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1 Introduction and Motivation

1.1 Persistent Organic Pollutants in the Baltic Sea Environment

The Baltic Sea is a large, semi-enclosed brackish body of water in the North of Europe. Its
drainage basin (Figure 1), which takes up the greater part of Northern Europe, covers an
area of more than 2 million square kilometers, more than 20 % of which is taken up by
water. It extends over 20 degrees of latitude (approx. 50 to 70 °N), and includes parts of
fourteen countries (Sweden, Finland, Estonia, Latvia, Lithuania, Russia, Belorus, Poland,
Germany, Denmark, Norway, the Czech and Slovak Republics, Ukraine). Because of its
proximity and downwind location to the highly industrialised and densely populated areas of
central Europe the Baltic Sea environment has been the recipient of airborne and riverine
pollutants, including nutrients, acid rain and persistent organic pollutants. The latter have
achieved particularly high concentrations in the Baltic Sea, and it was here that PCBs were
first detected in environmental samples (Jensen et al., 1969). Seals and fish from the Baltic
Sea are believed to be affected by the presence of these contaminants (Bengtsson et al.
1999; Olsson et al. 1992).

The Baltic Sea shares some characteristics with the Laurentian Great Lakes of North
America, namely the climate and the proximity to sources of pollution, and similarly high
levels of POPs were observed. Whereas, however the fate of POPs in the Great Lakes has
been described in numerous studies with the help of mass balance models (Bierman and
Swain, 1982; Thomann and DiToro, 1983; Sonzogni et al., 1987; Mackay, 1989; Bierman et
al., 1992; Diamond et al., 1994; Mackay et al., 1994; Gobas et al., 1995), almost no such
studies exist for the Baltic Sea (Wulff et al.,, 1993; Wania et al., 1999). Mass balance
models help to obtain the “big picture” of a chemical's behaviour in a regional environment.
Their primary use is to simulate the observed behaviour of contaminants in a region. A
successful simulation, i.e. comparability of observations and simulation results, suggests
that the degree of theoretical understanding of the way chemicals partition, move and react
is sufficient to explain the observed behaviour in the environment. It is then possible to
further use the model to derive information not contained in the measured data, such as
trend predictions, source apportionment and mass budgets (Wania and Mackay, 1999).

The POPCYCLING-Baltic project set out to develop a non-steady state multi-media mass
balance model for describing the long term fate of persistent organic pollutants (POPSs) in
the Baltic Sea environment, building upon the earlier work by Wania et al. (1999). This
report gives a detailed description of the POPCYCLING-Baltic model.

1.2 Motivation for Developing the POPCYCLING-Baltic Model

The POPCYCLING-Baltic model aims to distinguish and quantify the environmental path-
ways of selected POPs in the Baltic Sea environment (Figure 2). In particular, it aims to
estimate the fractions of the POPs currently present in various parts of that environment,
which are derived from (i) recent releases within the drainage basin, (ii) past emissions in
the drainage basin and (iii) contaminanted air masses being advected into the area. Within
the model region, a main focus is on the relative importance of the riverine and atmospheric
pathway for delivering POPs to the marine ecosystem of the Baltic Sea. Furthermore, the
model is expected to address the question, what fraction of the riverine load is actually
atmospherically derived vs. being emitted directly to the soils, plants and rivers of a
drainage basin (Figure 2).

The description of the terrestrial part of the drainage basin of the Baltic Sea is restricted to
those aspects which influence the magnitude and the timing of POPs delivery to the Baltic
Sea. This implies that the model aims to describe accurately the rates of release (and the
seasonal change of this release) of POPs from the main terrestrial storage media for POPs,
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i.e. soil and vegetation, into the two transport media delivering POPs to the marine
environment, i.e. atmosphere and fresh water. Vegetation and soil have to be treated
separately, if their characteristics of exchange with the atmosphere are different. This is the
case for forests which display much faster uptake for many POPs than grassland and fields
planted with agricultural crops (McLachlan and Horstmann, 1999).

Key processes are the two-directional exchange, or cycling, of POPs between the
atmosphere and aquatic and terrestrial surfaces, and the uni-directional run-off of chemical
from soil to fresh water and further to the marine system. Important are further the
processes that could lead to loss of chemical during the transport in atmosphere and river
water, i.e. degradation and deposition in the atmosphere, and degradation, net sedimenta-
tion to fresh water sediments, and volatilisation in the fresh water system.

Figure 1 The drainage basin of the Baltic Sea (modified from GRID Arendal website:
http://www.grida.no). (This figure does not include the Skagerrak region,
even though it is included in the model).
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2 System Boundary and Compartments of the POPCYCLING-Baltic
Model

2.1 The System Boundary

The modelled system comprises the entire drainage basin of the Baltic Sea, including the
Kattegat and Skagerrak area (Figure 1). It also includes the troposphere above this
drainage basin. This is a deviation from most previous models of contaminants in large
water bodies which tend to be restricted to the aquatic environment. In aquatic models the
air-water interface and the river mouths constitute system boundaries and riverine inflow
concentrations and atmospheric concentrations over the water surface are model boundary
conditions supplied by the user (Figure 3).

Such a model design neglects the possibility of interactions between the lake, the
atmosphere above it and its drainage basin. It is well established that atmospheric
concentrations of many POPs are governed by the exchange with the Earth’s surface, and
it is conceivable that a large water body can act as a supply of persistent chemicals to its
terrestrial surroundings and vice versa. Atmospheric and riverine concentrations therefore
should be calculated by the model rather than being supplied as input parameters. This
aspect of the model reflects a trend within water quality modelling to progressively include
more parts of the overall system within the system boundaries (Thomann, 1998).

2.2 Compartments in the POPCYCLING-Baltic Model

A typical multi-media mass balance model divides the environment into a number of boxes
or compartments, which are considered well-mixed and homogeneous, both with respect to
the environmental characteristics and chemical contamination. These environmental phases
are then linked by a variety of intercompartmental transfer processes (Cowan et al., 1995,
Wania and Mackay, 1999). The POPCYCLING-Baltic model consists of 85 such boxes or
compartments (Table 1). The division of the Baltic Sea environment into compartments was
based on the following considerations:

the units can be identified in physical geographical terms (e.g. water sheds).
the units can be considered well mixed with respect to the time scales relevant for POPs.

the units have similar characteristics with respect to environmental properties and
emission rates of POPs.

The basic geographic units in the model are the eight aquatic sub-basins of the Baltic Sea
and their respective drainage basins, namely:

Bothnian Bay Bothnian Sea Gulf of Finland Gulf of Riga
Baltic Proper Danish Straits Kattegat Skagerrak

2.2.1 The Terrestrial Environment

The drainage basin of each of these sub-basins is represented in the model by a terrestrial
unit. Because of their heterogeneity, the drainage basins of two aquatic sub-basins are
represented by two terrestrial entities. In the Gulf of Finland, the model distinguishes the
area drained by the River Neva from the remainder of the drainage basin, because of very
different hydrological characteristics. In the Baltic Proper, the Swedish part and the
Southern part of the drainage basin are treated separately, because of large differences in
hydrology, climate, and emissions. Each of the ten terrestrial units (Figure 4A) is described
by five compartments (agricultural soil, forest soil, forest canopy, fresh water, fresh water
sediment).
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Figure 2 The POPCYCLING-Baltic model aims to quantify the pathways of POPs from
the terrestrial environment to the marine environment via atmosphere and
rivers.
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Figure 3 The system of a catchment model includes the drainage basin of the water
body and the atmosphere above it.
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2.2.2 The Aquatic Environment

A coastal unit, consisting of a water and a sediment compartment, is associated with each
of the ten drainage basins. In the Gulf of Riga, the Danish Straits and the Kattegat, this
coastal unit represents the entire aquatic subbasin, whereas in the remaining five aquatic
subbasins there are additional open water units, again consisting of a water and a sediment
compartment. In the case of the Baltic Proper, the open water unit is subdivided vertically
into a surface and bottom water compartment. The boundary between coastal and open
water units is the 20 m depth contour. The marine environment of the Baltic Sea is thus
represented by 16 water and 15 sediment compartments (Figure 4B). The surface area of
the marine water compartments and their average depth (Figure 10) were supplied by D.
Henry of GRID Arendal.

2.2.3 The Atmospheric Environment

Reflecting the greater mobility of the atmosphere, there are only four atmospheric
compartments covering the area of the drainage basin (Figure 4C). Each of these four
compartments is characterised by a relatively homogeneous emission situation, which is
usually determined by population density, extent of agricultural and industrial activity and
the political-economic framework. The Northern air compartment (Al) comprises the
Bothnian Bay and Sea area, the Eastern air compartment (A2) extends over the drainage
basins of the Gulfs of Finland and Riga, the Southern air compartment (A3) covers the
terrestrial unit to the South of the Baltic Proper and the Eastern half of the aquatic Baltic
Proper. The Western air compartment (A4) finally includes the Swedish Baltic Proper, the
Danish Straits, the Kattegat and Skagerrak.

In socio-economic terms, Al represent “Northern Scandinavia” with low population density,
low agricultural activity and few localised industries, A2 comprises the part of the Baltic Sea
drainage basin belonging to the “former Soviet Union” with intermediate population density,
industrial and agricultural activity, A3 comprises “central eastern Europe” with high
population density, industrial and agricultural activity, and A4 represents “Southern
Scandinavia” with intermediate population density, industrial and agricultural activity.

Figure 4 shows all the compartment types and how they are interconnected. It also
indicates into which types of compartment chemical can be released and in which
compartments degradation can be assumed to occur.

The following indices are used to denote the various types of compartments:

atmospheric compartments
terrestrial units (comprising F, B ,E, W, and S)
forest canopy compartments

forest soil compartments
agricultural soil compartments

fresh water compartments

fresh water sediment compartments
coastal water compartments
coastal sediment compartments
open water compartments

deep sediment compartments

=Toronsmwmn-H>»

NILU OR 10/2000



The POPCYCLING-Baltic Model

14

Table 1 The subdivision of the Baltic Sea drainage basin into environmental compartments.
Geographic Terrestrial Region Coastal Region Marine Region Atmospheric Region
Entity
Bothnian Bay T1 Bothnian Bay C1 Bothnian Bay O1 Bothnian Bay Al North
Bothnian Sea T2 Bothnian Sea C2 Bothnian Sea 02 Bothnian Sea Al North
Gulf of Finland T3 Gulf of Finland C3 Gulf of Finland O3 Gulf of Finland A2 East
T4 Neva C4 Neva A2 East
Gulf of Riga T5 Gulf of Riga C5 Gulf of Riga A2 East
Baltic Proper T6 Southern Baltic Coast C6  Southern A3 South
Coast
T7 Swedish Baltic Coast C7 Swedish Baltic Coast A4 West
04 Baltic Proper A3 and A4
O5 Bottom Water -
Danish Straits T8 Danish Straits C8 Danish Straits - A4 West
Kattegat T9 Kattegat C9 Kattegat - A4 West
Skagerrak T10 Skagerrak C10 Skagerrak 06 Skagerrak A4 West

85 compartments

10 agricultural soll 10 coastal water
10 forest soil

10 forest canopy
10 fresh water

10 fresh water sediment

10 coastal sediment

6 open water
5 deep sediment

4 atmosphere
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Figure 4 Maps showing the compartmentalisation of the terrestrial (A), marine (B) and atmospheric (C) environment of the Baltic Sea

drainage basin in the POPCYCLING-Baltic model. Each of the ten terrestrial units is represented by five compartment
(agricultural soil, forest soil, forest canopy, fresh water, fresh water sediment), each of the marine units by a water and a
sediment compartment.
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Schematic representation of the types of environmental compartments in the POPCYCLING-Baltic model and how they are

connected by diffusive and advective transport terms. A chemical can be released into six types of compartments, and

degradation can occur in all types of media.
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3 Description of the Natural Environment in the POPCYCLING Model

3.1 Mass Balances for Air, Water and Organic Carbon

The movement of persistent organic contaminants in the environment is closely associated
with the movement of air, water and particulate organic carbon (POC). In the
POPCYCLING-Baltic model advective intercompartmental transfer fluxes for the
contaminants are calculated as the product of a flux of a carrier phase, namely air, water
and POC (in units of volume per time) and a contaminant concentration in that phase (in
units of moles per volume). Solving the mass balance for the contaminants thus requires
the construction of mass balances for air, water and POC within the modelled system.
This task is made more complex by the interdependence of the mass balances (Figure 6).
For example, POC itself is advected with water and the POC balance is thus dependent on
the water balance. It should be noted that the intercompartmental transfer of water between
the atmospheric compartments (in the form of clouds etc.) is ignored in the model.

3.1.1 The Mass Balance for Air

The only compartments involved in the construction of a mass balance for air, are the four
atmospheric compartments. Sixteen atmospheric advection rates are required: eight rates
describing the exchange between the four air compartments and eight rates for the
exchange with the world outside the model region (Figure 7).

These rates were derived using a three dimensional gridded air dispersion model for the
EMEP region (Dr. Jesper Christensen, Department of Atmospheric Environment, National
Environmental Research Institute, Roskilde, Denmark). The model was used to calculate
the intercompartmental air fluxes (in units of m?/s) every six hours during the time period
1989-1996. These data were averaged across all eight years to yield long term average
monthly mean fluxes in m’/h. Averaging for individual years had shown that the interannual
variability of these monthly averages is relatively minor. The resulting monthly fluxes were
not mass conserving and had to be slightly adjusted by hand to fulfill the mass balance on
air (Tables 2 and 3 gives the corrected values). In the model the rates are multiplied with the
user-specifiable atmospheric height to yield volume fluxes of m® air/h.

The data clearly show the westward movement of air across the drainage basin, i.e. the
eastbound fluxes tend to be higher than those directed towards the west. Meridional
exchange, i.e. air transport in the North-South direction tends to be more balanced. The
rates also show a clear seasonal dependence with lower fluxes in summer and higher
values in winter. When expressed as air residence times in the four atmospheric
compartments, the magnitude of that fluctuation is about a factor of two, i.e. residence
times are approx. 30 hours in summer and 15 hours in winter (Figure 8). A closer look at the
seasonality of these atmospheric advection rates shows, that it is mostly the higher, i.e.
west bound fluxes that have a high seasonality, whereas the eastbound fluxes tend to be
stable throughout the year. This is presumably an indication that the higher rates in winter
are driven by winter storms that tend to come from the Atlantic Ocean.
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Air Mass Balance

POC Mass Balance

Contaminant Mass Balance

Figure 6 Solving the mass balance for a POP requires the construction of mass
balances for air, water and particulate organic carbon (POC).

Figure 7 Sixteen atmospheric advection rates are used to describe the movement of
air across the Baltic Sea drainage basin in the POPCYCLING-Baltic model
(O stands for “outside of the model system”).
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Figure 8 Seasonal variability of the residence time of air in the four atmospheric

compartments of the POPCYCLING model. The residence time is lower in
the Western air compartment because of its smaller size.

3.1.2 The Mass Balance for Water

Water moves between all model compartments and the water balance is thus quite
complex. The water balance in the terrestrial and marine environment are described
separately, but they are of course linked by the riverine flow.

THE WATER BALANCE IN THE TERRESTRIAL ENVIRONMENT

Long term average rain rates over the various drainage basins were estimated based on a
variety of sources (Norwegian Meteorological Institute (DNMI), Atlases). The long term
average riverine inflow of water to the sub-basins of the Baltic Sea has been reported by
HELCOM (1996) and Bergstrom and Carlsson (1994). For the Skagerrak such information is
available from Fonselius (1991). The data are listed in Table 4.

The water input was allocated to the forest canopy, the agricultural soil and the fresh water
compartments based on their relative surface coverage. It was assumed that all water is
intercepted by the forest canopy, and no rain falls directly to the forest soil. With the input
and output of water well established, the evaporation loss, i.e. the difference between the
two, remained to be allocated to the various surfaces, in order to derive the water fluxes
between the compartments. This was done by estimating the fraction of the total water flow
to a compartment (forest canopy, forest soil, agricultural soil, fresh water) that evaporates
from that compartment. For each drainage basin these fraction were adjusted until the
calculated riverine inflow wGyc agreed with the literature values reported in Table 4. Table
5 gives the water flows used in the model simulations between the terrestrial compartments
in units of km*/a. Figure 9 serves as a legend to this table.

Though these numbers may not be exact representations of the long term water balance in
the various drainage basin, it is believed that they catch the essential characteristics and
differences, such as the relatively high rain input in the western basins, the lower
evaporation loss in the northern areas, or the greater potential for evaporation in the
drainage basin of the Neva and the Southern Baltic region. At present the water fluxes are
assumed constant in time, i.e. the model neglects the seasonality of precipitation input,
evaporation intensity and riverine run-off.
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Table 2 Monthly mean rates of air movement aGyy between the four air
compartments in units of 10"° m*/h.
NtoE EtoN EtoS StoE StoW WtoS WtoN NtoW

Jan 36.4 8.1 11.6 44.4 12.0 62.9 36.3 11.3
Feb 31.1 10.7 8.5 36.8 15.4 49.8 30.6 13.9
Mar 21.4 12.0 6.4 36.2 16.2 45.3 334 10.5
Apr 13.2 14.3 9.5 18.3 19.7 21.4 254 12.9
May 18.4 7.5 12.4 16.6 13.1 24.7 17.5 11.9
Jun 14.6 7.5 7.1 18.1 7.4 29.3 18.1 9.8

Jul 16.6 6.9 9.1 19.5 5.9 29.5 18.5 9.8
Aug 13.8 8.5 5.7 21.2 9.7 28.0 20.1 9.0
Sep 16.8 11.2 8.4 20.6 15.1 26.2 19.1 15.3
Oct 29.0 7.7 6.8 34.5 14.8 35.3 30.0 11.1
Nov 23.0 12.9 6.3 37.5 16.5 39.1 27.9 14.6
Dec 33.5 8.2 6.6 37.6 12.5 46.1 33.7 14.4
Annual 22.3 9.6 8.2 28.4 13.2 36.5 25.9 12.0
Table 3 Monthly mean rates of air movement between the four air compartments and

the outside world (O) in units of 10" m?/h.
NtoO OtoN EtoO OtoE StoO OtoS WtoO OtoW

Jan 48.8 52.0 71.6 10.5 45.7 27.5 18.1 94.1
Feb 46.5 50.2 65.9 17.1 35.8 29.7 26.6 77.7
Mar 49.9 36.4 57.4 18.1 29.2 29.9 21.6 73.6
Apr 43.1 29.6 324 24.7 21.4 28.6 27.4 41.6
May 27.7 33.0 30.2 15.0 26.0 18.6 20.0 37.2
Jun 30.0 28.7 31.3 13.2 27.9 16.9 13.2 43.5
Jul 27.2 28.3 31.5 11.3 26.0 12.7 10.4 42.7
Aug 30.8 25.0 34.2 13.5 21.9 19.1 14.0 43.5
Sep 32.0 33.8 38.9 21.1 25.7 26.7 26.8 41.6
Oct 40.5 43.0 61.4 12.3 28.0 35.2 20.8 60.1
Nov 44.3 41.1 59.4 18.0 28.3 36.9 234 59.4
Dec 46.9 52.8 68.6 12.4 35.4 32.8 21.0 73.9
Annual 39.0 37.8 48.6 15.6 29.3 26.2 20.3 57.4

NILU OR 10/2000



The POPCYCLING-Baltic Model 21

Table 4 Annual average rain rate in the ten drainage basins in cm and riverine
water flow to the Baltic Sea in km® as reported by various studies.

T1 T2 T3 T4 T5 T6 T7 T8 T9 T10

rain rate cm/a 59 61 63 61 58 62 61 60 73 130

river flow km%a (1) 98 95 114 29 100 8 29 71
river flowkm®a (2) 98 91 112 32 114 37

(1) HELCOM, 1986, except T10: Fonselius, 1991, (2) Bergstrom and Carlsson, 1994

atmosphere Water Balance in the
WG, lTWGFAA X X Terrestrial Environment
forest wG ¢ precipitat.ion to canopy
canopy WG, | | WGE, wGg, evaporation from canopy
WG,y | | WGy WG throughfgll/stem flow .
leFB WG, wGg, evaporation f_rom forest soll _
wGg,, run-off/leaching from forest soil
forest |agricultural wG ¢ precipitation to agricultural soil
soil soil wG_, evaporation from agricultural soil
wGg,, run-off/leaching from agricultural soil
L‘"GBW iWGEw v wG,,, precipitation to fresh water
fresh water ﬂfwc wGy,a e_vaporation from fresh water
WGy, riverine run-off

Water fluxes between the compartments of a drainage basin.

Annual average water fluxes between the compartments of the ten drainage
basins in units of km°.

WGFA WGFB WGBA WGBW WGAE WGEA WGEW WGAW WGWA WGWC

Figure 9
Table 5
WGAF
T1 113
T2 905
T3 479
T4 885
T5 30.0
T6 694
T7 28.1
T8 1.2
T9 322
T10 57.4

28.2 845 135 710 415 104 311 6.9 109 98.1
181 724 8.0 644 424 85 339 7.3 106 95.1
216 264 79 185 347 174 174 7.0 6.4 36.4
37.2 513 154 359 67.1 335 335 273 193 774
150 150 53 9.8 481 241 241 15 5.3 30.0
38.2 312 125 18.7 228 137 91 3.4 226 90.5
141 141 49 9.1 13.7 6.9 6.9 4.0 3.0 17.0
0.5 0.7 0.1 0.6 148 6.6 8.1 0.4 0.9 8.1

129 193 39 154 223 100 123 6.2 5.1 28.8
201 373 75 299 69.1 256 436 5.3 7.9 70.8
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Figure 10 Long term average water balance for the Baltic Sea as used in the POPCYCLING-Baltic model. All fluxes are given in units of

km*/a.
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THE WATER BALANCE IN THE MARINE ENVIRONMENT

The water balance in the marine environment is largely based on the study by HELCOM
(1986), as used previously in the aquatic model of the Baltic Sea (Wania et al., 1999).
Salinity data were employed to estimate total water exchange rates in addition to the fresh
water flows reported by HELCOM (1986). The HELCOM data were supplemented for the
Skagerrak with information in Fonselius (1991).

The further subdivision of the marine sub-basins into coastal and open water unit created
the problem of having to specify water exchange rates between them. No reliable data
could be obtained, and the exchange rates were arbitrarily selected to yield a residence
time of water in the coastal water compartment of approximately 1.5 months. This was
believed to be a reasonable value. Figure 10 provides all the water fluxes used in the model
to describe water movement in the marine environment.

As in the terrestrial environment, the seasonality or any long term changes in these water
fluxes were not taken into account. This also means that the episodic intrusion of saline
water from the North Sea, which occurred during specific events and years, is not described
accurately.

3.1.3 The Mass Balance for Particulate Organic Carbon

Both within the terrestrial and aquatic environment, POPs attach themselves preferentially
to organic material, and the advective fluxes of hydrophobic contaminants between virtually
all compartments include advection with organic matter. In fact, for POPs, which typically
have log Kows in excess of 4, attachment to organic matter tends to be so much stronger
than to mineral surfaces, that the latter can be neglected. In the POPCYCLING-Baltic model
advective fluxes of particulate organic carbon (POC) between compartments are derived (in
units of m*h) to calculate the advective transport of POPs with POC.

The following POC fluxes are explicitly required to calculate contaminant fluxes:
run-off of POC from soils to fresh water
run-off of POC from the fresh water to the marine environment
advection of POC between the marine compartments
POC sedimentation fluxes in the fresh water, coastal and open water regions
POC resuspension fluxes in the fresh water, coastal and open water regions
POC burial fluxes in the fresh water, coastal and open water regions

For the calculation of phase partitioning, additionally concentrations of POC in the water
phases and fractions of organic carbon in the sediment particles are required. It is a
formidable task to come up with values for these POC fluxes and concentrations, which are
both realistic and internally consistent. The approach involved the construction of complete
POC mass budgets for all aquatic systems as shown in Figure 11. These budgets include
rates of primary production and POC mineralisation in water column and sediment even
though they are not required for the contaminant mass balance.

Input parameters for construction of these mass budgets are the water fluxes (WGew, WGpgw,
WGwc, and wGyy) derived in the previous section and additionally for all aquatic systems X:

CpocX concentration of POC in water in units of mg/L or g/m°
OCx mass fraction POC in sediment solids in g POC/g sediment solids

BP primary productivity of a water body in g POC / (m*- a)
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facOxmw  fraction of the total net input of POC to water column, which is mineralised in the
water column

facOxes  fraction of the POC deposited to the sediments, which is resuspended

facOxmis fraction of the POC net-deposited (0Gsed-oGres) that is mineralised in the
surface sediment

The POC fluxes are derived using the equations given in Table 6. The eqgation for oGyc in
that table may require some explanation. Monthly concentration on TOC (total organic
carbon, i.e. the sum of dissolved organic carbon (DOC) and POC) in major Swedish rivers
was downloaded from the Internet (SLU, 1998), and annual averages were calculated for
the drainage basins W1, W2, W7 and W10. Much of the organic carbon in rivers is DOC.
Upon mixing with saline waters, part of this DOC flocculates to form POC. We assumed that
on average (1) riverine POC concentrations are 10 times lower than the TOC concentration
and (2) 25 % of the riverine DOC load flocculates into POC in the coastal zone, the latter
based on studies by Forsgren and Jansson (1992). This elevated oGy is only calculated
as input to the POC balance for the coastal compartments. The advective transport of
POPs sorbed to carbon from the fresh water to the coastal water compartment is only
based on the transport of riverine POC.

The default input values are listed in Table 7. They are based on an analysis of the
scientific literature on the dynamics of organic carbon in the Baltic Sea environment. It is
beyond the scope of this model description to give all the details and references of that
analysis. For a full account of the basis of the POC parameter selection, see Persson
(2000). Briefly, primary productivity figures are based on Stigebrandt (1991), except in
Kattegat (Rydberg et al., 1990). Total annual net production of particulate organic matter
reported by Stigebrandt (1991) was converted to gross production using a relationship
presented by Wassman (1990a and 1990b). It should be noted that the values in
Stigebrandt (1991) are calculated data, based on measured oxygen and wind conditions in
the surface water layer. These data covered large areas within many of sub-basins in the
POPCYCLING-Baltic model. The calculated averages also span a long time period (1957-
1982). By chosing these values we hoped to minimize errors from variability in productivity
within sub-basins and between years. This approach gives carbon budgets for the Baltic
regions in reasonable agreement with the estimates by Elmgren (1984). The primary
productivity of the coastal water areas was assumed to be 10 % lower than in the open
water. Lower primary productivities in coastal areas compared to open waters has been
reported by e.g. Tuomi et al., (1999).

POC concentrations in coastal waters are based on annual averages for the Baltic Sea
reported by Andersson and Rudehaell (1993), and supported by data from Olesen (1995).
The POC concentrations in open waters are based on annual averages from Andersson
and Rudehaell (1993) and Broman et al. (1991), except the value for the North Sea water
which was chosen somewhat higher to represent the Jutland Current. The POC
concentration in the deep water of the Baltic Proper is based on information in Axelman
(1997). The resuspension intensity is based on Wallin and Hakansson (1992), who gave an
average intensity based on numerous measurements with sediment-traps during 1986 to
1988. The averages apply to coastal areas of the size 1-14 km2, during the period of high
production from June to September. For the Gulf of Riga we relied on a POC budget
presented by Danielsson et al (1998). Gross POC sedimentation and burial rates were
tuned to agree with estimates by Elmgren (1984). The POC balance in the open Skagerrak
is based mostly on information in de Haas and van Weering (1997) who reported that more
than 90 % of the organic carbon buried in the Skagerrak is supplied from elsewhere in the
North Sea. They also specified an average burial rate based on sediment core studies and
measurements of the geographical distribution of accumulation areas by penetrating echo
sounder data. Furthermore the POC mineralisation rate in Skagerrak sediments is based on
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Bakker and Helder (1993), whose estimate is based on measurements of oxygen
microprofiles in the sediments. The POC budget for the coastal Skagerrak area was fitted to
agree with a study by Wassman (1984).

Very few data could be found for the Neva estuary. Primary productivity in the coastal basin
of the Neva was therefore assumed to be as high as in the coastal Gulf of Finland. Riverine
OC input was deduced from the annual load of total organic nitrogen (TON) from the Neva
to the Gulf of Finland (66 kton TON/a + 11 kton TON/a from St. Petersburg, in Pitk&nen et
al., 1993). Assuming a Redfield ratio of 16:1 for C:N, an OC load of 510 kton TOC/a or
approximately 50 kton POC/a was derived.

Table 6 Equations used to construct the POC mass budgets in the aquatic
environments.

POC inflow from neighbouring basins Y into X

0Gxin = Sy (Gyx - Cpocy) / DNoc
POC outflow from X to neighbouring basins Y

0Gxout = Sy (Gxy - Cpocx) / DNoc
Inflow from soils to fresh water

0Gpw = WGpgw * VFsg: VFog
0Gew = WGgw + VFse - VFoe
POC inflow to coastal waters with rivers
0Gcriv = WGwc - 3.5+ Cpocw / DNoc

Primary production of POC in X (X=W, C, O)

0Gxpro = (BPx / 8760) - Ax / DNoc
Mineralisation of POC in the water column in X (X =W, C, O)

OGxmiw = 0Gxintot *  fACOxmiw

where 0Gxintot is the total input of POC to water column

0Gwintot = 0Ggw + 0Gegw + 0Gwpro - 0Gcriv

0GCintot = 0Gcin - 0Gcout + 0Gcpro + 0Gcriv

0GOinot = 0Goin - 0Goout + 0Gopro
POC resuspension rate in X (X =W, C, O)
0Gxres = (0Gxintot - 0Gxmiw) / (1 / faCcOxres - 1)
POC deposition rate in X (X=W, C, O)
0Gxsed = 0Gxres / faCOxres
Mineralisation rate of POC in the surface sediment X (X=W, C, O)
0Gxmis = faCOxmis ©  (0Gxsed - 0Gxres)

POC burial rate in fresh water sediments in X (X =W, C, O)

0GXbur = OGXintot - OGXmiw - OGXmis
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POC Balance in the Aquatic Environment

OGin
oG oG, primary production of POC within system
out oG;, import of POC from outside the system
oG, export of POC out of the system
oG, ., POC mineralisation in the water column
0G4 POC settling to the sediments
oG, POC resuspension from sediments

sediment — 0G,is POC mineralisation in surface sediment
oG, ;s oG POC sediment burial

bur

l oGbur

Figure 11 A particulate organic carbon mass balance was constructed for 25 aquatic
systems (10 fresh water, 10 coastal and 5 open water systems) within the
Baltic Sea region.

Table 7 Input parameter for constructing the organic carbon balance for the aquatic
systems.

fresh water environments

w1 W2 W3 w4 W5 W6 W7 w38 w9 W10

Cpocw 034 050 040 020 050 050 067 050 0.8 0.43
0OCs 0.04 in all fresh water systems

BPw 40 50 55 55 70 80 60 70 60 60
facOwmiw 0.30 in all fresh water systems

facOwres 0.56 in all fresh water systems

facOwmis 0.32 in all fresh water systems

coastal water environments

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

Cpocc 0.36 in all coastal water systems
OC. 0.034 0.023 0.036 0.02 0.028 0.043 0.047 0.04 0.02 0.04
BPc 30 89 107 107 196 121 121 112 144 121

facOcmiw 065 065 065 070 083 0.73 0.73 0.6 0.83 0.65
facOcres 056 056 056 070 045 056 056 056 0.56 0.56
facOcmis 074 074 074 074 084 074 074 085 074 0.74

open water environments

o) 02 o3 04 05 06 North Sea
Cpoco 019 019 019 0.19 0.05 0.19 0.32
OCw 0.027 0.02 0.039 - 0.045 0.018 -
BPo 34 99 119 134 - 134 -
facOomiw 083 083 08 075 0.83 0.70 -
facOores 0.70 0.70 0.70 - 0.70  0.30 -
facOomis 0.74 0.74 0.74 - 0.74 0.60 -
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For the construction of the POC balance for the fresh water systems, additionally the
following parameters are required:

VFsg volume fraction of solids in water running-off from soil B (VFsg for soil E)
VFog volume fraction of POC in these solids (VFoe for soil E)

The volume fraction of suspended solids in soil run-off water is assumed to be the same in
all drainage basins at 0.00001. The volume fractions of organic carbon in soil particles are
calculated from the organic carbon mass OCy fractions using:

VFox =1 / (1 + ((1 - OCx) ' DNOC / (OCX ' DNMM))), X= B, E

No estimates of the riverine load of POC to the Baltic Sea have been found in the literature.
However, the HELCOM water balance study includes an estimate of the total suspended
sediment load. Combining the particle load for 1977 reported in HELCOM (1986) with the
POC load calculated by the POPCYCLING model, we estimated an average mass fraction
of 7% OC in the riverine suspended solids, which seems not unreasonable.

Table 8 and Figure 12 gives those particulate organic carbon fluxes which are used in the
model to calculate advective transport of POPs. In Table 8A and Figure 12 the units are kt
POC per year, whereas in Table 8B the fluxes are additionally provided normalised to the
water surface area, i.e. in units of g POC per m” and year.
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Figure 12 Advective fluxes of POC with river water and between basins in kt/a.
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Table 8A Calculated particulate organic carbon fluxes in units of kt POC per year (0GXsed
sedimentation flux, oGXres resuspension flux, oGXbur burial flux, and 0Gseiw
run-off from soils (0Ggw + 0Ggw)).

w1 W2 w3 W4 W5 W6 W7 W8 W9 W10

0Gwsed 769 856 960 3968 272 755 589 67 731 400
0Gwres 431 480 538 2222 152 423 330 37 409 224
0Gwbur 230 256 287 1187 81 226 176 20 219 120
0Gsoilsw 131 109 43 72 46 194 18 15 36 116

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10
0Gcsed 304 1598 947 50 1014 2236 1419 1840 1133 692

0Gcres 170 895 530 35 462 1252 794 1030 634 388
0Gchur 35 183 108 4 89 256 162 121 130 79

o1 02 03 05 - - 06
0Gosed 565 3581 1168 3542 - - 2562
0Gores 396 2507 818 2479 - - 769
0Gopur 44 279 91 276 - - 717
Table 8B Same fluxes as in Table 8A in units of g POC per m* and year

w1 W2 w3 W4 W5 W6 W7 W8 W9 W10

0Gwsed 65.5 71.9 86.4 88.1 107.2 137.7 90.1 1121 86.1 99.0
0Gwres 36.7 40.3 48.4 49.3 60.0 77.1 50.5 62.8 48.2 55.4
0Gwbur 19.6 21.5 25.8 26.4 32.1 41.2 27.0 33.5 25.8 29.6
0Gsoiisw 11.2 9.2 3.9 1.6 18.1 35.4 2.7 24.5 4.2 28.6

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

0Gcsed 20.3 69.7 81.6 162.0 ©61.9 69.5 68.6 91.4 50.9 98.7
0Gcres 11.3 39.0 45.7 1134 28.2 38.9 38.4 51.2 28.5 55.3

0Gcpur 2.3 8.0 9.3 12.6 54 8.0 7.8 6.0 5.8 11.3

o) 02 o3 05 - - 06
0Gosed 23.1 57.7 62.7 20.0 97.1
0Gores 16.2 40.4 43.9 14.0 29.1

0Gobur 1.8 4.5 4.9 1.6 27.2
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OTHER ORGANIC CARBON FLUXES

Organic matter is also “advected” between the atmosphere and the Earth’s surface in the
form of organic aerosol and between the forest canopy and the forest soil in the form of
falling leaves. In these cases no explicit particulate organic carbon fluxes are derived in the
model. The flux of POPs associated with organic matter is handled differently, and organic
carbon fluxes are only involved implicitly.

By calculating the Z-value of aerosols using a relationship with the octanol-air partition
coefficient Koa, We assume that aerosols consist of a certain fraction organic matter, that
has similar partitioning properties as n-octanol (Finizio et al. 1998). No explicit fraction
organic matter can be derived from that relationship, because it is empirical. In addition to
the organic matter fraction, the relationship is dependent on the partitioning properties of
the organic matter relative to those of octanol. Fluxes to the surface are calculated using
particle scavenging ratios and dry deposition velocities.

Advection between canopy and forest soil is described using advective fluxes on a whole
leaf basis rather than a organic carbon basis. The advective flux of leaves/needles Ggg has
units of m® leaves/h).

3.2. Other Environmental Properties

The model obviously has also environmental input parameters that are unrelated to any of
the budgets described in detail above.

3.2.1 Temperatures

One of the most important environmental parameters with influence on the behaviour of
POPs in the environment is obviously temperature (Wania et al., 1998). In the
POPCYCLING model different temperatures are defined for the atmosphere T,, the
terrestrial environment T+, the coastal environment Tc and the open water compartment To.
Temperature values for the Baltic Sea drainage basin were supplied by the Norwegian
Meteorological Institute (DNMI) and processed to yield twelve monthly averaged
temperature values for the compartments of the POPCYCLING model. These data are read
from ASCI files, called TKA.txt, TKT.txt, TKC.txt and TKO.txt at the start of the computer
programme, and then converted to daily values using linear interpolation (Figure 13).

The atmospheric temperature T, is used in the calculation of the partitioning between gas
phase and patrticles, and the degradation rate in the atmosphere. Atmosphere-surface
exchange is assumed to take place at the temperature of the surface compartment. The
fresh water environment adopts the temperature of the terrestrial environment T+, but
temperature do not drop below -2 °C.

3.2.2 Wind Speeds

Monthly averaged wind speeds in m/s over open water WSo, coastal water WSc and
terrestrial units WSy, used to calculate the mass transfer coefficients for air-water
exchange, are model input parameter read from ASCI files called WSO.txt, WSC.txt and
WST.txt at the start of the computer programme. In the model, these monthly values are
converted into daily values using linear interpolation (Figure 14). Wind speed data for every
EMEP grid cell in the model region were taken from the lowest layer (approximately. 45 m)
of an atmospheric dispersion model (K. Olendrzynski, DNMI). These values were
aggregated for the surface subunits of the POPCYCLING model and the average values
were subsequently transformed to a reference height of 10 m using a relationship (equation
10-24) given in Schwarzenbach et al. (1993, page 228). The wind speeds tend to be slightly
higher during the fall and winter months.
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the POPCYCLING model in units of m/s.

3.2.3 OH Radical Concentrations

Monthly average OH radical concentration in the four atmospheric compartment were
defined on the basis of information in Rodriguez et al. (1993). In the model these
concentrations are converted into daily values by linear interpolation (Figure 12). The OH
concentrations undergo strong seasonal cycles with higher levels in summer. They also
decrease slightly with latitude.
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Figure 15 Seasonal functions defining the OH radical concentration in the four
atmospheric compartments of the POPCYCLING model.

3.2.4 Forest Canopy Development

The model takes into account that the volume of foliage Vr changes through the seasons.
Four periods with different canopy appearance, referred to as spring, summer, fall and
winter, are distinguished (Figure 16). The dates when changes in canopy development
occur are calculated from the terrestrial temperatures Tt. Spring begins when Tt rises
above 5°C, and stops 30 days later. Fall starts when the T+ drops below 5°C and also lasts
30 days.

FOREST VOLUME AND COMPOSITION

The canopy volume in each terrestrial unit is calculated as the product of a specific canopy
volume per ground area, sV in m*m”and the forest soil surface area:

VE=Ag - SV

The specific volume of a coniferous canopy is assumed to change only slightly with season,
with needles falling at a constant rate through the year and canopy growth occurring only in
spring and summer. The needle volume grown during these two seasons equals the volume
lost by falling needles during the entire year, resulting in a long term steady-state situation.
The annual averaged volume of a coniferous canopy in the Baltic Sea environment is
assumed to be 0.001 m®m? except in the two northern-most terrestrial units, where this
volume is reduced to 0.0008 m®m?® (Bothnian Sea) and 0.0004 m*/m?® (Bothnian Bay)
reflecting the smaller trees and thinner canopy of subarctic forests.

A deciduous canopy is assumed to grow only in spring, decrease during fall and have
constant volumes in summer and winter. The specific volume of a deciduous canopy during
summer is assumed to be 0.0004 m*/m’ in the Bothnian Sea drainage basin, 0.0002 m*/m?
in the Bothnian Bay drainage basin, and 0.0005 m*m?® in all other terrestrial units. The
fraction of the deciduous canopy, which stays on the trees during winter, is called frcLeaf
and assumed to be 10 % in the entire Baltic Sea drainage basin. The specific volume of a
deciduous canopy per ground area is calculated as a function of this fraction, the maximum
value during summer and the minimum during winter being connected by linear interpolation
during spring and fall (Figure 16).

The time variant volume of the mixed canopy is calculated using a factor fraFcon, which
defines what fraction of the forest is made up from coniferous trees (Table 9):

Ve = Veeon - fraFcon + Vegee - (1 - fraFcon)
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A seasonally changing volume fraction of coniferous canopy in the total canopy (needed for
calculating the bulk Z-value of the forest canopy) is calculated as well:

VFcone = (Vrcon - fraFcon) / Ve

LITTER FALL

Transport of chemical from the canopy to the soil is assumed to occur by litter fall only,
neglecting the leaching of organic material from the canopy (Horstmann and McLachlan,
1996). This advective transport is described defining an advective litter fall rate Ggg in units
of m® “canopy” per h. Ggs is obviously different in coniferous and deciduous forests.
Whereas Ggg in @ spruce forests is more or less continuous, in a deciduous forest there is a
short pulse connected with the shedding of leaves in the fall. Needles are assumed to fall at
a constant rate throughout the year, determined by the average lifetime of the needles,
which is assumed to be five years. For a deciduous canopy it is assumed that all of the litter
fall occurs in the fall at a constant rate. This rate is calculated from the difference in
deciduous canopy volume between summer and winter, maintaining the “leaf mass

A canopy volume ) litter fall
- deciduous
édec:iduous
: éoniférous

coniferous \ R L
: : : : > : : . : >
winter summer winter winter summer winter

spring fall spring fall

Figure 16 Schematic representation of the seasonal dependence of the volume of the
forest canopy Vg and the litter fall advection term Geg.

Table 9 Environmental input parameters for the terrestrial systems: fraFcon:
fraction of the forest that is made up of coniferous trees, frtARB and
frtARW: forest and lake- and river covered fractions of the terrestrial
systems (supplied by David Henry, GRID Arendal), OCE and OCB: organic
carbon mass fraction of solids in agricultural and forest soils (based on
Fraters et al. 1993), HTE and HTB: depth of top soil in m.

T T2 T3 T4 T5 T6 T7 T8 T9 T10

fraFcon 0.8 0.8 0.8 066 0.66 0.5 0.8 0.7 0.8 0.8

frtARB 0.722 0.669 0.559 0.525 0.380 0.232 0.651 0.073 0.563 0.443
ftARW  0.044 0.054 0.082 0.162 0.019 0.011 0.092 0.022 0.108 0.041

OCE 0.05 0.04 0.035 0.03 0.03 0.035 0.035 0.03 0.04 0.04
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OCB 0.05 0.04 0.035 0.03 0.03 0.035 0.035 0.03 0.04 0.04
HTE 005 010 020 020 025 025 020 0.25 0.25 0.20
HTB 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
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3.2.5 Surface Cover and Soil Properties

The fraction of the drainage basins covered by forests and lake and rivers were calculated
by D. Henry (GRID Arendal) from data in the Baltic drainage basin GIS (Langaas and
Sweitzer 1996, Sweitzer et al. 1996) and are listed in Table 9. This table also gives the
organic carbon content in the top soil which is based on information in Fraters et al. 1993,
and the assumed depth of the agricultural, or rather non-forest covered, soils. Forest soils
are assumed to be uniformly 10 cm deep. Both soils are assumed to have a porosity of 0.5.
Half of that pore space is filled with water.

3.2.6 Sediment Properties

All sediment compartments are assumed to represent the surficial layer down to a depth of
5 cm. This layer is assumed to have a porosity of 0.8 in the fresh water, 0.87 in the coastal
basins, 0.93 in the deep sediments of the Gulfs of Finland and Bothnia, and 0.95 in the
deep Baltic Proper and Skagerrak (Carman, pers. comm.). A bioturbation diffusivity of 10
m®h is assumed to apply. Whereas the surface area of the sediment compartment in the
fresh water environment is identical to that of the water compartment, in the marine
compartments sediment focusing is assumed to occur. Fractions of the water surface area
which are underlain by accumulating sediments were estimated based on a variety of
sources (Carman et. al., 1996; Wulff et al., 1993; Stigebrandt and Wulff, 1987) and are
listed in Table 10

Table 10 Fractions of marine water compartments underlain by accumulation bottoms.

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10

frcARL 0.10 0.10 0.10 0.10 0.28 0.10 0.15 0.20 0.30 0.15

o1 02 03 05 06

frcARM 0.53 0.45 0.33 0.33 0.70

All fresh water compartments are assumed to have a depth of 5 m.

3.2.7 Atmospheric Parameters

The default values for atmospheric properties are as follows:

The atmosphere is assumed to extend to a height h, of 6 km, representing the entire
troposphere.

The volume fraction of aerosols VFsa is assumed to be constant at 2- 10" (m® solids /m®
air). The air being advected into the model region from outside is also assumed to have
this particle content.

The particle scavenging ratio by precipitation is assumed to be 68,000.
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4 Description of Contaminant Fate in the POPCYCLING-Model

The mass balance equations for the contaminant are formulated in terms of fugacity
(Mackay, 1991). The expressions for phase partitioning, intermedia transport and
degradation are building upon those from previous fugacity models. The description of
contaminant fate processes in the aquatic environment is similar to that in a previous model
of POP fate in the Baltic Sea (Wania et al. 1999), whereas the description of the
contaminant fate processes in the drainage basin is similar to that used in the Global
Distribution Model (Wania and Mackay, 1995). These models trace their origin to older
model, namely the generic model (Mackay et al. 1992) and the QWASI model (Mackay et
al., 1983). There are however, significant modifications:

1. Most significantly, the description of the terrestrial environment includes a forest canopy
compartment, and thus several novel fate processes such as atmosphere-canopy and
canopy-forest soil exchange.

2. A minimum threshold for the diffusion coefficients in soils is defined to account for
physical transport processes in soils such as ploughing and bioturbation (McLachlan and
Wania, 1999).

3. gas-particle partitioning in the atmosphere is calculated with a Koa-based approach
instead of the classical Junge-Pankow model. This eliminates the need to specify a
contaminant vapour pressure.

4. The mass transfer coefficient for diffusive exchange across the sediment-water interface
distinguishes between molecular diffusion in the water-filled pore space and bioturbative
mixing.

5. Mass transfer coefficients for air-water exchange are calculated from seasonally variable
wind speed.

6. Deposition velocities to the terrestrial compartments are modified by a factor describing
the seasonally variable stability of the atmosphere.

7. All fate processes are described as a function of seasonally and spatially variable
temperature.

4.1 Description of Phase Partitioning in the POPCYCLING-Baltic Model

As is typical for fugacity based models, equilibrium phase partitioning in the POPCYCLING-
Baltic model is expressed in terms of Z-values or fugacity capacities. Each compartment
has a contaminant specific Z-value expressing its capacity to hold chemical for a certain rise
in fugacity. Z-values are typically calculated from equilibrium partition coefficients (Mackay,
1991). Pure phase Z-values are calculated for air Z,, water Zy and particulate organic
carbon Zpoc. Because Z-value are temperature dependent and different temperatures are
specified for the atmospheric, the terrestrial, the coastal and the open water compartment,
several Z-values for water, air and POC have to be calculated. Also, the Z-values are time-
variant, a result of seasonally changing temperature values. The Z-values for the bulk
compartments, or bulk Z-values BZx are weighted fractions of the pure phase Z-values, the
weights being the volume fractions of the various subphases making up a compartment.

4.1.1 Phase Partitioning in the Atmosphere

The Z-values for the pure air and water phase at the atmospheric temperature are
calculated from atmospheric temperature T, and Henry’s law constant H, respectively:

ZA(TA) =1 / (R TA)
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Zw(TA) =1 / H(TA)

In the case of particulate organic matter in the atmosphere, no Zpoc is calculated, but rather
a Z-value for the entire aerosol Zg. This Zq is based on an empirically derived regression
between measured air-particle partition coefficients and the octanol-air partition coefficient
Koa (Finizio et al. 1997).

ZQ =3.5- KOA . ZA(TT) = 3.5. KOA/ (R TT)

The bulk Z-values for the dry atmosphere BZ, and rain close to the earth’s surface BZgan
are calculated using:

BZA = ZA(TA) + VFSA' ZQ
BZran = Zw(Ta) + Q- VFsar Zg

where Q is the particle scavenging ratio, assumed to be 68,000.

4.1.2 Phase Partitioning in the Aqueous Systems

Z-values for air, water and particulate organic carbon at the temperature of the fresh water
system are calculated using:

Za(Tw) =1/ (R- Tw)
Zw(Tw) =1/ H(Tw)
Zpoc(Tw) = Zw(Tw)- Kroc
where Kpoc = 0.35 - Kow

The latter equation is based on Seth et al. (1999) and is used to estimate partitioning into
organic matter in suspended solids, sediments and soils. Using the concentration of POC in
the water column a bulk Z-values for water is derived:

BZw = Zw(Tw) + (Cpoc / DNoc): Zpoc(Tw)

In sediment only water and particulate organic carbon are assumed to contribute to the
fugacity capacity:

BZs = (1 - VFss): Zw(Tw) + VFss: VFos* Zpoc(Tw)
Analogous equations are used for the Z-values in the coastal (BZc, BZ.) and the open water
environment (BZo, BZy).

4.1.3 Phase Partitioning in the Soil System

Z-values for air, water and organic carbon at the temperature of the terrestrial environment
are:

Zp(Tr)=1/(R- T7)

Zw(Tr) = 1/ H(Tr)

Zpoc(Tt) = Zw(T7)- Kpoc

Bulk Z-value for soils are calculated using the volume fractions of air, water and POC:
BZe = VFwe - Zw(Tt) + VFae - Za(T1) + (1 - VFwe - VFag) © VFoe - Zpoc(TT)

BZg = VFws * Zw(Tt) + VFag + Za(Tt7) + (1 - VFwe - VFag) - VFog - Zpoc(T7)

4.1.4 Z-value for the Forest Canopy

A fugacity capacity of the forest canopy compartment, Z¢ is calculated from a foliage-air
partition coefficient.
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Zr = Kga - ZA(TT) = Kea !/ (R' TT)

Horstmann and McLachlan (1998) empirically determined partition coefficients Kga of
several POPs for two forest canopies and regressed it against the octanol-air partition
coefficient Koa.

Kea=M - KOAN

The regression parameters M and N were 14 and 0.76 for a deciduous canopy, and 38 and
0.69 for a coniferous canopy, giving a Z-value for a deciduous and a coniferous canopy,
Zrgec and Zrcon, The bulk Z-value of the forest canopy BZe consisting of coniferous and
deciduous trees is calculated using a volume fraction of coniferous leaves in the forest
canopy VFcqnr, Which is a time variant parameters (see above):

BZr = (1 - VFCOHF) © Zrdec ¥ VFconr © Zrcon

4.2 Description of Chemical Processes in the POPCYCLING-Baltic Model

Transport and degradation processes in fugacity-based models are described with the help
of D-values in units of mol/(Pa- h) (Mackay, 1991). There are principally three types of
processes:

advective transport processes
diffusive transport processes, and

degradation processes.

4.2.1 Description of Advection Processes

D-values for the transport of contaminant with advected air, water and POC are simply
expressed as the product of the transfer rate of the carrier medium in units of m*h and its
Z-value in units of mol/(m*. Pa) (Mackay, 1991).

DESCRIPTION OF ATMOSPHERIC ADVECTION

The bulk air Z-value is multiplied with the atmospheric advection rates to give atmospheric
advection D-values for the exchange between the atmospheric compartments Daa, and the
exchange between the atmospheric compartments and the atmosphere outside of the
model boundaries Day and Dajn.

Dxy = BZ5- aGxy

DESCRIPTION OF ADVECTION IN WATER

The same approach is used for the run-off from fresh water to coastal water Dy, and the
exchange between the marine compartments Dco, Doc, Dcc, and Doo:

Dxy = BZx - wWGxy

DESCRIPTION OF SOIL-FRESH WATER EXCHANGE

The run-off from soil to fresh water is calculated as the sum of contaminant advected with
run-off water and contaminant advected with eroded particulate organic matter.

Dew = WGew + Zw(Tt) + 0Gew * Zpoc(TT)
Dew = WGgw * Zw(Tt) + 0Ggw * Zpoc(TT)
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DESCRIPTION OF SEDIMENT BURIAL

Fresh water sediment burial is treated like a advected transport process using the POC
burial rate calculated within the POC budget calculation and the Z-value for POC:

Dis = 0GWyyr Zpoc

Analogous equations are used for burial in coastal and deep marine sediments, D, and
DLM.

DESCRIPTION OF LITTER FALL

The transport of contaminant from the foliage to the soil with litter fall is another advective
transport process. It is described as the product of the litter fall rate in m* leaves/h and the
foliage Z-value. The overall Dgg is a weighted fraction of the coniferous and deciduous
component:

DFB = fraFcon - GFBcon ) ZFcon + (1 - fraFcon) ) GFBdec ) ZFdec

4.2.2 Description of Air-Surface Exchange

Three primary mechanisms of air-surface exchange of POPs are considered in the model:
dry particle deposition, wet deposition, and diffusive gas exchange (deposition and
evaporation). Parameters used to describe the exchange of POPs to various surfaces vary
widely, and the selection of proper values is difficult. In order to assure consistency among
the various parameters related to atmospheric deposition, we decided to use - whenever
possible - kinetic parameters derived in the field by one research group, namely the
Ecological Chemistry and Geochemistry research group at the University of Bayreuth. This
group has made measurements of deposition velocities to forest canopies, bare soils and
grasslands at a location in Southern Germany (Schroder et al.,, 1997, Horstmann and
Mclachlan, 1998). Although this location is not within the Baltic Sea drainage basin, its
climatic characteristics and vegetation cover is comparable to that found in the southern
half of the Baltic Sea environment.

DESCRIPTION OF DRY PARTICLE DEPOSITION

Dry deposition of chemical associated with atmospheric particles to all surface
compartments X is calculated using dry particle deposition velocities vxp.p in m/h:

Daxp = Ax - Vxpp - VFsa- Zg

where Ay is the surface area of the compartment and VFsa is the volume fraction of solids in
the atmosphere.

A dry particle deposition velocity is the sum of a sedimentary component caused by the
deposition of relatively large particles and a component deriving from the impaction and
diffusion of relatively small particles. Whereas the latter is dependent on surface
characteristics, the former is more or less independent of the type of the surface and is
assumed to be 0.71 m/h throughout the entire model area (except to forest soils). This
value was experimentally derived for the deposition of a whole range of POPs to a bare saoil
surface (Schroder et al., 1997).

The maximum dry particle deposition velocity to agricultural soil due to the impaction and
diffusion of relatively small particles is assumed to be 0.32 m/h, which is also based on the
measurements by Schroder et al. (1997). The dry particle deposition velocity to forest soils
is assumed to be five times lower to account for the interception of particles by the canopy
and the reduced atmospheric turbulence in the forest. The value of 0.32 m/h was also
adopted for all water surfaces.
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Deposition velocities of particle-bound POPs to forest canopies have so far been reported
only by Horstmann and McLachlan (1998). They reported summer averaged deposition
velocities due to the impaction and diffusion of small particles of 2.7 m/h for a spruce
canopy and 26.3 m/h for a beech canopy. Although the latter value is high, it is not
unreasonable considering that Gravenhorst and Waraghai (1990, as quoted in Umlauf and
McLachlan, 1994) reported deposition velocites to a forest canopy (for particles with
diameters between 0.8 and 20 nm) of 14.4 to 82.8 m/h.

Table 11 summarises the dry particle deposition velocities to various surfaces that are used
as default values in the model.

Table 11 Dry particle deposition velocities used as default values in the model.
Surface Due to due to impaction  Total seasonally
sedimentation and diffusion variable
Agricultural soil Vep.p 0.71 0.32 1.03 Yes
Forest soil vgp.p 0.71/5 0.33/5 0.206 Yes
Coniferous canopy Vepp 0.71 2.7 3.4 Yes
Deciduous canopy Vepp  0.71 26.3 27.0 Yes
Water surface vyp.p 0.71 0.32 1.03 No

These deposition velocities can undergo a significant seasonal change. Often mass transfer
to the terrestrial surface is reduced in winter driven by surface cooling and the absence of
solar energy. This creates a more "stable" atmosphere which suppresses turbulence.
Horstmann and McLachlan (1998) assumed for example that in Germany the more stable
atmospheric conditions during winter reduce gaseous deposition velocities to forests by a
factor of three. In the model, this is taken into account by defining a stability factor, facCstapiity,
which expresses the extent to which the winter atmosphere is more stable than the summer
atmosphere. During summer Vp equalS Vpmax, iN WINter Vp iS Vpmax / faCstapiiy, and during
spring and fall vp is interpolated between winter and summer values (Figure 17). The default
value for facsupiity IS assumed to be 3.

Deposition velocities to a deciduous canopy obviously undergo additionally large changes in
time as a result of the seasonality of leaf development (Figure 16). vp to a deciduous
canopy thus is additionally reduced by a factor reflecting the fraction of the canopy which
stays on the trees during winter.

A deposition velocities
deciduous canopy

/ seasonality caused by changes in atmospheric stability
: and by seasonality of canopy development

coniferous canopy and soils
seasonality caused by changes in atmospheric stability

winter summer winter
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Figure 17 Schematic representation of the seasonal dependence of the deposition
velocities in the terrestrial environment. Values of vp are at a maximum
during summer. During winter the summer average is reduced by a factor
describing the relative stability of the atmosphere. During spring and fall,
deposition velocities are derived by linear interpolation of summer and winter
values.
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DESCRIPTION OF WET DEPOSITION

Wet deposition is treated as an advective transport process, and the D-value is simply the
product of the rain water flow to a surface wGax (in m*h) and the bulk Z-value of rain BZrain
(in mol/(Pa- m%). No distinction is made between various forms of precipitation, such as
snow or hail.

As is the case for other surfaces, wet deposition to the canopy occurs by vapour absorption
in the rainwater and scavenging of particle-sorbed chemical. We further make two
assumptions concerning wet deposition of POPs to the forest canopy:

1. the intercepted water dripping or flowing from the canopy to the soil has the same
chemical concentration (in the dissolved phase and sorbed onto particles) as the original
precipitation.

2. the amount of chemical in the water evaporating from the canopy is negligible.

This implies that the amount of chemical which was originally present in the water
evaporating from the canopy is taken up in the leaves. Then the D-value expression
describing the wet deposition of contaminant to the foliage is:

Darw = frlUg - WGar -+ BZpain

where frUg represents the fraction of the precipitation to the canopy that evaporates from
the canopy.

DESCRIPTION OF DIFFUSIVE AIR-WATER EXCHANGE

Diffusive air-water exchange in all three types of water compartments is calculated based
on the standard two-film theory (Liss and Slater, 1974, Mackay and Leinonen, 1975)
invoking two mass transfer coefficients in series, U; (in m/h) for the stagnant atmospheric
boundary layer and U, (in m/h) for the stagnhant water layer close to the air-water interface.
These mass transfer coefficients are calculated as a function of wind speed using
relationships by Mackay and Yuen (1983) as quoted in Schwarzenbach et al. (1993).

U, = 0.065 - (6.1+0.63- WS)*®. WS. 36
U, = 0.000175 - (6.1 +0.63 - WS)’°. WS- 36
The D-values for volatilisation from water are then calculated using

A
Dya = W

+
Up XZa(Tw) Uy XZyw (Tw)

As detailed above, transfer from the atmosphere to the water surface can additionally occur
by wet deposition and dry particle deposition, thus the D-value for total deposition to a water
surface is:

Daw = Dwa + Aw - Vwppr © VFsa+ Zg+WGaw © BZuin
Equivalent equations are used for Dca, Dac, Doa, and Dao.

In the fresh and marine environment, different approaches are used to account for the
influence of an ice cover. In the fresh water environment, diffusive gas exchange with the
atmosphere ceases when the terrestrial air temperature drops below -2 °C, based on the
assumption that an impenetrable ice cover forms at the temperature. In the marine
environment, the D-values for diffusive gas exchange are reduced by the fraction of the
water surface, that is ice-covered. This ice covered fraction is calculated as a function of the
marine air temperatures To and Tc. Neither wet deposition, nor dry particle deposition is
assumed to be affected by an ice cover.
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DESCRIPTION OF AIR-FOREST CANOPY-FOREST SOIL EXCHANGE

In studies with coniferous trees (Umlauf et al 1994) and grass (Welsch-Pausch et al. 1995),
gaseous dry deposition was identified as the most important pathway of foliar uptake of
semivolatile organic compounds. In deriving a D-value describing foliar uptake of gaseous
chemical from the atmosphere we adopt the approach by McLachlan and Horstmann (1998)
and convert to fugacity terms:

Darc =Vepg © As - Za

where Vipgis a dry gaseous deposition velocity or mass transfer coefficient describing
transport from air to forest canopy in m/h and Ag is the surface area of the soil in m” The
deposition velocity vep.g includes stomatal uptake of vapour as well as gas absorption in the
cuticle, the latter process being far more significant for hydrophobic chemicals. Measured
deposition velocity vep.g to forest canopies are considerably higher than for open surfaces
(Table 12), which is the justification to treat a forested surface different from how deposition
to terrestrial surfaces has been described traditionally in fugacity models.

Table 12 Measured dry gaseous deposition velocities for semi-volatile POPs reported
in the literature.

Surface Vp.g M/h Reference

Spruce canopy (annual average) 28.1 Horstmann and McLachlan, 1998

Beach/oak canopy (summer average) 129.6 Horstmann and McLachlan, 1998

Flat soil surface 2 Schroder et al., 1997

Grassland 2 McLachlan, 1996

Rye grass in pots 18 McLachlan et al., 1995

Average for seven grassland species 5 Bohme et al. 1999

These deposition velocities undergo a significant seasonal change for the same reasons as
the dry particle deposition velocities (Figure 17) and the atmospheric stability factor and the
fraction of deciduous leaves staying on the tree during winter are employed in an identical
manner. To obtain a summer average of the dry gaseous deposition velocities to a
coniferous canopy, the annual average given by Horstmann and McLachlan (1998) was
multiplied by 1.5, giving 42.1 m/h.

Adding the terms describing dry particle and wet deposition, the composite D-value for foliar
uptake is:

Dar =Vepg - As: Zat+Ag: Vepp: VFsa+ Zo+ frUe - WGaAr - Bzain

The D-value for evaporation from the foliage is the same as the one defined above for gas
absorption:

Dra=VrpG - As- Za

DESCRIPTION OF DIFFUSIVE AIR-SOIL EXCHANGE

In the classical approach to describe diffusive air-soil exchange in multimedia mass balance
models (Mackay and Stiver, 1991, Jury et al. 1983), the two-resistances in series model of
air water exchange is modified using a resistance in the stagnant air boundary layer over
the soil and two parallel resistance to diffusion within the soil. We adopt a nomenclature of
U- for the mass transfer coefficient through the atmospheric boundary layer, Us for diffusion
in the air pore space and Us in the water-filled pore space. The D-value for evaporation of
chemical from soil then is:
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A
Dpa = =

1 1
+
Uz XZa(T7) Ug XZ A (T1) +Ug X2y (T1)

with an analogous equation for Dga.

Mass Transfer Coefficients over Soil

Typical values for the mass transfer coefficient U; for the air boundary layer over soil used
in models without forest compartments are 5 m/h (Mackay et al. 1992) and 2.5 to 10 (Wania
and Mackay, 1995). In the POPCYCLING-Baltic model a maximum value Uzgnax 0f 2.08 m/h
is assumed to apply over agricultural soils, based on a value measured by Schrdder et al.,
(1998). Over the forest soil, this mass transfer coefficient is assumed to be lower by a factor
of 5 to a Uzsmax 0f 0.416 m/h due to the canopy effect. The atmospheric stability differences
between summer and winter discussed above are taken into account by using the stability
factor, facCsupiiy- DUring summer U; equals Uzmax, in winter U; is Uzmax / faCstapiiy, @nd during
spring and fall U; is interpolated between winter and summer values.

Mass Transfer Coefficients in Soil

Diffusion in soil water/soil air is modelled using a modification of the classical approach by
Jury et al. (1983, 1984). The mass transfer coefficients for diffusion in the soil pore space
Us and in the water-filled pore space Ug are calculated using the molecular diffusion
coefficients in air B, and water By. These coefficients are relatively constant for POPs, and
the values chosen by Jury et al. (1984) are used (0.018 and 0.0000018 m?* h™,
respectively). The diffusion path length in soil is taken as the log mean depth of the soil
compartment, corrected for tortuosity using the Millington-Quirk formula:

Equivalent equations apply for Use and Usge.

As pointed out recently (McLachlan and Wania, 1999), this classical approach is not
applicable to the soil/air exchange of POPs, since it does not address processes such as
bioturbation or ploughing that control the transport of chemicals with low mobility in the soil
column. As an interim solution it was proposed that a minimum value for the mass transfer
coefficient ks for transport within the soil be specified, based on estimates of the transport
of solids in bulk soils (McLachlan and Wania, 1999).

In the POPCYCLING-Baltic model ks equals (Us- Za(Tr) + Us: Zw(T1)) / (VFos + Zpoc(T1)).

If therefore Us- Za(Tt) + Us: Zw(T7) is smaller than VFog © Zpoc(TT) + Ksmin, Where Ksmin is the
specified threshold for the diffusion in soil MTC, the D-value for soil to air diffusion is
calculated using:

ksmin fOr agricultural soil is assumed to be 1 cm per year, in forest soils 0.5 cm per year.

Adding components for the advective deposition processes, the D-values describing total
deposition to the soil compartments are:

Dae = Dea + Ae - Vepp ' VFsa: Zg+ WGae - BZgan
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Dag = Dga+ Ag - Vepp: VFsa: Zg+ WGrs - BZgan
4.2.3 Description of Water-Sediment Exchange

Three processes are assumed to contribute to the exchange of contaminants across the
water-sediment interface in fresh water, coastal water and open water systems, namely:

molecular diffusion in the aqueous phase
bioturbation
physical sedimentation and resuspension of particulate organic matter

All three processes act in either direction. Diffusion in the aqueous phase is described with
the help of a diffusive mass transfer coefficient U, which can be interpreted as the ratio of
the diffusivity in water By, and a diffusion path length (calculated as log mean depth of the
sediment compartment depth hg).

(L - VFg)'®
0.390865

Ug = By

Bioturbation is treated as a pseudo-diffusive process invoking an equivalent “bioturbation
bio-
Bhio
0.390865 g

Ugpio =

Finally, sedimentation and resuspension is described as an advective transport process
using the particulate organic carbon transport rates in m*h derived in the POC balance
calculation. The total water sediment D-values thus are:

Dws = As: Ug: Zw + As+ Ugbio® Zpoc + 0Gsed* Zpoc

Dsw = As® Ug: Zw + As+ Ugbio® Zpoc + 0Gres* Zpoc

4.2.4 Description of Degradation Processes

D-values for degradation processes in fugacity terms are calculated as the product of a Z-
value, the compartment volume and a first-order degradation rate k in units of h™. In the
POPCYCLING model all degradation rates are calculated as function of the compartment
temperature.

DESCRIPTION OF ATMOSPHERIC DEGRADATION

The reaction of the chemical in the gas phase with hydroxyl radicals is assumed to be the
only significant degradation pathway for POPs in the atmosphere (Atkinson, 1996). The
degradation rate kra is calculated as a function of seasonally variable atmospheric OH
radical concentrations [OH] and temperatures T,, requiring a contaminant-specific
degradation rate Krarer at the reference temperature 25°C and an activation energy Aga.

kRA = kRAref . [OH] - 3600 s/h - EXp(AEA/ R - (1 1298.15-1/ TA))
The D-value is calculated using this reaction rate constant and the gas phase Z-value only:
Dra=Kra - Va: Za

NILU OR 10/2000



The POPCYCLING-Baltic Model 45

DEGRADATION IN OTHER MEDIA

Degradation rates in other compartments are calculated as a function of temperature using
a contaminant-specific degradation rate Kryer at the reference temperature 25°C and an
activation energy Aex. This degradation rate is assumed to include all degradation
processes that the POP can undergo, including biodegradation, hydrolysis, and photolysis.

kRX = kRXref . EXp(AEx/ R - (1 1298.15-1/ Tx))

Assuming that the degradation proceeds in all sub-phases of a compartment at the same
rate, the D-values are calculated using the bulk-phase Z-values:

Drx = krx © Vx - BZx

4.2.5 Description of Emissions and Boundary Conditions in the POPCYCLING model

The model is non-steady state and is driven by historical emission estimates and the inflow
of contaminated air and water across the model boundaries. It allows the user to define
chemical-specific emission scenarios by reading annual emission rates for various countries
from file and then modifying these rates according to spatial distribution, mode of emission
and seasonality.

CALCULATING COMPARTMENTAL RELEASE RATES FROM NATIONAL RELEASE ESTIMATES

Chemical emissions or release rates tend to be collected on a national basis, i.e. for
jurisdictional units rather than physical-geographical units such as the drainage basins.
Annual chemical release rates in tons for the thirteen countries with a share of the Baltic
Sea drainage basin are read from file. Appendix 5 gives detail about the structure of that
file. The POPCYCLING model converts these country totals to release rates for the ten
terrestrial units of the POPCYCLING-model. This conversion requires an assumption on
how the release within a country is distributed spatially. The model provides three options
for this spatial distribution:

1. Chemical release is correlated to population density.
2. Chemical release is correlated to crop area.
3. Chemical release is correlated to population density and crop area.

The first assumption is suitable for chemical releases associated with combustion
processes, industrial production or consumer products, such as releases of PCBs. The
second assumption on the other hand is most suitable for agriculturally used chemicals
such as pesticides. The third option is provided for chemicals which may have several types
of sources which need to be distributed spatially in different ways.

The annual emission rate into the terrestrial unit i of the model E; is calculated using:
Ei = Sc=1t012 (Ec * (Uc* Pci+(1-Uc) - Ac)))

Where

Ec annual emission rate in tons/a in country C

Pc; fraction of the total population of country C which lives in terrestrial unit i

Ac; fraction of the total crop area of country C which lies in terrestrial unit i

Uc fraction of the total release within country C, which is spatially distributed based on
population, the rest being distributed based on crop area.

The fraction Pc; and Ac; were calculated using a highly resolved database on the
distribution of agriculturally used area (arable land and pasture) and population density
within the Baltic Sea drainage basin. The data for Pc; and Ac; supplied by David Henry of
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GRID-Arendal are given in Tables 13 and 14. Uc can be defined for each country to allow
for different release patterns in various jurisdictions.

MODE OF RELEASE AND SEASONALITY

Emission is allowed to occur into all types of compartments, except the sediments. The
default assumption is that all emission occur into the atmosphere. The user can specify
fractions, which distribute the annual emission rates into the ten terrestrial/coastal units
(read from file) among the compartments air, forest canopy, forest soil, agricultural soil,
fresh water and coastal water. Obviously, these fractions have to add up to one. These
fractions are assumed fixed in time, but are allowed to vary from one region to another.

The default assumption is that the annual emissions are distributed evenly across the entire
year. However, it is possible to modulate this by superimposing a sinusoidal function on the
emission rates. The user can specify the amplitude (as a fraction of the mean) and the
month of maximum emission. Again, these parameters are fixed from year to year, but can
vary between the various regions.

Finally, the model allows the user to specify a region-specific, time-invariant scaling factor,
which facilitates the modellling of contaminant mixtures. If the annual release rates is for a
mixture of POPs (e.g. an Aroclor mixture), the scaling factor could be the fraction of that
mixture, which is a certain constituent (e.g. a PCB congener or homologue).

In the model time variant emission rates Ex into 59 compartments in units of mol/h are
calculated, which are parameters in the mass balance equations (Table 15).

BOUNDARY CONDITIONS

POPs enter the Baltic Sea drainage basin with air and sea water advected into the region.
The user may specify time invariant fugacity values in these incoming media, including the
option to assume fugacities of 0 Pa, which implies no import of chemical from outside of the
drainage basin. However, often the concentration in these media is not very well
established, certainly not in a historical perspective.

This is why the model allows the user to specify ratios Rfa, that relate the fugacities in the
incoming flow with the calculated fugacities in the compartment receiving the inflow of air or
water.

faur = fa - Rfau
for =fos - Rfo

If these ratios are one, the system boundary acts like an inert wall returning just as much
chemical into the drainage basin as has left by outbound advection (assuming similar
temperature and phase composition i.e. VFsy and Cpoco, inside and outside of the model
region). A ratio greater than one implies a net import of contaminant, a ratio smaller than
one a net outflow. Five such ratios (1 for each air compartment, 1 for the Skagerrak open
water compartment) can be specified as a function of time in the file, that also supplies the
annual emission rates (see above). These ratios may be estimated based on information of
the relative magnitude of measured concentrations or estimated emissions on either side of
the system boundary.
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Table 13 Fraction of the total agricuturally used area of a country that lies in one of
the ten sub-basin as defined in the POPCYCLING model in percent.

Country T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 Sum

Belarus 0 0 0O 01 117 271 0 0 0 0 38.9
Czech. 0 0 0 0 0 111 0 0 0 0 11.1
Denmark 0 0 0 0 0 0 0 305 198 1.0 51.3
Estonia 0 0 66.1 0 223 11.6 0 0 0 0 100.0
Finland 274 327 21.2 16.8 0 0 0 0 0 0 98.1
Germany 0 0 0 0 0O 1.8 0 17 0 0 3.5
Latvia 0 0 64 0 71.1 225 0 0 0 0 100.0
Lithuania 0 0 0 0 21.2 78.8 0 0 0 0 100.0
Norway 01 14 0 0 0 0 0 0 33 453 50.1
Poland 0 0 0 0 0 98.0 0 0 0 0 98.0
Russia 0 0O 14 28 13 1.0 0 0 0 0 6.5
Sweden 1.6 12.9 0 0 0 0 438 58 341 1.8 100.0
Ukraine 0 0 0 0 0 35 0 0 0 0 3.5
Table 14 Fraction of the total population of a country that lives in one of the ten sub-

basin as defined in the POPCYCLING model in percent.

Country T1 T2 T3 T4 T5 T6 T7 T8 T9 T10 Sum

Belarus 0 0 0O 01 117 271 0 0 0 0 38.9
Czech. 0 0 0 0 0 111 0 0 0 0 111
Denmark 0 0 0 0 0 0 0 305 198 1.0 51.3
Estonia 0 0 821 0 133 46 0 0 0 0 100.0
Finland 18.3 281 38.0 13.2 0 0 0 0 0 0 97.6
Germany 0 0 0 0 0 15 0 20 0 0 3.5
Latvia 0 0 20 0 84.3 137 0 0 0 0 100.0
Lithuania 0 0 0 0 11.8 88.2 0 0 0 0 100.0
Norway 0.2 01 0 0 0 0 0 0O 0.6 496 50.5
Poland 0 0 0 0 0 98.2 0 0 0 0 98.2
Russia 0.01 0O 16 42 04 06 0 0 0 0 6.8
Sweden 4.7 14.0 0 0 0 0 442 80 279 1.2 100.0
Ukraine 0 0 0 0 0 35 0 0 0 0 3.5
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4.3 The Mass Balance Equations

4.3.1 The Mass Balance Equations

A linear non-steady state mass balance equation equals the change in inventory of a
compartment with the sum of all input minus the sum of all outputs:

dM(®) _ d(V(t) xZ(t) X(1))
dt dt

M(t) amount of chemical in a compartment at time t in mol

=N,(t) - D (1) X(1)

V(t) volume of a compartment at time t in m°

Z(t) Z-value of a compartment at time t in mol/(m®- Pa)

f(t) fugacity in a compartment at time t in Pa

Ni(t) total input rate into a compartment at time t in mol/h

D+(t) D-value for total loss from a compartment at time t in mol/(h- Pa)

Table 14 lists the equations for calculating the total input rates and the total loss D-values
for all types of compartments. For reference appendix 4 lists the complete mass balance
equation for all 85 model compartments individually.

4.3.2 The Solution of the Mass Balance Equations

Making a finite difference approximation, we get:

d((V(t-+ D) <2(t-+ D) (t+ D) - (VIOZWOXON _ 5yt
dt

The left hand side defines the change in inventory of the compartment. There is only one
unknown in the above equation (f(t+Dt)) and hence it can be solved stepwise. The stepwise
solution in the case of a compartment with fixed volume is:

Dt
Z(1) (0 + (N (1) - D7 (1) (1)) *-—~
f(t+ Dy = AU

Z(t+Dt)
In the case of a compartment with time variable volume (i.e. the forest canopy):

V(1) xZ(1) (0 + (N (1) - D1 (6) () Dt

fit+Dy = V(t+ D) xZ(t+ DY)

In the model the step size is variable within in the range of 1 to 24 hours. A minimum of 12
hours is recommended to reduce errors.
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Table 15 Equations for the total input rates Nx and total loss D-values D+x.

Compartment

total input rates Nx

total loss D-values Dtx

Atmosphere

forest canopy

forest soil
Agricultural soil

fresh water

coastal water

open water

fresh water sediment
coastal sediment
deep sediment

Nia = Ea + Nvoia + S(Daa* fa) + Dain- fau

Ni = Er + Dag- fa

Nig = Eg + Deg- fr + Dag- fa

Nig = Ee + Dae- fa

Nw = Ew + Daw- fa+ Dgw* fz + Dew- fe + Dsw- fs

Nic = Ec + Dac* fa+ Dwer fw + Dic: fu + Doc: fo (+ Dec- fc)(A)
Nio = Eo + Dao* fa + Dwo* fw + S(Dco- fc) + S (Doo- fo)

Nis = Dws* fw

NiL = Decr- fe

Nim = Dom- fo

D1a = Dra * Dgepa + S Daa + Daout

D1e = Dgrg + Dga + Deg

Drg = Drs + Dga + Dsw

Dre = Dre + Dea + Dew

Drw = Drw + Dwa + Dwc + Dws

Drc = Drec + Dca + Der + Deo (+ Dcc)(A)
Dto = Dro * Doa + Dom + S Doc + S Doo
Drs = Drs + Dis + Dsw

Dr.=DgrL + DL+ Dic

Dtm = Drm + Dim + Dmo

™ intercoastal transfer occurs only between Kattegat and Danish Straits
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Appendix 1: Glossary

Environmental Properties

Compartment dimensions

Ax surface area of compartment X in m*
hy  depth of compartment X in m
Vx  volume of compartment X in m®

Volume fractions in m*/m®

VFsa volume fraction of aerosols in atmosphere

VFconevolume fraction of coniferous foliage in forest canopy compartment
VFss volume fraction of solids in sediment (equivalent for VFs_ and VFsy)
VFos volume fraction of organic carbon in sediment solids

VFwe volume fraction of water in agricultural soil

VFae volume fraction of air in agricultural soil

VFoe volume fraction of organic carbon in agricutural soil solids

VFws volume fraction of water in forest soil

VFas volume fraction of air in forest soil

VFog volume fraction of organic carbon in forest soil solids

Crocxconcentration of POC in water compartment X in units of g/m®
OCx mass fraction organic carbon in solids of compartment X

DNoc density of organic carbon in g/m°
DNuwdensity of mineral matter in g/m°

[OH] OH concentration is in units of molecules/cm®

Ta  atmospheric temperature in K
Tw temperature of fresh water in K
T+ temperature of terrestrial environment in K

R ideal gas constant in units of J/(K- mol)

Transport Parameters
Q particle scavenging ratio (dimensionless)

Mass transfer coefficients in m/h

U, mass tranfer coefficient for the stagnant atmospheric boundary layer over water in
m/h

U, mass transfer coefficient for the stagnant water layer at the air-water interface in m/h

Vep.g gaseous deposition velocity to the forest canopy in m/h

Vep-p particle deposition velocity to the forest canopy in m/h

Vepp particle deposition velocity to the agricultural soil in m/h

Vepp particle deposition velocity to the forest soil in m/h

Vwp-p particle deposition velocity to a water surface in m/h

Us mass transfer coefficient for diffusion across the air-sediment interface in m/h

Ushic Mass transfer coefficient for bioturbation in m/h
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Diffusivities in m*/h

Bw molecular diffusivity in air in m?/h

B,  molecular diffusivity in water in m?/h
Buo bioturbation diffusivity in units of m*h

wGyxy water advection rates from compartment X to compartment Y in units of m’/h

WGar precipitation to canopy

WGEa evaporation from canopy

WGeg throughfall/stem flow

WGga evaporation from forest soil

wWGgw run-off/leaching from forest soil

WGae precipitation to agricultural soil

WGEa evaporation from agricultural soil

WGew run-off/leaching from agricultural soil

WGaw precipitation to fresh water

wWGwa evaporation from fresh water

WGwc riverine run-off

frUx fraction of precipitation to a compartment that evaporates from that
compartment

oGy flux or rate of POC within aquatic system X in units of m’ POC/h
(X =W for fresh water, C for coastal water and O for open water)

0Gxpro primary production of POC within system

0Gxin import of POC from outside the system

0Gxout export of POC out of the system

0Gxmiw POC mineralisation in the water column

0Gxsed POC settling to the sediments

0Gxres POC resuspension from sediments

0Gyxmis POC mineralisation in surface sediment

0Gxpur POC sediment burial

0GEew run-off of POC from agricultural soil to fresh water
0Ggw run-off of POC from forest soil to fresh water
0Gwc run-off of POC from fresh water to coastal water

Other advective transfer rates in m*/h

aGxy air advection rate from compartment X to compartment Y
Grs litterfall term in m® leaves/h

Chemical Properties

H Henry’s law constant in Pa- mol/m°

Kow octaonl-water partition coefficient

Koa octanol-air partition coefficient (dimensionless)

Kpoc partition coefficient between particulate organic carbon and water
(dimensionless)

Kea foliage-air partition coefficient (dimensionless)

Kra reaction rate in air in units of h™*

Kraref reaction rate in air at 25°C in units of cm®(molecules- s)

Aea activation energy of the reaction with OH radicals in J/mol

Krx reaction rate in phase X in units of h™

Krxref reaction rate in phase X at 25°C in units of h™

Aex activation energy of the degradation reaction in J/mol
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fx fugacity in compartment X in Pa
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Z-values in moI/(m3- Pa)

Zn  Z-value for pure air

Zw Z-value of water

Zpoc Z-value of particulate organic carbon
Zo  Z-value for the aerosol phase

Zrgec Z-value for deciduous forest canopy
Zrcon Z-value for coniferous forest canopy

BZx bulk Z-value of compartment X
BZranbulk Z-value of rain water
BZr bulk Z-value for forest canopy (foliage)

D-Values in units of mol/(h- Pa)

Dar D-value for air to forest canopy transfer

Das D-value for air to forest soil transfer

Dae D-value for air to agricultural soil transfer

Daw D-value for air to fresh water transfer

Dac D-value for air to coastal water transfer

Dao D-value for air to open water transfer

Deg  D-value for forest canpy to forest soil transfer
Dew D-value for forest soil to fresh water transfer

Dew D-value for agricultural soil to fresh water transfer
Dws D-value for fresh water to sediment transfer

Dsw D-value for sediment to fresh water transfer

Dc.  D-value for coastal water to sediment transfer
D.c D-value for sediment to coastal water transfer
Dom D-value for open water to deep sediment transfer
Dwo D-value for deep sediment to open water transfer
Dws D-value for fresh water to sediment transfer

D.s D-value for fresh water sediment burial

D, D-value for coastal sediment burial

D D-value for deep sediment burial

Dco D-value for coastal water to open water transfer
Dco D-value for open water to coastal water transfer

Doo D-value for transfer between open water compartments
Dcc D-value for transfer between coastal water compartments
Dan D-value for transfer between atmospheric compartments
Dain  D-value for atmospheric advection into the model region
Dau D-value for atmospheric advection out of the model region

Drx D-value for degradation loss from compartment X

Drx D-value for total loss from compartment X

Daepa D-value for the sum of all deposition processes from an atmospheric compartment
Dwia D-value for the sum of all volatilisation processes into an atmospheric compartment
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Appendix 2: Mass Balance Equations

In the following the complete 85 mass balance equations for the contaminant in the POPCYCLING-model are listed:

Atmospheric Compartments

Northern Atmosphere:

dMar/dt = Ear + Dear- fra + Dgar- feat Dears fes + Dwais fwi + Dears fei + Deaz- fro + Dgaz: faot Deaz: feo + Dwaz: fwo + Deazs fez + Doiars for +
Doza1* foz + Dasar fas + Dazais faz2 + Daint- faur - far - (Drai + Dar1 + Dagi + Daeir + Dawi + Daci + Darz + Das2 + Dagz + Dawz + Dacz + Datos +
Da1o2 + Daiasa + Dataz + Dau)

Eastern Atmosphere:

dMao/dt = Eaz + Dras- frs + Dgas- fest Deass fes + Dwas: fws + Dcass fez + Deass fra + Dgass faat Deas fea + Dwass fwa + Depss fea + Dease fes +
Dgas- fest Deas: fes + Dwas: fws + Deast fes + Dosaz: fos + Daiazs far + Dasaz: faz + Dainz faue - faz - (Draz + Dars + Dags + Daes + Daws + Dacs +
Dara + Dags + Daga + Dawa + Daca + Dars + Dags + Dags + Daws + Dacs + Da2os + Dazai + Dazasz + Dau)

Southern Atmosphere:

dMas/dt = Eas+ Deas* frs + Deas faet Deas' fes + Dwas® fwe + Dcass fes + Dosas: fos + Dazas- faz + Dasaz: fas + Dains- faus - fas - (Dras + Dars + Dass
+ Dags + Daws + Daces + Dazos + Dazaz + Dazas + Dauts)

Western Atmosphere:

dMas/dt = Eas + Drar- fer + Dgars fezt Dears fez + Dwarze fw7 + Dcar for + Deagt frs + Dgag fast Deas' fes + Dwas: fws + Dcas: fes + Dragr fro +
Dgno- feot Deag- feg + Dwag* fwo + Dcag- fcg + Drator frio + Deator feiot Deator fero + Dwator fwio + Deator fecio + Dosnar Fos + Dogass fos + Daszass fas
+ Daiaas far + Dainas faua - fas - (Dras + Dapz + Dag7z + Dagz + Dawz + Dac7 + Dars + Dags + Dags + Daws + Dacs + Daro + Dago + Daeg + Dawe + Daco +
Dar10 + Dag1o + Dag1o + Dawio + Dacio + Dasos + Dasos + Dasas + Dasar + Dauw)

Coastal Water Compartments
Coastal Bothnian Bay:
dMci/dt = Ec1+ Daci- far + Dwers fwi + Dicit fur + Doicit fo1-fer - (Dre1 + Deir + Dear + Deio)

Coastal Bothnian Sea:
dMc,/dt = Eco+ Daczs far + Dwez: fwz + Dicos fiz + Doacot foz - feo - (Dre2 + Dotz + Deaz + Dezoo)

Coastal Gulf of Finland:
dMcs/dt = Ecs+ Dacs- faz + Dwes: fws + Dics: fis + Doscs: fos - fcs - (Dres + Deis + Deas + Desos)

Coastal Neva:
dMca/dt = Ecs + Daca* faz + Dweas fwa + Dicas fia + Doscar foz - fea @ (Drea + Ders + Deas + Desos)
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Coastal Gulf of Riga:

dMcs/dt = Ecs + Dacs* faz + Dwes® fws + Dics® fis + Doacs® fos - fes © (Dres + Deis + Deas + Desos)

Coastal Southern Baltic Proper:

dMce/dt = Ece + Dace fas + Dwes® fwe + Dice® fis + Doace® fos - fes - (Dres + Ders + Deas + Desos)

Coastal Swedish Baltic Proper:

dMc//dt = Ec7 + Dacr fas + Dwere fwz + Dicrs fiz + Doacrs foa - fer © (Drer + Derz + Deaz + Deros)

Danish Straits:

dMcg/dt = Ecg + Dacs* fas + Dwece* fwe + Dice' fie + Doacs' fos + Dcocs: fco - fcs - (Dres + Devs + Deag + Desco + Desos + Degos)
Kattegat:

dMco/dt = Ecg + Daco fas + Dweco® fwo + Dicer fio + Dosco® fos + Desco: fce - fco - (Dreo + Devg + Deag + Degcs + Degos)
Coastal Skagerrak:

dMc1o/dt = Ec1o + Dacio* fas + Dweio® fwio + Dicior frio + Doscor fos - fecio © (Dreio + Detio + Deato + Dei1oos)

Open Water Compartments

Open Bothnian Bay:

dMoa/dt = Eos + Datos* fa1 + Dciorr fe1 + Dozor foz + Dwoar fma - for - (Dro1 + Domt + Doiar + Doici + Doio2)

Open Bothnian Sea:

dMo2/dt = Eoz + Datoz* far + De2o2- fez + Doioz fo1r + Dosoz fos + Dwoz: fwmz - foz - (Droz + Domz + Doza1 + Dozcz + Dozo1 + Dozos)
Open Gulf of Finland:

dMos/dt = Eoz + Dazos* faz + Dcaos: fesz + Deaos: fea + Dosos' fos + Dmos® fums - fos -+ (Dros + Dowms + Dosaz + Doscs + Doaca + Do3zoas)

Open Baltic Proper:

dMoa/dt = Eos + Dasos faz + Dasoar fas + Desoar fcs + Desoar fes + Deroar fe7 + Descar fes + Dozoar fo2 + Dosoa fos + Dosoa: fos - fosa - (Droa +

Doaas + Dosna + Doacs + Doace + Doacr + Doacs + Dosoz + Dosos + Doaos)

Baltic Proper Bottom Water:

dMos/dt = Dosos* fos + Dcsos: fes + Dwos* fws - fos - (Dros + Doms + Dosos)

Open Skagerrak:

dMose/dt = Eog + Dasos* fas + Dcioos fcio + Degos' feo + Dozos for + Dwos: fws - fos - (Dros + Doms + Dosas + Doscio + Dosce + Dosov)
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Forest Canopy Compartments

dMg1/dt = Eg1 + Daprs far - fer - (Drer + Deat + Dega)
dMgo/dt = Eg + Dares far - fe2 - (Drez2 + Deaz + Deg2)
dMgs/dt = Egs + Dars- faz - frs -+ (Dres + Dras + Deg3)
dMego/dt = Egs + Dapar faz - fra - (Drea + Deag + Dega)
dMes/dt = Egs + Dars: faz - frs -+ (Dres + Dras + Drgs)
dMee/dt = Ers + Dars* fas - fre - (Drrs + Dras + Drgo)
dMg7/dt = Ep7 + Darre fas - fe7 © (Drez + Dra7 + Drgy)
dMeg/dt = Erg + Dars* fas - frs - (Drrs + Drag + Drgg)
dMgo/dt = Efg + Daro- fas - fro - (Drro + Drag + Drgo)

dMg1o/dt = Er10 + Darios fas - frio - (Drrio + Deato + Degio)

Forest Soil Compartments

dMg./dt = Eg; + Dag1- far + Degi- fri - fer - (Dre1 + Dea1 + Dewa)
dMgo/dt = Egy + Dagz- far + Des2: fro - feo - (Dre2 + Dgaz + Dewo)
dMgs/dt = Egs + Dags- faz + Dess: frs - fas - (Dres + Dgas + Dewa)
dMg4/dt = Egs + Dpga- fa2 + Dega: fra - fea - (Drea + Dgas + Dewa)
dMgs/dt = Egs + Dags- faz + Dess® fes - fgs - (Dres + Dgas + Dews)
dMge/dt = Egg + Dags- faz + Dese* frs - fes - (Dres + Deas + Dewe)
dMg//dt = Eg7 + Dag7- fas + Des7e fe7 - fa7 - (Dre7 + Dgar + Dew?)
dMgg/dt = Egg + Dags- fas + Dess® frs - fag* (Dres + Dgas + Dsws)
dMgo/dt = Egg + Dago- fas + Dego: frg - fag - (Dreo + Dgag + Dewo)

dMg10/dt = Egio + Dag1o* fasa + Degio* frio - feio - (Dreio + Deaio + Dewio)

Agricultural Soil Compartments

dMg./dt = Eg; + Dagr (Dre1 + Dga1 + Dewr)
dMgo/dt = Eg, + Daga: (Dre2 + Deaz + Dew)
dMgs/dt = Egz + Dags- (Dres + Dgas + Dews)
dMe,/dt = Eg4 + Daga: (Drea + Deas + Dewa)
dMes/dt = Egs + Dags: (Dres + Dgas + Dews)
dMge/dt = Egg + Dage: (Dres + Deas + Dewe)
dMg//dt = Eg7 + Dagr- (Dre7 + Dga7 + Dewy)
dMgg/dt = Egg + Dags* fas - fes - (Dres + Deas + Dews)
dMgo/dt = Egg + Dago- fas - feg - (Dreo + Deag + Dewo)
dMg1o/dt = Eg19 + Dag1o fas - fewo - (Dreio + Deato + Dewio)

1:Al - 1:El )
1:Al - 1:EZ )
fAZ - 1:ES )
fAZ - 1:E4 )
fAZ - 1:ES )
1:AS - 1:E6 )
1:A4 - 1:E7 )

Fresh Water Compartments

dMw/dt = Ew1 + Dawi- fai + Dewi- fer + Dewsr fer + Dswit fsi- fwi - (Drwi + Dwai + Dwer +
Dws1)
dMw2/dt = Ewz + Dawz: fai + Dewzr fe2 + Dewzr feo + Dswar fs2- fwz - (Drwz + Dwaz + Dwez +
Dws2)
dMws/dt = Ews + Daws* fa2 + Dews' fes + Dews fes + Dsws fsz- fws © (Drws + Dwas + Dwes +
Dwss3)
dMwa/dt = Ewa + Dawa- faz + Dewar fea + Dewar fea + Dswar fsa- fwa - (Drwa + Dwas + Dwes +
Dwsa)
dMws/dt = Ews + Daws' faz + Dews* fes + Dews' fes + Dsws: fss- fws -+ (Drws + Dwas + Dwes +
Dwss)
dMwe/dt = Ews + Daws- fas + Dewe* fes + Dews' fes + Dswe' fse - fwe = (Drwe + Dwas + Dwee +
Dwse)
dMw7/dt = Ew7 + Daw7- fas + Dew7+ fez + Dewrs fez + Dswre fs7- fwz - (Drw7 + Dwa7 + Dwer +
Dws7)
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dMwsg/dt = Ews + Daws: fas + Dews: fas + Dews: fes + Dsws' fsg- fws © (Drws + Dwas + Dwes +

Dwss)

dMwo/dt = Ewg + Dawo: fas + Dewe: fee + Dewe' feo + Dswo' fso- fwo © (Drwo + Dwag + Dweo +

Dwss)

dMwio/dt = Ewio + Dawio- fas + Dewio feio + Dewior fero + Dswio® fsio- fwio © (Drwio + Dwaio +

Dwcio + Dwsio)

Fresh Water Sediment Compartments

dM51/dt = DWSl'
dMsg/dt = DWSZ'
dMsg/dt = Dwsg'
dMs4/dt = DWS4'
dMss/dt = DWSS'
dMse/dt = Dwss'
dMs7/dt = DWS7'
dMsg/dt = Dwsg'
dMsg/dt = Dwsg'
dMs10/dt = Dwsio fwio - fsio - (Drs1o + Disio + Dswaio)

fwi - fs1 -
fwz - fs2
fws - fs3 -
fwa - fsa
fws - fss -
fwe - fse -
fw7 - fs7 -
fwe - fss -
fwo - fso -

(Drs1 + Dis1 + Dswa)
(Drs2 + Dis2 + Dsw2)
(Drss + Dis3 + Dswa)
(Drsa + Disa + Dswa)
(Drss + Diss + Dsws)
(Drss + Diss + Dswe)
(Drs7 + Dis7 + Dsw7)
(Drss + Diss + Dsws)
(Drsg + Disg + Dswo)

Coastal Sediment Compartments

dMLlldt = DCLl'
dMLzldt = DCLZ'
dMLgldt = DCL3'
dML4/dt = DCL4'
dMledt = DCLS'
dMLG/dt = DCLG'
dML7/dt = DCL7'
dMLgldt = Dch'
dMLgldt = Dch'

dIvlLlO/dt = DCLlO' fClO - leO ) (DRLIO + DLLlO + DLClO)

fea - fLa -
feo - flo -
fea-fis -
fea - fLa -
fes - fus -
fee - fue
fer - fL7 -
fcg - fig -
fco - Lo -

(Drer + Duis + Dicy)
(Dri2 + Duiz + Dico)
(Dres + Diis + Dics)
(Drua + Diia + Dica)
(Dris + Dyiis + Dics)
(Dres + Diis + Dics)
(Dgre7 + Duiz + Do)
(Dres + Dyrig + Dics)
(Drro + Do + Dico)

Deep Sediment Compartments

dMMlldt = DOMl'
dMMZ/dt = DOM2'
dMMgldt = D0M3'
dMMsldt = D0M5'
dMMG/dt = DOMG'

1:01 - 1:Ml )
fOZ - fMZ )
f03 - 1:M3 )
fOS - 1:MS )
1:06 - fMG )

(Drmi + Divs + Dwoy)
(Drmz2 + Divz + Duo2)
(Drms + Divs + Dwmos)
(Drwms + Divs + Dwos)
(Drme + Divs + Dwmos)
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Appendix 3: List of Figures

Figure 1
Figure 2

Figure 3

Figure 4

Figure 5

Figure 6
Figure 7
Figure 8
Figure 9
Figure 10
Figure 11
Figure 12
Figure 13
Figure 14
Figure 15
Figure 16

Figure 17

The drainage basin of the Baltic Sea (source: Grid Arendal website).

The POPCYCLING-Baltic model aims to quantify the pathways of POPs from
the terrestrial environment to the marine environment via atmosphere and
rivers.

The system of a catchment model includes the drainage basin of the water
body and the atmosphere above it.

Plots showing the compartmentalisation of the terrestrial (A), marine (B) and
atmospheric (C) environment of the Baltic Sea drainage basin in the
POPCYCLING-Baltic model. Each of the ten terrestrial units is represented
by five compartment (agricultural soil, forest soil, forest canopy, fresh water,
fresh water sediment), each of the marine units by a water and a sediment
compartment.

Schematic representation of the types of environmental compartments in the
POPCYCLING-Baltic model and how they are connected by diffusive and
advective transport terms. Chemical can be released into seven types of
compartments, and degradation can occur in all types of media.

Solving the mass balance for a POPs requires the construction of mass
balances for air, water and particulate organic carbon.

Sixteen atmospheric advection rates are used to describe the movement of
air across the Baltic Sea drainage basin in the POPCYCLING-Baltic model.

Seasonal varaibiliy of the residence time of air in the four atmospheric
compartments of the POPCYCLING model. The residence time is lower in
the Western air compartment because of its smaller size.

Water fluxes between the compartments of a drainage basin.

Long term average water balance for the Baltic Sea as used in the
POPCYCLING-Baltic model. All fluxes are given in units of km%a.

A particulate organic carbon mass balance was constructed for 25 aquatic
systems (10 fresh water, 10 coastal and 5 open water systems) within the
baltic Sea region.

Advective fluxes of POC with river water and between basins in kt/a.

Seasonal temperatures in the atmospheric, terrestrial, coastal and open
water units of the POPCYCLING model in units of °C.

Seasonal wind speeds over the terrestrial, coastal and open water units of
the POPCYCLING model in units of m/s.

Seasonal functions defining the OH radical concentration in the four
atmospheric compartments of the POPCYCLING model.

Schematic representation of the seasonal dependence of the volume of the
forest canopy Vg and the litter fall advection term Geg.

Schematic representation of the seasonal dependence of the deposition
velocities in the terrestrial environment. During winter, summer average, i.e.
maximum, values for vp are reduced by a factor describing the relative
stability of the atmosphere, and spring and fall defined as linear functions
connecting summer and winter values.
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Appendix 4: List of Tables

Table 1

Table 2

Table 3

Table 4

Table 5

Table 6

Table 7

Table 8

Table 9

Table 10
Table 11
Table 12

Table 13

Table 14

Table 15

The subdivision of the Baltic Sea drainage basin into environmental
compartments.

Monthly mean rates of air movement aGyy between the four air
compartments in units of 10"° m*h.

Monthly mean rates of air movement between the four air compartments and
the outside world (O) in units of 10" m?/h.

Annual average rain rate in the ten drainage basins in cm and riverine water
flow to the Baltic Sea in km® as reported by various studies.

Annual average water fluxes between the compartments of the ten drainage
basins in units of km°.

Equations used to construct the POC mass budgets in the aquatic
environments.

Input parameter for constructing the organic carbon balance for the aquatic
systems.

Calculated particulate organic carbon fluxes (oGXsed sedimentation flux,
oGXres resuspension flux, oGXbur burial flux, and oGSoilW run-off from
soils (0GBW + 0GBW)).

Environmental inputparameters for the terrestrial systems: fraFcon: fraction
of the forest that is made up of coniferous trees, frtARB and frtARW: forest
and lake- and river covered fractions of the terrestrial systems (supplied by
David Henry, GRID Arendal), OCE and OCB: organic carbon mass fraction of
solids in agricultural and forest soils (based on Fraters et al. 1993).

Fractions of marine water compartments underlain by accumulation bottoms.
Dry particle deposition velocities used as default values in the model.

Measured dry gaseous deposition velocities for semivolatile POPs reported
in the literature.

Fraction of the total population of a country that lives in one of the ten sub-
basin as defined in the POPCYCLING model in percent.

Fraction of the total population of a country that lives in one of the ten sub-
basin as defined in the POPCYCLING model in percent.

Equations for the total input rates Nix and total loss D-values Drx.
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Introduction

The computer programme with the POPCYCLING-Baltic model is designed to run on
personal computers with operating systems Windows 95 or higher. The model with a
userfriendly interface is written in MicroSoft Visual Basic Version 5.0, but does not require
the user to own a copy of that model development software. Much of the operation of the
computer programme should be obvious after reading the full description of the model, so
this “manual” will only provide some guidance on how to get started. The various forms are
displayed at the end of this appendix.

Set-up and Getting Started

In order to set up the POPCYCLING-Baltic programme on your hard disk, insert the CD in
your CD-ROM drive. Run the set-up programme by selecting “Run from the Windows “start™
menu. Type D:\setup.exe and click the OK button. (Note that D may have to be to replaced
by the drive letter of your CD-ROM drive.) Follow the instructions on the screen.

After this sequence, the programme should be successfully installed and ready to operate
on your computer. If you experience the following error message: “Run-time error 13", you
will have to change the number setting on your computer from , (comma) to . (dot) because
otherwise the programme will not work. This can easily be done by following the sequence:
Strat menu > Settings > Control Panel > Regional Settings > Number > Decimal Symbol.

The directory which contains the executable programme file POPCYCLE.EXE has to have

four subdirectories named “\chemdata”, “\emitdata”, “\envdata” and “\results” which contain
auxiliary files, some of which can be modified or substituted by the user (see below).

The model is started by either double-clicking POPCYCLE.EXE in Windows Explorer, or by
using Run and then browsing to the POPCYCLE.EXE file. While loading the programme a
introductory picture is displayed (Figure Al), followed by the main window of the computer
programme (Figure A2).

The model takes the user through three major, sequential steps of data processing:
1. Editing and Displaying Environmental Parameters (before selecting a chemical)
2. Selecting and Displaying Chemical Parameters (after selecting a chemical)

3. Displaying Model Results (after selecting run conditions and running a non-steady state
simulation)

Each of these three steps is represented by a menu title in the menubar of the main window
(Figure A2). Initially some options are disabled, because they require the completion of
preceding steps.

Selecting and Displaying Environmental Input Parameters

The model requires a large number of parameters describing the Baltic Sea environment.
When starting the model, default values are selected for these environmental parameters,
and the user has the option to proceed directly to the next step of data processing by
selecting a chemical of his/her choice (see below). Alternatively, the user has the possibility
to:

1. edit these environmental input parameters
return the environmental input parameters to their default value

3. display and examine the environmental input parameters in tables, time graphs and
mass balance graphs.
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Editing Environmental Input Parameters

The default parameters are believed to represent the best estimate of the real
environmental conditions in the Baltic Sea environment. Nevertheless the user may wish to
modify these default values, for example in order to test the sensitivity of a model result to a
particular parameter, or if a better estimate becomes available. The procedure for editing
environmental parameters is different for parameters which are fixed in time versus those
which can fluctuate with season.

TIME-INVARIANT INPUT PARAMETERS

Four forms (Figure A3a-d) allow the user to change input parameters relating to (1) the
atmospheric, (2) the terrestrial, and (3) the aqueous environment and (4) to the hydrology of
the Baltic Sea environment. These forms are displayed by selecting one of the four first
menu options in the menu called <Environmental Parameters>. The values are simply
edited by typing a modified value in the respective textbox. The model does NOT perform a
check of the reasonability of the selected value, and it is the responsibility of the user to
assure consistent and sensible parameter choices. Changes to the input parameters can
not be stored permanently and upon restarting the programme, the parameters are returned
to their default values. The forms can display only the values for one of the various regions
at a time. To display and edit values for other regions, select that region using the
respective drop-down menu.

TIME-VARIANT INPUT PARAMETERS

A number of environmental input parameters are functions of time, namely temperature,
wind speed, atmospheric hydroxyl radical concentrations and atmospheric advection rates.
These data are read as monthly values from files upon starting the computer programme
and can not be edited as readily as the parameters which are fixed in time. Namely, in order
to edit these parameters the user has to open and edit the respective data files prior to
starting the programme. These files, which are located in subdirectory “\envdata”, are:

TKA.txt, TKT.txt, TKC.txt, TKO.txt
WST.txt, WSC.txt, WSO.txt
OHconc.txt

Advection.txt

All these files are in ASCI format and can for example be edited in NOTEPAD. When
editing these files, it is important that the location, name and the formatting of the files stays
the same. It is recommended that the user makes copies of the orignal data files before
making changes.

All of these files contain 12 lines with values for each month, starting with January in the
first line. TKA.txt and OHconc.txt each have four entries per line (6 and 7 digits respectively,
without delimiter), pertaining to the atmospheric temperature in K and the OH radical
concentration in molecules per cm® in the four atmospheric compartments in the sequence
North, East, South, West. The files TKC.txt, TKT.txt, WSC.txt and WST.txt have 10 entries
per line (6 digits for TKX, 4 digits for WSX, no delimiters), pertaining to the surface
temperature in K and the wind speed in m/s for the coastal and terrestrial units of the
model. The sequence in each case is: Bothnian Bay, Bothnian Sea, Gulf of Finland, Neva,
Gulf of Riga, Southern Baltic Proper, Swedish Baltic Proper, Danish Straits, Kattegat,
Skagerrak. The files TKO.txt and WSO.txt provide the analogous data for the open water
units. There are six 6-digit entries for TKO, but only five 4-digit entires for WKO, because no
wind speeds apply to the bottom water compartment. The sequence of the entires is:
Bothnian Bay, Bothnian Sea, Gulf of Finland, Baltic Proper surface water, (Baltic Proper
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bottom water,) Skagerrak. Finally, in the file Advection.txt each of the 12 lines has 16 nine-
digit entries with the atmospheric advection rates in m’/day. The sequence is: N to E, E to
N,EtoS,StoE,StoW,WtoS,WtoN,NtoW,NtoO,OtoN,Eto O,0OtoE, Sto O, O
to S, Wto O, O to W, where O stands for outside of the model region.

Returning Environmental Input Parameters to their Default Value

Time-invariant environmental parameters that have been edited in one of the four forms as
described above can be returned to their default values by selecting the menu choice <Set
to Defaults> under the menu option <Environmental Parameters>. They are automatically
returned to their default value when the program is started again. A permanent change of
the time-invariant parameters is only possibly in the source code.

Displaying Environmental Parameters in Tables, Time Graphs and Mass Balance
Graphs

The forms displaying environmental parameters are called up by using various options
under the menu option <Environmental Parameters>. These forms allow the user to inspect
the effect of changing and editing environmental input parameters on the environmental
parameters derived from these.

DISPLAYING SOME ATMOSPHERIC PARAMETERS

By selecting the heading <Display Atmospheric Parameters> a form (Figure A4) is
displayed that allows the user to inspect the height, volumes, aerosol content, temperature,
and air residence time for the four atmospheric compartments. Also, the atmospheric
advection rates in km/h® can be displayed. For the time-variant parameters it is possible to
display the values for each day of the year. The days can be selected by either using the
arrow buttons to flip from day to day, or by typing the Julian day in the textbox provided for
this purpose, followed by a carriage return.

DISPLAYING SOME MARINE PARAMETERS

By selecting the heading <Display Marine Parameters> a form (Figure A5) is displayed that
allows the user to inspect the dimensions (depth, surface area and volume) of the marine
water and sediment compartments, the POC concentration, the temperature, and the water
residence time in the marine water compartments. The water temperatures can be
displayed for each day.

DISPLAYING SOME TERRESTRIAL PARAMETERS

By selecting the heading <Display Terrestrial Parameters> a form (Figure A6) is displayed
that allows the user to inspect the dimensions (depth, surface area, volume) and
temperatures of the terrestrial compartments, the organic carbon content or the soils and
fresh water sediments, and the fresh water residence time. The temperatures can be
displayed for each day.

DISPLAYING THE WATER BALANCE

Water fluxes in units of km®a can be displayed in various form when selecting one of three
options under the heading <Display Water Balance>. When selecting <in Table>, a table
showing the various fluxes of the steady-state water balance for the drainage basin of the
Baltic Sea is displayed (Figure A7). When selecting <in Overview Graph>, a graph showing
the water fluxes between the 16 marine compartments of the model, as well as the
precipitation, evaporation and riverine water fluxes for each of these basins, is displayed
(Figure A8). Finally, when selecting <in Basin Graphs>, a graph is displayed which shows
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the water fluxes in one of the ten terrestrial/coastal units (Figure A9). Use the dropdown
menu to select the basin for which you wish these fluxes shown.

DISPLAYING THE POC BALANCE

Graphs of the fluxes of particulate organic carbon in the various aquatic systems are
displayed upon selecting <Display POC Balance> and <in Basin Graphs>. Choose the
freshwater/coastal unit or open water basin for which you wish the fluxes displayed by
selecting the respective menu choice. Depending on the choice of aquatic system, three
different types of graphs are displayed (Figure AlOa-c). By clicking the respective option
box, the POC fluxes are either shown in units of kt/year or as area-normalised fluxes in
units of g/(m* a). An overview graph similar to that for water (Figure A8) showing the POC
fluxes between the marine compartments in kt/year is displayed upon choosing <Display
POC Balance> and <in Overview Graph>.

DISPLAYING TIME-VARIANT ENVIRONMENTAL PARAMETERS

The time variant environmental parameters can be displayed by selecting <Display Time
Graphs> from the menu entitled <Environmental Parameters>. Upon selecting one of the
menu options provided the environmental parameters are displayed as a function of time for
a one year period. Figure All gives an example. The following parameters can be
displayed: Input parameters: temperature, windspeed, OH radical concentration,
atmospheric advection rates. Derived parameters: Fresh water temperature, sea ice cover,
atmospheric residence time, volume of forest cover, litter fall rate, dry particle deposition
velocities and gaseous mass transfer coefficients to various surfaces.

Selecting and Displaying Chemical Parameters

Selecting Chemical Parameters

For performing the simulation the following physical-chemical properties for the substance
of interest are required:

Molecular mass in g/mol
Two out of the following three dimensionless equilibrium partition coefficients:

Octanol-water partition coefficient log Kow
Air-water partition coefficient log Kaw
Octanol-air partition coefficient log Koa

The third partition coefficient is calculated from the other two.
Two out of the following three heats of phase transfer in units of J/mol:

Heat of phase transfer between octanol and water DHow
Heat of phase transfer between air and water DHaw
Heat of phase transfer between air and octanol DHoa

The third heat of phase transfer is calculated from the other two.

Degradation half lives at the reference temperature 25°C in hours in each of the
environmental media. For the atmosphere the reaction rate of vapor phase chemical
with OH radicals in cm3/(molecules- s) is required.

Activation energies (i.e. temperature dependence slopes) for these degradation
reactions in J/mol.
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To facilitate that task, the model contains a database which allows the user to retrieve and
store these data for a large set of chemicals. Access to this database is provided through a
form (Figure Al2) that is displayed upon choosing </nput Chemical Properties> from the
menu named <Chemical Properties>. On this form the user can (1) use the chemical
properties provided for a number of chemicals by selecting the respective choice in the
drop-down menu, (2) modify these chemical properties temporarily by editing the data
displayed in the text boxes, or (3) permanently store modified or entirely new chemical
property profiles in the database. It should be self-explanatory how that is done. By clicking
the <OK> button on that form, the user accepts the values displayed in the text boxes for
use in the simulation.

When choosing chemical properties, it is imperative to keep in mind that this model was
developed for persistent organic pollutants, i.e. a fairly select group of chemicals that are
highly apolar, persistent and have intermediate volatility. In particular, the model relies on a
several empirical regressions that relate the partitioning between water and natural organic
matter in soils, sediments and suspended solids with that between water and octanol (Seth
et al.,, 1999), and that between air and atmospheric aerosols and between air and
vegetation with that between air and octanol (Finizio et al., 1996, Horstmann and
McLachlan, 1998). The model should thus only be used for substances for which these
empirical relationships are valid. Also, the model is unsuitable for very short-lived chemical
species for which the assumption of homogeneity within fairly large areas, which is inherent
in compartmental box models, does not apply.

In addition to the chemical properties, the fate of a chemical is influenced by some emission
related parameters, namely the mode of emission, i.e. the compartment(s) into which the
chemical is being release/discharged, and the seasonal variability of the discharge. Since
these parameters are often different for different chemicals, they are stored together with
the true chemical property parameters in the chemical property database. These are default
values which can be modified for each of the 10 individual terrestrial region (see below).

Displaying Chemical Parameters

Upon making a selection for the chemical properties, the menu choice <Display Time
Graphs> from the menu named <Chemical Properties> becomes enabled. Clicking this
menu option, opens a window (Figure Al13) that allows the display of time-dependent
chemical properties over a one year period similar to the graphs discussed above for the
environmental parameters (Figure Al11). In fact, the environmental parameters are included
among the menu options of that window. The time variant chemical parameters that can be
displayed this way, are the partition coefficients between octanol and air and between water
and air at various model temperatures, the degradation half-lives and rates in all
compartments, the bulk Z-values and the products of the bulk Z-values and compartment
volumes, and the D-values.

Performing a Simulation

With environmental and chemical properties being specified, additional information is
required before a simulation can be performed, namely a emission scenario has to be
specified, and the simulation conditions such as simulation period, step size and results
storage intervals have to be specified.

Specifying a Emission Scenario and Boundary Conditions

Upon making a selection for the chemical properties, the menu choice </nput Emission
Parameters> from the menu named <Chemical Properties> becomes enabled, and allows
to call up a form (Figure Al4) to specify the emission scenario.
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READING FILE wiTH ANNUAL NATIONAL EMISSION RATES AND BOUNDARY CONDITIONS

Annual emission rates in tons and fugacity ratios defining the boundary conditions are read
from a file. This is done by pressing the button called <Select File>, browsing for, and
selecting the name of an emission file, and pressing the <OK> button.

Presupplied emission files for the chemicals a-HCH, gHCH and PCBs are located in the
subdirectory entitled “emitdata”. These files can also be constructed by the user, but they
have to be ASCI files with a prescribed format. The first line contains four digits indicating
the number of years for which emission rates and fugacity ratios are supplied, e.g. 0070.
The second line contains four digits indicating the first year for which emission rates and
fugacity ratios are supplied, e.g. 1930. Then follow as many lines as have been specified in
the first line. All these lines have 18 nine digit entries (without delimiters) applying to a
particular year.

The first thirteen entries give the emission rate in t/a into the thirteen countries with a
share of the Baltic Sea drainage basin (in the sequence Belorus, Czech and Slovak
Republics, Denmark, Estonia, Finland, Germany, Latvia, Lithuania, Norway, Poland,
Russia, and Sweden, Ukraine)

the next four entries give the ratios between the inflowing and outflowing air fugacity for
the four atmospheric compartments (in the sequence: North, East, South, West).

the last entry gives the ratio between the fugacity in water inflowing from the North Sea
and the fugacity of the water flowing out of the Skagerrak.

SPECIFYING OTHER PARAMETERS RELATED TO THE EMISSION SCENARIO

On the same form a number of parameters related to the emission scenario have to be
specified.

1. It has to specified how the national release rates are to be spatially distributed to
calculate the release rates for the ten drainage basins. Three options are provided:
spatial assignment based on crop area, based on population, or based on a
combination of the two. If the latter option is selected, the fraction assigned based on
population is to be entered for each country.

2. For each drainage basin, the following information is required:

Scaling factor: a fixed multiplication factor scaling the emission rates. This factor is
meant to help modelling individual constituents of chemical mixtures for which only
composite emission data are available. The scaling factor then is the fraction of the total
release that applies to a constituent, e.g. the fraction of a single congener in a PCB
mixture.

Seasonality of the release: The total annual release can be distributed over the year
using a sinusoidal function. The amplitude of the seasonal fluctuation has to be
specified as a fraction of the annual mean. An amplitude of “0” means no seasonal
variability, whereas an amplitude of “1” implies the maximum possible variability.
Additionally, the month during which maximum release occurs needs to be specified.

Mode of emission: the compartmental distribution of the emissions is defined by giving
fractions of the total release which are entering a certain compartment. These fractions
obviously have to add up to 1 within each drainage basin.

Defaults for the latter two are already selected with the chemical property database, but can
now be modified for individual terrestrial regions. The form displays only the values for one
of the ten regions at a time. To display and edit values for other regions, select that region
using the respective drop-down menu. The default options are a scaling factor of 1, no
seasonal fluctuation, and release into the air compartment only.
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Specifying the Simulation Conditions and Performing the Simulations

When the emission scenario has been accepted, a frame which allows the specification of
the simulation conditions appears on the main window (Figure A15). Namely, the following
parameters are required to perform a non-steady state simulation:

Date when simulation starts: This date can not be changed. For the first simulation it has
to be the year when emissions started. This year has been specified in the second line of
the emissions file (see above). Every first simulation starts on a January 1.

Date when simulation ends: The length of the simulation is controlled by selecting the date
when the simulation should stop. That date is to be entered into the respective textbox as a
year. Obviously the number has to larger than the starting date. The simulation length does
not have to be a multiple of full years, but the date when the simulation ends could also be
an uneven number, e.g. “1995.3". The default ending date is the last year for which
emission data have been read from file.

Time Step for Simulation: The default time step used for the step-size numerical solution
is 12 hours. The user may specify a smaller or higher step size among the provided options
(1, 3, 6 and 24 hours). A step size smaller than 12 results in increased calculation times, but
usually provides only marginal reductions in the numerical errors, if any.

Time Step for Results Storage: After certain predefined intervals during the simulation, the
calculated fugacities in all model compartments are stored for later retrieval and processing.
The user can specify this interval from among the choices provided (24 h, 120 h, 1752 h,
8760 h). The selection of that parameter affects for how the model results can be displayed.
A shorter storage interval provides high temporal resolution, but time graphs can only be
displayed for fairly short simulation times. A larger storage interval results in a loss of
temporal resolution, namely on seasonal or shorter time scale, but allows the plotting of
time curves over several decades. To display the results in graphical form, there needs to
be a minimum of 2 storage events.

The simulation is started by clicking the button <Start Numerical Solution>. The progress of
the numerical solution is displayed in a window until the simulation has been completed
(Figure A16). Then the menu choice <Simulation Results> will become enabled. Note that if
the environmental or chemical parameters are changed after a simulation has been
performed, this menu choice <Simulation Results> becomes disabled again. This reflects
the fact that the simulation has to be repeated with changed input conditions to look at the
results.

After the first simulation is completed, the user has two options:

Continue the simulation by clicking the option button <End of last simulation> in the
frame entitled <Initial Fugacities> and then entering a new date when simulation should
end. The year when simulation starts is automatically updated. The continuation can
have simulation parameters (step size, results storage interval, etc.) that differ from
those used in the initial part of the simulation. A simulation can be continued several
times.

Conduct a new simulation starting in the year the emission started.
Please note that whenever a new simulation is started or a simulation is continued, the
stored results from the previous simulation are lost.

Displaying Model Results

The programme provides a multitude of ways to display the simulation results. As
mentioned above during the simulation the fugacities in all model compartments are stored
at user-defined intervals. Naturally, it is only possible to display results for these storage
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events. When results other than fugacities are being displayed, these are calculated from
the stored fugacities values.

In addition to these instantaneous results, the model calculates cumulative fluxes, i.e. it
sums up the rates and fluxes for the entire simulation period. Please note that if the
simulation is a continuation of a previous simulation, these cumulative fluxes only refer to
the last part of the simulation.

The results display options are accessible through various menu options under the main
menu title <Simulation Results>.

Displaying the Simulation Results in Tables

Menu choice <Display Tables> opens a window, on which the values of selected
parameters at the storage events can be displayed in a table (Figure A17).

Displaying the Simulation Results as Time Graphs

Menu choice <Display Time Response> opens a window (Figure A18) that allows the
display of many model parameters as a function of time for the simulation period. Please
note that if the simulation is a continuation of a previous simulation, these graphs show only
the last part of the simulation. The temporal resolution of the graphs is obviously
determined by the chosen storage interval (see above). The parameters that can be
displayed are: fugacities, fugacity ratios, concentrations, amounts, fluxes and rates, net
fluxes. The graphs can be printed in various form.

Displaying Fluxes in Overview Graphs

The form that displayed the fluxes of water and POC between the marine compartments in
the whole Baltic Sea in an overview graph (Figure A8), can now be used to display
advection D-values, instanteneous and cumulative chemical fluxes between these marine
water compartments. The window is displayed upon selecting the menu choice <Display
Marine Fluxes>.

Displaying Fluxes in the Terrestrial/Coastal Systems

When selecting the menu choice <Display Terrestrial/Coastal Fluxes>, a window appears
that displays mass balances of water and chemical within the ten terrestrial/coastal units of
the Baltic Sea environment model (Figure A19). The fluxes can be displayed for each
stored event, and as cumulative fluxes. They also can be shown as area-normalised fluxes.
Please note that the atmospheric compartments are larger than the terrestrial/coastal units
of these graphs. The advection, degradation and emission rates to the atmosphere which
are displayed on these graphs have been scaled to the size of the terrestrial/coastal units.

Displaying Graphs With Atmospheric, Marine and Terrestrial Results

Three windows display maps allowing the direct comparison between the results for various
atmospheric, marine and terrestrial regions. These are displayed by choosing the menu
options <Display Atmospheric Results>, <Display Marine Results>, and <Display Terrestrial
Results> and are similar to those showing environmental parameters (Figure A4 to A6).
However, additional menu options allow the display of fugacities, concentrations, amounts,
D-values, fluxes and rates, and cumulative fluxes.

Writing Results to File

The results (fugacities and concentrations) can also be written to ASCI files for further
processing. Selecting menu option <Write Results To Files> displays a windows (Figure
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A20), that allows to choose which parameters to write to ASCI files (by clicking the
respective checkmarks), and what names these files should have (by writing the respective
names into the textboxes provided). By clicking the buttons <Write to File> the files will be
saved in the subdirectory “\results”.

The files have one line for each storage event. The number of lines is thus determined by
both simulation length and time step for results storage. Only the data for the last simulation
(in the case of a continued simulation only the results for the last section of the simulation)
will be saved to file. The first entry of each line gives the simulation time in hours (with
respect to the year when emissions first started), the following entries are the respective
concentrations or fugacities. The entries are delimited by commas. The first line in each file
provides information on the content of the file and the units used for the concentration
values. The second line indicates to which region the values refer. The files can be opened
in spreadsheet programmes such MS Excel for further processing.

The programme is closed by clicking the menu option <Exit>.

POPCYCLING Model

Version for the Baltic Sea Drainage Basin

Yersion 1.0

developed under
confract Mo,
EMY4-CTA6-0214 of
the Enviranment and
Climate Research
Frogramme of the
Eurapean LUnion

Figure Al
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POPCYCLIMNG-Baltic Model - Land Parameters
— Soil Compartments Area:
agricultural zoil forest soil
Sail depth (m] |0.050 0100 [ FETSETET———
Yolumne fraction of airin soil i|:|_25|:| i|:|_25|:|
Yolumne fraction of water in zoi i|:|_25|:| i|:|_25|:|
Mazz fraction of OC in soil solids iEI.EIEEI iEI.EIEEI
Sail air boundary laver MTC [m/h) 35_[":"] iD_5|:||:| 0K
Mirimurn M TC within zail [mda] ;D_D‘l 0 35_[”]&.3 Print
Dy particle deposition b soil [mh) 31 00 31 onn Hel
elp
Yolumne fraction of solids in run-off 31 0e-5 31 0e-5
— Forest Canopy Compartment
Fraction of drainage basin diy deposzition velocities
covered by forest iD_?EE [summer average in m/h]
Fraction of forest area covered iEI.EEIEI for gases to coniferous canopies 424
by coniferaus trees for gases to deciduous canopies {30
canopy volume per ground area for particles to coniferous canopies {2 700
ailisals eaiasy ;4-':”:'3'4 far particles to deciduous canopies [2g 2
decicuaus canapy iE'DDE"" deciduous canopy development [day]
. . start of end of
fraction of deciduous canopy 31 a9 31 E9
which stays on trees during winter ;EI.'I oo ngtT gdetT
. zhart o end ol
average coniferous needle age 35_[":"] falling ;253 falling ;253

Figure A3b
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POPCYCLIMNG-Baltic Model - Water Parameters

Dy particle deposition to water [mdh]

Prirmary productivity [g CAné a]

POC Concentration [masL]

POC mineralization in water colurmn [fraction of input]

Sediment area az fraction of water area

;Bn:nthnian Bay :_j
apen water fresh water  coastal water
{10.0 {10.0 {10.0
{340 {40.0 {33.0
{0191 {0,340 0.361
{0,830 {0.300 {0.830

;D.EEEI

;EI.'IEIEI

Surficial zedirment depth () iEI.EIEEI iEI.EIEEI iEI.EIEEI
M azs fraction of OC in sediment solids iu_mn iu_mu iu_mu
Yolume fraction of zolids in sediment iu_g[u] iu_guu iu_guu
Bioturbation diffusivite réth 11 0e-10 11 00e-10 11 00e-10
FOC resuspension intensity [fraction of depaosition) iu_mn iu_5|3|:| iu_5|3|:|
FOC mireralization in the sediment [fraction of input) iu_mn iu_ggu iu_mu
Hep | Pimt [ oK

Figure A3c

POPCYCLING-Baltic Model - Hydrological Parameters

[EctriznBa B4

Qpen 284
arsa

;Buthnian Bay :_j
drainage coastal
bazin basinz

Surface area in m? ;;;g

fraction covered by lakes and rivers ;EI.EIM
Average water depth in m ;EE_D ;E_EIEIEI iB.SDD
Rain rate in cmfa ;41_1 158_3 355_5
E vaporation fram fresh water 0100
as fraction
of input  from forest canopy ;n_25|:|
fram farest zaill ;EI_1 G0
from agricultural zoil 0.250
Hep | Pimt [[ oK
Figure A3d
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. POPCYCLING-Baltic Model - Atmospheric Parameters Mi=] E3 . POPCYLING-Baltic Model - Manine Parameters
Environment  Print Back Erwironment  Print - Back
_.--’"ISEE [ JAH 0 hours 0 months 0.0 years — ISEE I JAN 0 hours 0 months 0.0 pears
1.20e+5 1.31e+5
[5-values for atmaspheric . Bothnian
tratspart it krédh temperature in L H Ba
¥ coast
apen -4 55
\3.55
Bothnian
coast Cea
-2.80 open Gulf of
) Finland g5
1.75e+5 coast 1.69 open coast
o 20625 030 35 £.30
2.10e+5 g Skigeﬁ"ﬂk swedish cosst o ;;t
4BE75 {— oo 0.80
[North y Y Baltic P Gulf of Riga
Sea Kattegat altic Froper pd g
-0.35 zurface ’
-0.15
Damszh bottom
Straits 4250
-0.60 zouthern coast
-2.00
7h375 1.0e+5
Figure A4 Figure A5
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i, POPCYLING-Baltic Model - Temestrial Parameters M=l E3
Ervironment  Print Back
— ISEE [ JAN 0 hours 0 months 010 pears
- F: f_DIESt [:Elm:_lp_',l . POPCYCLING-Baltic Model - Water Balance in km*/a
: Bothmian Bay B: forest soil e o t t et St
. = H 131 fpul EVApOoratom (Mvenne upslream Lpsireanm wWnsiream|downsiream
COmpAtmeRtBIimes i F 0.0E2 E: agricultural soil inflovs inflauy outflow [inflows autflaw
B 9571 W fresh water BRI,
E17E 5: fresh water zediment pastal basins
s Bothnian Bay 8.3 75 981 a76.0 974.9
Bothrian Sea <D EEE Bathnian Sea 12.8 1.6 95,1 BIE 10600
F 0.095 ’ Gulf af Finland B.7 B0 364 256 BE2.6
Skagerrak B 7383 Neva 0.2 02 774 07 108.1
F 0.036 E17.3 Gulf of Riga 106 101 300 35 E7.0
B 2203 EJDEEEE'I% South. Baltic Prap. 18.0 162 0.5 21900 22823
&12%% K.attegat . . Swed. Baltic Frap. 128 11.5 17.0 13140 13323
e F 0.035 Danish Straits 139 11.1 81 14139 4713 14466 19288
B 2214 Kattegat 156 120 8.8 1928.8 14465 2058.4 25730
EJEEE Skagenak 5.1 4 708 3604 417
- Open Sea Basing
50424 :
Danish Stails Riga Bothnian Bay 101 5.4 974.9 8760 103.6 207.2
Bothnian 5 326 250 1267.1 1067.2 2491 456.7
F 14380 Pt Golf mfa; lead 107 9.0 B70.7 556.3 139.3 255.4
B 0100 South Baltic P E 207 dif rrinan : : : - : :
E £.202 outhern baltic Froper oo - Baltic Proper (5] 101.0 94.4 43937 39290 4N3 14133
W 2969 F 0055 W2y E altic Froper [E] 0o 0o 471.3 0.0
50.030 BEEQSEEE 50127 SpE— 17.9 73 29947 24088 149094 155Eed4 ]
W 27.4
50.274 Pirt | ok |
Figure A6 Figure A7
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. POPCYCLING-Baltic Model - Fluxes in the Marine Environment

Ervironment  Print

Y ater Balance in kne per pear

—= Precipitation
—I= Riverine Inflow

= Interbazin Flaw

g.121—1=
08—

[Ekagerra

2392~ Bethnian

Q2.

B=y
Comst

12 51| Bothniar

Finlan

Coast

Gulf of [~ G627

A= 364

526

Mewa

1 0170
Coast [ 4

g5 +—I= =ea
Coast
7o 207
Gulf

12517 Swedi=H Firland 07
17.0

15

mE__

1'44?47? 1024
13.9 — = 1914
21496
Figure A8

POPCYCLING-Baltic Model

Environment  Print

- Water Fluxes in kn® per pear

Southern Baltic Proper -

atmosphere

59.4Jr Taa.z

forest

canopy

fresh water

137

[

coastal water

Figure A9
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POPCYCLING-Baltic Model -

POC Balance in kt /a

LCoastal Bazsin - Open Bazin  Frint

Back

P79.9
=}

input from

biological

flowr
16.7

fresh water system

deposition [f' 2315 /.

ater
pninetalization

1:}‘ 424.0 |resu

A6.0

spEension

sediment
mineralization

130.6

i g /(rEal Bothnian Bay

biological

coastal water systemn

199.9 111.9
deposition | resuspension

exchange

. . ) downstream
s0ilE production production hasin
\ 114.5 468.7 rivering 585.2

3520

167.3
=

429.3

water

v |

burial sediment
uria mineralization
229

65.1

mineralization

Figure Al0a
POPCYCLING-Baltic Model - POC Balance in kt /a
LCoastal Basin - Open Basin Print Back
exchange biological exchange
upstream basin production dovwenstream basin
352.0 39.6
832.4
167.3 open water system 19.8
= =
8277
water mineralization
565.1 395.6
deposition rEsUspension
v I
125.4
burial 4441 sediment mineralization
i g /(rEal Bothnian Bay ]
Figure A10b
POPCYCLING-Baltic Model - POC Balance in kt /a
LCoastal Basin - Open Basin Print Back
exchange biological exchange
upstream basin production dovwenstream basin
112241 2701
23704.2
750.4 open water system 17041
= =
6360.7 81.0
2 = 18239.2
water mineralization
1701 ¥
inflaw 3516 £ 24794
from deposition rEsUspension B 51g7.4
Danizh 5 water mineralization
Straits 786.2
burial 276.2 sediment mineralization
= g /dinfa) Baltic Proper .
Figure A10c
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POPCYLIMG-Baltic Model - Seasonally Yariable Environmental Parameters

Environment  Print  Back
Atmoszpheric temperature in "C
/ Hoth
T East
South
s X / West
Figure A11
. Chemical Properties
. —DB Operations —
Chemical Mame (Bl GRalMy] - | Molecular i—
mass [g/mol] 2E Mew Chemical
- Equilibrium Partitioning between Air, Water and Octanol
= Partition Coefficientz at 25°C [dimensionleszz]— [~ Enthalpies of Phase Transfer inJdmal—— e
i+ log Kaw + log Kow  log Kow i3.81 & dHaw and dHow  dHow i-1 B000
= logKaw +logKoa  logKaw i'3-55 " dHaw and dHoa  dHaw i531 oo e i
= logKow +logkoa logkos i?-39 ¢ dHow and dHoa  dHos i'?’_ﬂ 0o Delete
HEﬂCti“" Air Forest Soil Water Sediment
Half Lives Canopy Forest Agricultural Fresh Coastal Open Fresh  Coastal Deep
hal-life at 25 °Cin h 7190|2190 |2190 feve0  [ave0 |80 [17520 [17520 17520
activation energy
i) [10000 {30000 (30000 (30000 (30000 30000 {30000 (30000 30000 {30000
i'l AE-13 | reachion rate of vapor phaze chemical with OH radicals in crédmolecules. 2
- Defaults for the Emission Parameters Help
fr s atmozphere | il:l_‘I?E agri-zoil | il:l_E frezh water | il:l_l:|25
eritted it forest canopy I il:l forest soil |i|:| coaztal water |i|:| Print
zeasonality of - =
emissiu:ur-:ls amplitude az fraction of mean| i2 rnatith of masimurn erizsion | iJLIN vi Cancel
1] 4
Figure A12
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POPCYLING-Baltic Model - Seasonally Yariable Parameters
Environment  Chemical Properties  Capacity  D-Malue:  Print Back
Hemy's law conztant at coastal water temperatures in Pa.m?/mol
alpha:-HCH
- / Bay of Botheia
Bothnian Sea
Gulf of Finland
f HMerva
/ CulfofRig
Southem Baltic
Proper
/ Swedish Baltic
Proper
/ Danish Straits
/ Kattegat
nn]IFIMIAIMIIIJI&ISIOINIDI f:Skﬂgenak
Figure A13
POPCYCLIMNG-Baltic Model - Emission Scenano
= Specif}li_ng an—  Spatial Distribution of Hational Emiszions Assigned Based on———
EmisE0n — fraction azzigned based on population—————— —
data file * ciop area _ _ _
beloruz eztonia latvia pioland Likraine
" population ||] |I] |I] il] il]
czech firnlard [ithuiania I

crop area and

reading national population ||] ||] ||] ||]
annual release rates denmark.  germany  nopaan zieden
and boundany
conditions II] II] II] ;I]
) Seasunalit}l DI: thE Emissiuns .........................
Area: [ othnian Bay - |
- Specilying a Scaling Factor ————— amplitude as fraction of mean ;i 0

the annual releaze rates read from I 1 rnamth @ masimun emissian | i._l,.f.-.,N vI

the file are multiplied with this factar

- Compartments Receiving the Emissions
fraction of emizzionz emitted into a compartment [Caution! Fractions hawe to add up to 1.000]

atmosphere | I 1 agri-soil | I 0 fresh water | I 0
forest canopy | I 0 forest soil | I 0 coagztal water | I 0

Print | oK

Figure A14
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w. POPCYCLING-Baltic Model - Yersion 0.9 [Final Report: July 11, 1999)

BT T b
S atiaty e sl E

From 19600 Until {2000.0

tokal smulated tme

Fa0400 hours

Figure A15
WAIT !
Numerical Solution in Progress

total simulation bime in years
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POPCYCLING-Baltic Model - Simulation Results
Ervironment  Model Parameters  Hesultz  Print Back
' 150| [ MAY 1960 3576 hours 5 maonths 0.4 pears
e coneentrations for bulk. phaszes [g/nF] ‘ alpha-HCH
ol |
AlIR ZONE OFEN SEA ZONE Open Water |Bottom Sed.
Morth 07 e-9 Bothrmian Bay e-b 2.23e-b
East 1.53e-9 Bothmian Sea 1.12e-6 2.52e-b
South 1.51e-9 Gulf of Finland 2.53e-b b.41e-b
West 1.10e-9 Baltic Prop. 5. W. |3.31e-6 -
Baltic Frop. Bot. W_ |8.07e-8 1.45e-7
Skagerrak 4 47e-7 1.05e-b
SYSTEM Fwf_ wWater |Pw. Sedim. |Agric. S5oil |Forest Soil |Canopy Coast. Wat. [Coast. S5ed
Bothnian Bay De-b 1.30e-b 1.43e-4 3.36e-5 0.019 4 52e-6 1.44e-5
Bothnian Sea ¥.78e-b6 1.45e-b 1.19e-4 3.69e-5 0.014 6.13e-6 4 0le-b
Gulf of Finland 2.57e-b 7.58e-b 3.43e-3 2.65e-5 0.y 8.72e-b6 6.45e-b
Meva 1.82e-b 4 87e-b 3.38e-3 2.57e-h 0.0y 4 04e-h h.94e-4
Gulf of Riga 1.41e-4 5.45e-4 5.36e-3 2.22e-5 0.014 h.24e-b 1.69e-5
South. Baltic Prop. |1.69e-4 ¥.14e-4 3.45%e-3 2.60e-5 0.014 1.02e-5 ¥.97e-5
Swed. Baltic Prop. (9.39e-6 1.98e-5 2.6be-4 2.20e-5 0015 5.73e-b 3.12e-5
Danish Straits 1.39e-5 4 55e-5 2 3be-4 2. 39e-5 004 3.39%-6 1.81e-5
Kattegat 9.16e-b6 1.99e-5 2. 73e-4 2. 85e-5 05 2.45e-b 7 5be-b
Skagerrak 7.84e-6 1.78e-h 5.36e-h 4 73e-h 0oz 5.36e-b 3.93e-h
Figure A17
POPCYCLING-Baltic Model - Simulated Time Hezponse
Fugacities Fugacity Batios  Concentrations  Amounts  Fluges and Rates  Met Fluses  PBrint Back
Forest canopy concentrations in ng /' g foliage
alpha-HCH
0nin- f Bay of Bothria
Bothnian Sea
0008 1 Gulf of Finland
/ HMewa
0,006 - / Chulf of Riga
Sonthem Baltic
Proper
0004
/ Swredish Baltic
Proper
0.0024 / Danish Straits
/ Kattegat
0.000
1931 1932 1933 1934 1gas [/ Shegemak

Figure A18
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POPCYCLIMNG-Baltic Model - Fluxes in the Termnestrial-Coastal Environments

Ervironment  Chemical  Print Back
SEE JAN 1931 curnulative chemizal fluses ik r'|g,."|'|'|2 | A6l hours 12 monthz 1.0 Hears
Swedizh Baltic Proper - alpha-HCH
{F 271 431
atmosphere — =
.‘-_':]_
45.147 ?41 3 i A 427
0y 0,995 1.036
forest 4.2e-3
canopy 347 | |204 450 |19
ﬂF E rrisions
{? Tranzport
{? [Degradation
463

Figure A19
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Write to File
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