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ABSTRACT

A regional numerical short-term (hours to days) sulfur dispersion model, interacting with a
NWP-model with a detailed treatment of clouds and condensation, is formulated and tested.
The model has 10 layers in the vertical, 50 km horizontal resolution and covers NW-Europe. It
is initialized with model-simulated fields of sulfur dioxide and sulfate in air, based on realistic
sulfur SO, emission fields. A simple parameterization scheme for dry deposition, oxidation,
uptake by clouds and deposition by precipitation is applied. The numerical treatment ensures
positive-definite and mass-conserving solutions. A comparison between a 36-h integration on
a real synoptic situation and surface measurements, suggests that the wet deposition of sulfate
and the sulfate in air is underestimated over Scandinavia. SO, in air is overestimated close to
the sources. The simulations indicate that both the oxidation rate and the vertical transport by

eddy diffusion are too low.

1. Introduction

The increasing environmental impacts of
man-made emission on the atmosphere, have
made a strong need for development of regional
air pollution models. Together with pollutant
measurements a regional zir pollution model
coupled to a meteorological model is necessary
for the understanding of the transformation,
dispersion and removal of pollutants.

This type of coupling has been introduced in
regional Lagrangian models for studying the long
term (months and years) transport of sulfur and
nitrogen compounds in Europe (Eliassen and
Saltbones, 1983; Hov et al., 1988). Attempts have
also been made to simulate short-term (hours and
days) transport by regional Eulerian model.
Pudykiewicz et al. (1985) apply dry air sulfur
and nitrogen chemistry to a 3-D numerical
weather prediction model in North America.
Charmichael and Peters (1984a, b) use meteoro-
logical fields analysed from observations to simu-
late 3-D sulfur transport in the lower troposphere
over North America. The importance of in-cloud
and precipitation processes to pollution transport
and removal, has increased the efforts of
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modelling these processes. Charmichael et al.
(1986), Tremblay and Leighton (1986) and
Rutledge et al. (1986) utilize simplified meteoro-
logical models to study parameterizations of
clouds and chemical processes. Chaumarliac et
al. (1987) use a 3-D mesoscale meteorological
model for 2-D studies of a microphysical and
chemical sulfur scavenging scheme. Chang et al.
(1987) have formulated a 3-D treatment of differ-
ent chemical compounds including liquid phase
chemistry together with an NWP-model. A
comparison between precipitation chemistry data
and results from this model is presented in
Middleton et al. (1988).

Even though elaborate 3-D chemical and
meteorological models exist, the description of
cloud/condensation/precipitation processes has so
far received little attention and is often treated in
a strongly simplified manner (Sundqvist et al.,
1989). Consequently the description of the cloud
and precipitation dependent chemical processes
in these models become quite uncertain. The aim
of this paper is to couple a regional sulfur trans-
port model to a 3-D meteorological model, with
emphasis on including the wet scavenging of
sulfur (the most important component in acid
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rain) into a realistic description of clouds and
precipitation. Model simulations on a real
synoptic situation will be presented and com-
pared to observations of sulfur compounds in dry
air and precipitation.

The paper represents a pilot study in including
explicit treatment of cloud- and precipitation
scavenging of sulfur into the NWP-model at the
Section of Meteorology, University of Bergen
(AMUB). The AMUB-model is a research
version of the Norwegian Meteorological Insti-
tute (DNMI) meso scale model. The AMUB-
model contains a refined cloud/condensation
scheme, with cloud water as a prognostic vari-
able. The inclusion of this scheme indicate an
improvement of the model calculations compared
to that obtained by the original DNMI-model
(Sundqvist et al.,, 1989; Kristjansson, 1990).
The cloud/condensation scheme is the basis for
the explicit treatment of the wet scavenging
processes.

As a first approach, a simplified representation
of the chemical processes described by a bulk
transformation rate is selected. Uptake by clouds
and deposition by precipitation is also described
in a simplified manner. Emphasis is put on a
mass conserving and positive definite numerical
treatment. In addition to the chemical transform-
ation and wet deposition, other processes (ver-
tical transport, dry deposition, emission and
numerical dispersion) of importance to the sulfur
model are discussed, and the possible improve-
ments of the model are pointed out. The sulfur
model is an online model without any feedback
on the meteorlogical model.

2. The numerical weather prediction model

The numerical weather prediction model (the
AMUB-model), which is the basis for the
pollution modelling, is based on the operational
fine mesh model of the Norwegian Meteoro-
logical Institute (DNMI). The numerical design
of this model is documented by Grends et al.
(1987). The implementation of physical (non-
adiabatic) processes is presented in Nordeng
(1987). The AMUB-model is a primitive
equations grid point model with sigma, o, as the
vertical coordinate
PP ,
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Fig. 1. (a) Vertical arrangement of the model variables

and the approximate height (m) of the lowest o-levels;~
and (b) horizontal arrangement of the model variables.

Y represents chemical compounds, temperature, mois-

ture or cloud water.

where p*=p,—p, and p, p, and p, are the
pressures at an arbitrary level, at the surface and
at the top of the model atmosphere respectively.
Here, 10 levels in the vertical and P, =200 mb
are used.

The vertical arrangement of the variables and
the approximate heights (in meters) of the lowest
o-levels are given in Fig. la. The model variables
are horizontally distributed according to the
Arakawa D-grid (Mesinger and Arakawa, 1976)
shown in Fig. 1b. We employ a horizontal
resolution of 50 km on the geographical domain
shown in Fig. 2. To maintain stable numerical
solutions the maximum time step is 150 s. It is
observed from Fig. 1, that the grid is staggered
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Fig. 2. Geographical view of the model domain, and the sulfur emission (10 tonnes/day) applied to the days 5-6

September 1985.

both in the horizontal and the vertical. The levels
at which the vertical velocity, ¢, is defined, will
be referred to as the half levels.

The cloud/condensation scheme (Sundqvist et
al., 1989) parameterizes stratiform and convec-
tive condensation and cloud formation. On one
hand the scheme parameterizes the microphysical
processes which divide the condensate between
cloud water and precipitation. On the other hand,
since clouds are generally not resolved by the
model grid, the scheme also parameterizes the
partitioning between cloudy and cloud free parts
in each grid box, i.e., a fractional cloud coverage
is calculated. The subgrid parameterization is
applied only in the horizontal. The clouds fill the
whole grid box in the vertical.

To distinguish between convective and strati-
form condensation, a test is performed to check
whether the grid column in question is con-
ditionally unstable or not. If a parcel of surface
air is positively buoyant after being lifted
vertically to saturation, convective condensation
is considered. If not, the possibility for stratiform
condensation to occur is investigated.

In both the stratiform and the convective case
the cloud water content is explicitly treated
through a prognostic equation.
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3. The sulfur-model

The SULFUR-model utilizes the detailed
meteorological fields from the AMUB-model to
study sulfur transport and formation of acid rain
on a short time scale (hours and days). Cloud
water content is calculated explicitly, and it is
therefore possible to treat the transformation and
removal processes of sulfur compounds in clouds
explicitly.

The continuity equation is solved numerically
for three different sulfur compounds. In the dry
phase we consider sulfur dioxide (S-SO,(a)) and
sulfate particles (S-SO4(a)), and in the liquid
phase we consider sulfate in cloud water
(S-SO,(cl)), where a and ¢l are abbreviations for
air and cloud.

If we let y represent the mixing ratio
(kg-sulfur/kg-air) of one of the sulfur com-
ponents, the continuity equation can be written
W eV V)~ 2 09)

a *
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The first three terms on the right-hand side
represent the flux divergence formulation of the
advection equation. ¥y and Vy are the horizontal
wind vector and del operator respectively, and m
is the map factor on a polar-stereographic map
projection. A scale analysis of these three terms
(see Appendix 1) shows that the third term, on an
average, is small compared to the two others for
the scale of the motions applied to the SULFUR-
model. The third term is therefore neglected in
the model calculations. The fourth term rep-
resents the vertical eddy diffusion, where g, p and
K, is the gravitational acceleration, air density
and the vertical eddy diffusion coefficient
respectively. Horizontal eddy diffusion is not
included for any of the three components, and
vertical advection and eddy diffusion are omitted
for S-8O,(c]). Qs and Q, represent chemical
and/or physical source and loss terms. The
position of ¥ in the numerical grid is shown in
Fig. laand b.

The parameterization of surface fluxes is based
on the Monin-Obukhov similarity theory, while
above the surface layer mixing length theory is
applied. When stratiform or convective clouds
are present, K, is increased between 1 and 4
times, depending on the current and the
saturation lapse rates, and the fractional cloudi-
ness (Sundqvist et al., 1989).

3.1. Emissions

The emission data were obtained from the
EMEP (EMEP: Co-operating programme for
monitoring and evaluation of the long-range
transmission of air pollutants in Europe) inven-
tories through Saltbones (1989, personal com-
munication). The data are given as a mean
annual value plus an annual sinusoidal variation,
which yields a maximum in January and a
minimum in July. The emission field applied in
the present simulations, is shown in Fig. 2.
The emission rate is considered constant in
time during the simulations. Furthermore, the
emission data have a resolution of 150 km (i.e.,
3 x 3 grid-boxes).

According to the emission data 649 of SO, is
released above 100 m, the remainder below
(Saltbones, 1989, personal communication). In
addition, we anticipate a mean plume rise of
about 100 m. Thus we let the emissions take place
in layer 9 shown in Fig. la. Seinfeld (1975) has

reviewed various plume rise estimates, and
uncertainties are involved in the present choice.
Under certain conditions the effective emission
height might be several hundred meters. Uncer-
tainty is also associated with the grid rep-
resentation of  point sources as discussed in
Karamchandani and Peters (1983). A detailed
method for representing point sources by grid
boxes in an urban air pollution is found in
McRae et al. (1982). Here it is assumed that the
emissions are immediately distributed into a
50-km square horizontally. Since a very strong
instantaneous horizontal subgrid diffusion there-
fore is forced on the emission some instantaneous
vertical mixing must be expected as well between
the lowest levels in the vertical. No attempt has
been made to parameterize this effect. Instead
the sensitivity of the sulfur concentration as a
function of the initial vertical emission dis-
tribution is elucidated in the model runs in
Section 5.

In the EMEP-model (Eliassen et al., 1988) 5%
of the emission is assumed to be emitted directly
as S-SO,(a). In studies by Prahm et al. (1980)
and Rodhe et al. (1981) it was indicated that this
percentage might be somewhat higher. Based on
the present simulations a percentage of 10 has
been found reasonable. The remainder of the
emission is S-SO,(a).

3.2. Dry deposition

A substantial part of the sulfur deposition in
northwest Europe (about 50%,) comes, in the long
term, via dry processes (Rodhe and Granat,
1983). Thus, a realistic description of the dry
deposition is important for estimation of sulfur
transport. The mechanisms leading to dry
deposition of atmospheric constituents are how-
ever complicated and still not fully understood
(Seinfeld, 1986), and it is beyond the scope of this
study to derive a detailed parameterization of
these processes.

The dry deposition in atmospheric transport
models is usually described by an overall dry
deposition velocity, vp. To obtain the dry
deposition flux, Fp, the mixing ratio, ¥,,, at
about 1 m above the ground is utilized, which
yields

Fp=vpYimp. (3.2)
The dry deposition velocity is estimated experi-
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mentally. Estimates of the SO,(a) and SO,(a)
deposition velocities are reviewed by Sehmel
(1980) and Seinfeld (1986) respectively, and show
large variability. The large variability is due to
the dependence on the vertical eddy transport
near the surface, the surface laminar layer, the
absorbing properties of the surface, and uncer-
tainties in the measurements. However, as a first
approach, average values are applied to the
whole model domain. The values are adopted
from the EMEP-model (Eliassen and Saltbones,
1983), and they equal 0.8 cm s! and 0.2 cm s~!
for SO,(a) and SO,(a) respectively. The lowest
model concentration at level 10, is a mean
between the ground and approximately 80 m
(Fig. 1b). This value will generally not correspond
to the 1 m level concentration needed in (3.2).
Specially, when there is small vertical exchange,
the concentration at 1 m is expected to be
substantially lower than the level 10 value. The
concentration applicable to (3.2) is estimated by
assuming

Vim=(Cp/Co)¥ 10, (3.3)

where Cp, is the actual drag coefficient and C, is
a reference drag coefficient corresponding to
neutral conditions and a surface roughness
Zy=0.3 m. In the AMUB-model Z,=0.3 m
over land except for snow, ice and desert where it
equals 1073 m. Over sea Z, is not allowed to be
less than 1.5-10-3, and it seldom becomes above
103 m. From (3.3) we see that for Z,=0.3 m
and neutral conditions, it is assumed that the
concentration at | m equals the level 10 value.
The effect of the factor Cp/C, is to reduce the
I m concentration substantially for stable stratifi-
cation and low wind speeds (Fig. 3). When the
wind speed is above 5-10 m s~! there is little
effect. For unstable conditions, we use the same
formulation as in the neutral case. For reduced
surface roughness Cp/C, is shifted towards
smaller values.

For elevated sources, it is likely that the con-
centrations increase with height in the constant
flux layer. Since eq. (3.3) assumes a uniform
concentration at neutral conditions the concen-
trations applied to eq. (3.2) might be too high,
and the dry deposition might become over-
estimated.

Dry deposition in pollutant transport models
has been studied by, for example, Eliassen and
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Fig. 3. The ratio Cp/C, (defined in the text) as a
function of windspeed at o-level 10, for the surface layer
static  stabilities (1) 06/6z=10"3°C m~' and
(2) 06/6z=10"2°C m™!, and a surface roughness
Z,=0.3m.

Saltbones (1983), Isaksen and Rodhe (1978) and
McRae et al. (1982). Here we apply the approach
given in Isaksen and Rodhe (1978) to compare
with the formulation given in eq. (3.3). They
calculate the dry deposition velocity (vpig)
applicable to the concentration at the lowest
model level by

UDim

Up1o = op
1+ ]
[ ColViol

where vp,, and V,, are the dry deposition
velocity 1 m above the surface and the wind at
a-level 10 respectively.

Evidently, some instantaneous subgrid scale
dry deposition should also be taken into account
in grid squares where emission occurs, and it
should to a high degree be governed by the local
turbulence. For example, model experiments per-
formed by Nordlund (1986), showed that the local
deposition, for cases where the effective emission
height is above 100-150 m, may vary from almost
zero up to 40%; depending on the local stability
and wind speed. However, the subgrid scale
deposition is so far not included.
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Fig. 4. A grid box with center at (x;, y;, 6,). The shaded area represents the fraction, b, of the box filled with clouds.

3.3. Chemical processes

The transformation of SO, to sulfate com-
pounds in the gas phase takes place through the
reaction of SO, with hydroxyl radicals (OH). The
sulfate particles act as cloud condensation nuclei.
In the liquid phase, SO, is first dissolved into
water, then it is oxidized to SO,, where the two
most important oxidizing species are ozone (O;)
and hydrogen peroxide (H,0O,). The relative
importance of the gas and liquid phase sulfate
production to the wet deposition of sulfate has
been estimated by Fowler (1980). On an average,
about 65% of the sulfate originate from con-
densation nuclei mainly produced by gas phase
processes, and about 209 is due to in-cloud
processes. The remainder is due to sub-cloud
scavenging by raindrops (10%) and brownian
diffusion and diffusiophoresis (5%).

However, as a first approach, it has been
assumed that all the chemical processes trans-
forming SO, to sulfate are simply described by a
constant transformation rate, k, =4-10-¢ s~!,
This rate corresponds to values used in the
EMEP-model (Eliassen and Saltbones, 1983;
Eliassen et al., 1988). The expression for the
transformation is:

0(8-80,(a))

= ki (S-S0,(a)), (3.5)

and 9(S-80,(a))/dt = —0(S-SO,(a))/dt. All the
oxidized S-SO,(a) is considered to take the form
S-SO,(a). The uptake of S-SO,(a) in the clouds
takes place during condensation (see next
paragraph).

3.4. Wet deposition

Condensation may occur in a fraction, b, of a
grid box (see Fig. 4). Consequently, some fraction
of the total S-SO,(a) in the grid box, should be
incorporated into the condensate. This fraction is
assumed to be equal to b, i.e., we assume that all
the S-SO,(a) in a volume occupied by clouds, is
taken up by the clouds. The source/sink term for
S-S0, (cl) becomes

(S-S0, (cl))
ot

+ 3lky — [k, 11(S-SO.(cD),

=4[k + |k, (S-S0, (a))
(3.6)

where k, = db/dt. The corresponding source/sink
term for S-SO,(a) has opposite sign. No direct
uptake of SO, in clouds is considered.

In addition, evaporation of cloud water is
allowed to take place when cloud water is
advected into a grid box where no condensation
is occurring. In such cases all the advected cloud
water is assumed to evaporate instantly, and
hence all the corresponding S-SO,(cl) is returned
back to S-SO4(a).

The release of precipitation is a function of the
local cloud water content. In addition both the
coalescence process and the coexistens of water-
and ice droplets affect the release of precipitation
(Sundqvist et al., 1989). The fractional loss of
sulfate in cloud water per unit time due to
precipitation has been assumed equal to the
fractional release of cloud water per unit time. If
we let mc denote the local cloud water content,
Omp/0t the local production rate of precipitation,
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and hence k; = 1/mc(émyp/0t), then the sink term
for S-SO,(cl) due to precipitation becomes

3(5-804(cl)) _

o —k3(8-80,(c1)).

G.7D
The resulting accumulated wet deposition per

unit time and unit area, Ag, at the ground is given

by

Ag= ”S—g& f [k3(S-SO, (c1))] do, (.8)

where g and g are the bottom and the top of the

clouds respectively.

Sub-cloud scavenging might give substantial
sulfate contributions, specially close to the
sources where the low level concentrations are
high. However, on an average this process is not
believed to contribute with more than about 109
of the wet deposition of sulfur (Fowler, 1980),
and it is so far neglected.

The cloud/condensation scheme also accounts
for evaporation of raindrops which increases the
sulfur concentration in the rain. During a 36-h
simulation about 25% of the released precipi-
tation mass evaporates before reaching the
surface. Some small fraction of this mass should
be considered as rain drops which evaporate
completely, and the corresponding suifate should
be returned to the dry phase. This effect is not yet
included, and it means that small amounts of
sulfur might be deposited through (3.7), even
though no rain is falling.

4. Numerical solution techniques

When the continuity eq. (3.1) is solved numeri-
cally, we require the solution to be mass
conserving and positive. Negative values of a
pollutant are not physically realistic.

We rewrite eq. (3.1) using the notation ¥, ¥,
and y; for S-SO,(a), S-SO,(a) and S-SO,(cl)
respectively, to
3

o,
S A A, ) (AT AT+ AT,
m=1
n=1,2,3, 4.1)
where

w=lilwlrwg)
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Vertical advection and eddy diffusion are
neglected for S-SO,(cl), the dry deposition and
emission of S-SO,(a) and S-SO,(a) are incorpor-
ated in the eddy diffusion terms, and when
evaporation occurs all S-SO,(cl) is transformed
back to S-SO4(a). The operators A;, ..., As
represent diffusion, advection, dry phase pro-
cesses, cloud processes and wet deposition,
respectively.

One simple approach to the time discretization
of (4.1), is to assume each operator on the right-
hand side of the equation independent during a
timestep At. After calculating the corresponding
numerical tendencies, these are simply added
together at the end of the time step. Hence

Wt =l//;+At[(A1+A2)¢,,

3
+ ) (Ag’"+A:"'+A;’")-//,,,:,, n=1,23,
m=1

4.2)

where Ar and 7 are the time increment and the
timestep index. However, when this method was
applied, the term in square brackets in eq. (4.2)
became in some cases negative with an absolute
value greater than . Thus the result was a
negative ¥**'. This occurred for S-SO,(cl) when
there was a loss due to both precipitation and
reduction of the grid box cloudiness at the same
time. Principally this is a consequence of a time
extrapolation over too long a time step. The
square bracket term has to be allowed to adjust to
new y-values over shorter intervals.

To avoid this problem the time discretization
of eq. (4.1) is instead performed with the
fractional step method (see Richtmyer and
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Morton, 1967; McRae et al., 1982). The method
consists of successively applying the operators
Ay, ..., As by intermediate time integrations.

In many applications, the operators are used to
represent different spatial directions, i.e., a com-
plicated three-dimensional problem can be solved
by splitting it up into simpler one-dimensional
problems. However, the choice of operator
splitting is somewhat arbitrary, and in the
present model the operators are selected on
the basis of physical and chemical processes
according to eq. (4.1).

If we assume each intermediate time inte-
gration to be positive, the final ¥**! value
becomes positive as well. Another advantage of
the scheme is the little need for computer storage
since the tendencies are not stored.

The time-truncation error in the splitting
scheme is of first order; however, if the order of
applying the operators is reversed every time
step, the scheme becomes accurate to second
order (McRae et al., 1982). Applying either the
first order or the second order version does not
give any significant differences in the results
presented in Section 5. In the following a descrip-
tion of the numerical algorithm of each substep is
given.

4.1. Numerical algorithm of each substep

The vertical diffusion is treated by an implicit
method. The advantage of such a method is that
it is unconditionally stable numerically. Chemical
reactions and wet depositions are represented by
constant transformation rates. The solutions are
given by a simple explicit time integration.

One of the most important numerical problems
in an Eulerian transport model is the numerical
dispersion connected with the treatment of the
advection term. Rood (1987) reviews advantages
and disadvantages of a number of the most
common numerical schemes applied to the
advection equation. Here, the advection term is
treated by a first order upstream scheme. The
numerical form of A4, in eq. (4.1), considering
only the advective fluxes in the x-direction
becomes (i is the index for the gridpoints in the
x-direction)

T+l T
YV e wttr v,

— F(io i w_ )l 4.3)

E. BERGE

where
_ 1 —
F W,V “,-+%)=E [("H.% + Iui+%|)¢i

+(7’_‘-+%_ |l7‘«+%|)|//i+]]y

and %, )
u-value between y, and ¢, ., (see Fig. 1b). The
advective fluxes in the y- and o-direction are
obtained in the same way. At the upper and
lower boundary the vertical fluxes F,_,, and
F,,H”2 respectively, are put equal to zero. At the
lateral boundaries, the mixing ratios have been
put equal to zero.

The main advantage of the upstream scheme is
its simplicity and low computational cost. In
addition, the scheme is positive definite and mass
conserving, but it suffers from strong numerical
diffusion that will smooth out spatial gradients.
To investigate the effect of a less diffusive
scheme on the model simulations, we apply
the more complicated ‘‘antidiffusion scheme”
(suggested by Smolarkiewicz, 1983, 1984) to the
horizontal advection. The scheme can be applied
with several corrective step and with multiplying
the “antidiffusion velocities” with a factor
between 1 and 2 in two dimensions. In the
present model, we utilize one corrective step and
put the factor equal to unity. A discussion of the
antidiffusion scheme and two other shape
preserving schemes is found in Berge (1988).

is the four point mean needed to find a

4.1.1. Discussion of numerical and physical dif-
fusion. Brost et al. (1988) have investigated
numerical and physical diffusion on tracer puffs
simulated by regional Eulerian models. They
found that the antidiffusion scheme considerably
overpredicted the plume size due to numerical
diffusion. Since the upstream scheme is even
more diffusive it is likely that the inclusion of
physical horizontal diffusion in the present model
is not useful unless the numerical scheme is sub-
stantially improved. This can also be seen by ex-
pressing the numerical diffusion coefficient in the
upstream scheme by K., =0.5(|lu|Ax —u?Ar)
(Smolarkiewicz, 1983). Since the term u2Ar
is much smaller than |u|Ax with the time
(At =150 s) and spatial (Ax =50 km) resolution
of the model we can write K, =0.5ulAx.
Assuming that the physical diffusion can be
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Fig. 5. Position of low at initial time 00Z 5 September (1) and after 36-h integration (2), and mean sea level
pressure (mb) after 18 h integration. The position of the warm- and cold front after 18 h, is indicated.

described by mixing length theory, and that the
maximum mixing length equals the horizontal
grid distance, the maximum horizontal diffusion
coefficient would become K., = AxAu. Assum-
ing that Auw/u<1, yields K /Kuum <2. This
indicates that, for the present model resolution,
the numerical diffusion must be expected as large
as the physical diffusion, and in some cases
probably larger.

In the vertical, the numerical diffusion is often
much smaller than the physical diffusion, and the
problem is less pronounced. Typical modelled
maximum vertical velocities are 10~3 m/s close to
the ground and 10! m/s in the free atmosphere.
The corresponding vertical resolutions are about
200 m and 1000 m, which yields a maximum
K,um of 0.1 m2?/s and 50 m?/s respectively. Thus
close to the surface where the main vertical sulfur
transport takes place, the effect of the numerical
diffusion is small. At the same time the vertical
eddy diffusion is important since the vertical
advection velocities are small. However, in the
middle troposphere the numerical diffusion can
be strong, and in some cases greater than the
physical diffusion.
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5. An example of model performance

In this section, the results of 36 h simulations
of sulfur transport, and the significance of the
model assumptions will be discussed.

5.1. Description of the weather situation

First of all, we have to select a weather situ-
ation which has been successfully simulated by
the AMUB-model, otherwise we should not ex-
pect the SULFUR-model to give realistic results.
The selected case is the same as documented in
Sundqvist et al. (1989), and it simulates a storm
that forms over southern England and moves
northeastward to southern Scandinavia during
the 5 and 6 September 1985. The pressure field
and fronts after 18 h prognosis and the position
of the low for three different times, are shown in
Fig. 5. The AMUB-model successfully repro-
duced the wind-, pressure-, cloud- and precipi-
tation fields for this case. Heavy stratiform
precipitation over southern Scandinavia gave
large amounts of wet deposition of sulfur during
the simulations period. In the beginning of the
simulation, a stable planetary boundary layer
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Fig. 6. Vertical cross-section (A to B in Fig. 5) of normal wind (m s~!) (dotted lines), S-SO,(a) (ug-sulfur/kg-air)
(solid lines) and tangential- and vertical wind (arrows) after 18 h integration. An arrow of horizontal length of
about 50 km corresponds to 40 m s~' of horizontal wind. A vertical arrow of the distance between consecutive

sigma-levels corresponds to approximately 3 Pa s!.
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Fig. 7. Vertical cross-section (A to B in Fig. 5) of cloud water content (g-water/kg-air) (shaded areas) and S-SO,(a)

(ug-sulfur/kg-air) (solid lines) after 18 h integration.

existed over the main emission areas in Europe,
while at the end a cold and convectively unstable
air mass with showers, penetrated into northwest
Europe. In Figs. 6 and 7, vertical cross-sections of
modelled fields perpendicular to the occluded

warm front at 18 h are shown. Upward motions
associated with the front give S-SO,(a) values
of about 1 ug-sulfur/kg-air up to o-level 5 (Fig.
6). Strong north- and westward transport of
S-S0, (a) takes place parallel to and ahead of the

Tellus 42B (1990), 5
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Fig. 8. Sulfur budget quantities for the 36-h simulation
period given as total amount of S-SO, in the model
domain, accumulated dry deposition (S-SO, D),
accumulated wet deposition (S-SO, PR) and accumu-
lated horizontal flux out through the boundaries
(S-HFLX). The accumulated quantities are equal to
zero initially.

front in the lowest model layers (Fig. 6). In Fig. 7
the clouds associated with the warm front and the
showers behind the front are clearly seen. The
maximum liquid water content of about 0.4 g-
water/kg-air is found at g-level 6 approximately
above the occlusion at the surface. The S-SO,(cl)
has a maximum of about 2 ug/sulfur/kg-air in the
lower parts of the clouds.

5.2. Initial fields

The initial conditions are obtained by running
the model for the preceding 24 h, starting from
zero concentrations. From experiments with the
present synoptic situation (not shown), we can
infer a spin-up time for integrated S-SO,(a) and
S$-SO,(a) of 20-30 h. Thus, it has been assumed
that a 24 h simulation is needed to give the initial
fields. The in-cloud S-SO,(cl) field starts from
zero. The spin-up time for the clouds is estimated
to average 6-8 h and to be greater for high-level
clouds than low-level clouds (Sundqvist et al.,
1989).

5.3. The sulfur budget

Fig. 8 shows different sulfur quantities inte-
grated over the whole model domain. We see that
the total S-SO,(a) content increases during the
first 25-30 hours, while it decreases in connection
with the strong outflow across the boundaries
during the last hours. The accumulated dry
deposition is about 40% higher than the wet
deposition. Fig. 9 shows the same budget

Tellus 42B (1990), 5

399

—§-502
eeresr $-5020
—=—— S$-S04PR
— = S-HFLX
— §-T07

E=3
=]

<

©

=]
T

o

o

S
T

o

=

<
T

PPV

e et a VL e

o

N

=3
T

NORMALIZED SULFUR

o
o
=3

=3

\
\
|
1
i
a
|
\

S 0 15 20 25 30 35
TIME (HOURS)

_Fig. 9. The same quantities as in Fig. 8 and in addition

sulfur in all modelled variables (including deposition
and flux through the boundaries), divided by the sum of
the total initial mass and total accumulated emission.

quantities and the accumulated sulfur mass in all
components (S-TOT, including loss by advection
through the boundaries), divided by the sum of
accumulated emissions and the initial sulfur
mass. A S-TOT line equal to 1 represents a
perfect mass balance, provided that there is no
change in the integrated air mass. We see that the
model is satisfactorily mass conserving. Further-
more, the figure shows that the simulation is
initialized with a partitioning between S-SO,(a)
and S-SO,(a) of about 5-6/1. After 36 h, about
329 is left in the form S-SO,(a), about 619, has
either been transported out through the bound-
aries or deposited at the ground, and about 7%
remains on the components S-SO,(a) and
S-S0, (c)).

During the 36-h simulation period, 22%; of the
emitted suifur has been added to the initial mass
(not shown). The partitioning of the remainder is
17% on wet deposition, 27% on dry deposition
and 349 on transport out through the horizontal
boundaries.

5.4. Comparison with surface measurements

First, it must be emphasized that a good
quantitative agreement between the model simu-
lations and observations cannot be expected,
especially due to the simple treatment of the
sulfur chemistry, the emission fields and the
advection term. However, a qualitative agree-
ment may be expected so a comparison can help
to indicate shortcomings of the model.

24-h mean surface measurements of S-SO,(a),
S-S0, (a) and S-SO,(pr) (sulfate in precipitation)
available from the EMEP-measuring network in
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integration, valid time 006Z 6 September 1985. The surface measurements are mean values for the period 006Z
5 September to 006Z 6 September 1985.

Fig. 11. As Fig. 10, but for S-SO, in air.

Tellus 42B (1990), 5
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Fig. 12. Simulated 24-h accumulated wet deposition of sulfate in rain (kg km~2) between 6 h and 30 h of simulation
time. The surface measurements (small numbers) are accumulated values for the same time period.

Europe (Pacyna et al., 1987), are given together
with model simulations in Fig. 10, 11 and 12.
Even though the measurements are sparse in
parts of the model domain, it seems that the
model overestimates the S-SO,(a) concentration
in the source region, while the estimates are more
realistic over Scandinavia. Some of the discrep-
ancy in central Europe might be because the
EMEP-stations are situated in background areas,
while the model gives a mean for both
background and source areas. Furthermore, the
measurements are close to the surface while the
model values are a mean between the ground and
80 m. Thus in both cases the model values should
be somewhat higher than the measurements.

An overestimation of S-SO,(a) close to the
sources indicate that the transport away from the
source region is inefficient. This emphasizes the
importance of vertical transport. Enhanced verti-
cal transport will reduce the concentrations at
low level close to the source. In addition the
choice of emission level, chemical transformation
rates and dry deposition will affect the low level
SO,-concentration. This problem is further dis-
cussed in the next section.

For S-SO,(a) too low values are obtained over
Scandinavia, while more realistic values are

Tellus 42B (1990), 5

obtained in the source areas. The modelled
accumulated wet deposition is mainly in the
range 3-10 kg km~=2 day~! in southern
Scandinavia, while twice this amount is observed
(10-20 kg km~2 day~!). In Poland the model
estimates are up to 10-15 kg km~2? day~!, but
there are no measurements to verify them. In
central Europe, the model estimates are closer to
the observed values.

A comparison of the simulated initial fields at
00Z, 5 September 1985, with measurements also
indicate an overestimation of the S-SO,(a) close
to the sources, and an underestimation of
S-S0, (a) over Scandinavia.

A simple test is performed to check whether
the underestimation of sulfate in air and
precipitation in Scandinavia might be explained
by the lack of background fields. The level
10 background values are simply put equal to
0.1 pug/kg-air and 0.2 ug/kg-air for S-SO,(a) and
S-S0, (a) respectively, which closely corresponds
to the background values applied in the planetary
boundary layer in the EMEP-model (Eliassen et
al., 1988). At higher model levels, the mixing
ratios are put equal to the level 10 value
multiplied with the o-value at the level in
question. The wet deposition pattern including
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Fig. 13. As Fig. 12, but with background concentrations of S-SO, and S-SO, in air.

the background fields, is shown in Fig. 13. Only a
slight increase in the deposition is observed over
southern Scandinavia. The S-SO,(a) field is also
still underestimated in Scandinavia (not shown).
Thus it is not likely that the observed discrep-
ancies can be explained only by the lack of back-
ground sulfur. Results from this test is also shown
in Table 1.

One other possible error source is the fact that
the boundary values are put equal to zero.
However, since the transport near the sources
during this simulation (see Figs. 2 and 5)
is mainly outwards across the boundaries, the
addition of boundary values has little effect.

The above results suggest that the transform-
ation from S-SO,(a) to S-SO,(a) given by &, in
(3.5), is too slow. k, will primarily depend on the
amount of the main sulfur oxidizing species OH,
O; and H,0,, which may vary considerably in
both space and time during a 36 h simulation. An
increase in k; would in the present case, make the
simulations compare better with the obser-
vations. However, such experiments become
quite meaningless since k; depends on unknown
parameters as OH, O; and H,O,. Instead a more
realistic experimentation with sulfur transform-
ations can be employed, when the model includes
gas and liquid phase chemistry explicitly.

Furthermore, since the near source values of
SO,(a) agree quite well with observations, it is
not likely that the 109 of the emission considered
as SO, (a) should be increased.

One should also mention that the underesti-
mated sulfate deposition partly might be due to
the neglected sub-cloud scavenging, specially
close to the sources where the sub-cloud concen-
trations are high.

At the station in southeast Norway, the model
yields almost no deposition, while about 5 kg
km~2 day~! is observed. This is mainly due to an
error in the simulated precipitation field, which
was shifted southeastward compared to the obser-
vations (Sundqvist et al., 1989). This shift might
be due to a shift in the circulation pattern around
the low. Thus some of the discrepancies in the
simulated sulfur fields are also connected to
errors in the AMUB-model.

5.5. Sensitivity tests

In Table 1, the sensitivity of some important
sulfur quantities to the variations of model
parameters, is shown.

The antidiffusion technique has been applied
to all three sulfur compounds and the cloud
water. In Fig. 14 we see that, compared to the
reference run in Fig. 10, a reduction in the

Tellus 42B (1990), 5
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Fig. 14. As Fig. 10, but with the shape preserving antidiffusion technique applied to the advection of the sulfur
quantities and cloud water.

Table 1. Sensitivity to the tests (1)-(5) of 30 h accumulated dry deposition (D-DEP), wet deposition
(W-DEP) and horizontal flux through the boundaries (H-FLUX), and the mean and maximum o, level
values of S-SO,(a) and S-SO0,(a) at +30 h

Accumulated until +30 h At +30h
D-DEP W-DEP H-FLUX S-SO, S-SO, (S-SO2)max (S—SO)max
Ref. 1 1 1 1 1 1 1
) 1 0.96 1 1 1.08 1.24 1.18
?) 0.63 1.08 1.05 1.35 1.16 1 1
3) 0.94 1.01 1.01 1.02 1.01 1.02 1
4) 0.86 0.94 1.08 1.18 1.29 0.78 0.69
) 0.84 1.04 1.10 0.85 0.84 0.76 0.79
©) 1 1.67 1.37 0.96 1.13 1 1
Ref. 8.6 49 8.7 1.36 0.38 54.2 11.4
(103 tonnes-S) © (ug-S/kg-air)

The table numbers are fractions of the reference values. In the last row the absolute values of the reference run
are given.

Ref. Reference run corresponds to the presented model formulation.

(1) The upstream advection scheme is replaced by the shape preserving antidiffusion scheme.

(2) The dry deposition velocities are reduced to the half.

(3) The dry deposition is replaced by an alternative formulation (see Subsection 3.2).

(4) The eddy diffusion is replaced by an alternative parameterization (see Subsection 5.4).

(5) 309 of the level 9 emission is released in level 8.

(6) Background fields according to Subsection 5.3 are added to the reference run.

Tellus 42B (1990), 5
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S-SO,(a) values in the North Sea, and higher
values close to the warm front over the Baltics are
found. This indicates that the shape of the sulfur
fields is now better preserved. The total wet
deposition is reduced by 49, (Table 1). Still, a
slight increase in the wet deposition over south-
ern Scandinavia is found, which also suggests
that the pollutants now are more concentrated.
But, compared to the run with the upstream
scheme the differences are quite small. This is
because of the poor resolution of the emission
field which means that the S-SO,(a) and
S-S0,(a) fields are smoothed out from the begin-
ning. Thus since the gradients are weak a diffuse
scheme will perform almost as well as a shape
preserving advection technique. A better effect of
the shape preserving technique is expected when
a higher resolution of the source field is
obtainable.

Applying the antidiffusion technique is compu-
tationally expensive. For the present simulation,
about 309, more CPU-time was needed.

Test 2 in Table 1 shows a model run where the
dry deposition velocities are reduced by 50%;. The
total dry deposition is then 379 lower, while the
wet deposition only increases by 8%;. Moreover,
the mean value of S-SO,(a) increases substan-
tially. This demonstrates that the dry deposition
affects the ground air concentration substantially,
while wet deposition of sulfate is less sensitive. In
test 3 Isaksen and Rodhe (1978) formulation of
the dry deposition is applied (see Subsection 3.2).
It reduces the total dry deposition with about 6%;.
The effect on the other quantities is small.

To illustrate the importance of the vertical
diffusion (test 4 in Table 1) we perform a model
run with a different parameterization scheme
given by Pleune (1989). This scheme tries to
include the vertical transport by so called inter-
mittent turbulence in a stable atmosphere, which
so far has been strongly underestimated in
numerical models (Mahrt, 1987). The basic
assumption of this scheme is (1) that the vertical
eddy transport is confined to a certain number of
subgrid scale patches with concentrated wind-
shear and temperature gradients, and (2) that
the Richardson number equals the critical
Richardson number in each patch. The net effect
is to enhance vertical exchange in stable layers
compared to the AMUB-model. Substantial
effect on all parameters in Table 1 is found.

E. BERGE

Again the total wet deposition is the least sensi-
tive parameter. We also observe that the mean
concentrations have increased as a result of
increased downward transport from the emission
level 9 to the surface layer 10. Of special interest
is the lowering of the surface maximum concen-
trations in the source area. This indicates an
improvement in the calculated S-SO,(a), and
demonstrates the importance of the formulation
of the vertical exchange.

In test 5, a model run with 309, emission into
level 8 and 709 into level 9, is shown. The effects
are much the same as in test 4. However, the
mean ground concentrations are now reduced
compared to the reference run.

6. Summary and conclusions

A regional Eulerian 3-D numerical sulfur trans-
port model has been developed and tested. The
model is developed from a NWP-model with a
refined treatment of condensation and cloud for-
mation, and explicit calculation of cloudwater. It
has 10 layers in the vertical and 50 km horizontal
resolution.

A main aim with this study has been to couple
a regional sulfur transport model to a meteoro-
logical model, with emphasis on including the
wet scavenging of sulfur into a realistic descrip-
tion of clouds and precipitation. Emphasis is also
put on a numerical formulation which is mass
conserving, positive definite and suitable as a
basis for further model development.

36-h simulations are made for one synoptic
situation, and the shortcomings of both the sulfur
parameterization and the NWP-model are ana-
lysed by looking at numerical diffusion, dry- and
wet deposition, vertical transport and emission
distribution, and the chemical transformation
rate.

Budget estimates show that the model is satis-
factorily mass conserving. The sensitivity tests
indicate that the wet deposition is much more
dependent on the oxidation rate than on other
processes. Comparisons with surface measure-
ments of sulfate in air and precipitation show a
good qualitative agreement. But, too low sulfate
amounts in both rainwater and air are found in
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areas with substantial transport of sulfur with
anthropogenic origin. One important reason for
this is probably that the employed bulk trans-
formation rate from SO, to sulfate in air to is too
slow. However, a realistic experimentation with
the transformation rates requires inclusion of
explicit treatment of gas and liquid phase chemis-
try, which has been omitted in this study. Further
investigations are initiated on this problem.

Furthermore, the low level concentrations of
sulfur dioxide are also qualitatively realistic, but
close to the sources they are overestimated. The
simulations indicate that this is partly due to
underestimation of the vertical transport in the
lowest model layers. The chemical transform-
ation rates, the dry deposition and the choice of
emission heights also affect the low level
concentrations.

The poor resolution of the emission field
strongly smooths out the sulfur dioxide and
sulfate fields in air. And since the gradients in
these fields therefore become weak, the effect of
applying an antidiffusion advection scheme is
small compared to the more diffusive normal
upstream scheme. Still, a slight improvement of
the simulation of sulfur compounds in both dry
air and precipitation is indicated.

The model presented has proven to be a basis
for further research. In addition to the above
mentioned inclusion of gas and cloud phase
chemistry, it would be meaningful with investi-
gations of sensitivity to vertical transport, shape
preserving advection routines, parameters of the
condensation scheme, vertical distribution and
horizontal resolution of the emission field.
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8. Appendix

Scale analysis of the flux divergence formulation of
the advection equation

The flux divergence form of the advection
equation from eq. (3.1) is (assuming m = 1):

w_ o _a .
= =~V (Vap) == (@¥)

L A

p*<at + Vy VHp) (A1)

We now apply a scale analysis to eq. (Al) to
investigate the magnitude of the three different
terms on the right-hand side. The scales of the
weather system applied to the SULFUR-model
(see Fig. 5) are similar to the scales used in
Holton (1979) (pp. 26-53). Following Holton’s
analysis and assuming that the horizontal and the
vertical concentration fluctuation scale, Ay/y, is
approximately 1 we get

Vy~10ms~! horizontal velocity scale

6~ 107°s~1 vertical velocity scale
(1lcms™?)

L~10°m length scale

ocx1 depth scale (= 10* m)

T~10°s time scale

Ap/p* = 1072 horizontal pressure
fluctuation scale
horizontal and vertical
concentration fluctuation

scale

Ay~ 1

Applying the above scales to eq. (A1) yields:
Vi (Va) = 1075 571,

L Gpy~y 107051,

da

(e )

— A+ Vu'VupH = 1077 s

ot 1 Vu p*) ¥

From this scale analysis it is seen that, on an
average, it is reasonable to neglect the last term
in eq. (Al).
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