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Preface and acknowledgement

In accordance with the decision of the EMEP Executive Body (ECE/EB.AIR/42, December 14, 1994)
modelling of Heavy Metals and Persistent Organic Pollutants is the subject of the sixth phase of the
EMEP activities. In order to include HM and POPs into modelling within the framework of EMEP
MSC-E undertook the modernization of the operational model and the development of the more
sophisticated Eulerian models. This report presents two four-layer Eulerian models for HM. Those
models took part in the intercomparison of modelling for HM made by MSC-E in 1995/96 according
to the recommendation of the EMEP Steering Body.



The report presents model descriptions, statistics of meteoparameters adopted for the boundary layer,
results of the model applications to Pb and Cd for 1990, some analysis including the comparison with
available measurements and comparison between the models.

The author is grateful to Irina Nikiforova for supplying with multiple maps of the different grid
patterns.

1 Introduction

Recent decades heavy metals emitted by anthropogenic sources have been of environmental problem
concern. Heavy metals behave in the atmosphere mainly as aerosols. The shape of the atmospheric
particle size distribution varies both spatially and temporally. The part of that variability can be
attributed to the differences of primary particulate emissions, while the rest of it is the result of
various aerosol phenomena taking place in the atmosphere. The measured mass size distributions were
found to be the function of the volatility of the substance which can be related to the melting and
boiling points [1].

Aerosols with Pb and Cd are associated with high temperature technologies and they are characterized
by the mass median diameter (MMD) less then 1 um [1]. Nearly identical relative size distributions
were observed in polluted and remote areas [1, 2, 3]. In the most cases the mass size distributions for
each of the elements were log-normal [2]. It is supposed that the steady-state equilibrium of the
relative size distributions is shaped quickly - not far away from the sources [4].

Several models are available for describing the dry deposition velocity of particles as a function of
particle size. Among them the model of Sehmell and Hodgson [5] and the model of Williams [6] for
deposition to the water surface are widely practised. An appraisal of current knowledge of particle dry
deposition was given by Ruijgrok et al [7]. Specifically van Aalst’s results of comparison of dry
deposition velocities estimated by above-mentioned models are presented there. And an essential
difference (about one order of magnitude) are noted for deposition velocities of 1 um particles for the
controlled roughness conditions. Since the model of Williams takes into account hygroscopic growth
of particles and their capture by waves, calculated velocities are significantly higher.

The wet deposition, that is, absorption into droplets followed by droplet removal during precipitation
is a competitive pathway. The wet scavenging efficiency depends on many processes. For aerosols
they are mainly nucleation, Brownian diffusion and impaction. The wet deposition is the final result
of the scavenging of particles by cloud droplets (rainout) and rainfall (washout) with differences of
collection efficiency. The efficiency of subcloud scavenging is strongly dependent on particle and
drop sizes [8] since it relates to the efficiency of their collision. The curve of the dependence of
collision efficiency on particle sizes has its minimum for 0.1-1 um particles differing 3-4 orders of
magnitude from the collision efficiency of either coarse particles (~10 um) or submicron particles
(~10°° um). For the assessment of particle scavenging in a cloud Junge's approach is used [9] where
the local concentration of aerosol in cloud water is proportional to the air concentration and varies
inversely from the liquid water contents of rain at any level. However, recent investigations indicate
that Junge’s relation is violated at intense precipitation [10], the dilution effect is more important for
aerosol scavenging than for gas scavenging. While modelling the long-term transport it is often
impossible to simulate isolated clouds therefore empirical data on the relationship of concentrations in
air and precipitations is used for the parametrization of the resulting scavenging process.

Finally while the modelling of Pb and Cd dispersion in Europe we are based on the following
provisions. Heavy metals in the process of transport and deposition are considered as fine aerosols



characterized by some effective particle sizes. Though the data indicate that in mass spectrum there is
a small part of heavy particles for which is necessary to take into account settling process however for
the long-range transport the weightless component is the most important. While the simulation of the
interaction with the surface we started from the models of Sehmel, 1980 [5] - for land and of
Williams, 1982 [6] - for sea. Scavenging with precipitations is realized by a simple method based on
empirical data on integral scavenging ratio without distinction between in-cloud and subcloud
scavenging.

HM long-range modelling within the European region is carried out by a number of investigators [11-
14] using for operational modelling relatively simple models more often of Lagrangian type. While in
choosing Lagrangian models such principal disadvantage of Eulerian models as numerical viscosity is
important and horizontal transport is of the decisive importance among processes considered by large-
scale models.

At present there is a definite trend of the improvement of spatial resolution of models and
correspondingly of the input information for them. Under those circumstances it is obviously
necessary to take into account the vertical structure of the boundary layer (wind shear, vertical
turbulent exchange, diurnal variations, interaction with the troposphere) as well as the emission
vertical distribution. The problem can be resolved by three-dimensional Eulerian modelling since an
application of trajectory models in the conditions of the wind shear and vertical exchange encounters
great difficulties. As far as numerical viscosity of Eulerian models is concerned numerous studies
aimed at the minimization of those inaccuracies resulted in the development of algorithms with the
high accuracy though with extra computer resources.

The Eulerian model versions LPMOD and ASIMD are developed at MSC-E. The present purpose of
the models are to provide calculations of the atmospheric depositions and concentrations of heavy
metals within the European scale.

The basic model is Large Particle Model (LPMOD) in which numerical transport scheme with the
conservation of 6 moments of the particle grid distribution within the cell is used [15]. The scheme
makes it possible to regulate the model dissipativity properties by the introduction of subgrid
diffusion. The model structure modified for sulphur compounds is described in [16]. The model
version for heavy metals modelling is described in this report.

ASIMD model is called so because of the application to it of an asymmetric advection scheme also
developed in MSC-E [17]. In particular that scheme was used in 3-dimensional model which
participated in ATMES project [18]. That algorithm may be compared with Smolarkewiz scheme [19]
their difference is in the fact that our non-linear anti-diffusion correction is derived analytically that
makes it possible to obtain the solution at a step without iterations. At first it was supposed that
ASIMD would be used as a supplementary model to LPMOD for comparison and evaluation of the
dissipation effect. Taking into account that the LPMOD is “more expensive” at first the
parametrization of the boundary layer and of scavenging processes were also evaluated by fasted
ASIMD.

The input meteoinformation is quantized with 150 km resolution, ASIMD model has an appropriate
resolution the same time LPMOD provides fields with 75-km resolution. A finer resolution for
calculations within the European scale for the period of about one year seems to be premature since
the required degree of verification of the accuracy and interconnection of a great number of
parameters lacks.



Parallel calculations made with LPMOD and ASIMD show that their results are similar for the case of
the long-term integration with multiple sources. ASIMD may be used as an original model. Further all
results received with both models will be presented in comparative way.

2 General structure of LPMOD, ASIMD models

2.1 Formulation of the problem and space discretization

The dispersion process of passive pollution in the atmospheric boundary layer is described by
equation:
2’c 2c| o ocC
—+u—+v—=K,| —5+—— [+ —K,—-AC+Q, (1)
I X oy oz oz
where t - time; x,y,z - Cartesian co-ordinates; C(x,y,z,t) - concentration; u(x,y,z1t), v(x,y,z,t) - wind speed
components; Ky=constant, Kz(x,y,z,t) - horizontal and vertical diffusion coefficients; A - coefficient of
precipitation scavenging; Q(x,y,z,t) - emission.

As the initial condition the background distribution may be assumed:

C (le!zlt = 0) = f(X,y,Z) (2)
For the initialization of background concentration a long start-up period (5 days) is used.

At the lower boundary z = z, (zo - roughness length) a flux depending on pollution and surface types
is assumed:
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*: 5| =Rt ©)
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At the upper boundary the positive diffusion flux is determined by local (small) diffusion coefficient
(or equal to zero):
([ 5c)

L_KZ ZJZ:h =F,(x,y,t) (4)

The lateral boundaries are assumed to be free.

In this formulation the problem is solved by a numerical method using 3-dimensional grid with
assumed resolution multiple to the EMEP square Ax=Ay=150 km. The calculations presented are made
on grid 80x76x4 (Ax=Ay=75 km) with the LPMOD model and 39x37x4 (Ax=Ay=150 km) with the
ASIMD model. The wind, temperature and precipitation fields are gridded with gridsize 150 km.
Meteoelements were not interpolated in the LPMOD grid in these calculations. Practically LPMOD
uses two half-steps for advection and vertical diffusion for one time step which is used for other
processes.

Along the vertical a non-uniform grid with four layers is taken, fig.1. The surface layer, Az =100 m
is separated, the depths of the following layers are chosen with orientation to the levels of
meteorological data. The calculated levels along z correspond to cell centers.
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Fig.1: Vertical grid of the model. Levels at which meteoparameters are specified: Ugso,Vsso - winds of the level
of 850 mb; U3g00,V1000 - Winds of the level of 1000 mb; uy,v1g - winds of the level of 10 m. (K,); - grid
values of K,(z) profile.

The solution is realized by integration relative to time with step z = 1 h using the technique of
operator (1) splitting:

horizontal transport and diffusion;

vertical diffusion;

— dry deposition;

— scavenging with precipitation.

The model operates with analysed meteorological data provided by Hydrometcentre of Russia. Before
1995 MSC-E had data on wind fields at levels 1000 mb, 850 mb, temperature at the level 1000 mb
and precipitation events. The meteorological data are averaged over 6 hours.

The adaptation of the model to this data base was made in the following way:

The wind at 1000 mb corresponds to the second layer along the vertical (z = 250 m); the wind 850 mb
corresponds to the fourth layer (z =1600 m); the wind for the third layer (z=750 m) is determined by
extrapolation: u;=0.8-Ugso, V3=0.8-vgso; the surface wind is obtained by extrapolation of 1000 mb wind to
the level of 50 m after the evaluation of the boundary layer stability.

Since 1995 this database is appreciably extended in addition to the above mentioned information we
have the wind at levels 925 mb, 700 mb, temperature at all levels, cloudiness. In this case wind at 925
mb is for the third layer (z = 750 m). Temperature and wind define stability of each layer and
correspondingly profiles K,(z).

3 Numerical methods

3.1 Horizontal transport and diffusion in LPMOD
In accordance with the above mentioned splitting scheme the following equation is solved:
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The algorithm is described in [15]. In brief it comprises the following. Pollution is imitated by an
ensemble of mobile elements with size of double grid intervals (large particles) for which co-ordinates
of mass centers are calculated. (We shall operate with masses and not concentrations, it is not
principal since elements are standard M = C- 4AxAyAz). The transport of elements with local velocities
corresponds to advection. At the same time 6 moments are stored for each cell. Next step begins with
the reconstruction of distribution in a cell. It is represented with 4 elements which masses and co-
ordinates are calculated keeping exact conservativity of all moments. Here physical diffusion which is
of subgrid origin and may be small is introduced. The cycle is completed with advection of these
elements and accumulation of moments for the next step.

The algorithm for one step is as follows (Sketch 1):

t=nt t=(n+1)1
0 i 1 x My, my,
Moo Myo (x’,y7)
J o //'/Y@ (le) °
© %y © @ My My,
¢ Mg my,
1
Yy
M, Moo, AXoo, AYoo X=X+ UT/AX M,
MX, MY, Mio, AXio, AY10 y' =y+vzr/Ay MX, MY,
MX% My? Mxy Moz, AXo1, AYor MX% My? Mxy

My, AXy1, Aygg

Sketch 1: Advection scheme for one ij-cell at one time step. (for example three initial elements are taken).
Symbols down boxes correspond to values calculated step by step (see text).

- element mass centers, OF mass center of whole distribution
a) Initially for cell (i,j) we have 6 moments:
M, MX, My, Mx2, My?, Mxy ; )
distribution parameters (2) are determined:

X=MX/M; y=My/M; o~ =Mx2/M—>?2;

o-szF/M—VZ; cov=ME/M—>T37, ©
(hereinafter bars will be omitted)
b) Then the reconstruction of distribution (2) to explicit 4-mass distribution is made.
Bearing in mind that x and y can be close to 0 or 1 the transformation:
x=0.25+abs (abs (x —0.75) -0.5) 7

y=0.25+abs (abs(y —0.75) - 0.5)

allows to make the reconstruction in a suitable co-ordinate system - either in the initial system
or in the system with the shift by half step to the right or to the left.

At “upwind” distribution with grid knots we have variances:
2i=x-x)zop, Xi=yl-y)zoy, 5)
which are relevant scales for o;” and o;’.

Then scale factors are calculated:



10

2 o} 2 oy
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The covariance conservation is achieved by its transformation:

(24

_ cov )
cov* = min {x(l—y), H1-x), _ﬂ} if cov>0

a,
()
cov* = —min {(1—57#)(1— %), xy,ﬂ}, if cov<0
afp
c) Desired masses are determined:
Moo =M [(1—X)(1-y) + cov*]
Mo =M [x(1-y) - cov*]
Mo, =M [L- %)y —cov] ©
my, =M [xy+cov]
d) Their co-ordinates relative to x,y are equal:
AXgg = —a X, AYoo=-BY,
AXyg = a (1-x), Ay o=—BY )
AXgy = —a X, Ay = B A-Y);
Axyy = a (1-x), Ay = A=y
(indices are determined by the co-ordinate system in a given cell:
00 correspond to knot (x=0, y-=0); 10 - (x=1, y=0); 01 - (x=0, y=1); 11 -
(x=1,y =1)).
e) Final step - advection of the en
semble as a whole:
x'=x+u—r; y':y+V—T; (10)
AX Ay

(here x and y are true co-ordinates of mass center determinated by formulas (3)).

Relative co-ordinates of particles (9) (now relative to x',y') define their allocation to cells
that makes it is possible to sum them up for the accumulation of moments (2) for next n+1
step.

Zero moments-masses are not desired values because they have different co-ordinates and
variances. True distributions are obtained at the expansion of a family of elements attributed
to each cell in cell knots. This expansion for elements of double size is (Sketch 2):
Amy, =M -MX-MYy +Mxy;
Amyy =M X —Mxy;
_ (11)
Amy, =My —Mxy;

Amy, = Mxy,
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i-1 i i+1
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Sketch 2: Projection of large particle M with co-ordinate x in i-cell (two-dimensional case is given by

formulas (11))

The combined distribution with grid is obtained by summing Amy over all cells.

The projection of large particles on the grid is made as far as it is required. As a rule the model gives
daily concentration fields.

The above described reconstruction makes it possible to introduce supplementary diffusion o> added
to 5,2 and &%, this will lead to uniform extension of similarity rectangle (Sketch 1). Numerical value
ov’ is defined by spatial and temporal steps of the model: o? = 2Ky7/AX?, where Ky - horizontal
diffusion coefficient. According to investigation [20], describing a number of model experiments
made with various Ky and aimed at finding the best fit to measured concentrations of Cs* from
Chernobyl accident, optimum values are in the range of 3.3-10*%<K, <1.10° m?s. In the course of
LPMOD verification using SO, air concentrations measured at the EMEP network calculations with
various Ky were made in order to estimate suitable values. Our estimate is Ky = 1.5 -10* m%/s. This
value was used under modelling of Pb and Cd transport.

3.2  Horizontal transport in ASIMD

Finite - difference approximation is realized within the framework of classical “upwind scheme” for
which numerical diffusion is well known. Compensation of numerical diffusion is made by correction
of advection velocity depending on local gradients. The resulting velocity and real velocity are
connected by non-linear equation.

Let us consider the one-dimensional equation (symbols are generally accepted):

oC oC
—+u—-=0 (D)
ot X

and apply it to grid element C" =C(x;,t,)), X; =@ +1/ 2)Ax, t, =nz (Ax - grid-size, z-time step). The
method used for devising difference approximations is complying with distribution:

ACK =P*C, k=i-1, i, i+1; )
where:
Pik = weights determining the contributions of element C;" to the neighbouring k-th cells.
In this presentation a standard scheme of directed differences for Eq.(1) is (R, =u; z/Ax, u;, > 0):
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pi =1-R;,
i+1 (3)
pi =R
Scheme (3) has artificial viscosity with coefficient:
1 2
=—[UA X —u“r 4
=3l ) @
In order to compensate this viscosity we are to find an approximation for equation:
oc o | [ goc) o%c
—+— 1 Clu+——|r= 5
ot ﬂx{ L C 5xﬁ, T o ©)
where:
1 1, rocC
= SuA X -7, ow=u+S— 6
d 2 2 C Jx (©)

In Eq.(6), 7 and u are interrelated; exclusion z from Eq.(6) results in a non-linear equation for o
depending on u and local gradient:

1 17C

u~=u+—(qu—u~2r)——. (7)
2 C Ix

Assuming for the i-th element:

10C 2 G,,-C .
1C) 2 0uh gy
Cox ) AxC,+C

10C 2 C_,-C .
(——] =— L ifu<o; (8)
Cox) AxC L +C

= if a#1;
a-1
R =R if = 1; 9)

Here, R =u;r/AXx, R, =wz/AX, a =C;,,/C, (signs +/- correspond to velocity one).

and solving (7), we obtain:

The second formula of Eq.(9) testifies on the lack of compensation of artificial viscosity in the region
where & C/&x = 0, on smooth parts of the field or in maxima and minima. In such a way we obtain an
analogue to “upwind” scheme (u; > 0):

(10)
where R; is determined by formulae (9).

3.3  Vertical diffusion
As a rule splitting of 3-dimensional operator is made with separation of processes along z-co-ordinate:

( )
oCc 7 K ﬁ LK QJ :Vdc(zzzo); (D)

ot oz ‘oz’ 2 5z

For solution (1) we use the variant of a simple scheme with conservation of 3 moments [17]. Here this
scheme is developed for non-uniform grid.
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At time step the simultaneous equations of conservation for mass, mass center co-ordinate and

variance for the i-th grid element are solved (m; =C,;Az;):

i+1
m = 2Am,,
K=i-1
i+1
m;z; = ZAszK,
K=i-1
i+1 5
m; (Ki_J/2+Ki+J/2)r: ZAmK @z« —77);
K=i-1

)

Here Amy - input of m; element to i-1, i, i+1 cells, z - time step, K;_5,K; ;, - K, values at the lower and

upper boundaries of Az cell.

The solution of set (2) with allowance that z, ;, =z, -0.5(Az; + Az, ), z;,, =12 +05(Az; + Az, ) is

represented by following algorithm:

Ami_lzi[GKi_ .7
ppt Y

m.
Am; = P IIDO [6Ki+1/27]

m; m;

Am; = m{l— AM; _%J

Here P_ = Az; + Az;_;; Py =Az;_+Az; + Az, P, = Az; + Az ;.

i+ "+

For first cell i=1 we have:

m.
Am_ =myy7l Az; Am, = _2|[6Ki+1/27];
+

i)

Am; =m; —Am, ; —Am;_,.

For the last cell algorithm (3) is taken, it is assumed Az, , = Az;.

e i . . Am .
The distribution of grid element m; with weights RiK = —=X should meet requirement:

(6K, g7 ) GKWZT\SL
PP, PP,

which may be not fulfilled for two lower “thin” layers and we use integral weights:

Am; 67
R=—"= exp{——(K+ + K)}

m; Po
Am K
R =Mt g ) K
m, K, +K
Am.
R|+1: |+1:(1_RI) +
m K, +K

K.
where: K, = ——;

@)

(4)

®)

(6)
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4 Parametrization of the Boundary Layer and Sinks

4.1 Boundary Layer

A system of parameters required for the description of local conditions of pollution dispersion
consists of friction velocity u, (m/sec), Monin-Obukhov length scale L(m), mixing layer height h (m),
vertical diffusion coefficient profiles K,(z) (m?/sec) which were devised on the bases of data on 1000
mb wind and temperature, roughness z,. The roughness data were taken from the archive “Global Data
Set for Land-Atmosphere Models” received in “International Satellite Land Surface Climatology
Project” (ISLSCP). The database contains global data on roughness with resolution 1°x1° averaged
over a month. Monthly data for 1988 were included to the model. The interpolation on the EMEP grid
was made by MSC-E specialists A.Gusev and S.Grigoryan.

The meteorological pre-processor is based on the method of energetic balance evaluation with further
application of results of similarity theory, van Ulden and Holtslag [21, 22]. The parameter
calculations were made for each 6-hour interval (0003, 0009, 0015, 0021 UTC).

The procedure is as follows:

1. The solar inclination angle ¢ is calculated for each point with geographical co-ordinates A, ¢
(longitude, latitude) for a day of the year and time of the day.

2. According to ¢ a flux of solar short-wave radiation is calculated:
K* = (990-sin¢ -30)-(1-0.75N>*)(1-r), (1)
where N - cloud coverage fraction; r - albedo, r =0.23; K'= 0, if ¢<1.7°.

For 1990 we have no data on cloud coverage therefore it was assumed: N = 1 with precipitation
events, N = 0.4 in all other cases.

3. Balance of solar short-wave radiation and long-wave radiation of the atmosphere and ground
surface determines the positive flux of sensible heat in the atmospheric surface layer in the
daytime:

Ho = 0.4(K" -91+60-N) > 0. 3

At night (Ho < 0) the heat flux cannot be presented in such a simple form. Here we take rougher

estimate of heat flux than in [22], where the calculation gives of the dependence of temperature
scale 6, on u, for night conditions. Taking into account that at velocities u, >0.1 m/s, 6, is

slightly dependent on u, we took constant value 6, = 0.065°K for negative fluxes.
4. Monin-Obukhov length scale is expressed as:
0 CpT ul B ulT

L= ,
kgH, kg 6.

@)

where p is air density, C, is the specific heat of dry air, k is von Karman's constant, g is
acceleration of gravity.

Friction velocity u, determine universal wind profile in the surface layer:
U*
u(z):?[ln(z/zo)—z//m(z/L)+z//m(zo/L)], 4)

where:
win(z/L) = -17(1-exp(0.292/ L)), if L>0 (5)

v (z/L)=@-16z/1)"* -1, if L<0 (6)
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(functions (5, 6) are presented in [22] as approximations valid for a wider range then z<|L|).
Iteration method [23] applicable when wind and temperature data are available at two levels z
became a standard method for the solution of two highly non-linear equations (3,4) with
allowance for (5,6). We used less accurate technique. For this purpose supplementary empirical
data of power dependence of wind on height were invoked:

p
u(z):ur(z/zr) , (7)
where u, = (ulz000 +v12000)” 2, z, =200m
According to data of Irwin [24] the following values for exponent p is assumed depending on

stability:
(010, if L>-200m

p= J 016, if [L|>200m )
032, if L<200m

All calculations are made for z = 50 m. An appropriate exponent profile also defines wind speeds
at lower 100 m layer. The wind rotation with height is neglected here.

Note the stability over the sea was assumed to be neutral and then [25]:
U, = CqUso,
C, =0.0012, if u,<11m/s, 9)
C, =(0.49+0.065u,,)-10°7%, if uyy >11m/s,

here Cq - friction coefficient, uy, - wind speed at 10 m.

The mixing layer height is a significant parameter for the evaluation of the coefficient of vertical

diffusion K,(z). Using small K, corresponding to the mixing layer top slowing down of the

exchange between the layers is simulated. The temporal variation of the mixing layer height

makes it possible to reproduce fumigation process.

For the mixing layer height under stable and neutral conditions known expression is used:
h=Cu,/f, (10)

where f - Coriolis parameter.

(We rejected Zilitinkevitch formula for stable conditions because of unrealistic low of h, probably
because this formular is asymptotic).

For coefficient there is a great choice from 0.07 to 0.4. It was accepted: C,=0.2.

There are several methods for the determination of the convective mixing layer height based on
solution of non-linear equation of type:
d he —
=flh.,(Wé&)_, »,L,u, 11
e =t{hwo),. v L. (12)

(7 - gradient of potential temperature above the mixing layer).

For lack of some required data as well as inefficiency of application of numerical solution of this
equation in each grid point, following direct dependence hc from the surface heat flux was used:
hc =150 + 7H0 (12)
where hc in [m], Ho in [W/m?), derived while testing of the algorithm suggested by Verver [26].
Profiles of vertical diffusion coefficient in the surface layer follow from locally determined u,

and L mean for 6-hour interval [27]:
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ku,z
O ey &)
where ¢ (z/L) - similarity function for heat:
¢ (z/L)=0.74 (1-9z/L) ™2, if L<0
(14)

¢ (z/L)=074+472/L, if L>0
Profile K,(z) were extended along the vertical of the boundary layer in the following way:
a) for the neutral layer the formula given by Shir [28] is used:
K,(z) =k u,ze **M (15)
b) for stable layer - Rao and Snodgrass profile [29]:

ku,z o-092/n

K,(2) = (16)
¢ (z/L)
c) a profile similar to (15) was used for the convective layer:
ku,z _4,
K,(@2)=———e */M 17)

¢ (z/L)
which may lead to the underestimation of vertical diffusion under the conditions of convection.

In general there is a greater uncertainty of absolute values and distribution with the vertical K,(z)
above the surface layer.

4.2 Parameters of dry and wet deposition for Pb and Cd
A flux of aerosol dry deposition carrying heavy metals is defined by expression:

F(x,y,z = zo,t)=Vd(x,y,t)~C(x,y,zl,t) (1)

where z; - the first calculation level along the vertical, z; = 50 m, V, - variable over space and time the
deposition velocity on the surface different for different metals.

According to Sehmel’s data [30] V, variation range is three orders of magnitude.

When particles cross the laminar sublayer two maximum regimes of deposition is realised: 1 - for
coarse particles - gravitational settling is decreasing with particles size decrease; 2 - for fine particles -
deposition due to Brownian diffusion is decreasing with particle size increase. Thus for particles of
intermediate size minimum deposition should be realized. It is observed for particles within the range
0.1-1.0 um. These particles have rather small velocities, thousandth, hundredth fractions of 1 cm/s.
Evidently these particles should dominate in the long-range transport.

According to Milford and Davidson data [1] spectrum maximum of aerosols with Pb and Cd is
accounted for this size range. Median aerodynamic diameters for Pb and Cd equal to 0.55 um and
0.84 um respectively. When deposition process was parametrized we ignored the spectrum using
MMD as “effective” particle size.

Besides particle sizes the deposition efficiency is influenced by meteorological conditions and surface
properties and great difference between deposition velocities on land or sea are observed.

The parametrization of dry deposition velocity on a dry surface was made on the basis of Sehmel’s

results [30], where similar calculations are given for V4 for a number of surfaces (z,) and a set of
turbulence states ( u,). For the assumption of “effective” sizes dependences V; (zo) for individual u,
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were derived. In the double logarithmic scale they are represented by a family of parallel straight lines

that allowed to accept the following approximations:
V™ (Pb) = (0.02 u? +0.01) -2, /107 @)

®)

)0.33

V(;and Cd) = (0.04 u? + 0_02) . (20/10_3)0.30

where: ;™ [cmis], u, [m/s], zo[m].

Results obtained with the model of Lindfors et al [25] which is a modified model of Williams [6] were
used for the parametrization of deposition on the sea surface. The resistance analogy method is used,
two layers are considered: turbulente and quasilaminar. In the quasilaminar layer fluxes are
considered on both smooth and broken surface with sea spray that allows to consider the washout and
coagulation with spray droplets. Using the results of this work we derived the following
approximations for deposition velocities on the marine surface for Pb and Cd:

V% (Pb) = 015-u” +0.013 (4)

V¥ (Cd) = 015-u? +0.023 (5)
where: V7 [cm/s], u, [m/s].

Sink of pollutants due to precipitation scavenging is represented by a linear process:

oC
—=-AC, 6
P (6)

where washout coefficient A depends on many parameters of both pollutants and precipitation.

The models do not consider the complicated nature of the phenomena. The distribution of
precipitations along the vertical is assumed to be uniform.

The flux of wet deposition from the layer of h depth is equal to:

F=CAh, (7)
the same flux is represented as:

F=C,l, (8)
where C, - concentration in precipitations, I - precipitation intensity.
Hence it follows that:
=—, )
where W - scavenging ratio equal to that of concentration in precipitation to concentration in the air.
Orders of magnitudes of W for heavy metal particles are ~10° that testifies to the effective scavenging.

It set equal to 500000 for Pb and Cd. This value was also used in other long range transport models
for Europe [12,13].

4.3 Spatial distributions of seasonally averaged meteoparameters

Meteoparameter distributions presented in fig.2-19 are a result of the parametrization of the boundary
layer and dry deposition accepted in the models.

At first the used data of roughness length z, averaged over a month are given. For the comparison
fig.2-3 demonstrate z, distributions for January and June. Essential differences are observed for these
months - the major part of northern and eastern Europe is characterized by z, values exceeding 1 m.
Both maps demonstrate elevated roughness of the coastal line.
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Seasonally averaged meteoelements for two periods 00 and 12 UTC calculated for 1990 are presented
in the following figures. Averaging over winter is made for January and February, for summer - June,
July and August.

A great contrast for 00 and 12 is observed in the mixing layer heights in summer over land (fig.4-5).
Characteristic values for the day-time are within the range of 1000-1500 m for the night-time - within
the range 100-750 m (in regions with high roughness up to 1000 m). The latitudinal dependence of the
mixing layer height is also observed. Over the sea h is practically uniform, h < 500 m. On the one
hand it is connected with minor roughness, on the other - with the accepted in the model assumption
on the neutral stratification of the boundary layer over the sea. Apparently data on the temperature of
the sea surface would help to evaluate the atmosphere stability over the sea more accurately.

In winter such contrast between day and night is absent except southern regions (Sahara, Spain).
Characteristic values h are observed in regions with high roughness 750-1000 m. Rather high values
of h (compared with summer) are observed for the sea, to 1500 m. Higher values h for the winter
period compared with data [31] is possibly connected with a high coefficient used in the diagnostic
formula for h (~0.2u,/f) for stable stratification. Note that peculiarities shown in the maps in the upper
left and the lower right angles are probably conditioned by the objective analysis of wind. The spatial
distribution of friction velocity u, (fig.8-11) is correlated with z, distribution. The maximum value is
observed in regions with high roughness reaching 1.5 m/s in winter. Over land in summer u, is about

0.5 m/s.

The distribution of vertical diffusion coefficient K,(1) in the lower layer of the model grid is presented
in fig.12-15. A big contrast is observed for periods 00 and 12 UTC for both summer and winter. For
12 UTC latitudinal dependence of K,(1) is pronounced. Mean value K,(1) is within the range of 25-
100 m?/s for 12 UTC period and 1-25 m?/s for the period of 00 UTC. A similar pattern is observed for
distribution K,(2) - vertical diffusion coefficient at the second model level (fig.16-19). Distributions of
K(1) and K,(2) are practically coincide for summer but K,(2) is higher than K,(1) for winter conditions
because of non-uniform profile K,(2) in winter.

Dry deposition velocity distributions for lead (fig.20-23) demonstrate a dependence on the parameters
defining turbulence intensity z, and u,. Higher values are observed for 12 UTC compared with 00
UTC. Greater spatial non-uniformity is observed in winter. On the average winter velocities are higher
than summer ones (see fig.52). The model predicts low velocities of dry deposition on the sea surface,
vy <0.05 cm/s.

5 Results

5.1 Technical environment

The LPMOD and the ASIMD models consist of meteorological pre-processor and main simulation
program which are written in FORTRAN and programmed to be run on the PENTIUM-100 computer.

In the final formulation the models have identical parametrization and differ only in the transport
algorithms. The difference however is rather essential. The LPMOD-model operating half-steps
requires greater computer resources (in addition to the more complex algorithm). The calculation with
PENTIUM-100 of one component of the pollution for a year interval for grid 39x37x4 (actually
80x76x4 for LPMOD) takes about 6 hours while using LPMOD and about 20 minutes of ASIMD
using.
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5.2 Emission of Pb and Cd

The models require as input data annual emissions and the exact information of the location and the
stack height of their sources. As emission inventories for Pb and Cd we used TNO maximum
estimations for 1990 made under ESQUAD-project [32] recalculated for the EMEP grid with
resolution 50x50 km? by MSC-E. The seasonal variations of lead and cadmium emissions are not
significant [33] so they are not taken into account. The areal grid emission was diluted inside two
lower model layers (0-100 m, 100-400 m), we allotted 0.8 of lead emission to the first model layer
and 0.2 to the second model layer, for the cadmium emission that proportion was 0.5 : 0.5. Annual
emissions amount to 48858 tonnes for lead and 1277 tonnes for cadmium in 1990.
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The LPMOD model operates with “large particles” - emission portions given off by each 75 km grid
cell. For “large particles “ distribution six cell moments are calculated during the transport simulation.
Thus formally for LPMOD apart from emission distribution the all other moment distributions should
be given. Naturally the second moments are equal to zero but the first two moments being source co-
ordinates can be given if they are available. Initial emission distribution with 50 km resolution allows
to determine large particle allocations to 75 km cells together with their co-ordinates. The ASIMD
model has 150 km resolution so 50 km emission distribution is averaged for 150 km grid. The same
emission distribution can be used in LPMOD, in that case “large particles” of sources have zero co-
ordinates in accordance with adopted co-ordinate system.

5.3. Emission, deposition and concentration fields for Pb and Cd

Annual emission inventory for Pb in 1990 used in the model computations is shown in fig.24,25.
Three data arrays should be used as emission input into the LPMOD model: proper emission as “large
particles” mass and x, y - co-ordinates of the mass centres of large particles. The locations of particle
centers and corresponding emission intensity only are shown in fig.25.

For Pb accumulated deposition and yearly averaged concentration in air and in precipitation simulated
with both models are shown in fig.26-35 (For comparison the fields of the same type calculated by
ASIMD and LPMOD are given side by side).

On the whole deposition and concentration fields calculated by both models are similar. The
following differences may be noted. LPMOD presents higher levels of dry depositions in remote
regions, for example in Greenland (Fig.26,27). At the same time dry deposition maximum predicted
by ASIMD in Spain is not observed in dry deposition given by LPMOD. In the sites of high wet
deposition LPMOD gives frequently higher levels of wet deposition (Fig.28,29), that is reflected by
the total deposition computed as a sum of dry and wet depositions (Fig.30,31). For Pb concentrations
in air predicted by ASIMD are slightly larger than ones predicted by LPMOD (Fig.32,33). The
concentration in precipitation pattern is more irregular than wet deposition (Fig.34,35), LPMOD
predicts the larger maxima than ASIMD. In particular the above mentioned maximum of dry
deposition in Spain predicted by ASIMD corresponds to the maximum of wet deposition and
concentration in precipitation predicted by LPMOD. Thus LPMOD overestimated slightly wet
deposition in comparison with one of ASIMD.

For reference the concentrations in air computed by LPMOD with allowance for the source co-
ordinates and without those are shown in Fig.36,37. The concentration distributions demonstrate large
sensitivity of LPMOD to assignments of source allocations.

The following map package presents annual emission inventory (Fig.38,39), dry deposition
(Fig.40,41), wet deposition (Fig.42,43), total deposition (Fig.44,45), concentration in air (Fig.46,47)
and concentration in precipitation (Fig.48,49) for Cd computed by both models.

LPMOD sensitivity to Cd source allocations within grid cell is shown in Fig.50,51 as well. The same
conclusion may be done in case of Cd: LPMOD underestimates slightly the concentration and
overestimates wet deposition in comparison with ones predicted by ASIMD.

6 Assessment of results and discussion

6.1 Comparison of model results and observations

Model results for 1990 were compared with measurement data obtained at the PARCOM/ATMOS
network. Tables 1,2 present comparison results.
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Table 1: Average concentrations in air (ng/m?). Comparison of computed values versus measurements

for 1990
Site Pb Cd

measured LPMOD ASIMD measured LPMOD ASIMD
B2b 104.0 46.9 62.0 - - -
DK1 17.0 15.8 17.7 0.3 0.42 0.45
D1 17.3 19.6 19.5 0.3 0.59 0.53
NL3 27.0 31.2 33.8 0.33 0.98 0.79
GB1 21.0 36.2 415 0.33 0.94 1.14
GB3 6.8 6.3 5.4 0.13 0.13 0.12
mean 32.2 26.0 30.0 0.278 0.612 0.606
corr. 0.88 0.82 0.88 0.85
Table 2: Average concentrations in precipitation (ug/l). Comparison of computed values versus

measurements for 1990
Site Pb Cd

measured LPMOD ASIMD measured LPMOD ASIMD
DK1 2.73 1.81 1.93 0.09 0.051 0.055
D1 - - - 0.15 0.066 0.055
F1 1.53 1.52 0.69 0.04 0.043 0.017
NL2 5.91 6.73 5.16 0.16 0.161 0.117
NL3 2.78 2.81 2.87 0.16 0.083 0.067
N2 0.20 0.69 0.75 0.06 0.019 0.020
N3 3.60 1.21 1.15 0.12 0.033 0.032
S2 2.05 1.77 1.67 0.08 0.057 0.054
GB1 4.93 5.60 5.18 0.40 0.171 0.133
GB2 11.17 10.3 13.77 0.35 0.300 0.378
GB3 3.03 2.92 221 0.13 0.073 0.054
GB4 0.88 0.68 0.33 - - -
mean 3.53 3.37 3.25 0.158 0.096 0.089
corr. 0.94 0.96 0.84 0.76

There is a high correlation between the modelled values and measurements. Results for Pb show the
agreement between measured and modelled values. For Cd the models overestimate measured
concentrations in air and underestimate concentrations in precipitation. That is probably due to the
inadequate description of emissions for Cd of the models. In general while comparing the modelled
values with measurements uncertainties of emissions and measurements should be taken into account.
The overall uncertainty of the yearly averaged concentrations is estimated to be approximately 20 to
50% for the Western European countries where emission uncertainties are relatively small [33]. Thus
the discrepancies between the measured and the modelled air concentrations of Cd exceed above
mentioned interval.

Results of two models are close to each other. The small number of available observations makes it
impossible to indicate preferable model.

There is information about measured mean long-term concentrations of Pb and Cd in Switzerland in
1985-1986 [3] and over the Mediterranean in 1991-1992 [34]. The aerosol concentration of remote
sites data while compared with modelled values add the estimation of model performance. Air
concentrations of Pb observed at 750-1550 m above sea level (Alpine region) are equal to 17.9-55.5
ng/m®. Corresponding model values are 30-50 ng/m®, Fig.32,33; EMEP gridcell (23,13). For Cd
measured values are 0.3-0.69 ng/m®, computed values are 0.5-1.0 ng/m®.
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At the land-based sampling stations in the Western Mediterranean (coast of France and Spain)
following air concentrations are registrated, for Pb - 50-58 ng/m®, for Cd - 0.36-0.60 ng/m°. Model
concentrations are 30-50 ng/m® for Pb and 0.5-1.0 ng/m® for Cd. Lower Pb and Cd concentrations
were reported for Mediterranean Sea [35], mean values are equal to 10.5 ng/m*® and 0.17 ng/m°
correspondingly. That measurement data co-ordinate with modelled concentrations, Fig.32,33,46,47.

Besides the comparison of model results and observations of the estimations of particular model
elements can be done. During the research of atmospheric input to the North Sea J.A. van Jaarsveld
evaluated the mean dry deposition velocities of heavy metals for land and sea surface [11]. The
similar monthly averaging of local dry deposition velocities used by our models was done. Results are
shown in Fig.52. An unexpected agreement with van Jaarsveld's values was found for both Pb and
Cd. Mean values of dry deposition velocities for Pb and Cd calculated for other years (1989, 1991)
show the rather slight influence of meteorological conditions. Seasonal variation of mean dry
deposition velocities is observed that can be compared with the similar behaviour of dry deposition
velocities of sulphate particles estimated for the Baltic region [25].
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Fig.52 Monthly averaged deposition velocities (cm/sec) for Pb and Cd separately for land

and sea surface in 1990. Annual average dry deposition velocities are given as well.
For comparison Jaarsveld's data [11] are given in parentheses.

6.2 LPMOD-ASIMD comparison

As is known a comparison of cumulative distributions is the most effective aid to the model
evaluation. We can execute only the model-model comparison. The quantile-quantile plots of
cumulative distributions of depositions or concentrations computed with LPMOD and ASIMD models
are presented in Fig.53,54. For low percentiles LPMOD overestimates the values of depositions or
concentrations in comparison with the values computed by ASIMD. Possible explanation is the
different dispersive features of the models. In the remaining percentile interval the results of LPMOD
and ASIMD agree much better. The curves for the concentration and dry deposition show
overestimations of the highest values by ASIMD. That may be due to an overestimation of the
scavenging rate by LPMOD.
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The scatter diagrams of concentrations and depositions of Pb and Cd computed by ASIMD versus
ones computed by LPMOD are compared in Fig.55,56. Statistical estimates (mean, correlation
coefficient, slope, intercept) for all fields are presented in table 3.

Table 3:  Comparison of fields for Pb in 1990 computed by LPMOD versus computed by ASIMD

Field Average Corr. Slope Intercept
LPMOD ASIMD
dry dep. (ug/m? 358.61 407.15 0.965 0.802 32.19
wet dep. (ng/m?) 979.08 946.28 0.969 0.927 101.75
tot dep. (ug/m?) 1337.64 1353.46 0.967 0.872 149.87
conc. in air (0.1 ng/m°) 122.92 146.90 0.948 0.729 15.74
conc. in prec. (0.01 pg/l) 175.11 174.12 0.975 0.910 16.59

The large correlation between corresponding fields computed by two models are observed. The main
difference is in the relative intercept of the fields computed by LPMOD and ASIMD. That has been
already remarked in the comparison of cumulative distributions. That disagreement of the models will
be investigated during the following model evaluations.

On the whole results of both models are close and we can not prefer one to another now.
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7 Conclusion and perspective

1. This report presents two versions of new regional 3d-model. The fine version (resolution 75 km)
LPMOD uses the transport algorithm with conservation of six moments. The more rough version
(resolution 150 km) ASIMD uses the asymmetric advection scheme with of advection velocity
correction depending on local gradients. Meteorological pre-processor appreciates Boundary Layer
stability, controlled parameters are heat flux, friction velocity, Monin-Obuchov scale and derived
parameters (mixing layer height, vertical diffusivity, dry deposition velocity.) Gridded parameters are
updated every six hours.

The maps of seasonally averaged meteoparameters for daytime and nighttime reflect expected
dependencies on meteorological and geographical conditions. The estimations of mean dry deposition
velocities for land and sea agree with known data. Those models are applicated for simulation of
heavy metals long-range transport.

2. This report presents the simulation results of dispersion of Pb and Cd on the European scale in
1990. The main goals of the simulations are detail estimates of the depositions and comparative
evaluation of two model versions.

The comparison of computed concentrations in air and in precipitation with measured ones at
PARCOM stations shows an agreement of about 50% for Pb and of about 200% for Cd. The
computed values are well correlated with the measured ones. The results of the both model versions
are close to each other. The comparison of the modelled air concentrations with the concentrations
measured in remote sites (Mediterranean, Alpine region) also shows reasonable agreement.

The comparison of the concentrations and depositions computed by LPMOD with ones computed by
ASIMD demonstrates the similar means and good correlation but the appreciable intercept are
noticed. The quantile-quantile comparison shows a good agreement in general but at the lower
percentile interval LPMOD overestimates concentrations and deposition in comparison with ones
computed by ASIMD. The certain overestimation of the wet deposition computed by LPMOD
compared with one computed by ASIMD is observed.

For the rather limited validation of the models we can not answer formally the question “which model
is better”. At the long-term integration the results of the ASIMD model are rather adequate to those of
LPMOD. The ASIMD model can be used for massive and rapid calculations. However LPMOD
having the better resolution and controlled dissipativity is to be applicated for the final computations.
The short-term episodes can be also modelled with LPMOD. The following validation of the models
of course is supposed. The several improvements of the models are planned. The submodel of initial
plume growth and rise should be done.

3. The presented modelling results are the assessments based on the simple conceptions of aerosol
behaviour with some heavy metals acting in the lower atmosphere. Many aspects of the behaviour of
aerosols with heavy metals are uncertain because of complexity of physical process and the lack of
measurements. It is known a little of the dependence of deposition velocities on the surface type, its
roughness, atmosphere stability conditions. May be those uncertainties are even greater than those for
gaseous compounds of sulphur and nitrogen. For the determination of wet deposition fluxes it is used
a very rough approximation of effective scavenging without allowance for the complexity of the
interaction of aerosol and precipitations (in a cloud and outside of it). Thus there is a great area of
activity for further development of both operational and research modelling of heavy metals.

Data on emission should include the height of sources and the seasonal variations. Evaluation of
particle spectrum composition could be allowed to distinguish the “heavy” part of the spectrum and to
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separate local and regional processes. The same is true for the problem of the evaluation of the life-
time of various components and for the problem of evaluation of the European background
concentrations.
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