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1. MODEL DESCRIPTION
The hemispheric models MSCE-Hem-HM and MSCE-Hem-POP has been developed in MSC-East to
meet the tasks of the Convention on Long-Range Transboundary Air Pollution on the assessment of
the atmospheric transport and depositions of heavy metal and persistent organic pollutants in the
Northern Hemisphere, evaluation of the intercontinental transport and support of the regional pollution
modelling with the boundary conditions.

1.1. Model domain
Both MSCE-Hem-HM and MSCE-Hem-POP are three-dimensional models of Eulerian type. The
model computation domain covers the whole Northern Hemisphere with spatial resolution 2.5° both in
zonal and meridional directions. To avoid a singularity at the pole point, peculiar to the spherical
coordinates, the grid has a special circular mesh of radius 1.25° including the North Pole. In the
vertical direction the model domain consists of eight irregular levels of terrain-following sigmapressure (σ-p) coordinate defined as a ratio of local atmospheric pressure to the ground surface
pressure [Jacobson, 1999].

Fig.1.1. Horizontal structure of the regional and
hemispheric model domains. Red line depicts the
EMEP region. Geographical coordinates with 2.5° x
2.5° resolution and the pole grid cell

1.2.

Fig.1.2. Vertical grid structure of the hemispheric
model domain. Eight terrain-following s-levels: 1 - σ
= 0.99; 2 - 0.96; 3 - 0.91; 4 - 0.85; 5 - 0.77; 6 - 0.68;
7 - 0.55; 8 - 0.4

Atmospheric transport

The models description of atmospheric transport is based on the three-dimensional advectiondiffusion equation adapted to the (σ–p) coordinate [see e.g. Jacobson, 1999]:
⎤
ЃЭ
ЃЭ
ЃЭ⎡ g 2 ρ 2 ЃЭ
(qps ) = −∇ H ⋅ (qps VH ) −
(qpsσ& ) +
(qps )⎥ + C + S − R
⎢K
ЃЭ
ЃЭ
σ
ЃЭ
σ ⎣⎢ z ps2 ЃЭ
σ
t
⎥⎦

Here q = c /ρ

is air pollutant mixing ratio;

ci and ρ

are the volume concentration and the local air density;

σ = dσ/dt

is the vertical scalar velocity in the σ–p coordinate;

∇H and VH denote vectors of horizontal divergence operator and horizontal wind velocity respectively;
Kz

is the vertical eddy diffusion coefficient; and g is the gravitational acceleration.
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(1.1)

In Eq. (1.1) we omitted horizontal components of eddy diffusion because of the coarse horizontal grid
resolution. The local air density ρ is coupled with air temperature Ta and surface pressure ps through
the equation of state:
ρ=

where

σ ps
R aT a

,

(1.2)

Ra is the humid air gas constant.

The first two terms on the right hand side of Eq. (1.2) describe horizontal and vertical advection of a
pollutant in the atmosphere. The third term represents vertical eddy diffusion, the fourth considers
species mutual chemical transformations (C), and the last two terms describe bulk pollutant sources
(S) and removal processes (R). Eq. (1.1) is solved by means of the time-splitting technique [Yanenko,
1971; Marchuk, 1975; McRae et al., 1982]. Following this method, Eq. (1.2) is decomposed into
several separate sub-equations describing different physical and chemical processes, which are
solved successively during each time step.

Advection
In spherical coordinates the sub-equation of Eq. (1.1) describing horizontal advection has the
following form:
1
∂
(qps ) = −
∂t
RE cos ϕ

where

⎡ ∂
⎤
∂
(qpsVϕ cos ϕ )⎥
⎢ (qpsVλ ) +
∂
λ
ϕ
∂
⎣
⎦

λ and φ

are the geographical longitude and latitude;

RE

is the Earth radius;

(1.3)

Vλ and Vφ are zonal and meridional components of the wind velocity respectively.

Moreover, the former term in the square brackets describes the zonal advective transport, while the
latter term represents the meridional one.
Eq. (1.3) is numerically solved using Bott flux-form advection scheme [Bott, 1989a; 1989b]. This
scheme is mass conservative, positive-definite, monotone, and is characterized by comparatively low
artificial diffusion [see e.g. Dabdub and Seinfeld, 1994]. In order to reduce the time-splitting error in
strong deformational flows the scheme has been modified according to [Easter, 1993]. The original
Bott scheme has been derived in the Cartesian coordinates. To apply the scheme to the transport in
spherical coordinates it has been modified taking into account peculiarities of the spherical geometry.
Detailed description of the Bott advection scheme in the spherical coordinates is presented in
[Travnikov, 2001].
The vertical advection part of Eq. (1.1) is written as follows:
∂
∂
(qps ) = −
(qpsσ& ) .
∂t
∂σ

(1.4)

This one-dimensional advection equation is solved using the original Bott scheme generalized for a
grid with variable step Δσ.
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Eddy diffusion
Vertical eddy diffusion is described by the following equation:
⎤
∂
ЃЭ⎡ g 2 ρ 2 ЃЭ
(qps ) =
(qps )⎥ .
⎢K z
2
∂t
ЃЭ
σ ⎣⎢
σ
ps ЃЭ
⎥⎦

(1.8)

Vertical eddy diffusion coefficient Kz = Kz(λ,φ,σ) is supplied by the atmospheric boundary layer module
of the meteorological data preparation system. Non-linear diffusion Eq. (1.8) has been approximated
by the second-order implicit numerical scheme in order to avoid restrictions of the time step caused by
possible sharp gradients of species mixing ratio q(σ). The obtained finite-difference equation is solved
by means of the sweep method.

Mass consistency
A very important issue for any air quality model is the mass consistency. It means that off-line fields of
wind and surface pressure supplied by the meteorological pre-processor should satisfy the continuity
equation:
∂ps
∂
+ ∇ H ⋅ ( ps VH ) +
( psσ& ) = 0 .
∂t
∂σ

(1.5)

In the terms of an air quality model it implies that the model maintain a uniform mass mixing ratio field
of an inert tracer [Odman and Russel, 2000]. It can be exactly realized only if the air quality model and
a meteorological model supplying input data have the same discretization, i.e. grid structure, time
step, and finite-difference formulation. However, many transport models (including considered one)
have the discretization different from that used in the weather prediction model (WPM) supplying the
data. Besides, time resolution of the off-line meteorological data (6 hours for the model involved) is
often considerably lower than the model time resolution (10-30 minutes) defined by the numerical
stability of the explicit scheme. It requires temporal interpolation of the meteorological data. All
mentioned above can lead to a considerable mass inconsistency and the uniform tracer field cannot
be maintained. A possible approach to adjust the input meteorological fields to the model discritization
is derivation of vertical wind velocity σ& from the continuity Eq. (1.5) at each time step [Odman and
Russel, 2000].
For the exact mass conservation it is important to apply to solution of Eq. (1.5) the same numerical
scheme used for species advection description. The solution is performed in two steps:
Step 1. Solution of the horizontal constituent of the air continuity equation for ps using Bott advection
scheme:
∂ps
= −∇ H ⋅ (ps VH ) .
∂t

(1.6)

For the initial condition the surface pressure at the beginning of the time step (ps)t is used. As a result
a tree-dimensional distribution of the intermediate pressure (ps)t+Δt/2 = f(x,y,Δ) is obtained.
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Step 2. Solution of the vertical constituent of the air continuity equation for the vertical velocity:
∂ps
ЃЭ
(psσ& ) .
=−
∂t
ЃЭ
σ

(1.7)

The intermediate pressure (ps)t+Δt/2 from the Step 1 is used as the initial condition; and the surface
pressure at the end of the time step (ps)t+Δt = f(x,y) interpolated from the input data is considered as a
final condition. The vertical velocity is derived from Eq. (1.7) analytically by inversion of the Bott
scheme applied for the vertical transport description.
Details of the vertical velocity calculation procedure are presented in Annex A.
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2. HM MODEL
The heavy metal version of the hemispheric
model (MSCE-HM-Hem) describes HM fate in
the atmosphere from its emission till deposition
to the Earth surface including (beside the
atmospheric transport) such processes as the
scavenging of a pollutant with precipitation, dry
uptake by the Earth`s surface as well as
physical and chemical transformations of
mercury. A general scheme of the main
processes governing HM cycling in the
atmosphere is shown in Fig.2.1. More detailed
description of the model parameterization of
these processes is presented in the following
sections.
Fig. 2.1. The model scheme of HM behaviour in the
atmosphere

2.1.

Atmospheric chemistry

Such heavy metals as lead and cadmium and their compounds are characterized by very low
volatility. It is assumed in the model that these metals (as well as some others – nickel, chromium,
zinc etc.) are transported in the atmosphere only in the composition of aerosol particles. It is believed
that their possible chemical transformations do not change properties of their particles-carriers with
regard to removal processes.
On the contrary, mercury transformations in the atmosphere
include transitions between the gaseous, aqueous and solid
phases, chemical reactions in the gaseous and aqueous
environment. Hereafter we shall use the term “aqueous phase”
for all species dissolved in cloud water and those in composition
of solid particles suspended in a droplet. Besides, we shall
distinguish three main mercury forms in the atmospheric air:
gaseous elemental mercury (GEM), total particulate mercury
(TPM) and reactive gaseous mercury (RGM). The last form
mostly consists of divalent mercury compounds in gaseous
phase, the most typical of which is mercury chloride (HgCl2). The
general scheme of mercury transformations in the atmosphere is
illustrated in Fig. 2.2.

Fig. 2.2. Scheme of chemical
transformations of mercury in
the atmosphere

Inter-phase equilibrium
All gaseous mercury compounds are soluble to some extent in cloud- and rainwater. Size of cloud
droplets is small enough to establish the equilibrium between the solution and the gas rather rapidly.
The equilibrium described by Henry’s law has pronounced temperature dependence. The expression
for the Henry’s law constants (in the form of the ratio of a species concentration in liquid to its air
concentration, M·cm3/molec) are given by:
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⎡ ⎛T
⎞⎤
H = AHT exp⎢BH ⎜ 0 − 1⎟⎥ ,
T
⎠⎦
⎣ ⎝
where

(2.1)

T0 = 298.15 K; coefficients AH and BH for gaseous mercury forms and other gases of interest are
presented in Table 2.1.

Table 2.1. Coefficients of Henry’s low constants
Compound
0

AH

BH

Reference

1.76·10

-23

9.08

Andersson et al., 2004

HgCl2

1.75·10

-16

18.75

Ryaboshapko et al., 2001

O3

1.58·10-24

Hg

˙OH

3.41·10

Cl2

7.8

-21

4.48·10

17.72
-16 *

Sander, 1997
Jacobson, 1999
Lin and Pehkonen, 1999

* - no temperature dependence is available

Besides, we expect that half of particulate mercury mass in cloud- and rainwater is represented by
soluble compounds [Brosset and Lord, 1991; Fitzgerald et al., 1991; Lamborg et al., 1995]. On the
other hand, it is assumed that all mercury mass in the aqueous phase is transformed to the particulate
form if the cloud droplet is evaporated.

Gas-phase reactions
One of the most important gas phase reactions is oxidation of elemental mercury by ozone:
Hg(0gas ) + O3( gas ) → Hg (II )( part ) + products

(2.2)

Since, ozone is always in plenty under ordinary atmospheric conditions this second-order reaction is
described by a first-order rate expression with the reaction rate constant depending on the reactant
concentration:
R1 = −

d [Hg(0gas ) ]
dt

k1′ = k1[O3( gas ) ] ,
where

= k1′[Hg(0gas ) ] ,

(2.3)

k1 = A exp( −Ea /(RunivT ))

A = 2.1⋅10-18 cm3/(molec·s) [Hall, 1995];
Ea = 10.36 kJ/mole;
Runiv = 8.31 J/(mole·K);
[O3(gas)] is ozone concentration, molec/cm3.

It is believed that the product of the reaction – mercury oxide is in particulate form due to its poor
volatility [Sommar et al., 2001; Schroeder and Munthe, 1998].
Recently investigated reaction of mercury oxidation by hydroxyl radical in gaseous phase is expected
to be very significant or even prevailing sink of elemental mercury in the troposphere [Sommar et al.,
1999; 2001; Pal and Ariya, 2004]:
Hg(0gas ) + •OH( gas ) → Hg (II )( part ) + products ,

(2.4)
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R2 = −
where

d [Hg(0gas ) ]
dt

= k2′ [Hg(0gas ) ] ,

k 2′ = k 2 [ •OH ( gas ) ] ,

(2.5)

k2 = 8.7⋅10-14 cm3/(molec·s) [Sommar et al., 2001];
[˙OH (gas)] is hydroxyl radical concentration, molec/cm3.

Gas phase oxidation of elemental mercury by chlorine can be noticeable in the ocean boundary layer
during nighttime [Seigneur et al., 1994; Tokos et al., 1998; Ariya et al., 2002]:
Hg(0gas ) + Cl 2( gas ) → Hg (II )( gas ) ,

R3 = −
where

d [Hg(0gas ) ]
dt

= k3′ [Hg(0gas ) ] ,

(2.6)

k3′ = k3 [Cl 2( gas ) ] ,

(2.7)

k3 = 2.6⋅10-18 cm3/(molec·s) [Ariya et al., 2002];
[Cl2(gas)] is chlorine concentration, molec/cm3.

Aqueous-phase reactions
Dissolved elemental mercury is oxidized by ozone producing mercury oxide HgO, which is very short2+
lived in the liquid phase and is rapidly transformed to the mercury ion Hg aq
. Thus, the resulting
reaction can be written as follows:
+
Hg(0aq ) + O3( aq ) → Hg(2aq
) + products ,

(2.8)

with the reaction rate expression:
R4 = −
Here

d [Hg(0aq ) ]
dt

= k 4′ [Hg(0aq ) ] ,

k 4′ = k 4HO 3 [O3( gas ) ] .

(2.9)

k4 = 4.7·107 M-1s-1 [Munthe, 1992];
[O3(gas)] is ozone concentration, molec/cm3;

HO3 is Henry’s constant for ozone.

Another important reaction of mercury oxidation in aqueous phase is reaction with hydroxyl radical:
+
Hg(0aq ) + •OH( aq ) → Hg(2aq
) + products .

(2.10)

Reaction rate expression for this reaction has the following form:
R5 = −
where

d [Hg(0aq ) ]
dt

= k5′ [Hg(0aq ) ] ;

k 5′ = k 5 HOH [ • OH ( gas ) ]

k5 = 2.4·109 M-1s-1 [Gårdfeldt et al., 2001];
[˙OH(gas)] is hydroxyl radical concentration, molec/cm3;

HOH is Henry’s constant for hydroxyl radical.
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(2.11)

Elemental mercury in aqueous phase is also oxidized by dissolved chlorine Cl(I)aq with formation of
2+
:
mercury ion Hg aq

+
Hg(0aq ) + Cl (I )( aq ) → Hg(2aq
) + products ,

R6 = −
where

d [Hg(0aq ) ]
dt

= k 6′ [Hg(0aq ) ] ;

(2.12)

k6′ = k 6HCl 2 [Cl 2( gas ) ] ,

(2.13)

k6 = 2·106 M-1s-1 [Lin and Pehkonen, 1999];
[Cl2(gas)] is chlorine concentration, molec/cm3;

HCl2 is Henry’s constant for chlorine.
2+
Mercury ion Hgaq
reacts in the solution with sulphite ions SO32− resulting in the formation of mercury

sulphite complex Hg (SO3 )22 − [Pleijel and Munte, 1995]:
+
2−
2−
Hg(2aq
) + 2SO3( aq ) → Hg (SO3 )2( dis ) .

(2.14)

The reaction rate is determined by the air concentration of SO2 and the cloud water pH:
R7 = −

+
d [Hg(2aq
)]

dt

+
= k7′ [Hg(2aq
)] ,

k7′ = k7 [SO2( gas ) ]2 ⋅ 10 4 pH ,

(2.15)

where k7 = 1.1·10-21 s-1, and [SO2(gas)] is in ppbv. In all calculations we use fixed value for cloud water pH = 4.5.

The sulphite complex Hg (SO3 )22(−dis ) is dissociated to mercury sulphite HgSO3, which is unstable, and is
0
readily reduced to Hg (aq
) . Thus, the reduction process can be described as:

Hg (SO3 )22(−dis ) → Hg(0aq ) + products

(2.16)

with the reaction rate expression:
R8 = −

d [Hg (SO3 )22(−dis ) ]
dt

= k8 [Hg (SO3 )22(−dis ) ] ,

(2.17)

where k8 = 4.4·10-4 s-1.

This process increases the amount of dissolved elemental mercury in a droplet hampering further
dissolution of gaseous mercury. Hence, the scheme implies negative feedback controlling elemental
mercury uptake from the air.
2+
Mercury ion Hg (aq
) also takes part in a number of reactions leading to the formation of various chloride

complexes HgnClm (R9). These reversible reactions in the first approximation can be replaced by
equilibrium concentrations of free mercury ions and mercury in the aggregate of chloride complexes
([HgCl+], [HgCl2], [HgCl3-], [HgCl42-]). The equilibrium ratio of the appropriate mercury concentrations
depends upon water content of chloride ion [Cl − ] and is defined as follows [Lurie, 1971]:

r1 =

[HgnCl m( dis ) ]
+
[Hg(2aq
)]

=

[Cl(−aq ) ]
1.82 ⋅ 10

−7

+

[Cl(−aq ) ]2
6.03 ⋅ 10

−14

+

[Cl(−aq ) ]3
8.51⋅ 10

10

−15

+

[Cl(−aq ) ]4
8.51⋅ 10 −16

.

(2.18)

The chloride ion concentration in cloud water is taken as 7·10-5 M [Acker et al., 1998]. Sulphite and
chloride complexes in the aqueous phase can be adsorbed and desorbed by soot particles (R10, R11).
Comparatively fast equilibrium of these two reverse processes can also be described by means of
“dissolved-to-adsorbed ratio”. Based on the appropriate reaction rates it could be taken equal to 0.2 in
both cases [Petersen et al., 1998]:
r2 =

[Hg (SO3 )22(−dis ) ]
[Hg (SO3 )22(−soot ) ]

=

[Hg nCl m( dis ) ]
[Hg nCl m( soot ) ]

≈ 0.2 .

(2.19)

Summary of all chemical transformations of mercury included into the model is presented in Table 2.2.

Table 2.2. Summary of mercury transformations included into the model
Reactions and equilibriums

Hg(0gas )

+ O3( gas ) → Hg (II )( part ) + products

Hg (0gas ) + •OH( gas )

Hg(0gas )

→ Hg (II )( part ) + products

+ Cl 2( gas ) → Hg (II )( gas )

+
Hg(0aq ) + O3(aq ) → Hg(2aq
) + products

Hg (0aq ) + •OH(aq )

→

+
Hg (2aq
)

+ products

+
Hg(0aq ) + Cl (I )(aq ) → Hg(2aq
) + products
+
Hg(2aq
)

+

2SO32(−aq )

Hg (SO3 ) 22(−aq )

→

→

Hg (SO3 ) 22(−aq )

Hg (0aq )

+ products

k or H
-18

2.1⋅10 exp(-1247/T)
8.7⋅10

2.6⋅10

-14

Reference

cm /(molec·s)

Hall, 1995

3

Sommar et al., 2001

3

Ariya et al., 2002

cm /(molec·s)

-18

cm /(molec·s)

7

M s

4.7·10

9

2.4·10
2·10

Units
3

-1 -1

Munthe, 1992

-1 -1

Gårdfeldt et al., 2001

-1 -1

Lin and Pehkonen, 1999

M s

6

M s
-21

2

4pH *

s

-1

-4

s

-1

**

1

Lurie, 1971

1.1·10 [SO2(gas)] ·10
4.4·10

Petersen et al., 1998
Petersen et al., 1998

+
Hg nCl m (dis ) ↔ Hg(2aq
)

f([Cl ])

Hg nCl m (dis ) ↔ Hg nCl m (soot )

0.2

1

Petersen et al., 1998

Hg (SO3 ) 22 − (dis )

0.2

1

Petersen et al., 1998

↔

Hg (SO3 ) 22 − (soot )

Hg(0gas ) ↔ Hg(0aq )

-

-23

1.76·10 Texp(9.08(T0/T-1))

HgCl 2( gas ) ↔ HgCl 2(aq )

1.75·10 Texp(18.75(T0/T-1))

O3( gas ) ↔ O3(aq )

1.58·10 Texp(7.8(T0/T-1))

•

•

OH( gas ) ↔ OH(aq )

Cl 2( gas ) ↔ Cl (I )(aq )
*

- [SO2(gas)] is in ppbv

**

- see Eq. (2.18)

3

Andersson et al., 2004

3

Ryaboshapko et al., 2001

3

Sander, 1997

3

Jacobson, 1999

3

Lin and Pehkonen, 1999

M·cm /molec

-16

M·cm /molec

-24

M·cm /molec

-21

3.41·10 Texp(17.72(T0/T-1))
-16

M·cm /molec

M·cm /molec

4.48·10

As it was mentioned above one can distinguish three groups of mercury compounds being in
equilibrium. The first group (A) contains elemental mercury in the gaseous and dissolved phase; the
second one (B) consists of the mercury sulphite complex both dissolved and on soot particles; and the
third group (C) includes free mercury ions, mercury chloride complexes dissolved and adsorbed by
soot particles and gaseous mercury chloride:
0
0
A = Hg(gas
) + Hg (aq ) ,

B = Hg (SO3 )22(−dis ) + Hg (SO3 )22(−soot ) ,

(2.20)

2+
C = Hg (aq
) + Hg nCl m ( dis ) + Hg nCl m ( soot ) + HgCl 2( gas ) .
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According to this simplified scheme and introduced notations mercury transformations in the liquid
phase are described by the following system of the first-order differential equations:
⎧ d [ A]
⎪ dt = −α (k 4′ + k5′ + k6′ )[ A] + βk8 [B ],
⎪
⎪ d [B ]
= − βk8 [B ] + γk7′ [C ],
⎨
⎪ dt
⎪ d [C ]
⎪ dt = −γk7′ [C ] + α (k 4′ + k5′ + k 6′ )[ A].
⎩

(2.21)

Here α = HHgCw / (ρw + HHgCw) is the fraction of mercury in the A group corresponding to the dissolved
form; ρw is water density; Cw is cloud liquid water content defined as mass of cloud water per unit
volume. Parameter β = r2 / (1 + r2) denotes mercury fraction of the B group in the dissolved phase.
Value γ = r2r3 / (r1r3 + r2r3 + r1r2) is the fraction of mercury in the C group corresponding to the mercury
2+
ion Hgaq
. Parameter r3 = HHgCl2Cw / (ρw + HHgCl2Cw) is the fraction of mercury chloride HgCl2 in cloud

water. The analytical solution of the equations system with appropriate initial conditions defines
mercury evolution in the aqueous phase during one time step.

Mercury depletion events (MDE)
Rapid transformation of elemental mercury to divalent forms with subsequent intensive deposition has
been observed in the Arctic during springtime [Schroeder et al., 1998; Berg et al., 2001; Lu et al.,
2001; Lindberg et al., 2002; Ebinghaus et al., 2002]. This phenomenon, which named as Mercury
Depletion Events (MDE), could be crucial for the Arctic contamination with mercury and adverse
impacts on its vulnerable ecosystems. The kinetic mechanism of the phenomenon associated with
halogen-related chemistry is not clear understood yet as well as very few measurement data on the
reactions kinetics are available. A simplified parameterization of the MDE phenomenon have been
developed to assess the overall effect of the phenomenon on mercury depositions in the Arctic. The
main assumptions of the parameterization are presented below:
1.

We assume that MDE can occur only over open seawater areas, which were previously covered
with ice during winter period. We exclude a possibility of penetration of halogen precursors
through ice cover. Hence, we think that MDE can take place over coastal zones of the Arctic
Ocean. Only those grid cells are taken into account, which cover both land and see.

2. We suppose that the water surface was previously covered with ice if air temperature in a given
point was permanently lower than -3°C during wintertime (assumed seawater freezing point).
Then in springtime the temperature became higher than 0°C, and ice melting started. Besides,
during springtime ice-drift becomes more intensive and areas of open water appear. Conditionally
we “switch on” the MDE module if air temperature during previous 24 hours was higher that 0°C.
We understand the conventional character of such a “trigger” because open water can appear in
reality at low negative temperatures.
3. We assume that total duration of MDE during springtime in any point does not exceed 4 weeks
and MDE takes place every day (instantly at noon) during this period. The MDE module can be
“switched on” only within the period from April to June.
4. We believe that during the MDE concentration of elemental mercury near the surface layer drops
down from its usual level to 0.1 ng/m3. Oxidation of Hg0 leads to the formation of RGM (50%) and
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Hgpart (50%). The oxidized products are partly scavenged from the atmosphere within a given
modelling grid cell, partly transported outside it and scavenged later.
5. We accept that the MDE covers the lowest 1kilometer height layer of the atmosphere.
Within this layer the intensity of the
phenomenon linearly decreases with height
to zero at the top of the layer. Hence, during
the MDE elemental mercury has rising profile
from 0.1 ng/m3 at the surface to its usual
values at 1 km height. Contrary, oxidized
forms have dropping profile from their
maximum at the surface to their usual values
at 1 km height.
We applied the Arctic definition adopted in the
AMAP programme (Fig. 2.3). It covers the
terrestrial and marine areas north of the Arctic
Circle, north of 62°N in Asia and 60°N in North
America, modified to include the marine areas
north of the Aleutian chain, Hudson Bay, and
parts of the North Atlantic Ocean including the
Labrador Sea.

2.2.

Fig. 2.3. AMAP Arctic area [AMAP, 1998]

Dry deposition

One of the processes accounting for removal of heavy metals from the atmosphere is dry deposition.
Heavy metals in aerosol composition or in gaseous form interact with ground surface (buildings, trees,
grass, soil, water surface etc.). As a result they stick or react with the surface and are removed from
the air. Dry deposition of a substance to a particular surface type i is described by the equation:
∂q
= − Λidry q ,
∂t
where

(2.22)

Λidry is the surface dependent dry deposition coefficient, proportional to dry deposition velocity Vdi :
Λidry =

Vdi ∂σ
Δσ 1 ∂z

,

∂σ
g
=−
∂z
RaTa

⎛
p ⎞
⎜⎜ σ 1 + t ⎟⎟ .
*⎠
p
⎝

(2.23)

Here Δσ1 and σ1 are depth and mid-level of the lowest σ-layer respectively.

The pollutant mixing ratio averaged over a gridcell after the dry deposition is given by:
q t + Δt = q t

∑ f exp(−Λ
i

i
dry Δt )

(2.24)

i

where fi is area fraction of a surface type i in a gridcell and summing is performed over all surface types in the cell.

Commonly the dry deposition velocity is calculated using the resistance analogy [e.g. Wesely and
Hicks, 2000]. For gases it has the following form:
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Vdi =

where

1
R a + R b + Rc

,

(2.25)

Ra is the aerodynamic resistance between a reference height (mid-level of the lowest σ−layer) and the
quasi-laminar sub-layer above the surface;
Rb is the quasi-laminar sub-layer resistance;
Rc is the surface resistance to chemical, physical and biological interactions.

Dry deposition velocities of aerosol differ from those of gases (Eq. (2.25)) by absence of the surface
resistance and influence of the gravitational sedimentation [Seinfeld and Pandis, 1997]:
Vdi =

1
+ Vg ,
Ra + Rb + RaRbVg

(2.26)

where Vg is the gravitational sedimentation velocity.

Aerodynamic resistance
The aerodynamic resistance can be approximated from the similarity theory as [Jacobson, 1999]:

Ra =

where

1
ku∗

zref − d

∫

Φh

z0 h

dz
z

,

(2.27)

k is the von Kármán constant taken as 0.4;
u ∗ is the friction velocity;
zref is the reference height (mid-level of the lowest σ-layer);
d is the displacement height;
zoh is the energy roughness length; and Φh is the dimensionless potential temperature gradient.

The friction velocity is given by:
⎛ zref −d
⎞
dz ⎟
⎜
Φm
u∗ = kUref ⎜
z ⎟⎟
⎜ z
⎝ 0m
⎠

∫

where

−1

,

(2.28)

Uref is wind velocity at the reference height;
z0m is the roughness length for momentum;
Φm is the dimensionless wind shear.

The momentum roughness length z0m for different land cover types along with the displacement
heights (Table 2.3). The roughness length for water surfaces is a function of the friction velocity
[Garratt, 1999].
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Table 2.3. Characteristics of different landcover categories used in the model

z0m
(m)

d
(m)

Coniferous
forest
0.9
0.9
0.9
0.9
0.9
15
15
15
15
15
20

1
2
3
4
5
1
2
3
4
5

H (m)

Deciduous
forest
1.05
1.05
0.95
0.55
0.75
15
15
7
7
10
20

Land cover category
Low
Urban
vegetation
0.05
1
0.05
1
0.03
1
0.01
1
0.03
1
0.4
0.4
0.2
0
0.2
0.5
-

Barren land

Water surface*

0.04
0.04
0.04
0.04
0.04
-

f(u*)
f(u*)
f(u*)
f(u*)
f(u*)
-

* - function of the friction velocity (see Eq. (2.29))

z0 m = α c u∗2 / g + 0.11ν / u∗ ,
where

(2.29)

αc ≈ 0.016 is the Charnock constant; and ν is the kinematic viscosity of air.

The energy roughness length is expressed through that of momentum for a wide variety of surfaces
[Garratt, 1999]:
⎛z ⎞ ⎧2
rough surface
ln⎜⎜ 0 m ⎟⎟ ≈ ⎨
,
2/3
⎝ z0 h ⎠ ⎩k (13.6 Pr − 12) water surface
where

(2.30)

Pr =νρ cpm /κ is the Prandtl number;

ρ is air density;
cpm is the specific heat of moist air;

κ is the thermal air conductivity.

The integrals of Φh and Φm in Eqs. (2.27) and (2.28) are calculated as follows [Jacobson, 1999]:
z
βh
⎧
z L > 0 (stable )
⎪Prt ln z + L (z − z0h )
0h
⎪
z
dz ⎪ ⎡ (1 − γ h z L )1/ 2 − 1
(1 − γ h z0h L )1/ 2 − 1⎤
Φh
= ⎨Prt ⎢ln
− ln
⎥ z L < 0 (unstable )
1/ 2
z
(1 − γ h z0h L )1/ 2 + 1⎥⎦
⎪ ⎢⎣ (1 − γ h z L ) + 1
z0 h
⎪
z
z L = 0 (neutral )
⎪ Prt ln
z
0h
⎩

(2.31)

z
βm
⎧
⎪ ln z + L (z − z0m )
0m
⎪
(1 − γ m z L )1/ 4 − 1
(1 − γ m z0m L )1/ 4 − 1
⎪
ln
− ln
z
1/ 4
⎪
(1 − γ m z L ) + 1
(1 − γ m z0m L )1/ 4 + 1
dz ⎪
Φm
=⎨
1/ 4
1/ 4
z
⎪ + 2 tan−1⎛⎜ 1 − γ z ⎞⎟ − 2 tan−1⎛⎜ 1 − γ z0 m ⎞⎟
z0 h
m
m
⎪
L⎠
L ⎠
⎝
⎝
⎪
z
⎪ ln
z0m
⎩⎪

(2.32)

∫

∫

Here

Prt ≈ 0.95 is the turbulent Prandtl number;

βh = 7.8; γh = 11.6; βm = 6.0; γm = 19.3;
L is the Monin-Obukhov length.
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z L>0

(stable )

z L > 0 (unstable )
z L=0

( neutral )

Gridcell averaged values of the Monin-Obukhov length are supported by the meteorological preprocessor. To obtain values specific for each land cover type we use the following expression for L
[Jacobson, 1999]:
L=−
where

c pd ρθv
kgHf

u∗3 ,

(2.33)

cpd is the specific heat of dry air;

θv is the potential virtual temperature;
Hf is the vertical turbulent sensible-heat flux.

The Eqs. (2.28) and (2.33) are iterated for u∗ and L using the cell averaged values for the initial
estimate.

Aerosol deposition
Dry deposition velocities of aerosol is described by Eq. (2.26), where the gravitational sedimentation
velocity Vg is given as follows:
Vg =

Here

d p2 ρ p g
18η

Gcunn .

(2.34)

dp and ρp are the aerosol diameter and density respectively;
Gcunn = 1 + Kn (1.249 + 0.42 exp(-0.87 / Kn)) is the Cunningham correction factor [Jacobson, 1999];
Kn = 2λ / dp is the Knudsen number; and λ is the mean free path of air molecules.

In the moist atmospheric air condensation of water vapor on aerosol particles leads to increase of
their size. The diameter of an aerosol that is in equilibrium with the air moisture depends upon
ambient humidity [Fitzgerald, 1975]:
d p = Ad dB ;

where

⎛ 0.066S ⎞
A = 1.2 exp⎜
⎟;
⎝ 1.058 − S ⎠

⎛ 0.00077S ⎞
B = exp⎜
⎟,
⎝ 1.009 − S ⎠

(2.35)

dd is the dry diameter of an aerosol;
S is the air saturation ratio.

In this parameterization we expect that the water absorbing mass fraction of the aerosol is equal to
unity.

Vegetated surfaces
The size-segregated approach developed for dry deposition to vegetated surfaces is based on
theoretical work [Slinn, 1982] and fitted to experimental data. Empirical parameterizations based on
extensive field measurements [Ruijgrok et al., 1997; Wesely et. al., 1985] are used for selection of the
model parameters. A similar approach is suggested by L.Zhang et al. [2001]. Following [Slinn, 1982]
the deposition velocity is expressed in simplified form:
Vdveg =

1
+ Vg
Ra + Rs

.

(2.36)

Here Rs is the resistance of the interfacial sub-layer (the layer within and just above the roughness elements)
also called as the ‘canopy resistance’.
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This resistance is calculated as follows:
Rs =

where

Uh
,
Eu∗2

(2.37)

E is the total efficiency of particles collection by the surface;
Uh is the wind velocity at the canopy height H given as:

Uh =

u∗
k

H −d

∫

Φm

z0 m

dz
z

.

(2.38)

Following W.G.N.Slinn [1982] and L.Zhang et al. [2001] the collection efficiency has the following
form:
E = ε 0 (E b + E in + E im )roff ,
where

(2.39)

Eb, Ein, Eim are constituents of the collection efficiency from Brownian diffusion, interception and
impaction respectively;
roff represents reduction of the efficiency caused by particles bounce-off;
0

is the empirical constant taken from fitting to the experimental data.

The diffusion term is given as [Slinn, 1982]:
Eb = Sc −2 / 3 ,
where

(2.40)

Sc = ν / Dp is the Schmidt number;

Dp is the particle Brownian diffusion coefficient.

We use a generalized form of the impaction term suggested in [Peters and Eiden, 1992]:
β

⎛ St ⎞
Eim = ⎜
⎟ ,
⎝ α + St ⎠
where

(2.41)

St = u ∗Vg /(gAˆ ) is the Stokes number for vegetated surfaces;

Â is the characteristic collector width given below;

α and β are constants chosen to fit the experimental data.

The interception term is the most uncertain part of the collection efficiency. W.G.N.Slinn [1982]
parameterized it composing contributions of small (vegetative hairs) and large (grass blades, needles
etc.) collectors:
Ein = F

dp
dp
( + (1 − F )
) ,
dp + A
dp + A

(2.42)

where Ă and Â are characteristics width of small and large collectors taken as 10 μm and 1 mm respectively;

F and (1-F) are the contributions of these two collector types, where F = 0.01.

The choice of these parameters is arbitrary to some extent since there is no experimental or
theoretical data on their values. However, the sensitivity analysis has shown that the interception term
is insignificant in comparison with two other terms.
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The bounce-off correction factor is taken in the form [Slinn, 1982]:
roff = exp( −γ Stδ ) ,

(2.43)

where γ an δ are the fitting constants.

It is assumed that the particles bounce-off takes place from dry surfaces only. The surface is
supposed to be dry if no precipitation occurred during current 6-hours meteorological period for grass
and during current and previous periods for forest.

Forests
To evaluate the constants of the deposition scheme described above for tall vegetation (forests) the
scheme was fitted to empirical parameterization developed by W.Ruijgrok et al. [1997]. This
parameterization is based on extensive measurements of dry deposition velocities of aerosol particles
over needleleaf and some mixed forests. It takes into account dependence of the dry deposition
velocity on the friction velocity and relative humidity of the ambient air. Particles of two size ranges are
described: fine fraction with mass median diameter (MMD) = 0.6 μm (NH4, SO4, NO3) and coarse
fraction with MMD = 5.12 μm (Na). Parameters of dry deposition of different particles in the fine
fraction vary insignificantly therefore mean values of the coefficients were used. The fitting constants
of the dry deposition scheme obtained for forests are presented in Table 2.4.

Table 2.4. Empirical constants of the dry deposition scheme for vegetated surfaces
Constant

α
β
γ
δ
ε0

Forests
1

Low vegetation
1

0.5

0.5

2

2

0.25

0.25

1.4

0.22

–

100

Α

A comparison of the collection efficiency of the Ruijgrok’s parameterization with the model scheme is
shown in Figs. 2.4 and 2.5 for particles with dp = 0.6 μm over a wet surface. As seen both schemes
give similar functional dependencies on the ambient air relative humidity and the friction velocity. The
model scheme predicts more intensive increase of the collection efficiency for relative humidity close
to 100%. Similar results are also obtained for a dry surface and for particles with dp = 5.12 μm.

0.30

0.25

d p = 0.6 μm, wet surface

d p = 0.6 μm, wet surface

0.25

0.20

0.15

Ruijgrok (u*=1.5)

Model (u*=1.5)

Ruijgrok (u*=0.5)

Model (u*=0.5)

Ruijgrok (u*=0.1)

Model (u*=0.1)

0.15

E

E

0.20

0.10

0.10
0.05

0.05
0.00

0.00

0

20

40

60

80

100

0.0

RH, %

0.3

Ruijgrok (RH=98%)

Model (RH=98%)

Ruijgrok (RH=90%)

Model (RH=90%)

Ruijgrok (RH=50%)

Model (RH=50%)

0.6

0.9

1.2

1.5

u*, m/s

Fig. 2.4. Collection efficiency over forest (wet surface)
as a function of the ambient air relative humidity
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Fig. 2.5. Collection efficiency over forest (wet
surface) as a function of the friction velocity

Figs. 2.6. and 2.7 shows the dry deposition velocity of aerosol particles over wet and dry forest
surface respectively as a function of a particle size. The solid line presents the model scheme, filled
squares show the Ruijgrok’s parameterization for particles with MMD 0.6 μm and 5.12 μm. As seen
from the figures both schemes are in good agreement. The dry deposition velocity of coarse particles
over a dry surface is somewhat lower than that over a wet surface because of the bounce-off effect.
Besides, the model scheme was tested using the full set of meteorological data. Fig. 2.8 shows the
cumulative distribution function of dry deposition velocity over coniferous forests in Europe obtained
for the year 2000 by the model scheme and the Ruijgrok’s parameterization. As seen from the figure
the results practically coincide.

10

10
zref/L=0, RH=70%, wet surface

z/L=0, RH=70%, dry surface

Vd , cm/s

1

Vd , cm/s

1

0.1

0.1
Uref = 10 m/s
Uref = 5 m/s
Uref = 1 m/s

0.01
0.001

0.01

0.1

1

Uref = 10 m/s
Uref = 5 m/s
Uref = 1 m/s

0.01
0.001

10

d p , μm

0.01

0.1

1

10

d p , μm

Fig. 2.6. Dry deposition velocity to forest (wet
surface) as a function of a particle size. Solid lines
show the model results, the filled squares depict the
Ruijgrok’s parameterization

Fig. 2.7. Dry deposition velocity to forest (dry
surface) as a function of particle size. Solid lines
show the model results, the filled squares depict
the Ruijgrok’s parameterization

1.0
Coniferous forest, d p = 0.6 μm

Probability

0.8

0.6

0.4

0.2
Ruijgrok
Model
0.0
0.01

0.1

1

10

V d , cm/s

Fig. 2.8. Cumulative distribution function of dry deposition velocity over coniferous forests in Europe

Low vegetation
For low vegetation (grassland, crops, wetland etc.) a procedure similar to that described above was
used to evaluate the constants of the dry deposition scheme. The scheme was fitted to the empirical
parameterization developed from field measurements of particles dry deposition to grass [Wesely et.
al., 1985]. The expression for the interfacial sub-layer resistance (2.37) was modified to take into
account the atmospheric stability conditions as suggested by M.L.Wesely et al. [1985]:
⎧ Uh
L≥0
⎪ Eu 2
∗
⎪
−1
,
Rs = ⎨
2 3⎤
⎡
⎪ U h ⎢1 + ⎛⎜ − Α ⎞⎟ ⎥
L
0
<
⎪ Eu∗2 ⎢ ⎝ L ⎠ ⎥
⎣
⎦
⎩

(2.44)

where Α is a fitting constant.
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Values of the fitting constants of the model dry deposition scheme for low vegetation are presented in
Table 2.4. Fig. 2.9 shows the comparison of the model scheme for grass with the Wesely’s
parameterization. As seen the interfacial sub-layer conductivity (reciprocal resistance) given by the
Wesely’s parameterization lies between those predicted by the model for dry and wet surfaces. The
dry deposition velocity over grass (dry surface) as a function of a particle size is illustrated in Fig.
2.10. The cumulative distribution function of dry deposition velocity over grassland in Europe for
conditions of 2000 is shown in Fig. 2.11. As seen from the figure the model somewhat underestimates
the Wesely’s parameterization for small deposition velocities.

1.6

10
Wesely
Model (dry)
Model (wet)

U ref =3 m/s, RH=70%, dry surface
1

Vd , cm/s

-1

Rs , cm/s

1.2

0.8

0.4

0.1

0.01

0.001

z/L=-10
z/L=0
z/L=10

d p = 0.6 μm, U ref = 3 m/s, RH = 70%
0.0
-0.3

-0.2

-0.1

L

0.0

0.0001
0.001

0.1

0.01

0.1

1

10

d p, μm

-1

Fig. 2.9. Reciprocal resistance of the interfacial
sub-layer over grass as a function of the stability
conditions

Fig. 2.10. Dry deposition velocity to grass (dry surface)
as a function of particle size. Solid lines show the model
results, the filled squares depict the Ruijgrok’s
parameterization

1.0
Grassland, d p = 0.6 μm

Probability

0.8

0.6

0.4

0.2
Wesely
Model
0.0
0.001

0.01

0.1

1

10

V d , cm/s

Fig. 2.11. Cumulative distribution function of dry deposition velocity over grassland in Europe

Water surface
The parameterization of dry deposition to water
surfaces is based on the approach suggested by
R.M. Williams [1982] taking into account the
effects of wave breaking and aerosol washout by
seawater spray. A similar approach was
developed in [Pryor et al., 1999]. The modified
resistance scheme of aerosol particles dry
deposition over water surface is illustrated in Fig.
2.12. Following the procedure from [Williams,
1982] one can obtain an expression for the dry
deposition velocity:

Fig. 2.12. Resistance scheme of aerosol
particles dry deposition over water surface

20

Vdwater =

(1 + RaVg )(1 + RbVgh )

,

Ra + Rb + RaRbVgh

(2.45)

where Vgh is the gravitational sedimentation velocity in the humid quasi-laminar layer near the air-water interface.

The relative air humidity of this layer can be significantly higher that of the turbulent layer. It results in
more intensive particle growth. Since due to Raoult’s law the relative humidity over salt water cannot
exceed 98.3%, the constant value of 98% is accepted in the model for the humid layer. The quasilaminar layer resistance Rb consists of the resistance over the smooth surface R'b and the resistance
over the broken one R''b:
⎛ 1− α b αb ⎞
⎟.
Rb = ⎜⎜
+
R b′′ ⎟⎠
⎝ R b′

(2.46)

Here αb is the fraction surface area broken due to the wind force [Wu, 1979]:

α b = 1.7 ⋅ 10 −6 U10 3.75 ,

(2.47)

where U10 is the wind speed at 10 m height.

The quasi-laminar layer resistance over the smooth surface is determined mostly by the Brownian
diffusion and impaction [Slinn and Slinn, 1980]:
Rb′ =

kU ref
(E b + E im )−1 ,
2
u∗

Eb = Sc −1 2 ,

Eim = 10 −3 St ,

(2.48)

the Stokes number for water surfaces is St = u ∗2Vgh /( gν );

where

the Schmidt number is Sc = ν / Dph, Dph is the diffusion coefficient in the humid layer.

The broken surface resistance R''b governed by scavenging of particles due to impaction and
coagulation with spray droplets is expected to be quite low. Because of lack of reliable estimates for
this resistance a tentative value of 10 s/m [Williams, 1982] is used. Fig. 2.13 illustrates the velocity of
dry deposition to water surface as a function of particle size for different values of wind speed. The
influence of the broken surface resistance on the dry deposition velocity over water surfaces is
illustrated in Fig. 2.14. The lowest case corresponds to water surface with no broken area.

10

10
z ref /L= 0

z ref /L= 0, U ref =10 m/s
1

0.1

Vd , cm/s

Vd , cm/s

1

0.01

0.01

0.001

0.0001
0.001

0.1

Rb'' = 1 s/m
Rb'' = 10 s/m
Rb'' = 100 s/m
Slinn

Uref = 10 m/s
Uref = 5 m/s
Uref = 1 m/s

0.01

0.1

1

0.001
0.001

10

0.01

0.1

1

10

d p , μm

d p , μm

Fig. 2.14. Dry deposition velocity to water surface
as a function of particle size for different values of
the broken surface resistance

Fig. 2.13. Dry deposition velocity to water surface
as a function of particle size for different values of
wind speeds
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Non-vegetated surfaces
The dry deposition to non-vegetated surfaces (deserts, glaciers etc.) is described by Eq. (2.26), where
the resistance of the quasi-laminar layer has the following form:
Rb =

kU ref
(E b + E im )−1
u∗2

Eim = 10 −3 St .

Eb = Sc − 2 3 ,

,

(2.49)

The Schmidt and the Stokes numbers are Sc = ν / Dp and St = u ∗2Vg /(gν ) respectively. The particular
case of non-vegetated surfaces is urban area characterized by bluff roughness elements. For urban
areas we used a different form of the impaction term Eim = St2 / (400 + St2) [Giorgi, 1986].
Fig. 2.15 shows dry deposition velocities of particles with dp = 0.6 μm to different land cover
categories in the EMEP region calculated for meteorological conditions of 2000. As seen the highest
deposition velocities correspond to forests (around 1 cm/s), whereas the lowest – to barren land and
permanent ice areas (glaciers) (below 0.01 cm/s on average).

10

V d, cm/s

1

0.1

0.01

Ocean

Ice

Urban

Barren

Inland waters

Tundra

Wetland

Scrubs (Med)

Wheat

Grassland

Root crops

Semi-natural

Crops (Med)

Crops

Deciduous (Med)

Coniferous (Med)

Deciduous

Coniferous

0.001

Fig. 2.15. Dry deposition velocities of particles (dp = 0.6 μm) to different land cover categories in the EMEP
region. Bars show median values of 6-hour averages during 2000. Error bars depict 90%-confidence intervals

The current version of the model describes particles carrying heavy metal as mono-disperse fraction
with appropriate MMD: Pb – 0.55 μm, Cd – 0.84 μm, Hg – 0.61 μm [Milford and Davidson, 1985].

Reactive gaseous mercury deposition
The dry deposition of reactive gaseous mercury (RGM) is described by Eq. (2.25). The quasi-laminar
resistance is given as follows [Erisman et al., 1994]:
Rb =

where

2 ⎛ Sc ⎞
⎜
⎟
ku∗ ⎝ Pr ⎠
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(2.50)

,

Schmidt number Sc = ν/ Dg;

Dg is the molecular diffusion coefficient of RGM.

Since solubility of RGM is similar to those of nitric acid vapor [Petersen et al., 1995] the surface
resistance Rc is taken to be zero [Wesely and Hicks, 2000].
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Dry deposition velocities of RGM to different land cover categories in the EMEP region calculated for
meteorological conditions of 2000 are shown in Fig. 2.16. The highest deposition velocities are to
forests and urban areas (3 cm/s on average), the lowest velocities are to inland waters (0.5 cm/s).

6
5
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0

Fig. 2.16. Dry deposition velocities RGM to different land cover categories in the EMEP region. Bars show
median values of 6-hour averages during 2000. Error bars depict 90%-confidence intervals

Gaseous elemental mercury deposition
Dry deposition of elemental gaseous mercury by various types of underlying surface is not adequately
defined yet. Some experts [US EPA, 1997] suppose that this type of mercury removal is not an
essential sink on a regional and global scale. According to another viewpoint [Lin and Pehkonen,
1999] dry uptake of elemental mercury is considered to be the dominating mechanism of mercury
removal from the atmosphere. Summarizing available literature data [Travnikov and Ryaboshapko,
2002] we adopt the following simplified parameterization of the process. There is no dry uptake of
elemental gaseous mercury by water surface and land surface not covered by vegetation. It is also
absent during nighttime. Over the vegetated surface during daytime dry deposition velocity is given by:

Vdveg

where

⎧0 ,
Ts ≤ T0
⎪
⎪ Ts − T0
cos θ s , T0 < Ts ≤ T1
= ⎨Β
⎪ T1 − T0
Ts > T1
⎪⎩ Β cos θ s ,

(2.51)

,

Ts is the surface temperature, T0 = 273K and T1 = 293K;

Β is equal to 0.03 cm/s for forests and 0.01 cm/s for low vegetation;
θs is the solar zenith angle calculated according to [Jacobson, 1999].

Fog deposition
Mercury aqueous forms in fog droplets can be removed from the atmosphere through the fog
interaction with the ground surface. The fog dry deposition is described in the model similar to that of
aerosol particles with mass median diameter 20 μm.
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2.3.

Wet deposition

Another important process accounting for heavy metal removal from the atmosphere is wet
deposition. Particle-bound heavy metals as well as soluble gaseous species are scavenged form the
atmospheric air both in cloud environment and below the cloud base. Wet deposition of a substance is
described by the equation:
∂q
= −Λwet q ,
∂t

(2.52)

where Λwet is the wet deposition coefficient depending on the local precipitation rate Rp.

We used the following expression for the wet deposition coefficient based on measurement data:
B

⎛ Rp ⎞
⎟ .
Λ wet = A⎜⎜
⎟
⎝ F ⎠
Here

(2.53)

A and B are empirical constants;
F is a fraction of the grid cell where precipitation occurs.

We adopt F = 0.3 for convective precipitation and F = 1 for stratiform one following the discussion in
[Walton et al., 1988]. The pollutant mixing ratio averaged over a grid cell after the wet deposition is
given by:
q t + Δt = q t [1 − F (1 − exp( −Λwet Δt ))]

(2.54)

The model distinguishes in-cloud scavenging (ICS) and below-cloud scavenging (BCS).

In-cloud scavenging

εw =
where

Cw
,
Cw + εw 0

1.0

Scavenging efficiency

In the cloud environment soluble gases dissolve very
quickly in the cloud water coming into the equilibrium with
the solution, while aerosol particles are taken up by cloud
droplets due to nucleation or impaction scavenging.
Further collection of cloud drops by falling raindrops leads
to removal of the pollutants from the atmosphere. The
efficiency of aerosol scavenging by cloud droplets
depends upon the cloud liquid water content (LWC). Fig.
2.17 shows the scavenging efficiencies (i.e. the ratio of
aerosol concentration in cloud water to its concentration in
interstitial air) for Pb and SO4 measured by A.Kasper et al.
[1998] as a function of the LWC. For values of the LWC
higher than 0.5 g/m3 the efficiency commonly exceeds 0.8
and it drops down when the LWC become lower 0.1 g/m3.
For the approximation of the dependence we used the
following expression:

0.8

0.6

0.4

Pb

0.2

SO4
Approximation

0.0
0

0.2

0.4

0.6

0.8

1

Cw , g/m3

Fig. 2.17. Efficiency of aerosol scavenging
by cloud droplets for lead and sulphate as
a function of cloud LWC. Symbols show
measurement data from [Kasper et al.,
1998], solid line – approximation

(2.55)

the liquid water content Cw is in g/m3;
constant εw0 is equal to 0.1.
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Thus for the in-cloud scavenging Eq. (2.54) is transformed to:
q t + Δt = q t [1 − εw F (1 − exp( −Λwet Δt ))] ,

(2.56)

where the scavenging efficiency εw for aerosol particles is defined by Eq. (2.55) and εw = 1 for aqueous forms.

Parameters of the wet deposition coefficient expression (2.53) for in-cloud scavenging estimated or
measured by different authors are presented in Table 2.5. Taking into account values in the table and
sensitivity calculations we adopted the parameters: Ain = 3·10-4, Bin = 0.8 for all heavy metal species
incorporated into cloud water.
Table 2.5.

Parameters of the wet deposition coefficient for in-cloud scavenging
(Ain is in units of s-1; Rp is in units of mm/h)
-4

Reference
Scott, 1982
Penner et al., 1991
Brandt et al., 2002
Andrinache, 2004
*-

ICS plus BCS of HNO3;

Bin
0.78
1
0.79
0.81

Ain (×10 )
3.5
1.31
3.36
3.97
** -

Method
Calculation
*
Estimation
Estimation
**
Measurement

Calculations based on measured ICS plus BCS

Below-cloud scavenging
Below the cloud base aerosol particles and soluble gases are collected by falling raindrops and
removed from the air. The model parameterization of below-cloud scavenging is mostly based on
empirical estimates. Table 2.6 presents parameters of the wet deposition coefficient for BCS of
particles and highly soluble gases based on measurement data. As seen different estimates of Abelow
varies roughly from 0.5⋅10-4 to 2.5⋅10-4 s-1; and Bbelow is within the range 0.62-0.79. There is no
principal difference between values of the parameters for sub-micron aerosol particles and highly
soluble gases. Basing on the data from the table and the sensitivity runs we adopted the values
Abelow = 1⋅10-4 and Bbelow = 0.7 both particle-bound heavy metals and highly soluble gaseous species
(RGM).
Table 2.6. Parameters of the wet deposition coefficient for below-cloud scavenging
(Abelow is in units of s-1; Rp is in units of mm/h)
Reference
Ragland and Wilkening, 1983
Barries, 1985
Jylhä, 1991
Asman, 1995
Okita et al., 1996
Brandt et al., 2002
Andrinache, 2003
*

- for highly soluble gases;

-4

Abelow (×10 )
1.22
1
1
0.52-0.99
1.38
0.84
0.67 – 2.44
**

Bbelow
0.63
0.67
0.64
0.62
0.74
0.79
0.7

Method
Estimation
Measurement
Measurement
*
Calculation
Measurement
Estimation
**
Calculation

- theoretical calculations based on measured aerosol size spectra

25

2.4.

Boundary and initial conditions

The model computation domain has two boundaries: upper and equatorial. Long residence time of
mercury in the atmosphere requires setting appropriate initial and boundary conditions to take into
account mercury contained in the computation domain before the computations and the input fluxes of
mercury through the boundaries.
According to the numerous measurements carried out for last decades [e.g. see R.Ebinghaus et al.,
1999] elemental mercury Hg0 is more or less uniformly distributed over the Northern Hemisphere
(background concentrations are around 1.7 ng/m3). Vertical distribution of Hg0 is also rather uniform
[Banic et al., 1999]. Therefore we prescribed uniform distribution of elemental mercury concentration
at the upper boundary – 0.185 pptv (corresponding to about 1.5 ng/m3 at 1 atm and 20°C). On the
other hand, some gradient of total gaseous mercury (TGM) was observed over the ocean between the
Northern and Southern Hemispheres [e.g. see Banic et al., 1999]. According to R.Ebinghaus et al.
[2001] mean concentrations of TGM over the Northern and Southern Hemispheres are 1.7 and 1.3
ng/m3 respectively. Elemental mercury makes up the main part of TGM. Summarizing the
measurement data from [Slemr, 1996] we set the gradient of Hg0 to 0.05 ng/m3/degree at the
equatorial boundary. Since the residence time of other mercury species in the atmosphere is
considerably shorter we neglected their input through the boundaries. Currently, only atmospheric
module is adequately developed for the mercury transport description. Therefore, the lower boundary
at the Earth surface is closed. The mercury fluxes through the lower boundary are indirectly
considered by deposition and “natural emission and re-emission” processes.
To fill up the model domain with mercury from anthropogenic sources of different regions and
continents (it is necessary for the inter-continental transport assessment) we performed a computation
run for the period of one year without any boundary and initial conditions. Then we used the obtained
concentrations of mercury species as initial conditions for the regular computation run. Besides, the
contribution of different sources to mercury incoming through the upper boundary is assumed to be
the same as at the highest atmospheric layer.

2.5.

Input information

The MSCE-HM-Hem model input information includes emission data, meteorological and geophysical
information, and chemical reactants data. Meteorological data and land cover information are
described in Annex C.

Emissions
Anthropogenic emission of mercury in the Northern Hemisphere was evaluated basing on the global
emission inventory for 1995 published by J.Pacyna et al. [2003]. According to these data,
anthropogenic emission of mercury in the Northern Hemisphere is about 1900 t/y. Available data on
the natural emission of mercury are rather uncertain. To take into account natural emission of mercury
we used global estimates by C.H.Lamborg et al. [2002]. Spatial distribution of natural emission fluxes
(including re-emission) was obtained by scattering the total value throughout the globe depending on
mercury content in soils and the surface temperature. The total natural emission and re-emission of
mercury in the Northern Hemisphere is estimated as much as 1600 t/y. More details in the emission
data used in the hemispheric model can be found in [Travnikov and Ryaboshapko, 2002; Dutchak et
al., 2003].
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Chemical reactants data
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, SO2 concentration in the atmosphere were kindly provided by
Dr. Malcolm Ko [Wang et al., 1998; Chin M. et al., 1996]. For hydroperoxy radical (HO2) 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. In order to take into account diurnal cycle
of OH radical we assume zero concentration at night and concentrations proportional to the cosine of
the solar zenith angle during daytime. Besides, air concentrations of OH were decreased by a factor
of 10 in the cloud environment and below clouds to account for reduction of its photochemical activity
[Seigneur et al., 2001].
The model chemistry also considers oxidation of elemental mercury by chlorine both in gaseous and
aqueous phase. To date, the direct production of Cl2 is very poorly characterized. As it is mentioned in
[Keene et al., 1999] sea-salt aerosol is the major source of reactive Cl gases (particularly Cl2) in the
global troposphere. 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 night and 10 ppt during daytime and
zero concentration over land.
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3.

POP MODEL

The model considers main environmental compartments (atmosphere, soil, seawater, vegetation) and
includes basic processes describing POP emission, long-range transport, deposition, degradation,
and gaseous exchange between the atmosphere and the underlying surface and POP behaviour in
the environmental compartments (Fig. 3.1).
The hemispheric model is used for
calculations of POP transport and
accumulation on hemispheric scale, for
evaluation of pollution of European region by
remote
sources,
for
evaluation
of
intercontinental transport, for assessing of
pollution of remote regions like, for example,
the Arctic region.

Compartments and basic processes

Fig. 3.1. The scheme of processes included into the
MSCE-POP-Hem model

Current version of the model considers
partitioning of POPs between the following
environmental
compartments:
the
atmosphere, soil, seawater, vegetation, and forest litter (Fig. 3.1). Selection of compartments and
processes is based on current understanding of their importance with regard to the description of POP
dispersion and accumulation in the environment.
The following processes affecting the long-range transport of POPs are included in the model:

Atmosphere:
•

advective transport and turbulent diffusion;

•

partitioning between the gaseous and particulate phase;

•

wet and dry deposition of POP in particulate and gaseous phase to the underlying surface;

•

degradation.

Vegetation:
•

gaseous exchange with the atmosphere;

•

degradation;

•

defoliation and transfer to upper soil layer.

Soil:
•

gaseous exchange with the atmosphere;

•

partitioning in soil between the gaseous, solid and liquid phases;

•

vertical transport due to convective water fluxes, diffusion, and bioturbation;

•

degradation.
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Seawater:
•

gaseous exchange with the atmosphere;

•

advective transport by sea currents and turbulent diffusion;

•

partitioning between the dissolved and particulate phase;

•

sedimentation;

•

degradation.

3.1. The atmospheric compartment
The atmospheric part of MSCE-POP-Hem model domain is defined similar to MSCE-HM-Hem model
(Section 1.1). The processes included are the following: advection, turbulent diffusion, partitioning of a
pollutant between the gaseous and particulate phase, wet and dry deposition of both phases to the
underlying surface, and degradation. MSCE-POP-Hem model shares the same description of
advective transport and turbulent diffusion of pollutants within the atmosphere as the MSC-E-HM-Hem
model. The description of dry and wet deposition of POPs in particulate phase within the MSCE-POPHem model is in general similar to the approach used in MSCE-HM-Hem model (Section 2.2 and 2.3).

Gas/particle partitioning
Characterization of POP partitioning between the gaseous and particulate phase is performed using
the Junge-Pankow model [Junge, 1977; Pankow, 1987] based on subcooled liquid vapour pressure
pOL (Pa). According to this model the POP fraction ϕ adsorbed on atmospheric aerosol particles
equals to:
ϕ=

c ⋅θ
,
pOL + c ⋅ θ

(3.1)

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

θ is the specific surface of aerosol particles, m2/m3.

The spatial distribution and temporal variations of aerosol specific surface were kindly provided by Dr.
Sunling Gong (Canada). Parameter pOL is pollutant-dependent and depends greatly on temperature.
Coefficients of pOL temperature dependencies used in model parameterisation for the selected POPs
are presented in Annex B (B.1. “Subcooled liquid vapour pressure”).

Dry deposition of the particulate phase
P
Dry deposition flux of the particulate phase Fdry
(ng/m2/s) is a product of dry deposition velocity Vd

(m/s) and air concentration CP (ng/m3) of a pollutant in the particulate phase taken at an air reference
level coinciding with the middle of the lowest atmospheric layer:
P
Fdry
= VdCP ,

(3.2)
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The dry deposition velocity Vd from the reference level za is calculated according to the resistance
analogy using the equation:

(

Vd = Ra + 1/ Vdsurf

)

−1

,

(3.3)

where Ra is the aerodynamic resistance for turbulent transport of a pollutant from za to zb, s/m;

zb is the height of the surface layer, m;
Vdsurf is the surface dry deposition velocity from the surface layer height zb.

Aerodynamic resistance Ra is calculated using the following equation (See [Tsyro and Erdman,
2000]):
Ra =

where

⎛ za ⎞
⎛ zb ⎞⎤
0.74 ⎡ ⎛ za ⎞
⎢ln ⎜ ⎟ − ψ h ⎜⎜ ⎟⎟ + ψ h ⎜⎜ ⎟⎟⎥ ,
L
κ u * ⎢⎣ ⎜⎝ zb ⎟⎠
⎝ ⎠
⎝ L ⎠⎦⎥

(3.4)

κ = 0.4 is the van Karman constant;
u * is the friction velocity, m/s;

ψh is the similarity function for heat.

The values of deposition velocity to the underlying surface Vdsurf are calculated in different way for
different types of underlying surface, namely, for sea, soil and forest separately.
Sea. Velocity of dry deposition to sea ( Vdsea , zb = 10 m) is calculated using the equation:
Vdsea = Aseau*2 + Bsea ,
where

(3.5)

Asea and Bsea are the constants dependant on the effective diameter of particle-carriers of a
considered pollutant;
u * is the friction velocity, m/s;

(regression equation obtained by M.Pekar [1996] from [Lindfors et al., 1991] data).
Soil. Velocity of dry deposition over land ( Vdland , zb = 1 m) is given as follows:

(

)

Vdland = Asoil u*2 + Bsoil z0Csoil ,
where

(3.6)

as above u * is the friction velocity;

z0 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 ( Vdforest , zb = 20 m), (adapted by L.Erdman [Tsyro and
Erdman, 2000] from [Ruijgrok et al., 1997]):
Vdforest = E

where

u*2
,
uh

(3.7)

uh is the wind speed at forest height h = zb;
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E = α u*β ( 1+ γ exp (( RH − 80 ) / 20 ))

(3.8)

is the total collection efficiency for particles within the forest canopy and α , β and γ are the
experimental coefficients, depending on effective diameters of particles-carriers.

In the current model version it is assumed that the relative humidity of air (RH) is 80% of the average.
Wind speed at forest height uh (m/s) is calculated using the following equation:
uh =

where

u * ⎡ ⎛ zb − d 0
⎢ln ⎜
κ ⎣⎢ ⎜⎝ z0

⎞
⎛ z − d0
⎟ − ψ m ⎜⎜ b
⎟
⎝ L
⎠

⎞
⎛z
⎟⎟ + ψ m ⎜⎜ 0
⎠
⎝ L

⎞⎤
⎟⎟⎥ ,
⎠⎦⎥

(3.9)

κ = 0.4 is the van Karman constant;
d0 = 15 m is zero-plane displacement;
z0 = 2 m is the roughness length;
L is the Monin-Obukhov parameter;
ψm 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. (3.7) for deciduous forests
during the vegetative period (from May to September). For the remaining time, dry deposition
velocities for areas covered by deciduous forests are calculated as for soil Eq. (3.6). For areas
covered by coniferous forests dry deposition velocities are calculated by Eq. (3.7) throughout the year.
The amount of pollutant deposited to forest is distributed between soil and leaves/needles in
accordance with the distribution coefficient Kvs, which is pollutant-dependent.
The coefficients Asea, Bsea, Asoil, Bsoil, Csoil, α, β and γ, as well as the distribution coefficient Kvs between
soil and leaves/needles for forests, are a part of model parameterization for a particular chemical.
Their values for the selected POPs are given in the Annex B. (B.3. “Dry deposition velocities over
land, sea, and forest”).

Wet deposition
Wet deposition of POPs in gaseous and particulate phase is distinguished in the MSCE-POP-Hem
model. Making an assumption that the pollutant does not redistribute between dissolved and
particulate phase within a raindrop, total dimensionless ratio WT for a substance washout with
precipitation is determined by the following equation:
WT = Wg (1 - ϕ) + WP ϕ,
where

(3.10)

Wg is the washout ratio of the POP gaseous phase;
WP is the washout ratio of a substance associated with aerosol particles;
ϕ is the substance fraction associated with aerosol particles in the atmosphere.

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:
Cwd = Wg Cag ,

where

(3.11)

Cwd is the dissolved phase concentration in precipitation water, ng/m3;
Cag is the gaseous phase concentration in air, ng/m3;
Wg = 1/K’H is the dimensionless washout ratio for the gaseous phase;
K’H is the dimensionless Henry’s law constant.
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The Henry’s law constant (K’H) is temperature dependant. Temperature dependence and its
parameters for selected POPs can be found in Annex B (B.2. “Henry`s law constant and air/water
partition coefficient”).
For the description of particle bound phase scavenging with precipitation, the washout ratio
determined experimentally is used:
Cws = W pCap ,

where

(3.12)

Cap is the particle bound phase concentration in the air surface layer, ng/m3;
Cws is the suspended phase concentration in precipitation water, ng/m3;
Wp is the dimensionless washout ratio for the particulate phase.

The Wp is a parameter specific for each POP which values can be found in Annex B (B.4. “Washout
ratio”).

Degradation in air
Degradation process of POPs in the atmosphere is considered as the gas-phase reaction of pollutants
with hydroxyl radicals and all other reactions are neglected. The degradation process in the
atmosphere is described by the equation of the second order:
dC
= −kair ⋅ C ⋅ [OH],
dt

where

(3.13)

C is the pollutant concentration in air (gaseous phase), ng/m3;
[OH] is the concentration of OH radical, molec/cm3;

kair is the degradation rate constant for air, cm3/(molec⋅s).

In the MSCE-POP-Hem model for some of considered POPs the degradation rate constant due to
reaction with OH-radical in the atmosphere is taken to be temperature dependent. Temperature
dependence of degradation rate constant of the gas-phase reaction with OH-radical is described
using Arrenius equation (see Annex B, B.5 “Degradation rate constants in environment media”). OH
radical concentrations in the atmosphere vary substantially depending on many factors (latitude,
cloudiness, day time, season, some atmospheric properties, etc.). Data on temporal and spatial
variations of OH radical concentrations are described in Section 2.5. “Chemical reactants data”.
The process of degradation of POPs associated with particles is not included in the model due to lack
of information on this topic.

Gaseous exchange with underlying surface
The gaseous exchange of POPs between the atmosphere and underlying surface (soil, vegetation,
and seawater) is described on the basis of the resistance analogy. Description of this process is given
below in sections devoted to corresponding media, namely, soil, vegetation, and seawater.
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3.2. Soil compartment
The soil module is based on the model developed by C.M.J. Jacobs and W.A.J. van Pul [1996]. The
soil compartment is represented by upper 20 cm soil layer which is separated into seven horizontal
sub-layers of different thickness, namely, Δzi = 0.1, 0.3, 0.6, 1, 2, 5 and 11 cm.
In the current version of the model the following processes are included: partitioning of the pollutant
between various phases in soil, vertical transport due to diffusion and convective water fluxes,
bioturbation, gaseous exchange with the atmosphere, and the degradation.

Partitioning in soil
Several phases of POPs within the soil are
considered in the model: gaseous phase,
dissolved phase, phase sorbed on the
dissolved organic carbon, and phase sorbed
on organic carbon within the solid soil
fraction (Fig. 3.3). To take into account the
dynamic character of the redistribution
between POP sorbed on solid organic
carbon and other POP phases in soil, total
content of solid organic carbon (OC) was
Fig. 3.3. POP fractions in soil, exchange processes
split into two separate fractions: easily
and partitioning coefficients
accessible and potentially accessible
[Vassilyeva and Shatalov, 2002]. It is
assumed that the equilibrium between all POP phases except sorbed on potentially accessible soil
OC fraction is established instantaneously.
The process of partitioning between these phases is governed by the following three partitioning
coefficients:
•

Air/water partitioning coefficient (KAW, dimensionless):
K AW =
where

KH
RT

(3.14)

KH is the air-water Henry’s law constant, Pa·m3/mol;
T is soil temperature, K;
R = 8.314 J/(mol⋅K) is the universal gas constant.

•

Organic carbon/water partitioning coefficient Koc, m3/kg.

•

Dissolved organic carbon/water partitioning coefficient Kdoc, dm3/kg.

For the Henry’s law constant in the dimensionless form (K’H), temperature dependence determined by
the Eq. (B.3) (Annex B) is assumed, where coefficients KH0 and aH are pollutant-dependant.
The other two partitioning coefficients are calculated via the octanol/water partitioning coefficient KOW
of a pollutant in question by the following regression equations:
KOC = 0.41 KOW [Karikhoff, 1981]

(3.15)
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and

log Kdoc = 0.98 log KOW – 0.39

for PAHs

(3.16)

log Kdoc = 0.93 log KOW – 0.54

for PCBs

(3.17)

[Poershman and Kopinke, 2001].

The latter relation obtained for a number of POPs with wide range of KOW can also be used for other
POPs (PCDD/Fs, HCB, γ-HCH) [Vassilyeva and Shatalov, 2002]. Values of KOW and KOC used in
model parameterization are given in Annex B (B.6 “Octanol-water partition coefficient”, B.7 “Organic
carbon-water partition coefficient”).
Following [Jacobs and van Pul, 1996], we express total POP concentration in soil CT (ng/m3) via
concentrations Cs (ng/kg), Cg (ng/m3), Cd (ng/m3) and Cdoc (ng/m3) of solid, gaseous, dissolved and
sorbed on dissolved organics fraction by the equation:
CT = ρ sCs + α w (Cd + Cdoc ) + α aC g ,

where

(3.18)

ρs is the bulk density of solid soil material, kg/m3;
αw is the volumetric water content of the soil;
αa is the volumetric air content of the soil.

Relations between concentrations in different POP phases in soil are as follows:

where

Cg = Kaw Cd,

(3.19a)

Cdoc = cdoc Kdoc Cd,

(3.19b)

Cs = foc Koc Cd,

(3.19c)

foc

is the fraction of organic carbon in soil,

cdoc is the concentration of dissolved organic carbon in soil solute (mobile fraction, kg/L).

The fraction foc of organic carbon varies widely depending on soil type (from 0.1 to 30% in Europe).
The value of cdoc was chosen for calculations using the assumption that the fraction fdoc of soil organic
carbon contained in mobile soil solute is about 0.5% of total organic carbon content in soil. This leads
to the dissolved organic matter concentration in soil solute of about 170 mg/L at fraction foc of soil
organic carbon equal to 5%. This value agree with that obtained by measurements (see [Vassilyeva
and Shatalov, 2002]).
From formulas (3.18), (3.19 a-c) we obtain:
CT = Rl Cl = Rs Cs = Rg Cg,

(3.20)

where Cl = Cd + Cdoc = Cd (1 + cdoc Kdoc) is the POP concentration in soil solute, and soil partitioning
coefficients Rl, Rs and Rg are calculated by:
Rl = α w + ( ρ s foc K oc + α aK aw ) /(1 + cdoc K doc ) ,

(3.21a)

Rs = Rl (1 + cdoc K doc ) /(foc K oc ),

(3.21b)

Rg = Rl (1 + cdoc K doc ) / K aw .

(3.21c)

The exchange between a pollutant sorbed on easily accessible (C0) and on potentially accessible (C1)
solid OC fractions is assumed to be a process of first order:
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dC0
= k (C1 + C0 )
dt
dC1
= k (C0 + C1 )
dt

(3.22)

where mass transfer coefficient k is chosen in such a way that the characteristic time for the exchange
process equals to 1 year. The fraction facc of easily accessible fraction was assumed to be 30%.

Vertical transport in soil and exchange with the atmosphere
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 Jw (equal to mean annual precipitation intensity hp, m/c). The
corresponding equation is:
∂CT
∂CT
⎞
∂ ⎛
=
⎜ DE
− VE CT ⎟⎟.
∂t
∂z ⎜⎝
∂z
⎠

(3.23)

In the latter formula the effective diffusion coefficient DE is given by:
DE =

where

ξ g Da
Rg

+

ξ l Dw
Rl

(3.24)

+ Db .

ξ g and ξ l are gas and liquid tortuosity factors;
ξ g = aa10 / 3 / φ 2; ξ l = aw10 / 3 / φ 2 ;

φ is the porosiry of the soil;
Da and Dw are molecular diffusion coefficients in air and water;
-12

Db is bioturbation coefficient, Db = 6·10

m2/s [McLachlan et al., 2002].

Bioturbation in the description of POP behavior in soil is treated as additional diffusion process and is
based on the paper [McLachlan et al., 2002].
The effective solute velocity VE is defined as:
VE = JW / Rl

(3.25)

At this stage the convective water flux Jw is assumed to be the same as the precipitation rate.
Dynamic character of convective water flux will be taken into account later. In current version of
MSCE-POP-Hem model the description of vertical transport of POPs in soil is rather simplified. This
approach is used since the model is aimed at calculation of monthly and annual averages of POP
concentrations and fluxes. For the description of POP vertical transport with upward water fluxes it is
supposed that during some period Tinv (inverse flux period) after each precipitation event an upward
water flux takes place. This flux is supposed to be constant in time. Its value is chosen in such a way
that the amount of water transported by this flux to soil surface during the inverse flux period
constitutes certain fraction finv of the amount fallen down during the precipitation event. The parameter
finv is chosen to be 0.6 (60%) since the fraction of evaporated water from land is estimated as 60%
from total precipitation amount on the average over Europe [Atmosphere Handbook, 1991].
To complete the description of POP vertical transport in soil, it is necessary to write down the
expression of fluxes through upper and lower boundaries of the soil calculation domain.

35

The flux Fas at the atmosphere/soil interface is given by the following equation:
Fas =

where

Ca − CT / K as
,
Ra + Rb + Rs

(3.26)

Ca is air concentration;
Kas is effective air/soil distribution coefficient.

This parameterization is based on the
resistance analogy. The gaseous flux of
POP from the atmosphere to the soil is
driven by the difference between
atmospheric gas concentration Ca at the
air reference level za (equal to half the
height of the lowest model atmospheric
layer) and gaseous phase concentration
CT in soil at the reference level zs=Δz1/2
(Δz1 – 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. 3.4).

Fig. 3.4. Resistance scheme used for the description of gaseous
exchange between the atmosphere and the soil

•

Turbulent air sublayer resistance
Ra, s/m is the resistance to transport through the turbulent air sublayer (from za to zb).

•

Laminar surface air sublayer resistance Rb, s/m is the resistance to transport through the
laminar surface air sublayer (zb) to the interface;

•

Surface soil resistance Rs, s/m, is the resistance to transport from the surface soil interface to
the soil reference level (zs).

The resistance of upper soil layer rs and effective air/soil distribution coefficient Kas are given by:
Rs =

where

Δz1

1
,
⎛ 2DE
⎞
+ pVE ⎟⎟
Rg ⎜⎜
⎝ Δz1
⎠

K as =

1
⎛ 2DE
⎞
+ qVE ⎟⎟
rs ⎜⎜
z
Δ
⎝ 1
⎠

(3.27)

is the thickness of the upper layer of the soil calculation grid;

p = 1, q = 0 for downward water flux (VE > 0) and p = 0, q = 1 for upward water flux (VE < 0).

The flux at the lower boundary of soil calculation domain is assumed to be zero.
Eq. (3.25) with the above boundary conditions is numerically solved by explicit scheme. The number
of vertical calculation layers in the soil calculation domain and their thickness are chosen in an
appropriate way. The criterion for the choice of these parameters is the stability of the value of net
gaseous flux with respect to further subdivision of soil layers. As a result, 7 layers with thickness 0.1,
0.3, 0.6, 1, 2, 5 and 11 cm downwards are used.
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Degradation in soil
The degradation process in soil is described as a first-order process by the equation:
dC
= −k soil C,
dt

where

C

(3.28)

3
is the pollutant concentration in soil, ng/m ;

ksoil is the degradation rate constant for soil, s-1.

The degradation rate constant ksoil is a part of model parameterization for a given pollutant (see Annex
B (B.5. Degradation rate constants in environmental media).

3.3. Vegetation compartment
Three types of vegetation are distinguished in the model: coniferous forest, deciduous forest, and
grass. The information on vegetation types is based on the land cover data described in MSCE-HMHen model description. 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.

Gaseous exchange with the atmosphere
The equation describing atmosphere/vegetation exchange has the following form:
dCV
1
(Cag − CV / KVa ),
=
dt
Rtot
where

(3.29)

Cag is the air concentration of a pollutant;
CV is the concentration in vegetation of a given type;
Kva is the bioconcentration factor (BCF);
Rtot is the total resistance to the gaseous exchange given by the formula:
Rtot = Ra + aV / k ,

where

(3.30)

Ra is the aerodynamic resistance of the turbulent atmospheric layer;
k

is the mass transfer coefficient, m/s;

2
3
aV 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 = CV
where

S

S ⋅ LAI
,
aV

(3.31)

is the area covered by vegetation of a given type within a grid cell;

LAI is the particular leaf area index for the considered type of vegetation.
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Parameterization of BCF. The bioconcentration factor is determined by the following equation
[McLachlan and Horstmann, 1998]:
n
KVa = mK OA
,

where

(3.32)

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 Eq. (3.32)
Grass [Thomas et al., 1998]
m
n

22.91
0.445

Forest [McLachlan and Horstmann, 1998]
Coniferous
Deciduous
38
14
0.69
0.76

While calculating BCF using Eq. (3.32) the temperature dependence of KOA should be taken into
account. Coefficients of KOA temperature dependencies used in model parameterisation for the
selected POPs are presented in Annex B (B.8. “Octanol-air partitioning coefficient”).
Parameterization of the mass transfer coefficient k. According to [Pekar et al., 1999], the mass
transfer coefficient is directly proportional to the value of KOA. Hence, for the evaluation of the
temperature dependence of k the following formula can be used:
⎡ ⎛1
1
k = k 0 exp ⎢a K ⎜⎜ −
⎢⎣ ⎝ T T0

where

⎞⎤
⎟⎥ ,
⎟
⎠⎥⎦

(3.33)

k0 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;
aK is the coefficient of KOA temperature dependence, K.

The values of aK for the selected POPs are given in the Annex B (B.8. “Octanol-air partitioning
coefficient”).

Defoliation and transport to soil from forest litter
The 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 deciduous forest and grass. For coniferous trees defoliation was described as a first-order
process with a half-life T1/2 = 2 years.
The transmission of a pollutant from fallen leaves to the underlying soil is described as a first order
process with the half-life of about 10 years as a preliminary rough hypothesis.

Degradation in vegetation
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 that in soil.
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3.4. Seawater compartment
This section contains a general description of the processes included in the seawater module of the
MSCE-POP-Hem 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.

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:
∂c p
Dc
∂
∂c
= KH ΔH c +
(K V
) − ν sed
− kd c ,
Dt
∂z
∂z
∂z
where

c, cp

(3.34)

are POP total and particulate phase concentrations;

D
is the total derivative in time;
Dt
ΔH
is the Laplace operator in horizontal variables;
KV (z) and KH are the coefficients of vertical and horizontal diffusion;

νsed

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

ν sed =
where

g ( ρ p − ρ w )d p 2

(3.35)

12 μ

g

is gravitational acceleration, m/s2;

ρp

is mean density of particles, kg/m3;

ρw

is water density, kg/m3;

dp

is the diameter of seawater particles, m;

μ

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:
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cp = kp cd
where

cp

(3.36)

is the concentration of POP sorbed on particles;

d

is the concentration of POP dissolved in water;

p

is the partition coefficient between the particle and dissolved phase.

c
k

In its turn kp may be estimated by the expression:
k p = k po K pc prt

where

(3.37)

k po is the fraction of organic matter in a particle;

Kp is the equilibrium constant for sorption/desorption processes (proportional to the octanol-water
coefficient KOW);
Cprt is particle concentration.

Air/seawater mass exchange
For POP flux through the sea surface the following expression is used:
Fz
where:

⋅

z =0

= α 1(c ag / K ' H (T ) − c d )((1 − α 2 )Dw / δ + α 2 K HR h f ) + Fgw + Fpd + Fpw ,

(3.38)

δ = δ 0 exp( −0.15 ⋅ U a ) ,
α 1 = 1.75 − 0.75 exp( −0.18 ⋅ U a ) ,
α 2 = 1 − exp( −0.01 ⋅ U a ) .

ca g
d

is the POP gas-phase concentration in the lower layer of the atmosphere;

c

is the dissolved POP concentration in upper layer of the sea;

K’H(T)

is the dimensionless Henry’s law constant depending on temperature;

Dw

is the molecular diffusion coefficient in water;

δ0

is the surface molecular layer depth at zero wind speed;

Ua

is the wind speed absolute value near the surface;

⋅

hf

is the foam settling rate at the sea surface;

Fgw

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;

Fpw

is the flux of POP associated with particles in the atmosphere as a result of particle washout with
precipitation;

α1

is the coefficient introduced for the description of surface sea area increase due to wave disturbance;

α2

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.
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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 Fig. 3.5.

Fig. 3.5. 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), FIOp – 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:
0
FAO
= Fz

where

z =0

= Fdg + Fwg + Fdp + Fwp ,

(3.39)

Fdg is POP gas phase flux between the seawater and the atmosphere;
Fwg is the gas phase flux from the atmosphere to the seawater with precipitation;
Fdp is the atmospheric dry deposition flux of POP with particles to the seawater;
Fwp is the flux of POP with particles depositing with precipitation.

0
To take into account the screening effect of sea ice, FAO
should be substituted for the expression:

1
0
FAO
= FAO
(1 − A) ,

where

(3.40)

A is ice compactness in dimensionless units ( A = Si / S, Si – 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:
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•

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/m3) in snow pack is denoted as csn; the total concentration of the gaseous and surface phase in
p
the ice medium (kg/m3) – as cic; concentration of the particle phase in the snow (kg/m3) – as csc
; and

the concentration of the particle phase in the ice thickness (kg/m3) – as c icp . The thickness of the snow
cover on the ice and the ice thickness are denoted by hsn and hic, respectively. The values of hsn, hic,
p
may depend on the horizontal co-ordinates λ, ϕ and time t concentration. Values csn, cin, c sn
, c icp may

also depend on the vertical co-ordinate z. In view of the essentially smaller vertical scale, in
p
, c icp will be
comparison with the horizontal, vertically averaged values of concentrations csn, cin, c sn

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:
p
p
m sn = Ac sn hsn , msn
= Acsn
hsn , micp = Ac icp hic , mis = Ac is hic

(3.41)

The balance equation of the considered POP fluxes for snow and ice medium and for the ice surface
may be written as:
¾

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

'
dmsn
= (F d + Fwg + FSO )A − FSd ,
dt

where

(3.42)

' g

F d is the atmospheric dry deposition flux of gaseous POP between the atmosphere and snow;
Fwg 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;
FSd is the degradation rate of gaseous and surface phases in snow.

¾

for the particle phase in the snow pack:
p
dmsn
p
p
= (Fdp + Fwp + FSO
)A − FSd
,
dt

where

¾

(3.43)

Fdp , Fwp are the atmospheric dry and wet deposition fluxes of POP with particles (previously defined);
p
FSO

is the flux of the particle phase of POP from the upper snow surface into seawater;

p
FSd

is the degradation rate of the particle phase in snow.

for the sum of the gaseous and surface phase in the ice:
dmis
= (Fwg + FIO )A − FId ,
dt

(3.44)
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FIO is the flux of the surface phase of POP from the upper ice surface into seawater;

where

FId

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.
¾

for the particle phase in the ice medium:
dmicp
= (Fdp + Fwp + FIOp )A − FIdp .
dt
where

(3.45)

FIOp

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

FIdp

is the degradation rate of the particle phase in ice.

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 (uic,
νic), where uic – meridian, vic – zonal components of ice velocities.
The undefined mass fluxes in the right sides of Eq. (1.42 – 1.45) are represented by the following
relationships.
The flux of the gaseous phase between the atmospheric and snow pack.
Fd' g =

Here

(c ag − c surf )
.
r + rsurf

(3.46)

cag is the gas phase concentration in the atmosphere;
r

is resistance to the atmospheric flux;
hsn
g
rsurf =
; c surf = c gsn = c sn R sn
;
4/3
2φ sn
Dg

Dg

ρ − ρ sn
φ= w
ρw

ρw, ρsn

is the POP molecular diffusion coefficient in gas;
is snow porosity;
are water and snow density respectively,

The expression for Fd' g 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
g
coefficient R sn
in the relationship for csurf is expressed through snow porosity, snow density,

specific surface area of crystals ssn and the coefficient of equilibrium between the gas and surface
phase Kia [Koziol and Pudykiewicz, 2001].
g
Rsn
= φ + ρ sn ssn K ia

(3.47)

The values Kia are connected with the POP solubility CW and the Henry’s law constant:
log(K ia ) = 0.769 ⋅ log(CW ) − 5.966 − log(K ' H (Tsn )) ,
where Tsn is snow temperature.
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(3.48)

¾

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 = −dhsn csn
where

¾

(3.49)

dhsn is snow cover melting rate.

For the particle phase flux between the seawater and snow with the same assumptions
p
p
FSO
= − dh sn c sn

¾

hsn > 0 ,

at

hsn > 0

at

(3.50)

For the surface phase flux into seawater from the upper ice surface.
FIO = −dhis c ic

at

his > 0,

(3.51)

where dhis is the ice melting rate on the upper ice surface.

¾

For the particle flux into seawater from the upper ice surface.
FIOp = −dhis c icp

at

his > 0,

(3.52)

For the particle phase between the ice medium and seawater on the bottom / lateral surfaces of ice:
FIOp = −dhib c icp

at

dhib > 0

FIOp = −dhib cwp

at

dhib ≤ 0 , (accretion)

where

(melting)

(3.53)

dhib is the ice melting rate on the lower ice surface;
cwp

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:
FSd = ksndmsn,
where

p
p
p
,
FSd
= k snd
msn

Fid = kicdmic,

p
FIdp = k icd
micp ,

(3.54)

p
p
ksnd, k snd
, kicd, k icd
are the degradation rate constants of a substance.

Computation of POP exchange between the atmosphere and ice compartment in MSCE-POP-Hem
model requires the following input information, namely, ice compactness, ice cover thickness, snow
cover thickness, ice and snow melting rates, surface temperature. These data were obtained from the
CSIM2 model developed at NCAR in the framework of CCSM model project [Bruce et al., 2001] and
adapted for supplying the MSCE-POP-Hem model with required input data [Shatalov et al., 2003].
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3.5. Input information
The MSCE-POP-Hem model input information includes emission data, meteorological and
geophysical information, and physical-chemical properties of POPs. MSCE-POP-Hem and MSCEHM-Hem models use the same meteorological data, land cover information (Annex C), and data on
OH radical content in the atmosphere (Section 2.5. “Chemical reactants data”). In addition to them
MSCE-POP-Hem model requires also data on leaf area index, organic carbon content in soil, data on
specific aerosol surface in air and data on sea currents.

Emissions of selected POPs
The preparation of emission data for modelling is made on the basis of official data submitted to the
UN ECE Secretariat by countries and available expert estimates of POP emissions. The official data
on POP emissions (PAHs, PCDD/Fs, PCBs, HCB and γ-HCH) for the period from 1990 to 2001 (at
least for one year) were submitted by 32 Parties to the Convention. Data on other pollutants (Aldrin,
Chlordane, Chlordecone, Dieldrin, Endrin, Heptachlor, Hexabromobiphenyl, Mirex, Toxaphene, DDT,
PCP and SCCP) were submitted by 16 countries. It is worth to note that in recent years, the number
of countries submitting data on POP emissions and their spatial distribution over the EMEP domain
increased. For countries for which official emission data were not available, expert estimates are
used.
Emission data for polycyclic aromatic hydrocarbons were compiled with the usage of officially
submitted data and available expert estimates of [Pacyna et al., 1999; Tsibulsky et al., 2001;
Berdowski et al., 1997; Baart et al., 1995]. In the model computations seasonal variations of PAH
emissions are considered in accordance with [Baart et al., 1995].
Data on polychlorinated dibenzo-p-dioxins and dibenzofurans (PCDD/Fs) emissions of European
countries were prepared using official emissions and expert estimates of PCDD/F total emissions and
their spatial distribution of [Pacyna et al., 1999]. For model calculations splitting of the overall toxicity
of PCDD/F mixture between different congeners was performed and spatial distributions of emissions
for each congener were prepared on the basis of the data from [Pacyna et al., 1999].
Emissions of polychlorinated biphenyls (PCBs) for European region are based on global emission
inventory of 22 PCB congeners for the period 1930-2000 [Breivik et al., 2002]. These data were
redistributed into MSCE-POP-Hem model grid using the information on population density.
Information on HCB and γ-HCH emissions of European countries was compiled on the basis available
official information and expert estimates of [Pacyna et al., 1999]. Seasonal variations of γ-HCH
emissions due to its application for agricultural purposes in spring and early summer are taken into
account in modelling.
Detailed description of emission data used for modelling can be found in MSC-E/CCC technical
reports 7/2002 and 4/2003 [Shatalov et al., 2002; Shatalov et al., 2003].
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Physical-chemical properties of selected POPs and substance-specific parameters
Basic differences in the long-range transport of POPs mainly result from peculiarities of their physicalchemical properties and degradation rates in the main environmental media. The key characteristics
required for POP modelling are the following:


subcooled liquid vapour pressure (p0L);



air-water Henry’s law constant (KH);



washout ratio for the particulate (Wp) and gaseous phase (Wg);



degradation rate constants for different environmental compartments;



coefficients of partitioning between different media (octanol-water partition coefficient (KOW),
octanol-air partition coefficient (KOA), organic carbon-water partition coefficient (KOC));



data on the distribution of low volatile POPs with particle sizes in the atmosphere;



and molecular diffusion coefficients (DA, DW , m2/s).

These physical-chemical properties were prepared for the evaluation of environmental pollution with
MSCE-POP-Hem model for selected POPs, namely, PAHs (B[a]P, B[b]F, B[k]F and I_P), PCDD/Fs
(17 congeners), PCBs (5 congeners), γ-HCH and HCB. The mentioned above characteristics used for
modelling of considered POPs are presented below in Annex C. For some of these POPs temperature
dependencies of subcooled liquid-vapour pressure, Henry’s law constant, octanol-air partition
coefficient and degradation rate constants are also given.
The selection of parameters was carried out on the basis of literature data on POP physical-chemical
properties and measurement data. Many studies report data on experimentally determined or
theoretically derived physical-chemical properties of individual POPs. At that base values of some
physical-chemical properties and/or coefficients of temperature dependencies vary substantially. The
scattering of the values reported can to some extent characterize the uncertainty of particular
parameter.

Geophysical data
Leaf Area Index (LAI) 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 converted to MSCE-POP-Hem model grid. Consistency of these data in relation
to the land cover information was investigated by correlation analysis.
Data on sea currents were obtained from ocean general circulation model (OGCM) [Resnyansky and
Zelenko, 1991; 1992; 1999]. These data describe three-dimensional structure of velocity fields in the
oceanic depth and the surface mixed layer depths within the EMEP grid. The velocity fields and the
upper mixed layer thickness are defined for every two days with linear interpolation of values obtained
within this period of time. Description of this information can be found in MSC-E Technical Note
5/2000 [Strukov et al., 2000].
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Annex A
CALCULATION OF THE VERTICAL VELOCITY
A possible approach to adjust the input meteorological fields to the model discritization is derivation of vertical
wind velocity σ& from the continuity equation for air at each time step [Odman and Russel, 2000]. For the exact
mass conservation it is important to apply the same numerical scheme used for description of species advection
to solution of the continuity equation. The solution is performed in two steps:
Step 1. Solution of the horizontal constituent of the air continuity equation for p* using Bott advection scheme:
V ⎞
∂p *
⎛
= −m 2∇ H ⋅ ⎜ p * H ⎟
m ⎠
∂t
⎝

(A.1)

For the initial condition the surface pressure at the beginning of the time step (p*)t is used. As a result a
tree-dimensional distribution of the intermediate pressure (p*)t+Δt/2 = f(x,y,σ) is obtained.
Step 2. Solution of the vertical constituent of the air continuity equation for the vertical velocity σ& :
∂p *
ЃЭ
(p * σ& )
=−
ЃЭ
σ
∂t

(A.2)

The intermediate pressure (p*)t+Δt/2 from the Step 1 is used as the initial condition; and the surface
pressure at the end of the time step (p*)t+Δt = f(x,y) interpolated from the input data is considered as a final
condition. Keeping notations from [Bott, 1989a] the surface pressure at the end of the time step can be
express as follows for each layer k of the model domain

( )

(p * )t + Δt

= pk*

t + Δt 2

− Ι kup − Ι kdown +

Δσ k −1 up Δσ k +1 down
Ι k-1 +
Ι k +1 ,
Δσ k
Δσ k

k = 1, Kmax ,

(A.3)

where the integrals of mass coming up and down through the upper and lower borders of the gridcell,
respectively, are given by :
−1 2+α kup

Ι kup

∫

=

12

p * (ξ )dξ ,

Ι kdown =

∫ p * (ξ )dξ ,

(A.4)

1 2−α kdown

−1 2

pressure distribution in a gridcell is approximated by the 2nd order polynomial:

p * (ξ ) =

2

∑a

k ,n ξ

n

ξ=

,

n =0

σ −σ k
Δσ k

(A.5)

and the local Courant numbers are calculated as follows:

α kup =

σ& kup Δt
Δσ k

,

α kdown =

σ& kdown Δt

(A.6)

Δσ k

The integrals of mass coming through the gridcell borders are derived from Eq. (A.3):
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( )

Δσ k −1 up
⎧ up
*
down
Ι ,
Ι kup > 0
+
⎪ Ι k = pk t + Δt 2 − (p * )t + Δt − Ι k
Δσ k k −1
⎪
,
⎨
Δσ k ⎛
Δσ k −1 up ⎞
up
⎪ Ι kdown
⎜ (p * )t + Δt − pk* t + Δt 2 + Ι kdown −
⎟
Ι
,
Ι
0
≤
+1 =
k
⎪⎩
Δσ k +1 ⎜⎝
Δσ k k −1 ⎟⎠

( )

k = 1, Kmax .

(A.7)

The calculation is started from the lowest layer where the mass flux through the ground surface is absent:

Ι 0up = 0 and Ι1down = 0 . Substituting the polynomial approximation (A.5) to the Eqs. (A.4) and equating the
obtained expressions to the values of the mass integrals calculated in Eq. (A.7) one can derive linear
algebraic equations for the local Courant numbers α kup or α kdown at borders of each gridcell (k = 1, Kmax):
2

ak , n

∑ (n + 1)2

n =0

2

ak +1,n

∑ (n + 1)2

n =0

n +1

(

( −1)n ⎡1 − 1 − 2α kup
⎢⎣

(

⎡1 − 1 − 2α down
k +1
⎣

n +1 ⎢

)

)

n +1 ⎤

n +1 ⎤

⎥⎦

⎥⎦

= Ι kup

(B.8)

= Ι kdown
+1

(B.9)

Only one of Eqs. (A.8) and (A.9) is taken for each gridcell border. For example, for the upper border of
gridcell k Eq. (A.8) is chosen if Ι kup > 0 and Eq. (A.9) in the opposite case. The Eqs. (A.8) or (A.9) are
solved for α kup or α kdown , respectively, using the Newton’s method. Vertical velocities are derived from the
appropriate Courant numbers using expressions (A.6).
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Annex B
PHYSICAL CHEMICAL PROPERTIES OF SELECTED POPs AND SUBSTANCESPECIFIC PARAMETERS
The values of physical-chemical properties, substance-specific parameters and degradation rates of POPs in the
main environmental media (atmosphere, soil, seawater and vegetation) are presented below in Tables B.1-B.11.

B.1. Subcooled liquid-vapour pressure
The value of subcooled liquid-vapour pressure (pOL, Pa) is used in the modelling of the process of POP
partitioning between its particulate and gaseous phase in the atmosphere in accordance with the Junge-Pankow
adsorption model [Junge, 1977; Pankow, 1987]. Thus, the value of pOL determining the particle-bound fraction of
a pollutant in air strongly influences such subsequent important processes as dry and wet deposition and
degradation in air.
The value of subcooled liquid-vapour pressure (pOL, Pa) depends on the air temperature and is included in the
model in the following form:
⎡
⎛1
1
0
pOL = pOL
exp ⎢− a P ⎜⎜ −
⎢⎣
⎝ T T0
where

T
T0
0
pOL

aP

⎞⎤
⎟⎥ ,
⎟
⎠ ⎥⎦

(B.1)

is the ambient temperature, K;
is the reference temperature, K;
is the value of pOL at the reference temperature T0;
is the coefficient of the vapour pressure temperature dependence, K.

Coefficients of pOL temperature dependence and base values given at the temperature 283.15 K (T0) for the
selected POPs are presented in Table B.1. The way in which these coefficients of the temperature dependence
were obtained or recalculated from original data presented in the literature used is specified in the field
"Comments".
The temperature dependence of pOL essentially affects the long-range transport of a pollutant. It increases with
increasing temperature for all considered compounds. POPs with the lowest values of vapour pressure the same
as PAHs, heavier congeners of PCDD/Fs and PCBs exist in the atmosphere preferably sorbed on atmospheric
aerosol particles thereby increasing the probability of their subsequent deposition and washout with precipitation.
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Table B.1. Coefficients of pOL temperature dependence used in model parameterization
Values
Compound

0
pOL
, Pa

aP, K

T0, K

-7

11488

283.15

-7

10541

283.15

B[a]P

9.34·10

B[b]F

2.05·10

B[k]F

7.00·10

-7

10194

283.15

I_P

3.24·10-8

11142

283.15

2,3,7,8-TCDD

8.11·10

-5

10113

283.15

1,2,3,7,8-PeCDD

1.06·10

-5

11002

283.15

1,2,3,4,7,8–HxCDD

4.54·10

-6

11145

283.15

11059

283.15

-6

11414

283.15

-6
1,2,3,4,6,7,8-HpCDD 1.55·10

11552

283.15

4.85·10-6

10767

283.15

-4

10002

283.15

-5

10371

283.15

-5

10608

283.15

-5

10719

283.15

-5

10696

283.15

1,2,3,7,8,9-HxCDF

-5

1.30·10

10691

283.15

2,3,4,6,7,8-HxCDF

1.39·10-5

10659

283.15

-6

10903

283.15

-6

10999

283.15

-6

11064

283.15

-3

9383

283.15

-4

10956

283.15

-4

10739

283.15

-5

10995

283.15

-5

11610

283.15

8474

283.15

8248

283.15

PAHs

-6

PCDDs 1,2,3,6,7,8-HxCDD

2.8·10

1,2,3,7,8,9-HxCDD

3.19·10

OCDD
2,3,7,8-TCDF
1,2,3,7,8-PeCDF

PCDFs

4.30·10

2,3,4,7,8–PeCDF

2.69·10

1,2,3,4,7,8–HxCDF

1.26·10

1,2,3,6,7,8-HxCDF

1,2,3,4,6,7,8-HpCDF
1,2,3,4,7,8,9-HpCDF

PCBs

1.31·10

1.22·10

5.85·10
3.62·10

OCDF

1.86·10

PCB-28

6.43·10

PCB-105

1.25·10

PCB-118

1.77·10

PCB-153

9.69·10

PCB-180

1.67·10

-2

γ-HCH

1.424·10

HCB

2.88·10

-2

Comments
Coefficients of the exponential equation are
recalculated from the standard form of
temperature dependence:
log pOL (Pa) = -A/T(K) + B
with the help of the following formulas:
0
( -A/To + B)
ap = ln(10)⋅ A, p OL = 10
where for:
B[a]P
A = 4989, B = 11.59;
B[b]F
A = 4578, B = 9.48;
B[k]F
A = 4427, B = 9.48;
I_P
A = 4839, B = 9.6.
Coefficients of the exponential equation are
recalculated from the standard form of
temperature dependence:
log pOL (Pa) = -A/T(K) + B
with the help of the following formulas:
0
( -A/To + B)
ap = ln(10)⋅ A, p OL = 10
where for:
2,3,7,8-TCDD
A = 4392, B = 11.42
1,2,3,7,8-PeCDD
A = 4778, B = 11.90
1,2,3,4,7,8–HxCDD A = 4840, B = 11.75
1,2,3,6,7,8-HxCDD A = 4803, B = 11.41
1,2,3,7,8,9-HxCDD A = 4957, B = 12.01
1,2,3,4,6,7,8-HpCDD A = 5017, B = 11.91
OCDD
A = 4676, B = 11.20
Coefficients of the exponential equation are
recalculated from the standard form of
temperature dependence:
log pOL (Pa) = -A/T(K) + B
with the help of the following formulas:
ap = ln(10)⋅ A, p0ol = 10( -A/To + B)
where for:
2,3,7,8-TCDF
A = 4344, B = 11.46
1,2,3,7,8-PeCDF
A = 4504, B = 11.54
2,3,4,7,8–PeCDF
A = 4607, B = 11.70
1,2,3,4,7,8–HxCDF
A = 4655, B = 11.54
1,2,3,6,7,8-HxCDF
A = 4645, B = 11.49
1,2,3,7,8,9-HxCDF
A = 4643, B = 11.51
2,3,4,6,7,8-HxCDF
A = 4629, B = 11.49
1,2,3,4,6,7,8-HpCDF A = 4735, B = 11.49
1,2,3,4,7,8,9-HpCDF A = 4777, B = 11.43
OCDF
A = 4805, B = 11.24
Coefficients of the exponential equation are
recalculated from the standard form of
temperature dependence:
log pOL (Pa) = -A/T(K) + B
with the help of the following formulas:
0
( -A/To + B)
ap = ln(10)⋅ A, p OL = 10
where for:
PCB-28
A = 4075, B = 12.20
PCB-105
A = 4758, B = 12.9
PCB-118
A = 4664, B = 12.72
PCB-153
A = 4775, B = 12.85
PCB-180
A = 5042, B = 13.03
Coefficients of the exponential equation are
recalculated from the standard form of
temperature dependence:
log pOL (Pa) = - 3680/T(K) + 11.15
with the help of the following formulas:
0
( -3680/To + 11.15)
ap = ln(10) ⋅ 3680, p OL = 10
Coefficients of the exponential equation are
recalculated from the standard form of
temperature dependence:
log pOL (Pa) = -3582/T(K) + 11.11
with the help of the following formulas:
0
( -3582/To + 11.11)
ap = ln(10) ⋅ 3582, p OL = 10
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Reference
Hinckley et al.,
1990

Paasivirta et al.,
1999

Bulgakov and
Ioannisian, 1998

Bulgakov and
Ioannisian, 1998

Falconer and
Bidleman, 1994

Hinckley et al.,
1990

Hinckley et al.,
1990

B.2.

Henry’s law constant and air/water partition coefficient

The value of the air-water Henry’s law constant or the air/water partition coefficient are used in the description of
the gaseous exchange process between the atmosphere and soil, between the atmosphere and seawater, as
well as of wet deposition of the POP gaseous phase. Relation between the air-water Henry’s law constant, (KH,
3
Pa⋅m /mol) and the air/water partition coefficient (Kaw, dimensionless) is as follows:
K aw = K 'H =
where

KH
RT

,

(B.2)

T - temperature, K;
R = 8.314 J/(mol⋅K) - universal gas constant.

The temperature dependence of Henry’s law constant in the dimensionless form (K’H) used in the model
parameterization is expressed by the following equation:
K 'H =
where

⎡
⎛1
1
exp⎢ − aH ⎜⎜ −
RT
⎝ T T0
⎣⎢

KH 0

⎞⎤
⎟⎥,
⎟
⎠⎦⎥

T

is the ambient air temperature, K;

T0

is the reference temperature;

(B.3)

R

is the universal gas constant, J/(mol·K),

aH

is the coefficient of Henry’s law constant temperature dependence, K;
3

KH0 is the value of Henry’s law constant at reference temperature, Pa⋅m /mol.

Coefficients of the temperature dependence of the Henry’s law constant for the selected POPs are presented in
Table B.2. The way in which these coefficients of the temperature dependence were obtained or recalculated
from original data presented in the literature used is specified in the field "Comments".

Table B.2. Coefficients of temperature dependence of Henry`s law constant used in model parameterization
Values
Compound

KH0,
3
Pa⋅m /mol

aH, K

T0, K

7866

283.15

-2

7866

283.15

-2

7866

283.15

-3

-2

B[a]P

5.44·10

B[b]F

2.166·10

B[k]F

4.322·10

I_P

8.684·10

7866

283.15

2,3,7,8-TCDD

0.333

10104

283.15

1,2,3,7,8-PeCDD

0.224

PAHs

10412

283.15

-2

11462

283.15

-2

11366

283.15

11720

283.15

12943

283.15

9219.6

283.15

1,2,3,4,7,8–HxCDD

3.16⋅10

PCDDs 1,2,3,6,7,8-HxCDD

3.07·10

1,2,3,7,8,9-HxCDD

4.2·10

1,2,3,4,6,7,8-HpCDD

1.25·10

OCDD

-2

0.135

-2

Comments
Coefficients of the exponential equation are
recalculated from the standard form of
temperature dependence:
3
log KH (Pa⋅m /mol) = -A/T(K) + B
with the help of the following formulas:
( -A/To + B)
aH = ln(10) ⋅ A, KH0 = 10
where for: B[a]P
A = 3416, B = 10.8
B[b]F
A = 3416, B = 10.4
B[k]F
A = 3416, B = 10.7
I_P
A = 3416, B = 10.0
Coefficients of the exponential equation are
recalculated from the standard form of
temperature dependence:
log KH (Pa⋅m3/mol) = -A/T(K) + B
with the help of the following formulas:
aH = ln(10) ⋅ A, KH0 = 10( -A/To + B)
where for:
2,3,7,8-TCDD
A = 4388, B = 15.02
1,2,3,7,8-PeCDD
A = 4522, B = 15.32
1,2,3,4,7,8–HxCDD A = 4978, B = 16.08
1,2,3,6,7,8-HxCDD A = 4936, B = 15.92
1,2,3,7,8,9-HxCDD A = 5090, B = 16.60
1,2,3,4,6,7,8-HpCDD A = 5621, B = 17.95
OCDD
A = 4004, B = 13.27
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Reference

Ten Hulscher et al.,
1992 cited by
Galarneau et al., 2000

Bulgakov and
Ioannisian, 1998

Table B.2. (continued)
2,3,7,8-TCDF

8998.5

283.15

-2

10113

283.15

-2

8.14·10

10288

283.15

1,2,3,4,7,8–HxCDF

0.193

1,2,3,6,7,8-HxCDF

7.97·10

1,2,3,7,8-PeCDF
2,3,4,7,8–PeCDF

PCDFs 1,2,3,7,8,9-HxCDF
2,3,4,6,7,8-HxCDF
1,2,3,4,6,7,8-HpCDF

PCBs

0.274
3.97·10

11126

283.15

-2

11089

283.15

-2

11089

283.15

-2

11055

283.15

-2

11999

283.15

-2

12068

283.15

-2

9.80·10
9.43·10
1.04·10

1,2,3,4,7,8,9-HpCDF

1.29·10

OCDF

3.69·10

10447

283.15

PCB-28

7.642

7430

283.15

PCB-105

2.365

8082

283.15

PCB-118

3.046

8082

283.15

PCB-153

3.781

8347

283.15

PCB-180

2.388

8575

283.15

0.1341

5485

283.15

0.1361

6224

283.15

γ-HCH

HCB

26.4

6190

283.15

Coefficients of the exponential equation are
recalculated from the standard form of
temperature dependence:
log KH (Pa⋅m3/mol) = -A/T(K) + B
with the help of the following formulas:
aH = ln(10) ⋅ A, KH0 = 10( -A/To + B)
where for:
2,3,7,8-TCDF
A = 3908, B = 13.24
1,2,3,7,8-PeCDF
A = 4392, B = 14.11
2,3,4,7,8–PeCDF
A = 4468, B = 14.69
1,2,3,4,7,8–HxCDF
A = 4832, B = 16.35
1,2,3,6,7,8-HxCDF
A = 4816, B = 15.91
1,2,3,7,8,9-HxCDF
A = 4816, B = 16.00
2,3,4,6,7,8-HxCDF
A = 4801, B = 15.93
1,2,3,4,6,7,8-HpCDF A = 5211, B = 16.42
1,2,3,4,7,8,9-HpCDF A = 5241, B = 16.62
OCDF
A = 4537, B = 14.59
Coefficients of the exponential equation are
recalculated from the standard form of
temperature dependence:
3
log KH (Pa⋅m /mol)= -A/T(K) + B
with the help of the following formulas:
(-A/To + B)
;
aH = ln(10) ⋅ A, KH0 = 10
where A = ΔHW /2.303R;
B = logH298+ ΔHW /2.303R(298).
3
H298 is Henry’s law constant (Pa⋅m /mol) at
250C taken from [Dunnivant et al., 1992]:
PCB-28: 28.58
PCB-105: 10.03
PCB-118: 12.69
PCB-153: 16.48
PCB-180: 10.74
ΔHW is the enthalpy of volatilization from
water, kJ/mol taken from
[Burkhard et al., 1985 cited in Wania, 1997]:
PCB-28: 61.8
PCB-105: 67.2
PCB-118: 67.2
PCB-153: 69.4
PCB-180: 71.3
Coefficients of the exponential equation are
recalculated from the standard form of
temperature dependence:
log KH (Pa⋅m3/mol) = -A/T(K) + B
with the help of the following formulas:
( -A/To + B)
aH = ln(10) ⋅ A, KH0 = 10
where for:
distilled water
A = 2382, B = 7.54
sea water
A = 2703, B = 8.68.
Coefficients of the exponential equation are
recalculated from the standard form of
temperature dependence:
log KH (Pa⋅m3/mol) = -A/T(K) + B
with the help of the following formulas:
aH = ln(10) ⋅ A, KH0 = 10( -A/To + B)
where for HCB: A = 2715 , B = 11.009
A and B were estimated with the use of
temperature dependencies of pOL and SWL
given in [Beyer and Matthies, 2001]
log KH = log pOL – log SWL

estimated

distilled water:
Kucklick et al., 1991

sea water:
Kucklick et al., 1991

estimated

B.3. Dry deposition velocities over land, sea, and forest
Velocities of dry deposition over land, sea, and forest are used for modelling of PAHs, PCDD/Fs, and PCBs
which exist in the atmosphere mainly particle bounded. For γ-HCH and HCB, these parameters are not required
because these pollutants are assumed to occur in the atmosphere only in the gas-phase.
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Based on the measurement data on the distribution of low volatile POPs with particle sizes in the atmosphere,
the velocity of dry deposition to different underlying surfaces for PAHs and PCDD/Fs is calculated for particlescarriers with effective aerodynamic diameter 0.84 μm and for PCBs – for particles with effective diameter 0.55 μm
[Tsyro and Erdman, 2000; Pekar et al., 1999; Shatalov et al., 2000; Mantseva et al., 2002].
Dry deposition velocities over sea from 10 m height and over land (except forests) from 1 m height are
determined using Eq. 3.5 and 3.6 in Section “Dry deposition of the particulate phase” with the use of constants
presented in Table B.3. The table also provides the constants defining velocities of dry deposition to a forest,
which are calculated by Eq. 3.7 and 3.8 in Section “Dry deposition of the particulate phase”.

Table B.3. Constants for the calculation of dry deposition velocities over land, sea, and forest used in the model
parameterization
Compound

PAHs

PCDDs

PCDFs

PCBs

B.4.

B[a]P
B[b]F
B[k]F
I_P
2,3,7,8-TCDD
1,2,3,7,8-PeCDD
1,2,3,4,7,8–HxCDD
1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,4,6,7,8-HpCDD
OCDD
2,3,7,8-TCDF
1,2,3,7,8-PeCDF
2,3,4,7,8-PeCDF
1,2,3,4,7,8-HxCDF
1,2,3,6,7,8-HxCDF
1,2,3,7,8,9-HxCDF
2,3,4,6,7,8-HxCDF
1,2,3,4,6,7,8-HpCDF
1,2,3,4,7,8,9-HpCDF
OCDF
PCB-28
PCB-105
PCB-118
PCB-153
PCB-180

Aerodynamic
diameter of
particlecarriers, μm
0.84

0.84

0.55

Dry deposition velocity
over land
Bsoil
Csoil
Asoil
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.04
0.02
0.3
0.02
0.01
0.33
0.02
0.01
0.33
0.02
0.01
0.33
0.02
0.01
0.33
0.02
0.01
0.33

Values
Dry deposition velocity
over sea
Asea
Bsea
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.023
0.15
0.013
0.15
0.013
0.15
0.013
0.15
0.013
0.15
0.013

Dry deposition velocity
over forest

α

β

γ

0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.06
0.048
0.048
0.048
0.048
0.048

0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3
0.3

0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25
0.25

Washout ratio

In the model parameterization for HCB total washout ratio determined on the basis of measurement data (WT,
dimensionless) is used. For other considered POPs, wet depositions of the gaseous and particulate phases are
considered separately in the model (See Eqs. (3.11) and (3.13) in Section “Wet deposition”). In the model
description of gaseous phase scavenging with precipitation it is assumed that equilibrium between the vapour
phase and the dissolved phase in a raindrop is attained rapidly and washout ratios for the gaseous phase (Wg,
dimensionless) of PAHs, PCDD/Fs and PCBs is determined as inverse values to dimensionless Henry’s law
constant:
Wg = 1/K’H
where

(B.5)

K’H is the dimensionless Henry’s law constant.

Wg may be also defined experimentally by the relationship of a substance concentration in the dissolved phase in
wet depositions and in the gaseous phase in air. In particular, γ-HCH washout ratio for the gaseous phase is
empirically obtained on the basis of simultaneous measurements in air and precipitation [Wania et al., 1999].
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For the description of particle bound phase scavenging of PAHs, PCDD/Fs, and PCBs with precipitation (Wp,
dimensionless), values of the washout ratio determined experimentally or derived theoretically are used. Wet
deposition of POP particle bound phase is the dominant removal mechanism by precipitation for pollutants, which
are present in the atmosphere in the most part associated with particles.
Table B.4 gives washout ratio values of the considered pollutants used in the model parameterization. The way in
which these values were selected is specified in the field "Comments".

Table B.4. Washout ratio, (dimensionless) used in the model parameterization
Compound

Values
rain

B[a]P
B[b]F

PAHs

B[k]F

5.0 ⋅ 104

I_P
2,3,7,8-TCDD
1,2,3,7,8-PeCDD
1,2,3,4,7,8–HxCDD
1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,4,6,7,8-HpCDD
OCDD
2,3,7,8-TCDF
1,2,3,7,8-PeCDF
2,3,4,7,8–PeCDF
1,2,3,4,7,8–HxCDF
1,2,3,6,7,8-HxCDF
1,2,3,7,8,9-HxCDF
2,3,4,6,7,8-HxCDF
1,2,3,4,6,7,8-HpCDF
1,2,3,4,7,8,9-HpCDF
OCDF
PCB-28
PCB-105
PCB-118
PCB-153
PCB-180

PCDDs

PCDFs

PCBs

5.50 ⋅ 104
1.80 ⋅ 104
1.20 ⋅ 104
1.20 ⋅ 104
1.20 ⋅ 104
5.90 ⋅ 104
7.20 ⋅ 104
5.50 ⋅ 104
1.80 ⋅ 104
1.80 ⋅ 104
1.0 ⋅ 104
1.0 ⋅ 104
1.0 ⋅ 104
1.0 ⋅ 104
3.0 ⋅ 104
3.0 ⋅ 104
1.2 ⋅ 104

5

1.5 ⋅ 10

Comments
Wp selected on the basis of geometric
mean values of 4 indicator PAHs
estimated from measurement data:
4
4
B[a]P 7.37⋅10
B[k]F 5.90⋅10
4
4
I_P
9.03⋅10
B[b]F 2.62⋅10

Ligocki et al., 1985, Poster and
Baker, 1996, Hoff et al., 1996,
Franz and Eisenreich, 1998

Values of Wp (homologue-specific)
determined experimentally were selected
in [Harrad and Smith, 1997;
Meneses et al., 2002] for modelling;
For 2,3,7,8-TCDD the value is assumed
to equal that of TCDFs.

Koester and Hites, 1992;
Standley and Hites, 1991 cited
by Harrad and Smith, 1997;
Meneses et al., 2002

Values of Wp (homologue-specific)
determined experimentally were selected
in [Harrad and Smith, 1997; Meneses et
al., 2002] for modelling

Koester and Hites, 1992;
Standley and Hites, 1991 cited
by Harrad and Smith, 1997;
Meneses et al., 2002

Wp for PCB-28, PCB-105, PCB-118, PCB180 is assumed to be equal Wp of PCBSwackhamer, et al., 1988 cited
153, which experimentally determined
by Sweetman and Jones, 2000
value is selected in [Sweetman and Jones
2000] for modelling

γ-HCH

3.7 ⋅ 10

Experimentally determined value of Wg
[Ma et al., 2003]

HCB

1.0 ⋅ 104

Wt selected on the basis of measurement
data

4

Reference

Atlas and Giam, 1988 cited by
Ma et al., 2003
Berg and Hjellbrekke, 1998,
1999; Berg et al., 1996, 1997,
2000, 2001, 2002; Hoff et al.,
1996; Eisenreich et al., 1981

B.5. Degradation rate constants in environmental media
Degradation process of POPs in the atmosphere is considered as the gas-phase reaction of pollutants with
hydroxyl radicals and all other reactions are neglected. In MSCE-POP model, the degradation process in the
atmosphere is expressed by the equation of the second order (see Eq. (3.14) in Section “Degradation in air”).
Temperature dependence of degradation rate constant of the gas-phase reaction with OH-radical is taken in the
form of Arrenius equation:
kair = A·exp(-Ea / RT),
where

A

(B.6)

is the pre-exponential multiplier; сm3/(molec⋅s);

Ea

is the activation energy of interaction with OH-radical in air, J/mol;

R

is the universal gas constant, J/(mol ⋅ K);

T

is the ambient temperature, K.
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This equation is applied for the gaseous phase of a pollutant only. Values of the pre-exponential multiplier and
the activation energy for the temperature dependence of degradation rate constant in the atmosphere for the
considered pollutants are displayed in Table B.5. Temperature dependent degradation rate constant are implied
for PCBs, γ-HCH and HCB. Of note that for PAHs and PCDD/Fs no such temperature dependence exists in the
literature and the values of second order rate constant for the gas-phase reaction with OH-radical at 25°C are
used in the calculations.

Table B.5. Coefficients of temperature dependence of degradation rate constants in air kair, used in model
parameterization
Compound

PAHs

PCDDs

PCDFs

PCBs

γ-HCH
HCB

B[a]P
B[b]F
B[k]F
I_P
2,3,7,8-TCDD
1,2,3,7,8-PeCDD
1,2,3,4,7,8–HxCDD
1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,4,6,7,8-HpCDD
OCDD
2,3,7,8-TCDF
1,2,3,7,8-PeCDF
2,3,4,7,8–PeCDF
1,2,3,4,7,8–HxCDF
1,2,3,6,7,8-HxCDF
1,2,3,7,8,9-HxCDF
2,3,4,6,7,8-HxCDF
1,2,3,4,6,7,8-HpCDF
1,2,3,4,7,8,9-HpCDF
OCDF
PCB-28
PCB-105
PCB-118
PCB-153
PCB-180

Values
3
А, cm /(molec⋅s)
5 ⋅ 10-11
1.86 ⋅ 10-11
5.36 ⋅ 10-11
6.447 ⋅ 10-11
1.05 ⋅ 10-12
5.6 ⋅ 10-13
2.7 ⋅ 10-13
2.7 ⋅ 10-13
2.7 ⋅ 10-13
1.3 ⋅ 10-13
5.0 ⋅ 10-14
6.1 ⋅ 10-13
3.0 ⋅ 10-13
-13
3.0 ⋅ 10
1.4 ⋅ 10-13
1.4 ⋅ 10-13
1.4 ⋅ 10-13
1.4 ⋅ 10-13
6.0 ⋅ 10-14
6.0 ⋅ 10-14
3.0 ⋅ 10-14
-10
2.7 · 10
-11
6.15 · 10
-11
6.15 · 10
-11
8.12 · 10
-10
1.4 · 10
-11
6 ⋅ 10
-10
4.9 · 10

EA, J/mol
13720
12920
12920
15380
17840
14200
24300

Reference
Meylan and Howard, 1993
cited in SRC PhysProp Database

Brubaker and Hites, 1997

Brubaker and Hites, 1997

Anderson and Hites, 1996;
Beyer and Matthies, 2001
Brubaker and Hites, 1998
Brubaker and Hites, 1998

In the MSCE-POP model the degradation process of POPs in soil and seawater is described as a first-order
process by Eq. (3.28) (Section “Degradation in soil”) and Eq. (3.36) (Section “Degradation in seawater”). The
degradation rate constants in these media for the considered POPs are presented in Table B.6. Of note that
degradation rate constant for γ-HCH hydrolysis in seawater at pH = 8 used in model parameterization is taken to
be temperature dependent.
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Table B.6. Degradation rate constants in environmental media ksoil and ksea used in model parameterization
Compound
B[a]P
B[b]F
PAHs
B[k]F
I_P
2,3,7,8-TCDD
1,2,3,7,8-PeCDD
1,2,3,4,7,8–HxCDD
PCDDs 1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,4,6,7,8-HpCDD
OCDD
2,3,7,8-TCDF
1,2,3,7,8-PeCDF
2,3,4,7,8–PeCDF
1,2,3,4,7,8–HxCDF
1,2,3,6,7,8-HxCDF
PCDFs
1,2,3,7,8,9-HxCDF
2,3,4,6,7,8-HxCDF
1,2,3,4,6,7,8-HpCDF
1,2,3,4,7,8,9-HpCDF
OCDF
PCB-28
PCB-105
PCBs

PCB-118
PCB-153
PCB-180

γ-HCH

Values
-1
-8
ksoil , s
1.13 · 10
-1
-7
1.13 · 10
ksea, s
-1
-8
ksoil , s
1.13 · 10
-1
-7
ksea, s
1.13 · 10
-1
-8
ksoil , s
1.13 · 10
-1
-7
1.13 · 10
ksea, s
-1
-8
ksoil , s
1.13 · 10
-1
-7
1.13 · 10
ksea, s
-1
-10
ksoil , s
2.14 ⋅ 10
-8
ksea, s-1
4.81 ⋅ 10
-1
-10
ksoil , s
1.93 ⋅ 10
-1
-8
ksea, s
2.67 ⋅ 10
-1
-11
ksoil , s
8.02 ⋅ 10
-1
-8
ksea, s
1.30 ⋅ 10
-1
-10
ksoil , s
3.50 ⋅ 10
-8
ksea, s-1
1.30 ⋅ 10
-1
-10
ksoil , s
2.75 ⋅ 10
-1
-8
ksea, s
1.30 ⋅ 10
-1
-9
ksoil , s
2.14 ⋅ 10
-1
-9
ksea, s
6.42 ⋅ 10
-1
-10
ksoil , s
1.48 ⋅ 10
-9
ksea, s-1
2.44 ⋅ 10
-1
-10
ksoil , s
3.50 ⋅ 10
-1
-8
ksea, s
3.01 ⋅ 10
-1
-10
ksoil , s
4.28 ⋅ 10
-1
-8
ksea, s
1.46 ⋅ 10
-1
-10
ksoil , s
3.50 ⋅ 10
-8
ksea, s-1
1.46 ⋅ 10
-1
-10
ksoil , s
3.21 ⋅ 10
-1
-9
ksea, s
6.88 ⋅ 10
-1
-10
ksoil , s
2.75 ⋅ 10
-1
-9
ksea, s
6.88 ⋅ 10
-1
-10
ksoil , s
3.85 ⋅ 10
-1
-9
ksea, s
6.88 ⋅ 10
-1
-10
ksoil , s
4.28 ⋅ 10
-1
-9
ksea, s
6.88 ⋅ 10
-1
-10
ksoil , s
5.50 ⋅ 10
-9
ksea, s-1
3.01 ⋅ 10
-1
-10
ksoil , s
6.42 ⋅ 10
-1
-9
ksea, s
3.01 ⋅ 10
-1
-10
ksoil , s
7.70 ⋅ 10
-1
-9
ksea, s
1.00 ⋅ 10
-1
-9
ksoil , s
7.4 · 10
-1
-7
ksea, s
1.33 · 10
-1
-9
ksoil , s
2.20 · 10
-1
-9
s
3.21
·
10
ksea,
-1
-9
ksoil , s
3.21 · 10
-1
-9
3.21 · 10
ksea, s
-1
-9
ksoil , s
1.17 · 10
-1
-9
ksea, s
1.6 · 10
-1
-10
ksoil , s
5.83 · 10
-1
-10
8.02 · 10
ksea, s
for soil
depth <5cm
ksoil , for soil depth
-1
5-20cm
s
Biodegradation

0

ksea , s

-1

-1

HCB

ksoil , s
-1
ksea, s

Comments

Temperature independent;
recalculated from recommended
half-lives

Sinkkonen and Paasivirta,
2000

Temperature independent;
recalculated from recommended halflives

Sinkkonen and Paasivirta,
2000

Temperature independent (on the
average for +7 ºC);
recalculated from recommended halflives

-7

8.91 · 10

Temperature independent;
recalculated from half-lives

-8

4.46 · 10

-9

1.905 · 10

-9

5.24 · 10
-9
5.24 · 10

Mackay et al., 1992b

Temperature independent;
recalculated from recommended
half-lives

5.73 · 10

-8

Reference

Sinkkonen and Paasivirta,
2000

Dowd et al., 1993 cited by
Mackay et al., 1997
Rao and Davidson 1980 cited
by Mackay et al., 1997

The following temperature dependence
is used:
0
ksea=ksea ⋅ exp(-B(1/T-1/T0) - C⋅(T-T0)) Ngabe et al., 1993;
where T0 = 283.15
Harner et al., 1999
B = Ea/R + 4471 ⋅ ln(10); C = 0.03928
Ea = 84.6 kJ/mol; R = 8.314 J/(mol⋅K)
Temperature independent;
Sheringer, 1997
recalculated from half-lives
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B.6. Octanol-water partition coefficient
The octanol-water partition coefficient (KOW, dimensionless) is a measure of substance hydrophoby and
characterizes its partitioning between water and lipid media substituted for octanol. KOW is used for the estimation
of the partition coefficient in the organic carbon-water system (KOC), the partition coefficient in the octanol-air
system (KOA), and the bioconcentration factor (BCF). For the considered POPs partition coefficients in the
“octanol-water” system selected for modelling are given in Table B.7.

Table B.7. Octanol-water partition coefficient (KOW), dimensionless used in the model parameterization

B[a]P
B[b]F
B[k]F

Value
KOW
6
1.1 · 10
5
6. 31 · 10
6
1. 00 · 10

I_P

3.84· 106

Compound

PAHs

2,3,7,8-TCDD
1,2,3,7,8-PeCDD
1,2,3,4,7,8–HxCDD
PCDDs 1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,4,6,7,8-HpCDD
OCDD
2,3,7,8-TCDF
1,2,3,7,8-PeCDF
2,3,4,7,8–PeCDF
1,2,3,4,7,8–HxCDF
1,2,3,6,7,8-HxCDF
PCDFs
1,2,3,7,8,9-HxCDF
2,3,4,6,7,8-HxCDF
1,2,3,4,6,7,8-HpCDF
1,2,3,4,7,8,9-HpCDF
OCDF
PCB-28
PCB-105
PCBs PCB-118
PCB-153
PCB-180

9.12⋅106
1.86⋅107
6.31⋅107
9.12⋅107
5.75⋅107
1.00⋅108
1.58⋅108
3.80⋅106
6.17⋅106
7.94⋅106
3.47⋅107
3.72⋅107
5.75⋅107
4.17⋅107
8.32⋅107
9.77⋅107
1.00⋅108
5
6.31·10
6
4.47·10
6
5.5·10
6
7.94·10
2.29·107
3

γ-HCH

7.943·10

HCB

2.426·10

5

Comments
Temperature independent
B[a]P log KOW = 6.04
B[b]F log KOW = 5.80
B[k]F log KOW = 6.00
I_P
log KOW = 6.584
Temperature independent;
2,3,7,8-TCDD
log KOW = 6.96
1,2,3,7,8-PeCDD
log KOW = 7.27
1,2,3,4,7,8–HxCDD log KOW = 7.80
1,2,3,6,7,8-HxCDD log KOW = 7.96
1,2,3,7,8,9-HxCDD log KOW = 7.76
1,2,3,4,6,7,8-HpCDD log KOW = 8.0
OCDD
log KOW = 8.20
Temperature independent;
2,3,7,8-TCDF
log KOW = 6.58
1,2,3,7,8-PeCDF
log KOW = 6.79
2,3,4,7,8–PeCDF
log KOW = 6.90
1,2,3,4,7,8–HxCDF
log KOW = 7.54
1,2,3,6,7,8-HxCDF
log KOW = 7.57
1,2,3,7,8,9-HxCDF
log KOW = 7.76
2,3,4,6,7,8-HxCDF
log KOW = 7.62
1,2,3,4,6,7,8-HpCDF log KOW = 7.92
1,2,3,4,7,8,9-HpCDF log KOW = 7.99
OCDF
log KOW = 8.0
Temperature independent;
PCB-28
log KOW = 5.8
PCB-105 log KOW = 6.65
PCB 118 log KOW = 6.74
PCB-153 log KOW = 6.9
PCB-180 log KOW = 7.36
Temperature independent
log KOW = 3.9
Temperature independent;
estimated with the use of KOA from
[Harner and Mackay, 1995] and used
value of KH obtained on the basis of
data from [Beyer and Matthies, 2001]

References
Mackay et al., 1992b
SRC Calculated Values,
1988 cited in database SRC
Chemfate, 2001
Govers and Krop, 1998
Paasivirta et al., 1999
Beyer and Matthies, 2002
Paasivirta et al., 1999
Beyer and Matthies, 2002
Paasivirta et al., 1999
Sijm et al., 1989
Paasivirta et al., 1999
Govers and Krop, 1998
Paasivirta et al., 1999
Sijm et al., 1989
Paasivirta et al., 1999
Beyer and Matthies, 2002
Mackay et al., 1992a
Hawker and Connell, 1988
Mackay et al., 1992a
Hawker and Connell, 1988
Chu and Chan, 2000

estimated

B.7. Organic carbon-water partition coefficient
The organic carbon-water partition coefficient (KOC, m3/kg) is used for the description of POP sorption by soil and
bottom sediments. KOC values used in the model parameterization for the most part of the considered POPs were
obtained from KOW values using the following relation:
KOC = 0.41KOW [Karikhoff, 1981]

(B.7)

Partition coefficients in the “organic carbon-water” system selected for modelling are presented in Table B.8.
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Table B.8. Organic carbon-water partition coefficient (KOC), m3/kg used in the model parameterization
Compound

PAHs

PCDDs

PCDFs

PCBs

B[a]P
B[b]F
B[k]F
I_P
2,3,7,8-TCDD
1,2,3,7,8-PeCDD
1,2,3,4,7,8–HxCDD
1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,4,6,7,8-HpCDD
OCDD
2,3,7,8-TCDF
1,2,3,7,8-PeCDF
2,3,4,7,8–PeCDF
1,2,3,4,7,8–HxCDF
1,2,3,6,7,8-HxCDF
1,2,3,7,8,9-HxCDF
2,3,4,6,7,8-HxCDF
1,2,3,4,6,7,8-HpCDF
1,2,3,4,7,8,9-HpCDF
OCDF
PCB-28
PCB-105
PCB-118
PCB-153
PCB-180

γ-HCH

Values
KOC, m3/kg
2
4.496 · 10
2
2.59 · 10
2
4.10 · 10
3
1.57 · 10
3
3.74 ⋅ 10
3
7.63 ⋅ 10
4
2.59 ⋅ 10
4
3.74 ⋅ 10
4
2.36 ⋅ 10
4
4.10 ⋅ 10
4
6.50 ⋅ 10
3
1.56 ⋅10
3
2.53 ⋅ 10
3
3.26 ⋅ 10
4
1.42 ⋅ 10
4
1.52 ⋅ 10
4
2.36 ⋅ 10
4
1.71 ⋅ 10
4
3.41 ⋅ 10
4
4.01 ⋅ 10
4
4.10 ⋅ 10
2
2.59 · 10
3
1.83 · 10
3
2.255 · 10
3
3.26 · 10
9.39 · 103
1.08
1

HCB

9.946 · 10

Comments

Reference

calculated from KOW by
Eq. (B.7) from Karikhoff, 1981

calculated from KOW by
Eq. (B.7) from Karikhoff, 1981

estimated

calculated from KOW by
Eq. (B.7) from Karikhoff, 1981
predicted
calculated from KOW by
Eq. (B.7) from Karikhoff, 1981

Chu and Chan, 2000
estimated

B.8. Octanol-air partition coefficient
The octanol-air partition coefficient (KOA, dimensionless) is used for the description of a substance partitioning
between air and the cuticle of plants, between the gaseous phase and the organic film of atmospheric aerosol
particles, etc. In experiments this coefficient is determined by the ratio of equilibrium concentrations of a
substance in octanol and air. Additionally, this coefficient can be defined with the use of coefficients “octanolwater” and “air-water”.
KOA = CO / C A=KOW /KAW = KOW⋅RT / KH,
where

(B.8)

CO is the equilibrium concentration of a substance in octanol;
CA is the equilibrium concentration of a substance in air;
KOW is octanol-water partition coefficient;
R is universal gas constant equal to 8.314 J/(mol⋅K);
T is temperature, K;
KH is Henry’s law constant, Pa⋅m3/mol.

Parameter KOA of the considered POPs depends on temperature. The temperature dependence of partition
coefficient in the “octanol-air” system is expressed in the following form:
⎡ ⎛1 1
0
K OA = K OA
exp⎢aK ⎜⎜ −
⎢⎣ ⎝ T T0

⎞⎤
⎟⎥ ,
⎟
⎠⎥⎦

(B.9)
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where

T0 = 283.15 K is the reference temperature;
0
KOA
is the KOA value at the reference temperature;

aK is the coefficient of KOA temperature dependence, K.

Coefficients for KOA temperature dependence of the considered POPs used for modelling are presented in Table
B.9. The way in which these coefficients of the temperature dependence were obtained or recalculated from
original data presented in the literature used is specified in the field "Comments".

Table B.9. Octanol-air partition coefficient (KOA), dimensionless used in the model parameterization
Compound
B[a]P

Values
0
K OA
aK
K
dimensionless
10

4.99 · 10

7866

Comments

T0
K
283.15

Reference

Coefficients of the exponential equation are recalculated from the
standard form of temperature dependence:
log KOA = A/T(K) - B with the help of the following formulas:
0

( A/To - B)

ak = ln(10)⋅ A, K OA = 10

PAHs

7866

283.15

5.69 · 10

10

7866

283.15

where for: B[a]P
A = 3416, B = 1.37
B[b]F
A = 3416, B = 1.21
B[k]F
A = 3416, B = 1.31
0
estimated with the use of basic value of KOA at 25 C calculated by
equation: KOA = KOW ·R ·T/KH (KOW from Mackay et al., 1992b;
KH from Ten Hulscher et al., 1992) together with temperature
dependence coefficient for Henry’s law constant
Coefficients of the exponential equation are recalculated from the
standard form of temperature dependence:
log KOA = A/T(K) – B
with the help of the following formulas:

1.11· 1012

7866

283.15

ak = ln(10)⋅ A, KOA = 10

7.16 · 10

B[k]F

I_P

PCDDs

10

B[b]F

2,3,7,8TCDD

6.44 ⋅ 10

1,2,3,7,8PeCDD

1.96 ⋅ 10

1,2,3,4,7,8HxCDD

4.71 ⋅ 10

1,2,3,6,7,8HxCDD

6.99 ⋅ 10

1,2,3,7,8,9HxCDD

3.22 ⋅ 10

10

10104 283.15

11

10412 283.15

12

11462 283.15

12

11366 283.15

12

11720 283.15

1,2,3,4,6,7,81.88 ⋅ 1013
HpCDD

12943 283.15

2.77 ⋅ 1012

9219.6 283.15

OCDD

0

( A/To - B)

where for: I_P
A = 3416, B = 0.02.
0
estimated with the use of basic value of KOA at 25 C calculated by
equation: KOA = KOW ·R ·T/KH (KOW from Database SRC Chemfate
2001; KH from Ten Hulscher et al., 1992) together with temperature
dependence coefficient for Henry’s law constant
Coefficients of the exponential equation are estimated with the use
0
of basic value of KOA at 10 C calculated by equation:
KOA = KOW · R ·T/KH
(KOW from Govers and Krop,1998; KH from Bulgakov and Ioannisian,
1998) together with temperature dependence coefficient for Henry’s
law constant
Coefficients of the exponential equation are estimated with the use
of basic value of KOA at 100C calculated by equation:
KOA = KOW ·R ·T/KH
(KOW from Paasivirta et al., 1999; KH from Bulgakov and Ioannisian,
1998) together with temperature dependence coefficient for Henry’s
law constant
Coefficients of the exponential equation are estimated with the use
of basic value of KOA at 100C calculated by equation
KOA = KOW ·R ·T/KH
(KOW from Beyer and Matthies, 2002; KH from Bulgakov and
Ioannisian, 1998) together with temperature dependence coefficient
for Henry’s law constant
Coefficients of the exponential equation are estimated with the use
0
of basic value of KOA at 10 C calculated by equation:
KOA = KOW ·R ·T/KH
(KOW from Paasivirta et al., 1999; KH from Bulgakov and Ioannisian,
1998) together with temperature dependence coefficient for Henry’s
law constant
Coefficients of the exponential equation are estimated with the use
0
of basic value of KOA at 10 C calculated by equation:
KOA = KOW ·R ·T/KH
(KOW from Beyer and Matthies, 2002; KH from Bulgakov and
Ioannisian, 1998) together with temperature dependence coefficient
for Henry’s law constant
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estimated

estimated

estimated

estimated

estimated
estimated
estimated
estimated

Table B.9. (continued)
Compound

PCDFs

Values
aK
K°OA
K
dimensionless

2,3,7,8TCDF

3.26 ⋅ 10

1,2,3,7,8PeCDF

3.66 ⋅ 10

2,3,4,7,8–
PeCDF

2.30 ⋅ 10

1,2,3,4,7,8–
HxCDF

4.24 ⋅ 10

1,2,3,6,7,8HxCDF

1.10 ⋅ 10

1,2,3,7,8,9HxCDF

1.38 ⋅ 10

2,3,4,6,7,8HxCDF

10

8998.5 283.15

11

10113 283.15

11

10288 283.15

11

11126 283.15

12

11089 283.15

12

11089 283.15

12

1.04 ⋅ 10

11055 283.15

PCDFs 1,2,3,4,6,7,813
1.89 ⋅ 10
HpCDF

11999 283.15

1,2,3,4,7,8,913
1.78 ⋅ 10
HpCDF

12068 283.15

OCDF

6.38 ⋅ 1012

10447 283.15

PCB-28

5.78 · 10

PCB-105

6.94 · 10

PCB-118

4.51 · 10

PCB-153

3.64 · 10

PCB-180

2.07 · 10

8

8731

283.15

PCBs
10

10772 283.15

10

10806 283.15

10

10811 283.15

11

10442 283.15

8

5485

283.15

7

9045

283.15

γ-HCH

1.45 · 10

HCB

3.74 · 10

Comments

T0
K

Coefficients of the exponential equation are estimated with the use of
basic value of KOA at 100C calculated by equation:
KOA = KOW ·R ·T/KH (KOW from Paasivirta et al., 1999; KH from Bulgakov
and Ioannisian, 1998) together with temperature dependence coefficient
for Henry’s law constant
Coefficients of the exponential equation are estimated with the use of
basic value of KOA at 100C calculated by equation:
(KOW from Sijm et al., 1989; KH from Bulgakov
KOA = KOW ·R ·T/KH
and Ioannisian, 1998) together with temperature dependence coefficient
for Henry’s law constant
Coefficients of the exponential equation are estimated with the use of
basic value of KOA at 100C calculated by equation:
KOA = KOW ·R ·T/KH (KOW from Paasivirta et al., 1999; KH from Bulgakov
and Ioannisian, 1998) together with temperature dependence coefficient
for Henry’s law constant
Coefficients of the exponential equation are estimated with the use of
basic value of KOA at 100C calculated by equation:
KOA = KOW ·R ·T/KH (KOW from Govers and Krop, 1998; KH from
Bulgakov and Ioannisian, 1998) together with temperature dependence
coefficient for Henry’s law constant
Coefficients of the exponential equation are estimated with the use of
basic value of KOA at 100C calculated by equation:
KOA = KOW ·R ·T/KH (KOW from Paasivirta et al., 1999; KH from Bulgakov
and Ioannisian, 1998) together with temperature dependence coefficient
for Henry’s law constant
Coefficients of the exponential equation are estimated with the use of
basic value of KOA at 100C calculated by equation:
KOA = KOW ·R ·T/KH (KOW from Sijm et al., 1989; KH from Bulgakov and
Ioannisian, 1998) together with temperature dependence coefficient for
Henry’s law constant
Coefficients of the exponential equation are estimated with the use of
basic value of KOA at 100C calculated by equation:
KOA = KOW ·R ·T/KH (KOW from Paasivirta et al., 1999; KH from Bulgakov
and Ioannisian, 1998) together with temperature dependence coefficient
for Henry’s law constant
Coefficients of the exponential equation are estimated with the use of
basic value of KOA at 100C calculated by equation:
KOA = KOW ·R ·T/KH (KOW from Beyer and Matthies, 2002; KH from
Bulgakov and Ioannisian, 1998) together with temperature dependence
coefficient for Henry’s law constant
Coefficients of the exponential equation are recalculated from the
standard form of temperature dependence: log KOA = A/T(K) - B
with the help of the following formulas:
ak = ln(10)⋅ A,

Reference

estimated

estimated

estimated
estimated
estimated
estimated

estimated

estimated

estimated

estimated

0
KOA
= 10( A/To - B)

estimated
where for: PCB-28 A = 3792, B = 4.63
A was taken to be equal to the corresponding coefficient for PCB-29
taken from [Harner and Bidleman, 1996], B was estimated from the
formula B = A/293 - logKOA293; where logKOA293 = (-1.268) log p0L + 6.135
[Harner and Bidleman, 1996]
Coefficients of the exponential equation are recalculated from the
standard form of temperature dependence: log KOA = A/T(K) - B
with the help of the following formulas:
ak = ln(10) ⋅ A,

0
KOA
= 10( A/To - B)

Harner and
Bidleman,
1996

where for: PCB-105
A = 4678, B = 5.68
PCB-118
A = 4693, B = 5.92
PCB-153
A = 4695, B = 6.02
PCB-180
A = 4535, B = 4.70
Coefficients of the exponential equation are recalculated from the
standard form of temperature dependence:
log KOA = 2382/T(K) – 0.25
estimated with the use of basic value of KOA at 250C calculated by
estimated
equation: log KOA = log KOW - log KH/RT (KOW from Chu and Chan, 2000;
KH from Kucklick et al., 1991) together with temperature dependence
coefficient for Henry’s law constant for fresh water
Coefficients of the exponential equation are recalculated from the
Harner and
standard form of temperature dependence: log KOA =3928/T(K)–6.3
Mackay,
with the help of the following formulas:
ak = ln(10)⋅ 3928,
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0
KOA
= 10( 3928To – 6.3)

1995

B.9. Molecular diffusion coefficients in air and water
Molecular diffusion coefficients (DA, DW, cm2/s) are used in the description of the POP air-soil exchange process.
The molecular diffusion coefficient of an organic compound in air (DA, cm2/s) can be estimated by the formula
[Schwarzenbach et al., 1993]:
DA = 10 ⋅
-3

where

T 1.75 [(1/M air ) + (1/M )] 1/2
1/3

(B.10)

1/3

p [V air + V m ] 2

is the absolute temperature, 298 K;
is the mean molecular air weight, ∼29 g/mol;
is the molecular weight of an organic substance, g/mol;
is the pressure, 1 atm;
3
is the mean molar gas volume in the air, ∼20.1 cm /mol;

T
Mair
M
p

V air
Vm

3

is the molar volume of an organic substance, cm /mol.

For the determination of molecular diffusion coefficients for organic substances in water (DW, cm2/s), the following
ratio [Schwarzenbach et al., 1993] can be used:
DW =

where

13.26 × 10 −5

(B.11)

μ 1.14 ⋅ (V m ) 0.589

μ is the solution viscosity in centipoise at a certain temperature, taken to be equal to
water viscosity, 0.894 cps at 298K;

V m is the mean molar volume of a substance, cm3/mol.
In order to calculate molecular diffusion coefficients for the selected POPs, molecular weights (M) and molar
volumes (Vm) of these compounds found in the literature (Table B.10) were used.
Table B.11 demonstrates values of molecular diffusion coefficients for air and water calculated with the use of
data from Table B.10.

Table B.11. Molecular diffusion coefficients in air and water, m2/s used in the model parameterization
Compound

PAHs

PCDDs

PCDFs

PCBs

B[a]P
B[b]F
B[k]F
I_P
2,3,7,8-TCDD
1,2,3,7,8-PeCDD
1,2,3,4,7,8–HxCDD
1,2,3,6,7,8-HxCDD
1,2,3,7,8,9-HxCDD
1,2,3,4,6,7,8-HpCDD
OCDD
2,3,7,8-TCDF
1,2,3,7,8-PeCDF
2,3,4,7,8–PeCDF
1,2,3,4,7,8–HxCDF
1,2,3,6,7,8-HxCDF
1,2,3,7,8,9-HxCDF
2,3,4,6,7,8-HxCDF
1,2,3,4,6,7,8-HpCDF
1,2,3,4,7,8,9-HpCDF
OCDF
PCB-28
PCB-105
PCB-118

γ-HCH
HCB

Values
DA
DW
5.44 · 10-6
6.24 · 10-10
-6
-10
5.44 · 10
6.24 · 10
-6
-10
5.44 · 10
6.24 · 10
-6
-10
6.06 · 10
5.3 · 10
-6
6.534 ⋅ 10-10
5.575 ⋅10
6.30 ⋅ 10-10
5.40 ⋅ 10-6
5.24 ⋅ 10-6
6.09 ⋅ 10-10
5.24 ⋅ 10-6
6.09 ⋅ 10-10
5.24 ⋅ 10-6
6.09 ⋅ 10-10
-6
5.90 ⋅ 10-10
5.10 ⋅ 10
4.97 ⋅ 10-6
5.73 ⋅ 10-10
-6
6.66 ⋅ 10-10
5.67 ⋅ 10
5.49 ⋅ 10-6
6.42 ⋅ 10-10
5.49 ⋅ 10-6
6.42 ⋅ 10-10
5.32 ⋅ 10-6
6.20 ⋅ 10-10
5.32 ⋅ 10-6
6.20 ⋅ 10-10
-6
5.32 ⋅ 10
6.20 ⋅ 10-10
5.32 ⋅ 10-6
6.20 ⋅ 10-10
-6
5.17 ⋅ 10
6.00 ⋅ 10-10
5.17 ⋅ 10-6
6.00 ⋅ 10-10
5.03 ⋅ 10-6
5.82 ⋅ 10-10
-6
5.43 · 10
6.08 · 10-10
4.82 · 10-6
5.40 · 10-10
4.82 · 10-6
5.40 · 10-10

PCB-153

4.59 · 10-6

5.14 · 10-10

PCB-180

4.38 · 10-6

4.91 · 10-10

6 · 10-6
6.166 · 10-6

7 · 10-10
7.399 · 10-10
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Comments

calculated by Eqs. (B.10) and (B.11)
taken from
[Schwarzenbach et al., 1993]

Reference

estimated

recalculated from molecular diffusion
coefficients in air and water for PCB-153
calculated by Eqs. (B.10) and (B.11) taken
from [Schwarzenbach et al., 1993]
recalculated from molecular diffusion
coefficients in air and water for PCB-153
calculated by Eqs. (B.10) and (B.11) taken
from [Schwarzenbach et al., 1993]

estimated

estimated

Table B.10. Molar volume and molar masses
Values
3
M, g/mol
Vm, cm /mol
B[a]P
252.29
222.8
B[b]F
252.29
222.8
PAHs
B[k]F
252.29
222.8
I_P
276.31
233.8
2,3,7,8-TCDD
321.98
206
1,2,3,7,8-PeCDD
356.40
218.9*
1,2,3,4,7,8–HxCDD
390.87
231.8
PCDDs
1,2,3,6,7,8-HxCDD
390.87
231.8
1,2,3,7,8,9-HxCDD
390.87
231.8
1,2,3,4,6,7,8-HpCDD
425.2
244.7
OCDD
460.0
257.6
2,3,7,8-TCDF
306.00
199.4
1,2,3,7,8-PeCDF
340.42
212.3
2,3,4,7,8-PeCDF
340.42
212.3
1,2,3,4,7,8-HxCDF
374.87
225.2
1,2,3,6,7,8-HxCDF
374.87
225.2
PCDFs
1,2,3,7,8,9-HxCDF
374.87
225.2
2,3,4,6,7,8-HxCDF
374.87
225.2
1,2,3,4,6,7,8-HpCDF
409.31
238.1
1,2,3,4,7,8,9-HpCDF
409.31
238.1
OCDF
443.8
251
PCB-28
257.5
247.3
PCB-105
326.4**
289.1**
PCBs
PCB-118
326.4
289.1
PCB-153
360.9
310
PCB-180
395.3
330.9
290.85
179.5
γ-HCH
HCB
284.8
166.8
* molar volume is given for congener – 1,2,3,4,7- PeCDD
Compound

Reference
Paasivirta et al., 1999;
Ruelle and Kesselring, 1997

Mackay et al., 1992b;
Ruelle and Kesselring, 1997

Mackay et al., 1992a

Mackay et al., 1997; Ruelle and Kesselring, 1997
Mackay et al., 1992a; Ruelle and Kesselring,1997

** - this congener description is not presented in detail in [Mackay et al., 1992a]. However, parameter values are taken to be
equal to these values of other pentachlorobiphenyls given in [Mackay et al., 1992a].
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Annex C
INPUT DATA

C.1. 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 C.2. The
horizontal resolution of information produced by SDA system is 2.5ºx2.5º. Along the vertical σ-coordinates are
used with 9 layers up to the level of 0.26 hPa.
The SDA system consists of the following main units:
¾

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

¾

unit of boundary conditions,

¾

hydrodynamic prognostic model,

¾

post-processing unit.

Table C.1. Meteorological parameters supplied by the SDA system for the Northern Hemisphere with resolution
of 2.5ºx2.5º
Parameter
Wind velocity
Air temperature
Surface pressure
Precipitation rate
Water vapour mixing ratio
Large-scale cloudiness
Convective cloudiness
Surface temperature
Vertical eddy diffusion coefficient
Roughness of the underlying surface
Friction velocity
Monin-Obukhov length
Soil humidity
Snow cover height

Notation
VΛ, VΦ
Ta
ps
Ip
qw
CL
CC
Ts
Kz
z0
u*
LMO
Ms
hs

Type
bulk
bulk
surface
bulk
bulk
bulk
bulk
surface
bulk
surface
surface
surface
surface
surface
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C.2. Land cover data
Land cover information is used for correct description of deposition and exchange processes between
atmosphere and different types of underlying surface. For this purpose we use 24-category USGS Land
Use/Land Cover dataset obtained from NCAR Mesoscale Modeling System (MM5) [Guo and Chen, 1994]. This
selection is conditioned by the availability of more detailed information on underlying surface types with high
spatial resolution (10’x10’). Each grid cell is characterized by several types of surface proportional their area.
Table C.2 contains the description of USGS Land Use/Land Cover System Legend.

Table C.2. USGS Land Use/Land Cover System Legend
No
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Description
Urban and Built-Up Land
Dryland Cropland and Pasture
Irrigated Cropland and Pasture
Mixed Dryland/Irrigated Cropland and Pasture
Cropland/Grassland Mosaic
Cropland/Woodland Mosaic
Grassland
Shrubland
Mixed Shrubland/Grassland
Savanna
Deciduous Broadleaf Forest
Deciduous Needleleaf Forest
Evergreen Broadleaf Forest
Evergreen Needleleaf Forest
Mixed Forest
Water Bodies
Herbaceous Wetland
Wooded Wetland
Barren or Sparsely Vegetated
Herbaceous Tundra
Wooded Tundra
Mixed Tundra
Bare Ground Tundra
Snow or Ice

Since the formulation of the models described in this report does not require detailed specification of data on the
underlying surface, the original 24-categories of land cover were reduced to six general categories (deciduous
forests, coniferous forests, grassland, urban and built-up land, bare land and glaciers, water bodies) and
redistributed over the model grid.

70

