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A SIMPLE LAGRANGIAN DISPERSION MODEL
APPLIED TO SULPHUR POLLUTION OVER EUROPE

Anton Eliassen og Jgrgen Saltbones
Norwegian Institute for Air Research

POk Box LIS, 2007 Kjedlle®
Norway

ABSTRACT

A simple Lagrangian dispersion model is described and
applied to sulphur pollution over Europe. The model cal-
culations are based on available SO;-emission data for
Europe, and wind observations in the 850 mb surface. A
special case is reported where the presence of computed
largefscale S0, and SO, plumes are verified by concen-
Erebion data fTron dlircreft sampling amd Epem Ehe .CECD
sampling network. For étations in this network, computed
and observed daily mean SO, and SO, concentrations are
compéred for a period of six months. Based on this compari-
sen an S0y dry depoelticn pabecarn for Burepe. for 1974 £2
calculated, wsing compulted mean coficentrations and & depo=— -

sition velocity of 0.8 cms '.



INTRODUCTION

As part of the OECD-project "Long Range Transport of Air
Pollutants" (LRTAP) a network of sampling stations have

been set up in the participating countries. The data ob-
tatnad from Cthis petwork are dally mean ¢oncerntraticms of
chemical components‘in precipitation and air. Twé components
in 8lr are measured: S50y, and partiecwlate 80, . Surveys of
anthropogenic SO;-emission within Europe have been carried
out in connection with the project. Atmospheric dispersion
modelslhave been de&eloped to link the emission surveys and

the observed concentrations.

In the following a simple Lagrangian—type dispersion model
is described. The model includes a transformation SO, = SO,
and thus gives estimates of SO, and SO, air concentrations.
'As an epamplie the medel calculationé are sompared wiwvh &5~
served concentrations in a situation with large-scale SO,
and SO, plumes crossing the North Sea. In this case the

data from the LRTAP sampling network are completed with con-
centrations measured from the NILU aircraft.

In addition, calenliatred congemtratiens are compared with
observations from the LRTAP network for a period of six months
starting from December 15, 1973. Based on this comparison a
S0, dry deposition pattern for Europe 1974 is calculated,
using computed mean concentrations and a deposition velocity

of 0.8 cms !.



The data

The SOz—emiésion data used in this work are based on avail-
able information from the United Nations Economic Commission
fer Europe, and from OECD‘s Ailr Manzgement Bagtor Group: A
grid map giving the figures have been published elsewhere
(Eliassen and Saltbones 1975); Better information has now

been received for most of the countries, but a complete

survey was not availakle for this fovestigation. The vearly
emission data are believed to be within * 20% from the actual'
figures, but may be somewhat more uncertain for the Eastern
European countries. No seasonal variation has been included

in the emission figures.-

The air concentration measurements within the LRTAP network

&Fe CArFied offE by laborateities in the PEFELEIFARING countries,
using sampling and analysis methods specified for the project.
.The-detection limits haQe been estimated to 2-5 ugm—3 for SO,,

and better than 1 ugm °

Tor partienlats S0s. logations & the
glites veed 1n this investigation are shown im Pig 1. The geo~
graphical coordinates of the sites used in the six months

comparisen with medell calocwlationsg, @re given im Table 2.

The wind fields used for advection are based on wind obser-
vations in the 850 mb surface at 00, 06, 12 and 18 GMT. To
obtain gridpoint values, the two wind components are énalysed
independently, The time interpolation between observation

hours is linear in each component.



Desor.iption i the medel

Consider a layer of air of thickness h flowing horizontally
over a flat surface. Assume that the air has a constant den-
gity, vt the wind does neot change with helght, and that the
S0, and SO, are completely mixed up to the height h. The

eguations of continuity for S0, and' 80, within the layer are

PO = B = P (1)
M @ g

22 =g - P, | (2)
at

where g and s are the concentrations of S0, and SO,, and Eq,
ES, Fq’ Fs are source and sink terms for S0, and SOy, . The
operator a%— denotes the total time derivative along a tra-

jectory. The quantities in equations (1) and (2) are inde-

pendent of the vertical coordinate.

The SO,-emission term Eq is put equal to Q/h, where Q is the
SUg=tmission per WHLIL zrea and time at the cuxrent positieh

of the trajectory, taken frém the emission inventory referred
to earlier. For this work, the emission map‘used earlier, has
been transformed to another grid and extended somewhat towards
the east. Both grids have a grid distance of 127 km at 60°N.
No attempt is made to describe in detail the various trans-

Formgiticn and remeval preosesses of S0y » The trangicimation



S0, =+ SO, 1s assumed to be of first order, and the removal
rates of SO, and SO, are assumed.to be proportional to the
concentrations. With thege assumptions the equationg (1)

and (2) become

. , .
__g = 9. — kq (3)
di h ‘

B8 =3k q-«s S (4)
@k

kt is the transformation rate for SO, -+ SO,, and k, K are
removal rates for SO, and SO,. The factor 3/2 is the ratio
of molecular weights of SO, and S80,. The following values

were used for the constants:

e slithore have earlier (Elisgsen and Saltbeomes, 1975) we~
ported some estimates of k and kt using a method based on
trajectories arriving at LRTAP gampling sites. Thege estimstes
were on the average about twice as large as the values given

above. When complete vertical mixing of SO, up to the height

1

b 15 sssumed, a deposttion veloeity My & 1l cms gives a

removal rate vs/h = 1695



= 3 =

In the model, isobaric trajectories fdr marked particles are
computed using the observed and analysed 850 mb winds. The
S0, and SO, concentrations g and s associated with the marked
particles change according to equations (3) and (4). At the
start of the integration, the number of marked particles is
equal to the number of emission squares (32x32), and each
marked particle is positioned in the middle of an emission
square. New positions for the particles are calculated every

At = 1 hr, using a method described by Petterssen (1956).

Bveary 124 hours, 00 and 12 GET, the Lobtegration is restartad
with new marked particles in the middle of the emission squares.
By this time, abeuk 15% of the &ld particles have disdppeared
across the grid boundary. The S0O; and SO4 concentrations of

the new particles are obtained from those of the remaining

&l@ paxticles by an interpolation progeduxe, Traafing the
directions paralell and perpendicular to the trajectories

differently.

Model estimates of daily mean SO; and SOy concentrations at
a sampling site are obtained by averaging the estimated con-
centrations of the timesteps covering one day. The concen-

tration estimate at a certain timestep is the mean value of
the concentrations ssgoeiated -with the particles preséwt 1n-
side a circle around the sampling site with the same area as
an emission square. If no particles are present inside the

circle, the concentration estimate of the previous timestep

is used.



hn example: Computed large—scale SO0, and 80, plumes verlfied

by concentration meapurgnents ixom alrergft

Ag pErt ef. the LRTAP programme @ number of concentration meca-
surements from aircraft ﬁave been carried out. When comparing
these measurements to model estimatés, one should expect the
best correspondence where using measurements taken over the
sea, where the anthropogenie SO0x-enissions are negligible, The
vertical ecnceéentration digtyibutiong mey therefore elosek ap-
proach the completely mixed conditions assumed in the model.
This also makes the wind in the 850 mb surface a more represen-
tative advection wind for the layer. An example is shown on

Figares 2 and 3.

The figures show the computed S0, and SO, concentration fields
at 12 GMT May 10, 1974. A low presguzc ¢ell approadhing from
the west has set up a southeasterly airflow across the North
Sma. The ceongentration messu¥emenbs made with the NILU asroreft
aye sheown on Lhd TigUres, LegetheT WLHh dally heean concei-
£rations Lrom the giound sampling sites of the LRTAP programme. -

The flight height was around 550 m.

It is seen that the model in this case gives about the TouL it
concentration levels. The observations confirm the existence

of the computed S0, and SO, plumes 500 km away from the closest
upwind anthropogenic sulphur emissions. Possibly a slight dis-

placement of the computed plumes towards the left would fit



= ) =

the aircraft measurencents better. This is consistent with
barotropic boundary layer theory since the sampling height is
well below the 850 mb surface, where the winds used for advec-

tion are observed.

Model estimates compared to observed SO, and SO, air con-—

centrations at LRTAP sampling sites

Model calculations have been carried out coveriﬂg a paricd af
nore than one year, starting from Decembexr 15, 1973. The model
estimates are compared with observed concentrations from the
tisst siy pomths of tnss Period.

In Table 1, the computed and observed six-monthly mean values
af S0y and S0y ajxy concentretioma at 29 LRTAP sawpling sltes
are listed. The table also gives the correlation coefficients
between observed and computed daily concentrations in the
period. For most sampling sites the number of daily concen-
tration pairs were between 180 and 170, except for D2, D3, DK4
where the numbers were around 160, and DK6, NL4 whexe they were
aroumd 150. The 80, corralaticon caefficienis range frem 0,241
to 0.775. The corresponding coefficients for S0, range from
-0.019 to 0.610. At all sampling sites except two, the SO,
correlation coefficienets are higher than the S0, ccefficients,
even though the transformation S0, =+ SO, is described simply
a8 a flrst order reagtiom in the medel , Some epplanatien Ffor
thié may be provided by the frequency distributions of ob-

served and computed daily concentrations. At the site UK1



for example, (fig 4) S0,-concentrations lower than 16 pgm™?
are much more often observed than computed. The model, in
which complete mixing in a grid volume is assumed, is unable
to explain the observed low SO;wconcentrations in areas with
large emissions. In these areas, the S0, is far from being
uniformly distributed within a grid volume, because a signi-
ficant part of it is emitted from point sources, as seen from
a horigontal geals of 127 JE and @ yestisal geele oF L hEa.
For the SO,, the mean transformation rate is slow enough to
dllow time for a more thorough mixing. Therefore, SO, is more
uniformly distributed in the atmosphere than S0O,, and behaves

more according to the model assumptions.

Fackeors liles pragipitaiios, viertical concewtrgtiom gradismbs

and wind shear are not included in this simple advection model.

This limits the day-to-day agreement obtainable between ob-

servations and model estimates.

DEy deposation ©f 80, dh Eurepa 1974 a4z setimated £rxom

computed mean concentrations

Figupss 5 and 6 show the computesdl glis-monthly meanm conesnirz-
tions plotted against the observed ones (data in Table 1). De-
noting the gbsarwved amd computed g0, siv-menthly mean concens=

trations by y and x respectively, the linear regression line

of vy on x is:

y = 0.603%2 + 1,85 ugm ° : (5)



with a correlation coefficient of 0.935. Assuming random sSamp—
ling from normal populations, the 99% confidence limits for

the regression coefficinet are 0.603 & 0.125.

The correspondence between computed and observed S0, six-
monthly mean values is not as good (Fig 6), even though the
day=-to=day correlation L& houtor then for B0z. Brlidently,

the low mean values are overestimated and high ones underesti-
mated. A larger value of x in equation (4) would better

this situation, as this would reduce the low computed values
relatively morc than the high ones. The overall S0, concen-—

tration level can be adjusted by means of the transformation

rate kt.

The good correspondence between computed and observed six-
monthly mecan SO, concentrations encourages a calculation of

an 095 dfy depositien patitern in DuropsE for 1974, The yeaily
mean concentrations of SO, for each emission square is cal-
culated from the model concentrations at 00 and 12 GMT each
day. To transform these to ground level concentrations, the

- computed values are adjusted by means of the line y = 0.719 x,
instead of using the linear regression line (5). Both lines are
ghoyn on Fig 5, 'To cohiain the dry depesifien flux, a deposition

! is employed, a value estimated by Owers

velocity of 0.8 cms
and Powell (1974) to be representative for the British Isles
(referred to concentrations measurced 20 cm over the surface).

The resulting deposition map is shown on Fig 7. The map differs

somewhat from the corresponding ones calculated by Bolin and
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Pexsson (1974), with lower deposition values close to the
large emissions and higher ones far away. The calculations
of Baolim &nmd Perssom afe bhased & 3 stdbtistical farmplatlion
of the dispersion equation, and are valid for an arbitrary

year.
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o STATIONS WITH DAILY MODEL ESTIMATES \/J 22 T
+ OTHER STATIONS

Fig l: Location of LRTAP sampling sites providing cata
for this investigation. Data from stations marked
with + appear only on Figs 2 and 3.
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Bitgl 23

Computed SO,-concentrations at 12 GMT May 10,
1974, (isolines) together with aircraft measure-

ments (in circles) and daily mean concentrations
from the LRTAP-network. Unit: ug SO,/m’.
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Fig 3: Computed SO,-concentrations at 12 GMT May 10,

1974, (isolines) together with aircraft measurée-
ments (in circles) and daily mean concentrations
from the LRTAP-network. Unit: wg 80./m?.
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Computed six-monthly mean SO,-~concentrations
plotted against observed ones. The linear
regression line of observations on estimates

is shown together with correction line applied
when calculating dry deposition.
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Fig 7: Calculated S0, dry deposition pattern for Europe
for the year 1974. Unit: g SOp/m”.
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