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" (a) the mean computed SO

" 'SUMMARY

On days with precifitation, a relation is established between
mean SO4—concentrationS measured in precipitation at some
LRTAP-statlons and mean Soz—concentrations, calculated with
an one-layer Lagrangian dispersion model. The time period on
which this relation is based is 107 days, 13th December,1973
to 29th March, 1974. Using this relation, together with
model calculations and the amount of precipitation analysed
as fields every 12 hours, we have estimated the wet deposition
field of SO4 over Europe for the period. Estimating the dry
deposition field of SO2 by the same methode as in ref. (1),
apd assuming the dry deposition of sulphate paxrticles teo be

small, we have added dry deposition of S0, and wet deposition

2
of SO4 te give the saleculated total depositiem of sulpliur.

We have compared these estimates with the emissions.
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Our aim is to estimate the deposition of sulphur over Europe
for the time period T, i3th Dgecmbger 19973 #o Z%Eh Mazeh, 1374.
As for the wet deposition, the following method will be applied:
First, we want to establish for the time period T a relation
between the mean SO4—concentrations measured in precipitation
at some of the LRTAP-stations and the mean SOz—concentrations
for the days with precipitation, calculated with an one-layer
Lagrangian dispersion model at the same stations (see ref. (1)).
This model takes no account of the effects of precipitation

on the SOz-concentrations. Knowing the gridpoint values of

precipitation and the model calculations of SO,-concentrations

2
every 12 hours, we can estimate for every gridpoint in T the

- following quantities:

2-concentration when there is precipit-

ation,

(b) the mean amount of precipitation when there is precipitation
and

(c¢) the number of 12 hoursperiods with preéipitation
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By means of the relation mentioned above, which transforms mean

computed 802~concentrati0ns for days with precipitation to mean

SO04-concentrations in precipitation, and the quantities (a),

(b) and (c), we can estimate the wet deposition of S04 as a

field over Europe in T.

THE LRTAP MEASUREMENTS

The following symbols are used:- -
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the period of time, 13.12.73 to 29.3.74 (107 days)
the number of days in T (107) '

the number of days when precipitation is observed
at the station k in T

index for station

index for day in T

the amount of precipitation measured at station k
for day i

the SO4-concentration measured in the precipitation

~at station k for day i

"
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the mean amount of precipitation on days when

precipitation is observed at station k in T

.
_MkaZCkiMki‘ @)

i=1

the "mean" SO,-concentration (weighted with the amount
of precipitation) measured in the precipitation that

has fallen at station k in T.
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For the period T, we have calculated the quantltles Nk'

-4 A
k' Ck and Nk Mk Ck for 64 stations scattered over Western

Europe. The location of the stations are plotted on Fig. 1.

The results are tabulated in Table 1. The quantity Nk Mk Ck

is the wet deposition of S0, at station k in T, plotted on

4
Fig. 2.(The numbers on Fig. 2 are those from Table 1, trans-

formed to [g SOz/n@ ]). This estimate of the wet deposition

of SO

4 will later be refered to as estimate I.

Concentrations computed with a dispersion model:
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The following symbols are used:

9 - the SOz—concentration computed with a dispersion
model at station k for day i '
s s
qk B Nk i=1 gy Akl (3)
= 1 for days with precipitation on station k (4)
Az

=l = O for days with no precipitation on station k

ak - the mean computed SOz-concentration for days with

precipitation at statlon k in T The same days

contrlbute to qk in (3) as to Ck in~(2).

P ==
A relation between C and g

o /\
For 27 stations, we have computed the quantities Mk’ Ck

and Ek in the Way described above for the period T, tabulated
in Table IX. Om Fig. 3, thé values of 6} for these stations
are plotted against qk We want to establish a relation

between C and q . Simple linear regression gives the following
line:
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/C\ . | . | (5)

= al q + bl :
[mg S04/17]
al = Ok 1L519 ~———————~§
[ug S0 g ]
by = 1.652 [mg so4/1j
R = 0.769 {correlation ooefficient) -

_ For the low values of q, this straight regression line

A : :
overestimates C, (see Fig.- 3).

We have chosen the following curve as an alternative:

A - = :
c = a, q i fow g € 12 ug SOz/m3 -
A —— - &3
C = a, g % = b.s fo5 § & 12 ug S0 /m3
3 3 2
0y .2 [mg SO4/1]
ay, = 0.306 ——
g S03/m3]
[mg 504/1]
az = 1.379 —mM™——— 5
: g s0,/m3
by = 1.087 [mg 50,/1]

From Fig. 3, we can see that (6) gives a better estimate

VAN
of C than does the linear regression line (5).

Precipitation fields

Precipitation fields have been prepared manually every
12 hours for the period T. Precipitation data have been

collected from various sources available at the Norwegian

Meteorological Institute. Where no information on the amount

of precipitation was available, an interpolation procedure
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has been applied, taking into account the weather situation.

Analysed surface weather maps have been used in this
conneetL.on.,

Wet deposition of S0, as a field (estimate II)
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All the information we need in order to estimate the wet depo-
gitiion Hield oF 504, is now available. Knowing gridpoint values

of precipitation and model calculations of 802~concentrations
-every, 12 hours in T, we are able to estimate, for every

~gridpoint, the quantities:

(a) the mean computed Soz-concentration when precipitation is
falling (using formulas similar to (3) and (4),and 12
hours time resolution).

(b) the mean amount of precipitation when precipitation is

falling (similar to (1) and 12 hours time resolution),
(c) the number of 12 hours periods with precipitation

We use relation (6) to transform the quantity (a) to (d):
mean 804-concentration in precipitation for every gridpoint.
The product of the quantities (d), (b) and (c) gives us the
Wet depogition of S0, as a field in the ¥egloh of calenlation
for the period T (estimate II). The results are shown on

Fig. 4. 211 numbers have been tranformed to [g 802/m2 .

At the LRTAP-stations, we now have two different estimates

. of the wet deposition of 804.

- Estimate I: from the measurements at the LRTAP-stations,
see page (4), Fig. 2 and Table I.

- Estimate II: (the method is explained above}, as a field

in the region of calculation, Fig. 4.
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To make comparison and check of the field estimate II
against the station estimate I easier, we have placed Fig. 2

and Fig. 4 together, as Fig.5.

As a total, the two estimates fit quite well, in some regions
better than elsewhere. In the region to the east, south and

over the sea, we have no check_points. The precipitation data
are here quite scattered, and the reliability of estimate II

is less than in the central regicns.

AR intaresting reglen is the nerth-western part .ef @Zsuthaern
Norway. Here, the estimates of the wet deposition field of .
SO4 drop by a factor of ten over a distance of one grid-length
(127 km), going from south to north (Fig. 4). The "clean"
region to the north results from a negative correlation between
precipitation and large computed SOz—concentrations. More to the
south, this correlation becomes positive, and together with
large amounts of precipitation for south-westerly winds because
of topography, the result is a large wet deposition of SO4,

as seen on Fig. 4.

In south-eastern Norway, wind directions from south to south-
east also give orographic effects. With a positive correlation
between precipitation and large computed SOz-concentrations

in this region, the result must be large values on the estimates
presented on Fig. 5. As estimate I (from measurements at the
LRTAP~stations) shows, this region has the greatest wet dépos-

ition of SO4 (see Fig. 2).

In other areas; there are some gystematic deyiatlons betweean
the two estimates. In France for example, estimate I gives
SO4—depositions.twice as great as estimate II. In Switzerland,

the situation is reverse.
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Under ary conditions, various authors (Heard and Wiffen,
1969; Georgii et al., 1970), have found the diameters of
atmospheric sulphate particles typically in the (0.1 - 1)

ﬁm range. Particles of this size are found to have velocities
of deposition about an order of magnitude smaller than the

5 (Chamberlain, 1966) .
The measurements show -that the S0,-concentrations are usually

2
larger than the 504—concentrations. This indicates that dry

correspanding values established foxr S0

deposition of sulphate particles is of the order of 10 % of
the dry deposdition of SOZ' We have ignored this contribution
to the total sulphur deposition.

We have adaed wet deposition of SO4 to dry deposition of 802,
to give the total deposition of sulphur, all numbers being
transformed to [g SOz/mz]. The resulting pattern is shown |
on Fig. 7. As can be seen from Fig. 4 and Fig. 6, the similarity
between Fig. 7 and Fig. 6 is striking. This shows that the ’
estimated dry deposition of 802 in most regions dominate,

compared to the estimated wet deposition of S0 There are

: 4°
three regions where the reverse situation is the case, see
Fig. 4 and Fig. 6: southem part of Norway, northern part of
Italy, and in north England and Scotland. In all these regions,

there are strong orographic effects,

If we gubtract the amount of SO2 emitted in T from the
estimated total deposition on Fig. 7, we get the numbers

on Fig. 8. The emission field of SO2 used in all model
calculations and gomparisons is shown on Fig. 9, which also
shows the extent of the region of calculation. The minus-~
regions on Fig. 8 are emitting more sulphur than they are
receiving in the period T, thus exporting sulphur. The plus-
regions are import regions. The unit on Fig. 8 is [O.l g SOz/mé].
Integrated over the whole region of calculation, we get the ’

following numbers for the period T:
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Dry deposition g 61T o lO6 tones SO2

Wet deposition 3 Ly3 106 4

Total deposition : &8 3 lO6 =

Total amount emitted ISy a s lO6 e

Total deposition minus .
total amount emitted: - 6,8 . 106 u

The last number can be interpreted as flux out of the region

of calculation.

It can be added that the available information on the

amount of precipitation covering eastern Europe and Soviet
Union are not as'complete as elsewhere, and the total amount
‘of precipitation i these regions is probably an underestimate.
The consequence of this is that the wet deposition may also be
underestimated. As a budget, the numbers presented above

must be applied with care.

As regards the uncertainties in the estimate of wet and

dry deposition fieldsof sulphur, based on model calculations,
~we can make the following lists

Thie modei takes no account of the effects of precipitation
on the SOz—concentrations. Certain parameters in the model
cugh® €8 have been ehamged. The emigsion field oFf 802 ought
to have been modified in some regions. The emissions are. not
dependent on time.

In the model calculations, we have used winds observed in
the 850 mb surface for the transportation of the pollutants.
This will as a mean, give too fast a. transportation, and the

direcrion will go too much to the Eilgiat..

Further, it can be remarked that the time period T covers

a winter period. We know that there can be a considerable

.y
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difference between summer and winter situations as regard
thé Erahsphbar of 21t phliuktlon .

Changed frequency and amount of precipitation, change in
the strength of the mean westerly wind and cyclonic activity
will sEfect the deposition patisrn of sulphue. Bxtrapolation

in time from the estimates presented here, will add quite a
lot o the uneeftainties dinvelved.
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Table I: Wet deposition of SO, at the LRTAP-stations
in Ehe bime -paFied T 13.12.73 6 28314

M C Ne M ©
k k ) is < )
SRS Ny (mm) (mg $0./%) (mg SO4/m?)

AQ2 18 4,70 6.60 ’ 5519k
CH1 45 5.07 0.96 219,
CH2 7 4,14 4.50 1162} 1
CH3 9 4] 1Sy, 8.27 340.
CHA4 12 2.18 5.95 - 155,
CHS 167 6.48 8] 51.0) T A 342 &
CH6 13 10.30 6.67 893.
D01 6 7.32 11.07 486.
D03 14 5.04 4.38 309.
DK1 71 13.94 (00 998.
DK2 34 35515 4.16 503.
DK3 30 4,71 4,15 586.
DK4 24 L5 Sl 692.
DKS 29 3.86 5% 015 565.
DK6 29 3.86 5.44 609.
FOl 34 oS (0) 2 S 984 .
F02 20 1525063 4.30 1043.
F03 35 7.82 2.60 TR
F04 8 15.66 2.44 306.
FO05 31 6.88 6.34 1,352
FO6 27 10.90 3.29 968 . N
I1Cl 44 6.71 1.74 513.
NO1l 46 L= 5 4.06 2151.
NO3 67 8.24 3.50 1931.
NOS 52 17) 4.44 1668.
NO6 65 Sk.87 3.74 . 1304.
NO7 65 75146] 4.90 2281.
NO8 65 12.15 I %[ 1404 .
NO9 60 12.20 1.87 1365.
N1O 64 511518 4,24 1516.
N14 44 8.73 2.20 844,
N15 59 5.66 0.46 154.
N16 42 3.30 1.97 273.
N18 33 6.44 3.58 761.
N1l9 22 5.38 4.61 546.
N20 39 5.64 315310 727.
N22 36 4.20 5.11 772.
N23 42 6 gl Sk=14i7; 1404.
N24 60 7.80 1.78 834.
N26 38 779 3.64 1077.
N27 62 3.61 1.23 274 .
N28 34 2.65 0.92 83.
NL1 42 4.02 7.85 1326.
NL2 48 4,38 4.80 1010.
NL3 44 3.59 .09 JLCVE)7
NL4 31 5.59 GLa2gl 1075.
S01 37 4,93 5.38 982,
S02 49 200/ A7), 2.61 315.
sS03 18 6.48 4.08 476.
S04 27 4.60 4.14 515,
S05 312 5.82 1.41 216131,
S06 S 2.36 Slie 72 : 67.
S07 29 4,63 4.91 659.
S08 20 Sy/ak 7.09 809,
S09 27 5% 2.3 4,54 642,
S10 30 5.59 1.05 Iy,
SF1l 38 4.21 2.65 425,
SF2 50 24224 2.95 327.
SF3 64 2.49 3.47 553.
SF4 54 3.06 S 259,
SF5S . 49 2.20 0.93 99,
UK1 48 3.56 3.51 599,
UK2 7 7.00 1.74 . 865.
UK12 60 5.46 234 765.
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Table I:

Nk - number of days when precipitation is observed
at station k.

ﬁk - mean amount of precipitation in (mm), see
eq. (1).

Ck - "mean" SO,-concentration in the precipitation

in (mg SO4/%), see eq. (2).

N M, C, - wet deposition of SO, at station k in (mg SO, /m?) .

All numbers refer to the period T: 13/12~73 to 27/3-74,
(107 days). As for the geographlc position of the
stations, see Figure 1.
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Table II: Calculated mean SO,-concentrations for days with preci-~
pitation, and "mean SO,~concentration in preci--

pitation in the time period T at some of the
LRTAP-stations. p

Measured mean Measured mean
SO, for the S0, for days 0 Z
STATION total period WA BRaEIBIE, q, (see eq (3)) Cy(see eq (2))
(ug SO,/m?) (ug. SO2/m?) (ug SO,/m?) (mg SO, /%)
DK2 S 1 4.2 10.3 4.16
DK3 512D 5.0 1352 4.15
DK4 10.3 -10.4 19.8 S
DK5 8.9 8.3 172 5. 05
DK6 8.4 8.6 18.6 5.44
SF1l 7.0 7.4 10.6 2.65
SF2 8.6 10.1 9.8 295
SF3 156 14.8 9.2 3.47
SF4 8.6 9150 6.8 i RSy
SF5 70 8l 2.6 0.93
UKl 2855 273 277 31551,
UK2 10 8.4 11 1.74
AO02 16.1 14.0 30.6 6.60
D02 37.8 37.6 &= =
D03 17.8 LS o1 16.6 4,38
. NL1 29.0 29.0 35.9 7.85
NL?2 2i8),{0 23.0 3253 4.80
NL3 19,2 109 52 26.4 9.09
NL4 36.2 36.4 316/:6 Grer il
NOl 8.6 150 52 12.8 4,06
NO3 U3 Y9 1 NS 3} 5510
NOS 7.4 5e9 6.1 1.87
N22 11855 11.6 12.6 5.4 11
N23 9.6 10.9 14.5 5.47
N25 4.3 - - -
S03 Pe3 8.4 14.3 4.08
S04 5.6 6.7 12.4 4.14
S05 el 4.6 5. 1.41
FO1l 23.4 19.1 1750 Siadl 1

The period T: 107 days; 13/12-73 to 29/3-74.







o STATIONS WITH DAILY MODEL ESTIMATES
+ OTHER STATIONS

-~

. Figure 1: The LRTAP stations

(one station is missing: IC 1 (Rjupnahad))
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. Figure 2: Estimated wet deposition of SO4 i T aF

63 LRTAP stations (Estimate I).
T: (109 days) 13.12.73 » 29.03.74

Unit: [gSO2/m2]
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T(mg/l)

A
10+

1 q (pg/m®)
O T T T T T T T T T T T T T T T i i T T T s
0 10 20 30 40
. oA e
. Blgure' 35 Ck BPlotted against g for 27 LRIAP statioms.
C) defined by eq. (2), [mg SO4/£]
’q"'k [ " 1 (3) i [ug 802/m3:l
------ simple linear regression line, eq. (4)

the relation we have used, eq. (5)
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:‘Eiggre_4:' Estimated wet deposition of SO4 in T as
a field over Europe (Estimate II).
T = g on Pig. 2 '
Unit:[g SOz/mz]
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. BdEre m_“ .um. 2 and Fig. 4 placed together to make

comparison easier.
cswﬁm“ﬁm mom\Bwa




. Figure 6 : Estimated dry deposition of S0. in T as

&

a field over Europe.
T - as on Fig. 2

Deposition velocity: vg = 8 lo—3ms
Unit: [? 802/m2]



S Rigare T Estimated total deposition of sulphur in T
Unit:[g SOz/mz]
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Figure 8: Total amount of S0 emitted, subtracted

from estimated total deposition of 802 TRy Te
Unit:[o.l g SOz/mZJ
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Figure 9 : The emission of 802 in 197#5

h 3
Unit: Ll}tonnes SOz/yegr]
- Grid: 32 x 32 squares

d = 1.27+ 10° m at 60° N

The figﬁre also shows the region of calculation.



