, G-CIEMS and
ClimoChem, OECD Tool). The models differ considerably in
their spatial resolutions. In the comparison of P,, and LRTP
rankings, all models were reviewed, whereas the mass balance
analysis was performed for five of seven models (not for ADEPT
and the OECD Tool). A description of the models is given in the
ESIL and a schematic presentation of their key features is given
in Shatalov et al.*®

The study was performed for the domain covering the area of
35°-70° N and 10° W-30° E, which represents Europe and some
parts of North Africa and the North Atlantic and Arctic oceans.
For this domain, data on land cover, leaf area indices and
organic matter contents in the soil on a 1° x 1° scale were used by
all models. Land cover data were derived from the USGS Land
Use/Land Cover dataset obtained from the NCAR Mesoscale
Modeling System (MM5).*¢ The 25 specified categories of the
original land cover database were aggregated to represent the
land cover classes that are distinguished in each model (i.e. three
classes in ClimoChem, six in MSCE-POP, five in SimpleBox).
Leaf area indices were derived from Sellers et al.” and organic
matter contents in soil were obtained from NASA.*® In the
models having a resolution coarser than 1° x 1°, the environ-
mental data from the original dataset were averaged according to
the actual resolution. The spatially explicit environmental input
data were assumed to be constant in time during the calculation
period. Beside these data, each model used its own additional
environmental parameters. Information on the environmental
parameters used by each individual model can be found in
Shatalov et al.®

P,, and LRTP estimates

Each model was used to provide an estimate of P,, and LRTP
for a group of 14 reference chemicals, and to derive rankings
from high to low P,, and LRTP. P,, and LRTP are environ-
mental hazard metrics that are often applied in risk assessments
of chemicals. The selected chemicals are aldrin, atrazine,
benzo[a]pyrene (B[a]P),brominated diphenyl ethers (BDE-47;
BDE-99), biphenyl, carbon tetrachloride (CCly), hexa-
chlorobenzene (HCB), hexachlorobutadiene (HCBD), o-HCH,
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p-cresol, and polychlorinated biphenyls (PCB-180; PCB-153;
PCB-28). Their physico-chemical properties are given in the
ESI.¥ The emission scenario used in the P,, and LRTP calcu-
lations was a single pulse release to air located at 10° E and 52.5°
N, followed by a no-emission simulation period of 20 years. For
both indicators, P,, and LRTP, there are different metrics, i.e.
ways of quantifying P,, and LRTP. Each model used its own P,
and LRTP metrics, according to differences in the construction
of the models, see Table 1. Although defined slightly different in
the different models, P, largely reflects the turn-over time of the
chemicals in the chosen model system. P, was not calculated in
ADEPT, because ADEPT does not account for chemical stored
in the surface media. In the OECD Tool, LRTP was calculated
with two different methods, see Table 1. Rank correlation
coefficients between the rankings of the 14 chemicals obtained
with the different models were calculated.®®

Mass balance estimates of PCB-153

To obtain some information about the environmental processes
that are implemented in the models and influence the P,, and
LRTP rankings, mass distributions and inter-compartment flows
were investigated for one example compound. This analysis of
mass balances was performed for PCB-153 because it is
a ‘multimedia chemical’, which means that after emission, it is
distributed among different environmental compartments. The
physical-chemical input data of PCB-153 are given in Table 2.
Yearly averaged PCB air emission data for the period 1981 to
2000 were derived from Breivik ez al*' on a 1° x 1° scale and
converted to grid-format as described by Shatalov et al** The
models were run for the period 1981-2000 with time intervals of
one month for SimpleBox, EVn-BETR, G-CIEMS and MSCE-
POP, and three months for ClimoChem.

Masses and concentrations of PCB-153 were recorded at the
end of the year 2000 for air, water, and soil. Mass flows between
the compartments were calculated and similarities and discrep-
ancies between the models were analysed. When possible,
differences between the individual models were traced back to
general differences between (spatially explicit) multimedia mass
balance models and atmospheric transport models.

Results
P,, and LRTP rankings of chemicals

In Fig. 1, the relative rankings of the 14 selected POPs according
to their overall persistence are given for the six models. A value of
1 represents the lowest P,, and a value of 14 the highest P,,.
There is agreement between the models with respect to the P,
rankings to the extent that the individual models in most cases
differ by only one or two scores from the average ranking. The
largest deviations of individual compound rankings can be found
for HCBD, PCB-153, and PCB-180 in EVN-BETR. The mean
deviation from the average ranking is 0.69. The correlations of
the P,, rankings among the individual models are given in Table
3. The lowest correlation coefficient has a value of 0.81, which
confirms the consistency of the P,, rankings. The mean deviation
from the average ranks is smallest for MSCE-POP, G-CIEMS,
and CliMoChem (0.43 scores). p-Cresol and CCl, are the
chemicals with the most consistent rankings by all models;

HCBD received the most diverse scores in the different models
(see statistics of P,, rankings in Table S2 in the ESIt).

Fig. 2 shows the relative rankings of the 14 selected POPs
according to their long-range transport potential (LRTP). There
is less agreement between the models according to the LRTP
rankings than according to the P,, rankings. For LRTP, the
individual models at maximum differ by seven scores from the
average ranking, whereas the mean deviation from the average
ranking is 1.4. The correlations between the LRTP rankings of
the individual models are given in Table 4. The lowest correlation
coefficients are observed for CliMoChem because the LRTP
metric used in CliMoChem is conceptually different from the
other LRTP metrics, see the discussion section. If CliMoChem is
excluded, the lowest correlation coefficient is 0.57 (ADEPT vs.
EVN-BETR). The mean deviation from the average ranks is
smallest for the OECD Tool (0.7 and 1.0 scores); CliMoChem
and ADEPT show the largest deviations (2.4 and 2.0 scores,
respectively). The low-LRTP chemicals aldrin, p-cresol and BaP
exhibit the most consistent rankings among all models (mean
deviation from average rank around 0.5 scores); PCB-180, PCB-
28 and «-HCH are ranked most differently by the different
models (mean difference from average rank around 2 scores; see
statistics of the LRTP rankings in Table S3 in the ESIY).

Masses of PCB-153 and inter-compartment fluxes

In Fig. 3, the mass flows of PCB-153 at the end of 2000 are given
as percentage of the emission for MSCE-POP, ClimoChem,
SimpleBox, EVn-BETR, and G-CIEMS. In the grey boxes, the
mass fractions of the chemical in the air, water, vegetation, and
soil are shown. The detailed mass balance estimates of all five
models is given in the ESI.T Absolute concentrations of PCB-153
in air range from 0.44 pg m in ClimoChem to 7.5 pg m* in
EVn-BETR, and the masses in 2000 range from 27 kg in
ClimoChem to 107 kg in MSCE-POP. Concentrations in water
range from 0.2 pg "' in G-CIEMS to 2.0 pg "' in SimpleBox,
and soil concentrations lie between 12 pg g~! in ClimoChem and
63 pg g ' in G-CIEMS. MSCE-POP only predicts the concen-
tration at the interface between soil and air, which for PCB-153 is
168 pg g~' in 2000. Fig. 3 shows that in all models nearly the total
mass of PCB-153 is present in the soil compartment. Only a small
fraction is present in air and vegetation, and 0.4% (G-CIEMS) to
3.6% (SimpleBox) resides in ocean water. The predicted mass
flows of PCB-153 between the air, water and soil compartments,
and the net export flows are more different for the different
models than the relative mass fractions. Large differences
between the models occur in the export flow with air and water
out of the model domain. MSCE-POP and G-CIEMS predict
a high export flow from the air compartment (63%, resp. 52% of
the emission of the year 2000 versus 12%-37% for the other
models). In SimpleBox and EVn-BETR the export flow from the
water compartment is relatively important (22%-40% for
SimpleBox and EVn-BETR versus —0.3% to 7.6% for MSCE-
POP, G-CIEMS and ClimoChem). The fraction degraded in
water is relatively large in SimpleBox.

Total deposition from air to surface media increases from
MSCE-POP (37%) to G-CIEMS (50%), EVn-BETR (62%),
ClimoChem (79%), and SimpleBox (87%). In 2000, all models
except MSCE-POP show a net deposition flow from air to soil,

This journal is © The Royal Society of Chemistry 2008
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Table2 Physical-chemical properties and degradation rate constants for
PCB-153

Parameter Value Unit
Molecular weight*® 3.61 x 10*? g mol™!
Vapor pressure at 25 °C 8.82 x 10~° Pa
Water solubility at 25 °C # 6.50 x 103 mg 1!
Ko 1.45 x 107 —
Gas/water partition 2.09 x 107? —
coefficient at 25 °C *
Solids/water partition 2.96 x 10*° —
coefficient at 25 °C *
Enthalpy of vaporization ** 8.77 x 10" kJ mol™!
Enthalpy of dissolution ** 2.50 x 10" kJ mol™!
Gas phase degradation rate 3.50 x 10°* s!
constant at 25 °C
Dissolved phase 3.50 x 107° st
degradation rate constant at
25 OC 43
Bulk degradation rate 3.50 x 10~? s!
constant sediment at 25 °C
43
Bulk degradation rate 3.50 x 10~? s~
constant soil at 25 °C *3
14
overall persistence L] B s /_
12 = /’:’7“ 7
10 — _=
X w7
g s
® EVN-BETR
6 & MSCE-POP
i G-CEMS |
* QECD Tool
3 SimpleBox |
*+ CliMoChem
p-cresol biphenyl BaP a-HCH HCBD HCB PCB-180
aldrin atrazine PCB28 BDE47 BDEQ9 PCB-153 CCly

Fig. 1 Relative rankings of the 14 selected test chemicals according to
their overall persistence (P,,) for six models (ADEPT does not yield P,,).
Values | and 14 represent the lowest and highest P,,, respectively. The
solid line shows the average ranking of the chemicals in the six models.
The dashed lines show the minimum and maximum rankings of the
chemicals.

Table 3 Rank correlations between the individual models according to
their P, rankings. The bottom line shows the correlation between each
model and the average ranking of all models together

EVN- MSCE- OECD G-
CliMoChem BETR POP SimpleBox Tool CIEMS
CliMoChem 1.00 0.84 097 0.96 096 097
EVN-BETR 1.00  0.89 0.81 087 0.89
MSCE-POP 1.00 0.93 096  0.98
SimpleBox 1.00 098 093
OECD Tool 1.00  0.96
G-CIEMS 1.00
Average 0.99 090 0.99 0.96 098  0.99

with the largest flow for SimpleBox (40%). In MSCE-POP, a net
volatilization flow of 5.9% is found. Deposition to vegetation is
largest for ClimoChem and MSCE-POP, and consequently, the
mass flow from vegetation to soil is also relatively large in these

14 * D
long-range transport AN S = i
- potential ’,’ \ /
/ 7’
4 " * x
g
10 .l Y
! ¢ & = !
x / I
c g I A - / N
© K & 7 X
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"f \\ I * - ’4,/ \ /! \
L\ ! - Ny
6 : i 'y
/ \ I T
/ \ A b —
! \ lf -~
4 7 ¥ = = EVN-BETR X ADEPT
| - o + CliMoChem OECD Tool CTD
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Fig. 2 Relative rankings of the 14 selected test chemicals according to
their long-range transport potential (LRTP) for the seven models. The
value 1 represents the lowest LRTP and the value 14 the highest LRTP.
The solid line shows the average ranking of the chemicals for all models
together. The dashed lines show the minimum and maximum rankings of
the chemicals.

models. In ClimoChem, a large fraction of the emitted PCB-153
is degraded in vegetation. MSCE-POP does not take into
account this process in its model algorithms. In EVn-BETR,
a relatively small fraction (25%) of the emitted substance is
degraded in the soil. MSCE-POP distinguishes degradation in
the litter layer (10% of the emitted PCB-153) and degradation in
the soil (78% of the emissions).

Discussion
P,, rankings of chemicals

With respect to P,, the models are highly correlated, because
degradation and phase partitioning are described similarly in all
models. The half-lives of a chemical in a given environmental
medium can be expected to be similar in all models, because the
models use the same input values (valid for 298 K) and adjust
these values to temperatures different from 298 K in a similar
way. In addition to the degradation half-lives, the distributions
between air, water and soil influence P,,. This distribution
depends on the partition coefficients of the chemical and on the
relative sizes of the different environmental media, i.e. the model
geometry. The good agreement for P,, indicates that also phase
partitioning is relatively similar in the models. Beside degrada-
tion and partition coefficients, another possible cause of differ-
ences between the P, -rankings is the way of calculating P,,. The
most essential difference between the calculation methods is
that some methods only consider degradation as a process
determining persistence (closed models, ie. MSCE-POP,
ClimoChem), whereas others also take into account advective
removal from the model domain (‘open models’; i.e. SimpleBox,
G-CIEMS). However, this may affect mainly absolute P,,-
values—with lower absolute values in open models—but if the
open and closed models yield similar fractions in air, the higher
degradation rate constant in air applies to all chemicals and does
not strongly affect the ranking. Good agreement among models
on their P, estimates was also recognized by Fenner et al.'® for
nine multimedia mass balance models and Lammel et al.?* for the
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Table 4 Rank correlations between the individual models according to their LRTP rankings. The bottom line shows the correlation between each

model and the average ranking of all models together

CliMoChem EVN-BETR MSCE-POP SimpleBox ADEPT OECD Tool: CTD OECD Tool: TE G-CIEMS
CliMoChem 1.00 0.44 0.45 0.55 0.64 0.64 0.62 0.52
EVN-BETR 1.00 0.93 0.67 0.57 0.86 0.78 0.98
MSCE-POP 1.00 0.72 0.65 0.85 0.79 0.93
SimpeBox 1.00 0.74 0.83 0.91 0.73
ADEPT 1.00 0.83 0.90 0.60
OECD Tool: CTD 1.00 0.96 0.89
OECD Tool: TE 1.00 0.81
G-CIEMS 1.00
Average 0.67 0.88 0.89 0.88 0.78 0.97 0.94 0.93
I 100% atmospheric dynamics is used, which evens out the effect of
3% - — episodic transport events. This is illustrated by the high corre-
e 1T 0% ogiadanai * arm l lations between the more highly resolved models MSCE-POP,
37% ; fj: - s oBR| o _ G-CIEMS, and EVN-BETR, on one hand, and between the box
% s % e o % 52 . .
= 16% oy ol nt| s S models SimpleBox and OECD Tool, on the other hand. Finally,
et 1% - IRME besides the LRTP metrics used and the spatial resolution of
9.5% == .
“ i i N - a model, the presence of a deep ocean compartment, which acts
: o soil as a sink for POPs, is important. Deposition of chemical to the
9% degradation " j . .
i, i oosan waler o a iy deep ocean reduces the LRTP, whereas in absence of this process,
-g ;“; 93t degracation 15, 5 g the export flow out of the water compartment is higher. In
25% . . .
2% ot 99% general, model geometry thus influences the LRTP estimates and
40%

76%

Fig. 3 Mass flows calculated for PCB-153 in 2000 as percentage of the
emission to air. All losses from air add up to 100%. The overall loss from
the system (sum of all degradation and export fluxes) exceeds 100%
because the models are not at steady state. In the grey boxes, mass
fractions of PCB-153 in air, ocean water, vegetation and soil are dis-
played (except for rounding errors, these percentages add up to 100%).
From top to bottom, the numbers represent MSCE-POP, CliMoChem,
SimpleBox, EVN-BETR, G-CIEMS.

atmospheric transport model MCTM and the multimedia mass
balance models SimpleBox 2.0, Chemrange 1.0 and MPI-MBM.

LRTP rankings of chemicals

Concerning LRTP, there are larger differences between the
models than for P,,. First, this is caused by differences in the
LRTP metrics, This effect is most pronounced for CliMoChem:
LRTP in CliMoChem is calculated as the fraction of chemical
that reaches the Arctic during the simulation period and remains
there. Therefore, volatile chemicals such as CCl; and HCB,
which receive high LRTP scores in all other models, have low
scores in CliMoChem because they reach the Arctic but only
a small fraction is deposited there whereas a large fraction is
transported out of the Arctic again. Heavy PCBs, on the other
hand, receive higher LRTP scores in CliMoChem because they
have a relatively high fraction that reaches the Arctic and
remains there. Second, the influence of import/export fluxes,
which are modeled differently in models with different spatial
resolution,® is larger on LRTP than on P,,. In more highly
resolved models, air flows reflect dynamic atmospheric condi-
tions, including higher wind speeds and episodic transport
events, whereas in box models the long-term average of the

rankings more strongly than the P,, rankings. Finally, these
outcomes are only valid for a scenario with emissions to air.
Emissions to soil or water would probably yield different results
for the LRTP of chemicals, due to a shift in the mass balances
and the relative importance of certain transport processes in the
different scenarios.

Masses of PCB-153 and inter-compartment mass fluxes

The five models considered in the mass balance study for
PCB-153 in the EMEP region yield similar values for the mass
fractions in air, water and soil. In all models, the soil is the main
storage compartment for PCB-153 (fractions of 95% or higher).
During the emission period, a significant part of the substance
was deposited onto the soil, and due to the low degradability of
PCB-153, it accumulated there. During the last years of the
calculation period, emissions were declining. As a result, MSCE-
POP predicts a volatilization flux from soil to air in the year 2000
whereas in the other models, still a net deposition flux is calcu-
lated. Due to the large air-borne export flux of PCB-153 out of
the model system that occurs in MSCE-POP if emissions are into
air, the flux from soil to air is enhanced. Besides, MSCE-POP
includes a detailed vertical resolution in soil concentrations,
resulting in relatively high soil concentrations predicted in the
upper soil layer.

The export of PCB-153 by air out of the considered domain is
significantly lower in the box models SimpleBox and ClimoChem
(12% and 21%) than in the spatially explicit models EVn-BETR,
MSCE-POP and G-CIEMS (37%, 63%, and 52%). Due to the
higher spatial resolution, air concentrations in the border grid
cells of the spatially explicit models are different from the average
concentrations calculated by SimpleBox or ClimoChem. At the
northern borders of the model domain, chemical concentrations
in air are low, but at the southern and eastern borders, they are
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significantly higher than the average air concentrations from the
total model area, resulting in a larger export flow of PCB-153 in
the south and east. For EVn-BETR, the same phenomenon is
observed, but due to the coarser model scale, the effect on the
total export flow is less pronounced than for MSCE-POP. In
EVn-BETR, export by air is by a factor of 1.5 to 2 lower than in
MSCE-POP and G-CIEMS, but by a factor of three higher than
in SimpleBox. A difference between atmospheric transport
models and multimedia mass balance models in predicted
transport flows in air was also found by Lammel et al.,** who
found a tendency of box models to overestimate particle depo-
sition from air and to underestimate atmospheric transport
velocity because box models do not represent the temporal and
spatial variability of these parameters.

The third factor causing differences in the fraction of PCB-153
that is exported out of the open model domain is the atmospheric
height assumed in the models. MSCE-POP uses an atmospheric
height of 12 000 m, whereas SimpleBox only represents the lower
1000 m of the atmosphere. From the current study, it appears
that the larger the modeled atmospheric height, the larger the
export of PCB-153 via air. This is in agreement with Wania and
Dugani,” who concluded that a larger atmospheric mixing
height strongly increases the predicted LRTP of PBDE:s.

For ClimoChem, model geometry strongly influences the
export flow in a fourth way. In this model, the considered region
falls within two latitudinal zones of the model that have no
boundaries in east and west directions, which means that only
export in southward and northward directions is counted as net
export in ClimoChem. The lack of east and west borders in
ClimoChem also influences the absolute emissions, masses and
concentrations of PCB-153; in ClimoChem, the emissions go into
the entire latitudinal bands and the fraction of the emissions
scaled to the EMEP domain is about six times lower than in the
other models; the masses of PCB-153 found in the EMEP
domain are two to 10 times lower.

All models indicate a net loss of PCB-153 between 1999 and
2000, accounting for 4000-5200 tonnes in MSCE-POP and
SimpleBox and 445 tonnes in ClimoChem (see above; lower
emissions and amounts). The net loss in EVn-BETR is lower
than in the other models (except ClimoChem), caused by a rela-
tively small amount of PCB-153 degraded in soil. This can be
explained by the relatively high contribution of air and water
advection as loss processes in EVn-BETR.

Export of PCB-153 from the model domain by water is rela-
tively large in EVn-BETR and SimpleBox, and low in MSCE-
POP and ClimoChem. On the other hand, in the latter models,
a chemical flow from the surface water sea to the deep ocean is
included, which is lacking in the two former models. The sums of
export and deep ocean flows in MSCE-POP and ClimoChem
equal the export flows in EVn-BETR and SimpleBox, which
explains the differences in the models when only export flows are
compared.

The fraction of PCB-153 that is deposited to water is similar in
all models (ranging from 21% to 42% of the amount released).
Deposition to vegetation is similar and relatively high in MSCE-
POP and ClimoChem, whereas it is similar and relatively low in
SimpleBox and EVn-BETR. These differences are caused by
the assumed values of the mass transfer coefficient at the air/
vegetation interface. The total deposition flux from air is high in

the multimedia box models (SimpleBox, EVn-BETR, Cli-
moChem) and clearly lower in the atmospheric model MSCE-
POP. Precipitation is described as meteorology-driven events in
MSCE-POP, whereas in the multimedia models, a constant
precipitation flux is assumed, leading to higher estimation of
the wet deposition flux in these models. These outcomes are in
agreement with the comparison of DEHM-POP and EVn-
BETR® and with Lammel et al.**

Multimedia mass balance models vs. atmospheric transport
models

From the analysis of the model differences and similarities, some
conclusions on differences between atmospheric transport
models and multimedia mass balance models, either spatially
explicit or box models, can be drawn. Two dominant factors
causing differences in model results are (i) differences in the way
how chemical transport processes are modeled, and (ii) model
geometry and spatial resolution. This second factor mainly
influences export of substances out of the model domain by air
transport, whereas differences in process descriptions (first
factor) have the largest effect on the air-vegetation and air-soil
exchange, as well as on the degradation rates in the water
compartment. The deviation in transport flows in air between
atmospheric transport models and multimedia mass balance
models was also recognized by others.®**

Because spatial resolution is important for export mass fluxes
and LRTP, the largest differences exist between non-spatial
(box) models and spatially explicit models, independent of
whether these are spatially resolved multimedia mass balance
models or atmospheric transport models. At least for the
scenario used in this study, differences in model algorithms and
in descriptions of inter-compartment exchange processes are
subordinate to whether the model is a gridded model or not. In
general, this phenomenon will appear strongest in scenarios with
a heterogeneous spatial emission pattern such as used here (one
single point source, which is the most heterogeneous emission
pattern that is possible), causing different estimates of export
mass flows out of the model domain in the different types of
models.

When choosing a model for analysing the environmental fate
of POPs, either a spatial vs. non-spatial model or an atmospheric
transport model vs. a multimedia mass balance model, one
should take into account several factors. First, the environmental
compartment(s) of interest are of importance. Chemical
concentrations in air in an open domain are generally predicted
more reliably by spatially explicit models due to their higher
resolution, and even more by atmospheric transport models, due
to their more accurate description of meteorological parameters
and processes.® For the less mobile media, particularly soils and
sediments, the influence of model resolution on the calculated
concentrations is much smaller. The second factor determining
the choice of a spatial or non-spatial model is the varibility of
emission intensities over the study area, since the emission
pattern of compounds largely determines the concentration
pattern.'™*” If the emissions of a compound are highly hetero-
geneous within the study area, and the influence of this hetero-
geneity is to be evaluated by the model, a spatially explicit model
has to be used to determine the environmental concentrations. In
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contrast, if the emissions are more evenly distributed or if one is
only interested in average concentrations over a larger area,
a non-spatial models is sufficient. In all cases, one should keep in
mind that models are only simplified representations of reality,
depending on the perspective of the model developer. Model
choice thus should reflect on the goal of the study and the
preferred accuracy in the outcomes. Whenever possible, the
results should be compared to experimental data. Concerning the
ranking of chemicals according to their overall persistence and
long-range transport potential, there are only some minor
differences between spatial and non-spatial models and between
atmospheric transport models and multimedia mass balance
models. These differences are mainly caused by differences in the
calculation methods of P,, and LRTP. The practical reason to
choose multimedia mass balance models in chemical ranking
exercises remains their simplicity of use. When large numbers of
substances are to be processed, the use of more demanding
atmospheric transport models may be impractical.
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