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3.3.1. General structure

Modeling of POP transport requires the physical-chemical properties of considered POPs, their
emissions and also meteorological and geophysical data (Fig 3.6).

Physical-chemical e Meteorological and
properties Emissions geophysical data
MSCE-POP
model
i | Distribution between| | Concentration and Long-term Source-receptor
enwrongjental deposition fields trends relationships
media

Long-range transport potential and overall persistence

Figure 3.6. Input and output data of the MSCE-POP multicompartment model

Output model information includes:

» fields of deposition and concentration in environmental media and long-term trends of
contamination in them;

» distribution of a pollutant between environmental media;
» source-receptor relationships;
» long-range transport potential and overall persistence.
The main environmental compartments included in the model are (Fig. 3.7):
» atmosphere;
soil;
seawater;

vegetation;

YV V V V

sea ice and snow.

It is assumed that POPs are emitted to the atmosphere from which they may be uptaken by the
underlying surface (soil, seawater, sea ice/snow, vegetation) or leave the calculation domain as a
result of transport. The following processes affecting the long-range transport of POP are included in
the model:
The atmosphere:
» transport with advection and diffusion;
partitioning of a pollutant between the gaseous and particulate phase;

>
» wet and dry deposition of the particulate and gaseous phase to the underlying surface;
>

degradation.
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Vegetation:

» gaseous exchange with the atmosphere;

> defoliation.
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Figure 3.7. The scheme of processes included into the MSCE-POP hemispheric model

gaseous exchange with the atmosphere;
partitioning between the gaseous, solid and liquid phase;
vertical transport of a pollutant by convective water fluxes and diffusion;

degradation.

Seawater:

YV V VY V

gaseous exchange with the atmosphere;

transport of a pollutant by sea currents and turbulent diffusion;
redistribution between the dissolved and particulate phase;
sedimentation;

degradation.

Sea ice/snow:

YV V VYV V V

accumulation of POPs in the snow and ice medium,
gas phase exchange between the snow and the atmosphere,

fluxes into the seawater as a result of snow and ice melting,

fluxes from the seawater to the ice cover during ice bottom/lateral accretion,

horizontal transport with drifting ice,

degradation in the snow pack and ice.
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We believe that these processes, included in the current version of the MSCE-POP hemispheric
model, are vital for the description of POP transport in the environment. This statement is
substantiated by a review of literature and a model sensitivity study. The latter is exemplified in
Annexes D, E.

The following sections present the description of individual modules of the MSCE-POP model.

3.3.2. The atmosphere

This section describes processes included in the atmospheric module of the MSCE-POP hemispheric
model. These processes are: partitioning of a pollutant between the gaseous and particulate phase;
wet and dry deposition of both phase to the underlying surface; and degradation. Advection and
diffusion schemes of the model are the same as in the MSCE-Hg-Hem model, which is described in
Section 3.2.

Gas/particle partitioning

Characterization of POP partitioning between the gas and particulate phase of a pollutant is
performed using subcooled liquid vapour pressure po, (Pa). According to the Junge-Pankow model
[Junge, 1977; Pankow, 1987] the POP fraction ¢ adsorbed on atmospheric aerosol particles equals
to:
g0 (3.31)
Po. +¢C-6

where ¢ is the constant dependant on the thermodynamic parameters of the adsorption process and on the
properties of aerosol particle surface. It is assumed ¢ = 0.17 Pa-m [Junge, 1977] for background aerosol;

0 is the specific surface of aerosol particles, m?/m® (6= 1.510* m*m?® for background aerosol [Whitby,
1978)); to assess the influence of this assumption rough experimental calculations are made (see Annex F).

Parameter po, is pollutant-dependent and depends greatly on temperature. This dependence
essentially affects the long-range transport of a pollutant and is included in the model in the form:

1 1
0
= exp|—-ap| ——— 11, 3.32
PoL = Por p{ P[T T, H ( )
where T is the ambient temperature, K;

To is the reference temperature, K;

ng is the value of po, at the reference temperature To;
ap is the coefficient of the vapour pressure temperature dependence, K.

Dry deposition of the particulate phase

Dry deposition flux of the particulate phase Fd",y (ng/mzls) is a product of dry deposition velocity V,

(m/s) and particle air concentration Cp (ng/m3) taken at an air reference level coinciding with the
middle of the lowest atmospheric layer:

FE, =V,Cp., (3.33)

where the dry deposition velocity from the reference level z, is calculated according to the resistance analogy
using the equation:
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V, =(r, + 11V )1 (3.34)
Here r, is the aerodynamic resistance for turbulent transport of a pollutant from z, to z, s/m;
Zb is the height of the surface layer, m;

Vds‘”f is the surface dry deposition velocity from the surface layer height z,, which is estimated by special
models for different landcover.

Aerodynamic resistance r, is calculated using the following equation [Tsyro and Erdman, 2000]:

074\ (Z) ) (Z),, (2
o= {m[z‘)] W“(LJ+W”[LH’ (3.35)

where x=0.4 isthe van Karman constant;
u- is the friction velocity, m/s;

Wh is the similarity function for heat.

The values of deposition velocity to the underlying surface V;“" are calculated for sea, soil and forest
separately.

Sea. Velocity of dry deposition over sea (V;*?, z, = 10 m), cm/s is calculated by the equation:

V5% = Asoi? + By, s (3.36)
where u- is the friction velocity, m/s;
Asea and Bsea  are the constants dependant on the effective diameter of particle-carriers of a
considered pollutant.
(regression equation obtained by M.Pekar [1996] from [Lindfors et al., 1991] data).
Soil. Velocity of dry deposition over soil (V5°', z, = 1 m), cm/s is given as follows:
Vdsoil _ (Asoilu*z + Bso”)zgsoil’ (337)

where as above u- s the friction velocity;
2o is the surface roughness, mm

Asoil, Bsoil, Csoil are the constants dependant on effective diameters of particle-carriers of considered POP;

(regression equation obtained by M.Pekar [1996] from [Sehmel, 1980] data).

Forest. Velocity of dry deposition to a forest (V*, z, = 20 m), (adapted by L.Erdman [Tsyro and
Erdman, 2000] from [Ruijgrok et al., 1997]), m/s:

u?
Vdforest =E-", (3.38)

Up
where upis the wind speed at forest height h = z;
E=auf(1+yexp((RH-80)/20) (3.39)

is the total collection efficiency for particles within the forest canopy and «,  and yare the
experimental coefficients, depending on effective diameters of particles-carriers.
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In the current model version it is assumed that the relative humidity of air is 80% of the average. Wind
speed at forest height u, (m/s) is calculated using the following equation:

_u | 2y =do | _ z, —d, Zy
uh—K{ln[ z J zym[ [ JHV,,,(LJ:l, (3.40)

where « =0.4 is the van Karman constant;

do = 15 m is zero-plane displacement;

Zo =2 m is the roughness length;

L is the Monin-Obukhov parameter;

Wm is the universal correction function for the atmospheric stability for momentum.

Two types of forest are distinguished in the model: deciduous forest and coniferous forest. It is
assumed that dry deposition velocities to forest are calculated by Eq. (3.38) for deciduous forests
during the vegetative period (only from May to September). For the remaining time, dry deposition
velocities for areas covered by deciduous forests are calculated as for soil Eq. (3.37). For areas
covered by coniferous forests dry deposition velocities are calculated by Eq. (3.38) throughout the
year.

The amount of pollutant deposited to forest is distributed between soil and leaves/needles in
accordance with the distribution coefficient K, which is pollutant-dependent.

The coefficients Asea; Bsea, Asoils Bsois Csoil: @, fand y, as well as the distribution coefficient K
between soil and leaves/needles for forests, are a part of model parameterization for a particular
chemical.

Wet deposition

Wet depositions of the gaseous and particulate phase are distinguished in the model. For the
description of gaseous phase scavenging with precipitation, the instantaneous equilibrium between
the gaseous phase in the air and the dissolved phase in precipitation is assumed:

C,f, -, cs, (3.41)
where C,° is the dissolved phase concentration in precipitation water, ng/m3;
c? is the gaseous phase concentration in air, ng/m3;

Wy =1/Ky is the dimensionless washout ratio for the gaseous phase;
K'n is the dimensionless Henry’s law constant.

The latter is temperature-dependent and is given by the equation:

H 1 1
Ky="2expl-ay| ——— |} 3.42
H=RT Xpl: H[T TOJ:| ( )

where T is the ambient air temperature, K;
To is the reference temperature;
R is the universal gas constant, J/(mol-K),
ap is the coefficient of Henry’s law constant temperature dependence, K;

Ho is the value of Henry’s law constant at reference temperature, Pa-m*/mol.
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For the description of particle bound phase scavenging with precipitation, the washout ratio
determined experimentally is used:

C =W,CE, (343)
where CJ is the particle bound phase concentration in the air surface layer, ng/ms;

Cs’ is the suspended phase concentration in precipitation water, ng/m3;

W, is the dimensionless washout ratio for the particulate phase.

Since the meteorological data used in the model provide information for precipitation intensity in all
vertical layers, wet deposition is calculated in each layer both for the gaseous and particulate phase of
the pollutant.

The constants Hy, ay, and W, are parameters unique to each POP.

Degradation

The degradation process in the atmosphere is described by the reaction of a pollutant with OH
radicals:

dC
i = Kar-C-IOHL, (3.44)
where C is the pollutant concentration in air (gaseous phase), ng/m3;

[OH] is the concentration of OH radical, molecules/cms;
Kair is the degradation rate constant for air, cm®/s/molecules,

whose temperature dependence is provided by the equation:
kair = A-exp(-Ea | RT), (3.45)

where A s the exponential multiplier;
E, is the activation energy;
R is the universal gas constant;
T is the ambient temperature.

Parameters A and E, depend on pollutant properties.

This equation is applied for the gaseous phase of a pollutant. Currently the process of degradation of
a pollutant associated with particles is not included in the model due to lack of information on this
topic. It should be mentioned that degradation under Arctic conditions (low temperatures, short
daylight) is insignificant in comparison with that in the middle latitudes.

OH radical concentrations in the atmosphere vary substantially depending on many factors (latitude,
cloudiness, day time, season, some atmospheric properties, etc.). At present, in the model as a first
approximation, OH radical concentrations have no diurnal variations and depend only on the season.
According to [Yu Lu and Khall, 1991] the following values were accepted:

Winter [OH] = 9 - 10*, fall, spring [OH] = 8 - 10°, summer [OH] = 2 - 10°.
To assess the influence of this assumption rough experimental calculations are made (see Annex F).

Temporal and spatial variations of this parameter will be taken into account in the model in the near
future.
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Gaseous exchange with underlying surface

Gaseous exchange between the atmosphere and underlying surface is based on the resistance
analogy. Gaseous exchange takes place with soil, vegetation, seawater and sea ice (snow). lts
description is given in corresponding sections devoted to the mentioned media (types of underlying
surface).

3.3.3. Soil
The soil module is based on the model developed by of C.M.J. Jacobs and W.A.J. van Pul [1996].

In the model, soil is separated into five horizontal layers of different thicknesses. The thicknesses of
the layers are chosen individually for each pollutant considered, namely, for PCBs these are Az; =
0.01, 0.05, 0.2, 0.8 and 3 cm from above, and for y-HCH — Az; = 0.5, 0.5, 1, 2 and 11 cm [Shatalov et
al., 2001]. In the current version of the model the following processes are included: partitioning of the
pollutant between various phases in soil; vertical diffusion and advection with water flux; gaseous
exchange with the atmosphere; and the degradation of the pollutant.

Partitioning in soil

The total volume concentration in soil C is expressed via the mass concentration C° of a pollutant
sorbed by the soil matter, the volume concentration C? of a pollutant dissolved in the soil water, and
the gas-phase volume concentration C? of a pollutant in the soil air, ng/m3:

C=psC+0C"+ac? (3.46)

where ps= 1350 is the bulk soil density, kg/m3;
0=0.3 is the volumetric water content in soil;

a=0.2 is the volumetric air content in soil.

The concentration in each phase may be represented by C using the soil partitioning coefficients Rq,
Ry and Ry :

C=RsC°=RyC"+R,C?, (3.47)

where Ry= pst +0+aKy; Rs =Ry/ Ky Rg =Ry/KH;

Kq = foc Koc is the slope of the adsorption isotherm;

foc is the fraction of organic carbon in soil;
Koc is the organic carbon distribution coefficient;
K'n is the dimensionless Henry's law constant (see above).

Vertical transport
The migration of a pollutant over the vertical profile in soil is assumed to be due to diffusion and

transport with the convective water flux J,, (equal to mean annual precipitation intensity h,, m/c). The
corresponding equation is:
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o, 4y 3C_ o%C

- , 3.48
ot Ry o0z ozl (3.48)
where De is the effective gas-liquid diffusion coefficient, m?/s.
The coefficient Dg is determined by:
D
Dg= SgDq n LY ‘ (3.49)
R, Ry

where Dy, D, are the molecular diffusion coefficients for gas and liquid;

&, =a"1g%, & =074 are gas and liquid tortuosity factors;

1) is the porosity of soil (assumed ¢ = 0.5).

Gaseous exchange with the atmosphere

Gaseous exchange between soil and the atmosphere is parameterized using the resistance analogy.

The gaseous flux of POP from the atmosphere into the soil is driven by the difference between
atmospheric gas concentration C.? at the air reference level z, (equal to half the height of the lower
atmospheric layer) and the soil gas-phase concentration C,° at the soil reference level at depth
Zs=Az4/2 (Az, — is the upper soil layer thickness). In the course of pollutant transport from the air
reference level to the soil reference level it overcomes three resistances (see Fig. 3.8).

Wit I ------ CS Air reference level

la Turbulent air sublayer

Zy
l -

r . .
Zy b Laminar air sublayer

Atmosphere

Interface

A

N
&

|
|

- g .
________________ C, Soil reference level

Figure 3.8. Resistance scheme used for the description of gaseous exchange between atmosphere and the soil

» Turbulent air sublayer resistance r,, s/m that is, the resistance to transport through the
turbulent air sublayer (from z, to z,. The latter is laminar sublayer height);

» Laminar surface air sublayer resistance r,, s/m that is, the resistance to transport through the
laminar surface air sublayer (z,) to the interface;

72



Model approaches and input data Chapter 3

» Surface soil resistance r;, s/m that is, the resistance to transport from the surface soil
interface to the soil reference level (z).

Hence, the formula for atmosphere/soil flux is:

9 _ 09
Fs = Ca-Ci (3.50)
ra+rb+rs

where r;is given by formula (3.35), and:

_C(z) 2D | Az,

cd , 3.51
* R, (2Dg/Az+d,/Ry) (351
1
s = ) (3.52)
R,(2Dg 1Az, +J,, I Ry)
2/3
2 (Sc
r,=—/|—1| |, 3.53
P k. (Pr] (3.53)

where Pr=0.71 is the Prandtl number;

Sc =n/D, is the Schmidt number;

n=1510" is the kinematic viscosity of air, m2/s;

D, is the molecular diffusion coefficient of a pollutant in air, mz/s;

De is the effective molecular gas-liquid diffusion coefficient, m2/s;

Jw is the convective water flux equal to mean annual precipitation intensity, m/c;

Ry, Ry are the soil partitioning coefficients, dimensionless;

u- is the friction velocity, m/s.
Degradation
The degradation process in soil is described as a first-order process by the equation:

dC

ot = —Ks0ilC, (3.54)

where C s the pollutant concentration in soil, ng/ms;

ksoii is the degradation rate constant for soil, st

The degradation rate constant ks, is a part of model parameterization for a given pollutant. It is
assumed, as a first approximation, that doubling of the degradation rate constant occurs with each
10K temperature increase. This temperature dependence was adapted from [Lammel et al., 2001].

3.3.4. Vegetation

Three types of vegetation are distinguished in the model: coniferous forest, deciduous forest, and
grass. Coefficients governing exchange processes between the atmosphere and vegetation are
determined separately for each of the above vegetation types. Furthermore, we consider forest litter
as an intermediate medium between vegetation and soil. In essence this medium can be viewed as
an upper soil layer. The description of these media is placed in this section.

73



Model approaches and input data Chapter 3

Gaseous exchange with the atmosphere
The equation describing atmosphere/vegetation exchange has the following form:

dac, 1
—r= CI-C,/Ky,), 3.55
it R, (2 =Cv/Ku) (3.55)

where  CY is the air concentration of a pollutant;
Cy is the concentration in vegetation of a given type;
Kva is the bioconcentration factor (BCF);
Rt is the total resistance to the gaseous exchange given by the formula:

Ri =R, +ay, Ik, (3.56)

where R; is the aerodynamic resistance of the turbulent atmospheric layer (see formula 3.27 above);
k  is the mass transfer coefficient, m/s;

ay is the specific surface area of vegetation, m%/m?® (assumed value is 8000,
see [Duyzer and van Oss, 1997]).

The total amount of pollutant in vegetation of a given type in a certain grid cell is then expressed by
the equation:

Q=Cc,>—/, (3.57)

where S s the area covered by vegetation of a given type within a grid cell;

LAl is the particular leaf area index for the considered type of vegetation.

Parameterization of BCF. The bioconcentration factor is determined by the following equation
[McLachlan and Horstmann, 1998]:

Ky, = mK2,, (3.58)

where  Koa is the partitioning coefficient between octanol and air;

m, n are the regression coefficients presented in Table 3.1.

Table 3.1. Regression parameters for Equation (3.58)

Grass Forest, [McLachlan and Horstmann, 1998],
[Thomas et al., 1998] Coniferous Deciduous
m 22.91 38 14
n 0.445 0.69 0.76

While calculating BCF using Eq. (3.58) the temperature dependence of Kox should be taken into
account. In the model it is assumed that:

1 1
Koa = KSaexplax| ——— ||, 3.59
OA OA P{ K[T Toﬂ ( )
where as earlier To = 283.15 K is the reference temperature;
K3, s the Koa value at the reference temperature;

ak is the coefficient of Koa temperature dependence, K.
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Parameterization of the mass transfer coefficient k. According to [Pekar et al., 1999], the mass
transfer coefficient is directly proportional to the value of Kos. Hence, for the evaluation of the
temperature dependence of k the following formula can be used:

K = kq exp{aK [; - ;H , (3.60)
0

where kp is the k value at the reference temperature, based on the data given in [McLachlan and Horstmann,
1998] for forests and in [Pekar et al., 1999] for grass.

The values of K2, and ax are pollutant-dependent and their values are given in Chapter 2.

Defoliation and transport to soil from forest litter

A description of the defoliation process is also included in the model. It is assumed that part of the
pollutant transported from vegetation to the forest litter is proportional to the decrease of leaf area
index. For coniferous trees defoliation was described as a first-order process with a life-time Ty, = 2
years. In view of the permanent character of seasonal LAl variation in the tropical zone, for all types of
vegetation in that zone defoliation was described as a first-order process with a life-time T;, = 0.5
years. Mentioned life-times are preliminary and may be refined in the future.

The transmission of a pollutant from fallen leaves to the underlying soil was described as a first order
process with the life-time depending on the latitude. On the base of the Technical Note 1/2002
[Vassilyeva and Shatalov, 2002], the life-time for the polar calculation cells was selected as Ty, = 20
years, for the equatorial the life-time was assumed as Ty, = 0.1 year. Between polar and equatorial
zones, life-time is calculated using linear dependence in logarithmic scale. We admit that this is rather
crude spatial parameterization, which may be improved in the future.

Degradation

There is very little data on degradation rates of considered chemicals in vegetation. For this reason,
the degradation process in vegetation is not considered at present. A more detailed discussion of this
question with rough estimation of degradation rates in vegetation for some POPs can be found in
[Pekar et al., 1999]. On the basis of preliminary investigations, the degradation process in forest litter
was introduced to the model as a first-order process with a degradation constant rate two times higher
than of that in soil.

3.3.5. Seawater

This section contains a general description of the processes included in the seawater module of the
current version of the hemispheric MSCE-POP model.

The calculation domain is divided into 15 vertical layers with depths of 12.5, 37.5, 65, 105, 165, 250,
375, 550, 775, 1050, 1400, 1900, 2600, 3500, 4600 metres. Horizontal resolution is 1.25°x1.25°, that
is, two times less than the atmospheric one. More detailed spatial resolution for the ocean module
allows for consideration of dynamical processes in the ocean on appreciably smaller scales than in
the atmosphere. For example, this spatial resolution produces a reasonable description of sea
currents nearby the coastal line.
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Basic equation

The equation for the dynamics of total concentration, including a description of advection, turbulent
diffusion, degradation and sedimentation can be written as follows:

Dc 0 oc oc
D = Kutue+ (K ) veq T kg, (3.61)

where ¢, ¢, are POP total and particulate phase concentrations;

% is the total derivative in time;

AH is the Laplace operator in horizontal variables;
Kv(z) and Ky are the coefficients of vertical and horizontal diffusion;

vsed IS the sedimentation rate constant, which is estimated by the Stokes formula:

2

9(pp — Pu)d
Vsed = P 12'uw £ (3.62)
where g is gravitational acceleration, m/sz;
Po is mean density of particles, kg/m;

pw  is water density, kg/m?;
dp is the diameter of seawater particles, m;

7 is dynamic viscosity of seawater, kg/m/s.

Fields of sea current velocities, and the depth of the upper mixed layer, used to calculate vertical
turbulent diffusion, are taken from the ocean dynamic model.

POP partitioning between different phases

POP redistribution between the dissolved phase, and the phase associated with particles, essentially
affects the dynamics of POP concentration fields in the marine environment. Under the condition of
instantaneous phase equilibrium establishment it is possible to consider that the relationship is always
fulfilled:

=Kk (3.63)

where ¢ s the concentration of POP sorbed on particles;
¢? is the concentration of POP dissolved in water;

kP s the partition coefficient between the particle and dissolved phase.

In its turn k° may be estimated by the expression:

kP = kpK,Cppt (3.64)
where k;,’ is the fraction of organic matter in a particle;

Ko is the equilibrium constant for sorption/desorption processes (proportional to the octanol-water
coefficient Kow);

Cort is particle concentration.
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Air/seawater mass exchange

For POP flux through the sea surface the following expression is used

FZ‘Z:O =aq(cd /1K'y (T)- cd)(- as)Dy, 16 +arKyr hf)+ Fgw + Fpa + Fpw (3.65)
where:
6 =6,exp(-0.15-U,),
a,=1.75-0.75exp(-0.18-U,),
a, =1-exp(-0.01-U,).
ca’ is the POP gas-phase concentration in the lower layer of the atmosphere;
¢ is the dissolved POP concentration in upper layer of the sea;
K’u(T) is the dimensionless Henry’s law constant depending on temperature;
Dw is the molecular diffusion coefficient in water;
o)) is the surface molecular layer depth at zero wind speed;
U, is the wind speed absolute value near the surface;
hf is the foam settling rate at the sea surface;
Fow is the POP gas-phase flux with precipitation;
Fpd is the flux of POP associated with particles in the atmosphere as a result of particle dry deposition;
Fow is the flux of POP associated with particles in the atmosphere as a result of particle washout with
precipitation;
ar is the coefficient introduced for the description of surface sea area increase due to wave disturbance;
o describes the relative sea surface area covered with foam at strong wind.

A more detailed description of these processes is given in [Strukov et al., 2000].

Further development of the hemispheric model is associated with the refinement of the partitioning of
a pollutant between the dissolved and particle phase, as well as sedimentation process. These
processes strongly influence the fate of pollutants in the marine environment, and affect air
concentrations over sea through gaseous exchange fluxes.

POP transport with ice cover

While POP transport modeling takes place within the scale of the globe it is necessary to consider the
effect of ice coverage over the vast areas of the polar region. Sea ice plays the role of a screen
between the seawater and the atmosphere. At the same time POP may be accumulated in ice itself
and in the snow on it. The process of POP exchange with the atmosphere takes place on the upper
snow-ice surface. When snow and ice are melting on the upper surface, or ice is melting on the lower
or lateral surfaces, POP passes to the water environment. In the case of ice accretion on the lower or
lateral ice surfaces, POP can penetrate into the ice medium. Furthermore, POP trapped by the sea
ice and snow may be transported with ice drift. The scheme of basic processes in the
atmosphere/snow/ice/seawater system is presented in Figure 3.9.
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Figure 3.9 The scheme of POP fluxes in the system atmosphere-snow/ice-seawater

Fsa — flux between the atmosphere and the snow pack (snow on the ice surface), Fso - flux from the upper
surface of the snow pack into seawater (snow on the ice surface), Fia — flux from the atmosphere onto the upper

ice surface (no snow), Fio — flux into the seawater from the upper ice surface (no snow), F2 - flux between the
seawater and the ice medium (particle phase only). Fluxes downward are considered to be positive.

POP flux between the atmosphere and seawater without sea ice may be represented as:

Fro=F,|, , =F§ +Fd+Fp+F7, (3.66)

where FJ is POP gas phase flux between the seawater and the atmosphere;
F? is the gas phase flux from the atmosphere to the seawater with precipitation;
Ff is the atmospheric dry deposition flux of POP with particles to the seawater;

FF is the flux of POP with particles depositing with precipitation.

To take into account the screening effect of sea ice, F5, should be substituted for the expression:
Fao =Fio(1-A), (3.67)
where A is ice compactness in dimensionless units (A = S;/ S, S;— ice square on sea square S).

POP molecules in the snow-ice environment may be found in different physical states: in the gaseous
phase, in snow-ice pores, sorbed on surface ice crystals (the surface phase), incorporated into
organic particles contained in the snow-ice medium (the particle phase), dissolved in water, if any, in
the snow or ice medium. As a first approximation the following simplifications are made:

» equilibrium between POP different phases is instantly established;

» snow and ice are not saturated by water, i.e. the POP aqueous phase is absent in the ice
coverage;

» POP entering the ice surfaces with the help of active vertical mixing mechanisms (hummocking
and others) are distributed in the ice medium.

In accordance with these assumptions the total concentration of the gaseous and surface phase
(kg/ms) in snow pack is denoted as cg,; the total concentration of the gaseous and surface phase in

the ice medium (kg/m3) — as cj; concentration of the particle phase in the snow (kg/m3) —as ¢k ;and

the concentration of the particle phase in the ice thickness (kg/m°) — as ¢l . The thickness of the snow

cover on the ice and the ice thickness are denoted by hg, and h;, respectively. The values of hg, hy,
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may depend on the horizontal co-ordinates 4, ¢ and time t concentration. Values cs,, Cir, ¢f,, ¢ may
also depend on the vertical co-ordinate z. In view of the essentially smaller vertical scale, in
comparison with the horizontal, vertically averaged values of concentrations cs,, Cin, ¢k, ¢£ will be

considered. The area specific mass of different POP phases for the snow and ice, in accordance with
ice compactness, may be represented by the expression:

mg, = ACsnhsn ’ mgn = Acgnhsn ) mlI(J: = Aciﬁéhic’ m;s = Acishfc (3.68)

The balance equation of the considered POP fluxes for snow and ice medium and for the ice surface
may be written as:

» for the sum of gaseous and surface phases of the snow pack:

amg,

' g
5 (Fa+FJ +Fso)A-Fsy, (3.69)

g
where  Fg is the atmospheric dry deposition flux of gaseous POP between the atmosphere and snow;

FJ is the atmospheric wet deposition flux of gaseous POP from the atmosphere (previously
defined);
Fso is the flux of the gaseous and surface phases of POP from the upper snow surface into

seawater;
Fsq is the degradation rate of gaseous and surface phases in snow.

» for the particle phase in the snow pack:

P
Sen — (Ff + Fi + FE)JA-FE,, (370
where FP,FP  are the atmospheric dry and wet deposition fluxes of POP with particles (previously
defined);
F& is the flux of the particle phase of POP from the upper snow surface into seawater;
F&, is the degradation rate of the particle phase in snow.

» for the sum of the gaseous and surface phase in the ice:

amg

p =(F) +Fo)A-Fq, (3.71)

where Fjo is the flux of the surface phase of POP from the upper ice surface into seawater;
Fis is the degradation rate of the surface phase in ice.

The gaseous phase in the ice medium is neglected due to the small volume of the pores in the
ice.

» for the particle phase in the ice medium:

amp
at

=(Ff +Fy +F3)A-Fg. (3.72)

where  F§ is the flux of the particle phase of POP between bottom and lateral ice surfaces and seawater;

FE is the degradation rate of the particle phase in ice.
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In these balance equations the total derivative for the two-dimensional problem is taken into
consideration. Horizontal POP mass transport is realized with the ice drift along velocity fields (uj,
vie), where u;. — meridian, v;. — zonal components of ice velocities.

The undefined mass fluxes in the right sides of Eq. (3.69) — (3.72) are represented by the
following relationships.

The flux of the gaseous phase between the atmospheric and snow pack.

g _
Fo = (Ca ~Caur) (3.73)

r+ sy

Here ¢ is the gas phase concentration in the atmosphere;

r is resistance to the atmospheric flux;
h

Fourf = — 42— Couf =Cgsn =Cen/RE;
surf 2¢:n/3Dg surf gsn sn/ sn
Dy is the POP molecular diffusion coefficient in gas;
¢ =Lw " Psn s snow porosity:
Pw
Pw, Psn are water and snow density respectively,

The expression for F,¢ may be derived from the model of POP exchange between soil and the
atmosphere [Pekar et al., 1998] under the condition that the water phase is absent. The
coefficient RZ in the relationship for cg,r is expressed through snow porosity, snow density,

specific surface area of crystals ss, and the coefficient of equilibrium between the gas and surface
phase K, [Koziol and Pudykiewicz, 2001].

Rgn = ¢ + psnssnKia (374)

The values Kj, are connected with the POP solubility Cy, and Henry’s law constant:

log(K;,) = 0.769 -log(Cy, ) — 5.966 —log(K'y; (Ts,)) » (3.75)
where Ts, is snow temperature.

» For the sum of gaseous and surface phase fluxes from snow surface into the seawater (snow on
the ice surface), presuming that in the majority of cases melting water leaks into the seawater
through cracks and ice-holes on the ice cover (because of ice compactness A almost everywhere
is less than 1):

Fso = —dhg,c,, at hg, >0, (3.76)
where dhg, is snow cover melting rate.

> For the particle phase flux between the seawater and snow with the same assumptions

FE =—-dhg,ch, at  he>0 (3.77)

» For the surface phase flux into seawater from the upper ice surface.
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Fo =—-dhsc,, at his>0, (3.78)
where dhjs is the ice melting rate on the upper ice surface.

» For the particle flux into seawater from the upper ice surface.

Ff =-dh,cl at hs>0, (3.79)

Is¥ic

For the particle phase between the ice medium and seawater on the bottom / lateral surfaces of ice:

F§ =—dh;,ct at dhip >0  (melting) (3.80)
F§ =—dh,ch at dh, <0, (accretion)

where dhj is the ice melting rate on the lower ice surface;

¢l is concentration of the particle phase in the water surface layer.

It is considered that at ice bottom/lateral surfaces accretion POP gas and surface phase do not enter
the new ice (“freezing” effect). POPs on particles in water enter the forming ice with the particles. The
availability of organic particles trapped by sea ice with POP adsorbed molecules is confirmed by
numerous observations [Pfirman et al., 1995].

POP degradation rates are represented by appropriate linear dependence on POP concentration:

Fsa = KsndMsn,  FL, =kb ,mb ., Fia= KicaMic, Ff =kl mp, (3.81)

where  Ksng, kP

(o Kicd, khﬁd are the degradation rate constants of a substance.

Initial data for modeling, namely, fields of ice compactness, the snow cover and ice thicknesses, their
melting rates, and surface temperatures are described in Section 3.9. They are calculated on the
basis of the ice dynamic model, which is described in Annex E.

3.4. Meteorological data

The System of Diagnosis of the Lower Atmosphere (SDA) developed by Hydrometeorological Centre
of Russia [Frolov et al., 1994; Rubinstein et al., 1997,1998; Frolov et al., 1997 a,b,c] provides a set of
meteorological data for the hemispheric multi-compartment models. The list of these parameters is
presented in Table 3.2. The horizontal resolution of information produced by SDA system is 2.5°x2.5°.
Along the vertical o-coordinates are used with 9 layers up to the level of 0.26 hPa.
The SDA system consists of the following main units:

» unit of initial data including the control and correction of errors,

» unit of boundary conditions,

» hydrodynamic prognostic model,

» post-processing unit.
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Table 3.2. Meteorological parameters supplied by the SDA system for the Northern Hemisphere with resolution

of 2.5°%2.5°
Parameter Notation Type
Wind velocity Va, Vo bulk
Air temperature Ta bulk
Surface pressure Ps surface
Precipitation rate I, bulk
Water vapour mixing ratio qw bulk
Large-scale cloudiness CL bulk
Convective cloudiness Cc bulk
Surface temperature Ts surface
Vertical eddy diffusion coefficient K, bulk
Roughness of the underlying surface Zy surface
Friction velocity u- surface
Monin-Obukhov length Lmo surface
Soil humidity Ms surface
Snow cover height hs surface

3.5. Land cover data

Land. c-:over mforrrTe?tlon is used for correct Table 3.3. USGS Land Use/Land Cover
description of deposition and exchange processes System Legend
between atmosphere and different types of

No | Description

underlying surface. For this purpose we use 24- ;
Urban and Built-Up Land

category USGS Land Use/Land Cover dataset Dryland Cropland and Pasture

1

2
obtained from NCAR Mesoscale Modeling System 3 | Irrigated Cropland and Pasture
(MM5) [Guo and Chen, 1994]. This selection is 4 | Mixed Dryland/irrigated Cropland and
conditioned by the availability of more detailed Pasture

information on underlying surface types with high Cropland/Grassland Mosaic

Grassland
characterized by several types of surface Shrubland

5

. . , , . g 6 | Cropland/Woodland Mosaic
spatial resolution (10'x10’). Each grid cell is 7
8
9

proportional their area. Table 3.3 contains the Mixed Shrubland/Grassland

description of USGS Land Use/Land Cover System 10 | Savanna

11 | Deciduous Broadleaf Forest

Legend. :
12 | Deciduous Needleleaf Forest
. . . . , 13 | Evergreen Broadleaf Forest
Since the formulation of the models described in this 14 | Evergreen Needleleaf Forest
report does not require detailed specification of data 15 | Mixed Forest
on the underlying surface, the original 24-categories 16 | Water Bodies
of land cover were reduced to six general categories 17 | Herbaceous Wetland
(deciduous forests, coniferous forests, grassland, 18 | Wooded Wetland
b d built land. b land d glaci 19 | Barren or Sparsely Vegetated
urban an_ uilt-up gn . are land and g amgrs, 20 | Herbaceous Tundra
water bodies) and redistributed over the model grid. 21 | Wooded Tundra
22 | Mixed Tundra
As an example we present here the spatial 23 | Bare Ground Tundra
distribution of two land cover categories from 24 | Snow or Ice

reduced set: deciduous forests and grassland within
the Northern Hemisphere (Fig. 3.10).
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Figure 3.10. Fraction of the area covered by deciduous forests (a) and grassland (b) in the Northern Hemisphere

3.6. Leaf Area Index (LAI)

Leaf Area Index (LAIl) data set is used for the description of POP gaseous exchange between the
atmosphere and vegetation. The Leaf Area Index for a given grid cell implies the ratio between the
area of leaves in this cell to its total area (m2/m2). The geographically resolved leaf area index data
with monthly resolution was adopted from CD-ROM of NASA Goddard Space Flight Center [Sellers et
al., 1994, 1995] and translated from 1°x1° to 2.5°x2.5° model grid. Consistency of these data in
relation to the land cover information was investigated by correlation analysis.

3.7. Chemical reactants data

As it was mentioned in Section 3.2 mercury species take part in chemical reactions of oxidation and
reduction both in the gaseous and aqueous phase. To describe chemical transformations one should
know spatial and temporal distribution of the reactant concentrations (such as ozone, sulfur dioxide
and hydroperoxy radical) in the atmosphere.

Global monthly mean data on ozone, SO, concentration in the atmosphere were kindly provided by
Dr. Malcolm Ko [Wang et al., 1998; Chin M. et al., 1996]. For hydroperoxy radical (HO,) we used
monthly mean data from Dr. Clarissa Spivakovsky [Spivakovsky et al., 2000]. The original data were
interpolated to the model grid for the Northern Hemisphere. Air concentrations of HO, were decreased
by a factor of 10 in the cloud environment to account for its reduced photochemical activity and
heterogeneous chemistry within clouds [Seigneur et al., 2001]. Besides, HO, concentrations were
assumed to be zero at night. The resulted data are briefly described below.

Spatial distribution of ozone concentration in the lowest model layer is demonstrated in Figure 3.11.
As seen from the figure elevated values of ozone concentration occur in the middle latitudes around
the Northern Hemisphere. The highest ozone concentrations correspond to elevated regions of the
Earth surface (within the model grid resolution): the Himalayas, the Rocky Mountains, and Greenland
etc. Figure 3.12 shows vertical profiles of ozone concentration in the atmosphere. Each line of the plot
demonstrates mean annual ozone concentration averaged along a latitude as a function of altitude
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above the sea level. Blue, green, and red lines correspond to the North Pole, 45 °N, and the Equator
respectively. According to the figure, ozone concentration increases with altitude in all cases. Besides,
the increment is greater for high latitudes than for low ones. Thus, one can expect more intensive
mercury oxidation by ozone at the upper troposphere.

Figure 3.13 shows spatial distribution of sulfur dioxide concentration in the surface air of the Northern
Hemisphere. The highest concentrations of SO, correspond to the most industrially loaded regions
such as Europe, the eastern part of North America, Far East and etc. As it is shown in Figure 3.14
SO, concentration decreases with altitude practically at all latitudes (except slight growth at high
altitudes over the equator). The elevated value of SO, concentration in the ground air of the middle
latitudes (green line) reflects location of main sulfur sources.

Spatial distribution of hydroperoxy radical HO, in the surface air of the Northern Hemisphere is shown
in Figure 3.15. As seen from the figure there is well pronounced gradient of HO, concentrations from
high latitudes to low ones. Besides, concentrations are more significant over land than over the
ocean. Vertical distribution of HO, concentration (Fig. 3.16) has maximum at approximately 4-5 km
altitude for all latitudes. Since dissolved in cloud water HO, takes part in aqueous-phase reactions of
mercury reduction, one can expect more intensive reduction processes in low latitudes over land.

The model chemistry considers both gaseous- and aqueous-phase oxidation of elemental mercury by
chlorine (Ck). Currently, the direct production of Cl, is very poorly characterized. As it is mentioned in
[Keen et al., 1999] sea-salt aerosol is the major source of reactive Cl gases (particularly Cl,) in the
global troposphere. Average CI content as sea-salt near the sea surface is estimated to be in the
range 50-250 nmol Cr m™. Besides, according to the results of general circulation modeling [Erickson
et al., 1999] average annual sea-salt CI' concentration varies in the Northern Hemisphere from about
150 nmol CI m™ near the equator up to 500 nmol Cr m™ in the Northern Atlantic. Following C.
Seigneur et al. [2001] we adopt air concentration of molecular chlorine in the lowest model layer over
the ocean to be 100 ppt at nighttime and 10 ppt during the day and zero concentration over land.
Besides, for the aqueous-phase chemistry cloud water was characterized by pH equal to 3.5 and

water content of chloride ion [C/”] as much as 7-10"° mole/L [Acker et al., 1998)].

To estimate the sensitivity of modeling results to chlorine concentration two additional model runs
were performed with Cl, concentration value an order of magnitude lower (10 pptv) and higher (1
ppbv). The results show that, though, 10 times decrease of the Cl, concentration leads up to 80%
decrease of oxidized gaseous mercury Hg2+ over the oceans, changes of total gaseous mercury
(TGM) do not exceed 5% and the decrease of annual mercury deposition flux achieves the value of
25% only in the northern parts of the Atlantic and the Pacific. As to the regions of concern, changes of
mean annual TGM and deposition flux are considerably lower in this area. Increase of Cl,
concentration by an order of magnitude result in more significant changes: oxidized gaseous mercury
ng+ increases several times in some marine regions, whereas mean annual TGM decreases by
about 20% (mostly in the North Atlantic and the Pacific again). Annual deposition flux increases up to
twice in these regions. However, changes of both mean annual TGM and deposition flux in the High
Arctic and regions of the Russian North do not exceed 10%.

The model chemical scheme sensitivity to the value of chloride ion content in cloud water was
investigated in [Ryaboshapko et al., 2001]. It was shown that the chemical scheme is sensitive only to
very low values of chloride ion content (about 1-10° mole/L). Additional calculation run with the
chloride ion content 1-10°® mole/L showed that maximum changes of TGM concentration of about 5%
are over industrial regions. Appropriate changes of total annual Hg deposition reaches 40% in those
regions but do not exceed 15% in the Arctic.
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Figure 3.11. Spatial distribution of ozone concentration Figure 3.12. Vertical profiles of ozone concentration
in the ground air of the Northern Hemisphere averaged along different latitudes of the Northern
Hemisphere
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Figure 3.13. Spatial distribution of SO, concentration Figure 3.14. Vertical profiles of SO, concentration
in the ground air of the Northern Hemisphere averaged along different latitudes of the Northern
Hemisphere
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Figure 3.15. Spatial distribution of HO radical Figure 3.16. Vertical profiles of HO; radical
concentration in the ground air of the Northern concentration averaged along different latitudes of
Hemisphere the Northern Hemisphere
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3.8. Data on sea currents

The combined hemispheric model of the pollutants transport and diffusion, being developed under this
project, consist of two main parts: atmospheric and oceanic. To determine the oceanic fields
necessary for the transport-diffusion calculation (ocean currents, sea water properties), an ocean
general circulation model (OGCM) is being used. The OGCM, which has been developing since early
90s, is based on primitive equations written in spherical coordinates [Resnyansky and Zelenko, 1991;
1992; 1999]. The following text will be put to the report instead of the above phrase: The former
OGCM version had the limitation - the artificial zonal wall at 80N was placed, so that a near-pole area
was excluded from the computational domain. During the second stage of the project implementation
the model computational code was generalized in a special way to enable the inclusion of a near pole
region into the model domain. The generalization involved the special finite differencing for the near-
pole grid points taking into account the singularity of the latitude-longitude coordinate system. The
model grid and bathymetry was constructed basing on data from the electronic version WOA98
oceanographic atlas [NOAA Atlas, 1998] (Fig. 3.17).

0 60E 1208 180 1200 60W 0

[ [
500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500

Figure 3.17.  The 1°x1° bathymetry (in meters) of the World Ocean used as input for the construction of
OGCM computational domain

The surface boundary conditions necessary to compute the evolution of oceanographic fields in
OGCM are expressed in terms of atmospheric forcing: wind stress, heat and fresh water fluxes. This
forcing, varying with time and horizontal space, has been determined from the NCAR/NCEP re-
analysis data [Kalnay et al., 1996].

One more modification of the OGCM involves the incorporation of observed data on sea surface
temperature and ice cover distribution, which permits to improve the quality of the derived ocean
characteristics.

A number of relatively short numerical experiments have been performed in order to tune the OGCM
parameters. Figure 3.18 shows the integral transport stream function obtained after a two-month
model integration in the global domain including the Arctic basin. As it is seen, the modified OGCM
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version quite successfully simulates
basic circulation elements of the Arctic
basin [Holland et al., 1996; Zhang et
al., 1998] - the transpolar water
movement from the Chukot Peninsula
to the Fram Strait, the cyclonic gyre
northward of Severnaya Zemlya, the
anticyclonic circulation in the Bofourt
Sea.

The final configuration of the OGCM
has been formed for a global domain

with a horizontal resolution

1.25°x1.25° and with 15 levels in the

vertical direction. Mean daily three- Figure 3.18. Transport stream function in the Arctic basin.
dimensional fields of ocean currents The water moves in such a way that higher function values
velocity and two-dimensional fields of are at right hand side of the observer moving with water.
the mixed layer depth were calculated Values are in Sverdrups (1 Sv = 10°m/s)

for the further usage in hemispheric
MSCE-POP transport model.

To illustrate obtained results several examples of obtained data on sea currents are given below. The
Atlantic water mass of the Arctic basin, as it follows from the name, comes into the Arctic basin from
the Atlantic Ocean initially as a surface inflow — the extension of Norwegian current, West Spitsbergen
current and then submerges under the Arctic surface water. Several places where the surface flow
submerges to deeper layers are known. One of them indicated on the majority of three-dimensional
circulation schemes is located to the west of Spitsbergen Island. This submerging is reproduced in the
ocean general circulation model used for the contaminants transport simulations. Figure 3.19 presents
the distributions of the meridional current velocity component within two zonal sections across the
Fram strait. It is clearly seen that the northward current detected in the latitude 76.25°N in the surface
layer off the western coast of Spitsbergen Island is transformed into the flow submerging within the
layer from 500 to 2500 m in the latitude 80°N. This pattern of abrupt submerging is typical of other
places of inflow of the Atlantic water under the Arctic surface water.

The Pacific Ocean is another source of water inflow to the Arctic Basin through the Bering Strait. The
mean inflow transport is about 0.8 Sv (1 Sv = 10° m%s.) [Coachman and Aagaard, 1988]. This
average transport is superimposed by seasonal and interannual variations with amplitude of an order
1 Sv and 0.2 Sv respectively. According to [Coachman, 1993] they can reach 3 Sv to the north and 5
Sv to the south.

These features of temporal variability of the water exchange through Bering Strait are fairly well
reproduced (Fig.3.20.a) by the ocean general circulation model. Similar variability occurs in other
passages, through which the Arctic Ocean communicates with neighboring basins, for instance in
Fram strait (Fig.3.20.b).
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Figure 3.19 The distribution of the meridional current velocity component (cm/s) within two zonal cross-sections
through Fram strait along the latitudes 76.25° N (a) and 80°N (b). The velocity is averaged over the last (1997)
year of the tree year ocean general circulation model integration on the 1.25°x1.25° grid within the computation
domain involving the North Pole. Note: The velocity color scale is non-uniform: contour interval is 1 cm/s for
velocities up to 2 cm/s and 2 cm/s for velocities modules over 2 cm/s
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Figure 3.20 Temporal variations of the overall transports through Bering strait (a) and Fram strait (b) over three
years of 1.25°x1.25° grid model integration with daily atmospheric forcing derived from the NCEP/NCAR
reanalysis. The flow transport is measured in Sverdrups (Sv, 1 Sv = 10° m%/s). Positive values correspond to the
northward water transport (from the Pacific to the Arctic Ocean In the Bering Strait and from the Atlantic to the
Arctic Ocean in the Fram Strait). During 1995 the flow transport values are derived in each 5 days, during 1996-
97- in a day. The bold line shows 45 days running mean
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3.9. Data on sea ice cover

The sea ice in polar regions is a mixture of open water, thin first-year ice, thicker multiyear ice, ice
hummocks, snow at the top surface of ice, etc., i.e. presents non-uniform, non-isotropic medium. In
this version of a simple model the sea ice is represented by three media: uniform ice, snow pack on
the top of ice and open water. The evolution of the sea ice cover is governed by dynamic and
thermodynamic processes. Current sea ice model includes the following processes:

vertical heat fluxes between snow / ice and the atmosphere,

vertical heat fluxes between ice and ocean,

thermodynamic processes in polynyas,

evolution of snow cover on the top of sea ice,

ice cover dynamics in cavitational approximation,

vV V VYV V V V

horizontal advection.

The heat balance equation at the upper ice surface (or snow if any) depends on heat flux due to
evaporation from the surface (latent heat flux), sensible heat flux, downward long-wave radiation flux,
downward short-wave (direct and scattered) solar radiation, surface albedo, and surface temperature.

The formation of new ice at the water surface in polynyas and marginal regions is determined by the
net heat flux directed from the ocean to the atmosphere.

The snow pack dynamics involves precipitation, evaporation, melting and conversion of snow into ice.

The cavitational approximation in dynamics implies the resistance to compression (convergence), but
absence of shear stress and resistance to divergence. In the dynamics equations there are terms of
Coriolis forces, the stress induced by wind and sea currents, gravity forces arising due to sloping sea
surface, and stress gradient due to ice compression.

The advection transport in the model affects all mass and thermodynamic parameters connected with
sea ice.

Mean monthly output fields of the sea ice dynamics model, prepared as input data for sea ice POP
transport model are
» ice thickness,
ice compactness,
ice / snow surface temperature,
snow thickness on the top of ice,
snow melting rate,

ice melting rate at the upper boundary,

YV V ¥V V V V

ice melting rates at the lower and lateral boundaries.

Figure 3.21 demonstrates the simulated distribution of sea ice thickness and compactness for
December and August. A large-scale structure of simulated fields is mainly consistent with
distributions obtained from observations. The basic large-scale structure is well enough reproduced in
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fields of ice thickness in winter and summer — the region of the most powerful perennial ice (Fig. 3.21
c,d).

Considering the obtained results as a whole it should be mentioned that model calculations make it
possible to estimate characteristics of sea ice representing basic large-scale features of its evolution.
In particular these data are applicable to the evaluation of impact on contaminants dispersion of such
processes as ice screening impeding the exchange between the ocean and the atmosphere and
comparatively long accumulation of contaminants in ice and their “rapid” discharge to the ocean
during melting. To obtain more detailed and accurate data on ice cover evolution more
comprehensive approach should be applied.

Figure 3.21. Simulated distribution of ice compactness (a,b) and thickness (c, d) in December and August
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