METEOROLOGICAL OFFICE

b/’E ! BOUNDARY LAYER RESEARCH BRAMCH
s Vi 1 5 ] .

TURBULENCE & DIFFUSION NOTE

&
1T DN No 16
TEE LONG-RANGE TRANSPORT OF ATR PCLLUTION AND THD SIGIIFICANCE OF
LOL=LIRBARTITY VITHIN CIIDATION=-DEPOSITICY PROCEZSSES
-
.
. F B Spitk
liar 1985

-
-

-
0
Q
m
o

> note: Permission fo quole from fhis uncublished nota “should be

N ¢
S i

obtoined from the Head of Met. 0,14, Bracknell Berks UK,
‘

'




"

THE LONG=-RANGE TRANSPORT OF AIR POLLUTICN AND THE SIGNIFICANCE COF
NON=-LINEARITY WITHIN OXIDATION~-DEPOSITICN PROCESSES

F B Smith, Met O 14, Bracknell
May 1985

Abstract
This paper presents results from two studies which are relevant to

the consequences of emission reduction.

Several of the processes involved in oxidation and deposition of
"acid rain" are strongly non-linear. However the stochastic nature of
rainfall works to reduce the influence of the non-=linearities. A model is
described {Sec 3) which represents the important processes. Its results
indicate that halving the emission would reduce deposition (at distances
representative of transport from UK to Scandinavia) by at least 50%. A
second model (Sec 4), with an improved description of mixing processes,
confirms the result, which is shown (4.3) to be extremely robust to the
values of parameters within the model. Orographic enhancement of rainfall
is considered in Sec 5. It does not affect the overzall conclusion that,
as far as long-term depositions are concerned, non-linear processes are not

a significant problem.

Annual UK SO, emissions changed by about 25% between 1977 and 1982,
Daily deposition data at two EMEP sites in Southern Norway have been examined
for those days when the 2ir had come from the direction of the UK. The
results (section 6) provide clear evidence of a relationship between observed
deposition and reported emissions., Statistical tests support rather than

contradict the hypothesis of a linear relationship.
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— liodelling can be classified into four types as shown in Teble 1, Each
type has its own adventeges, disadvantages and areas of application. They
cen be described as "staiistical', "Lagrangian", "Zulerian" and "diagnostic',

tatistical models rely on climatological statvistics of irajectories and the
etmosphere. They are essentially very simple, quick to run on 2 connut,-,

versaiile anc appropriateonly to the ssue, Lagrangian moiels use

L3

e : : i el s
actual synoptic date, they iznore verticel wind shear, are lal
2 D eem T as o + 3} o o Rl S .
g 1> of value for the first issue., Three=dimensional

compuier wime and

i
vlerian moiels on ithe cther hani are much more complex and are being

developed with deiziled air—chemistry modules to treal the second issue.,
Being so complex their computer recuiremenis are enormous anc they cannotv be

run routinely ani therefore their resulis may form a2 rather poor basis for
political decisions on emission control. For this reason ani for reasons of

questionable input data, some scientists would cuesiion the wisdom o:
putting excessive effort into this area of work, and would rather recommenc
work of equal value in suck cuestions as the residence—iime dis

of -polluted 2ir within continental blocking-highs in summer which teni o
produce hkigh ozone levels, Such residence times will largely cdetermine

¢ifferences in ozone—level,

Eowever such cuesitions must be left aside in {his paper. Insiead
we ¥ill concentreie on one important questiorn within tke
fish—damage, This cuesiion relates o the consecuences of emiscion reduction.
Fecosmising that some of tke processes (zrincipally the rein-—out process)
involved in zcid Ceposition are non-linezr, to wkat exient ars cepositions
in sensitive areas, liike southern liorvay and Scotland, recuced oy reaucing
epdgBions, IT ke arsuer shonld be Ywerwdjtilells Then it woulé be foolien
S0 wasie great cuentities of money in recucing emissions witk litile
benefit as 2 resuli,. Tne guestion will be addressed firstly by modelling

(Sections 2-5) and seconily by examining selected EMEP data (Section 6).




2e THE PROBLEX OF DETERMINING THE EFFECT OF NON-LINEAR PROCESSES

The word "rain" will be used in this paper to denote all forms of precipitation, 3
Most rain occurring in significant quantities originates in cloud which feeds upon
moist air drawn from the mixing layer (i.e. the atmospheric boundary layer).
Sulphur dioxide carried by the air may become oxidised to sulphate provided
sufficient quantities of oxidant are present, at a rate which appears to be
normally very much faster than the typical rate of about 1% per hour in cloudless
air., Some of the 'sulphur' (SO2 and sulphate) may escape from the visible cloud
through evaporation into the surrounding "free" iroposphere above the mixing layer,
and some may get taken into growing droplets and eventually fall out as rain.
These physio—chemical processes may be strongly non=linear. To quote just a single
example, in heavily polluted incoming air cloud droplets may become so acidified
that they are unable to absorb relatively as much sulphur dioxide as when the incoming
air is only slightly polluted. In general the overall non=-linearity appears to
operate in this same generzl sense, namely that the ratio of the concentration in
the rain to the concentration in the inflowing air decreases as the latter increases,
Thus should an airmass carrying a heavy sulphur burden enter a very extensive rzin
belt the "footprint" of sulphate deposition will depart radically from a simple

exponential=decay expected on the basis of linearity:

/
oo
(o]

{(where D is the deposition of sulphate per unit area, x is distance downwind from

the point where the rain started, and 1 is some length-scale), and instead will

start with depositions much smaller than Do, and the footprint will extend dovmwind

to greater distances, Ultimately all the sulphur will be deposited so that the

downwind-integzrated deposition must be the same in the linear and non-linear cases,

The deposition at a ziven point along the trajectory will depend or the degree of

non-linearity, the orizinal sulphur concentration, the rair intensity and x in such

a way that no simple linear model could hope to predict. Consequently it has been

arzued that:

(i) reducing emissions may not result in proportional reductions in depositions
in those areas which are particularly at risk,

(ii) simple linear models are inadeguate to describe the fate of sulphur emissions
over a continental rezion,

(iii) cemplex zir=cheristrr models need tc be develored which should include all
relevant chemical reactions, involvinz rany cifferent species whose concentrations
and spatial-temporal emissions should bte determined as a metter of some uregency.

Cthers arsue that since most, if not all, ecological damage appears to result from

accurulated depositions, intesrated over meny rain events, the effective relationship

retween concentrations and depositicns is ruch more linear thar feared from

consideratiors of what micht harren in & sirnzle rzin event. Treyv zrgue that the




d1ver51on of effort into developing complex models has not been fully justified,

and that anyway the processes involved demand so fine a spatial and temporal

res;iution that not only would computers be hard-pressed to cope but more importantly

the input data (meteorological data, emission data and boundary-value data) would

be totally inadequate no matter how much effort was expended, They further point

to the apparent success of linear models, such as those of Eliassen and Saltbones

(1983), Fisher (1978) and Smith (1981). These models produce annual deposition

fields which agree favourably with the observed depositions currently measured

at the Buropean network of stations operated within the EMEP European Monitoring

and Evaluation Programme (Eliassen and Saltbones,1983). Such discrepancies as

there are can usually be explained in terms of the role of extra=Zuropean background

contributions, uncertain emission datea, systematic biases in the monitored data
introduced by certain analytical techniques, and the effect of surface layer
stability on dry deposition processes which is inadequately allowed for in these
rather simple models.

In the following sections of this paper an attempt is made to consider

how effe ctive the stochastic nature of meteorological events (and in perticular
of rainfall) is in minimising the long-term influence of the essential non-linearity
of the wet=deposition process. Since the exact nature of the non-linearity is
dependent on meny factors, including the availability of oxidants and how quickly
they can mix into industrial plumes, no attempt will be made to model this in any
exact sense., Instead a purely arbitrary relationship between the wet deposition
rate and the incident air concentration will be assumed., The relationship can

be made as stronzly non-linear as required by adjusting a single parameter g o

£lthough fictitious in form it is postulated that the deviations from linearity

in the long=term consequent depositions will pe fully representative of those to

be expected from real-life relationships. in the same vein cther gross simplifying

assumptions will pe made, on the premise trnai these will have nezligible effect

on the issue under investigation. These assumptions are:

(i) the wind speed, wind direction and mixing depth will be held constant,

(ii) éry synmoptic regions and wet synoptic regions (where the probability of rain
is relatively high) advect past the source areas and have time-scales which are
statistically determined, both in an Eulerian sense at 2 fixed point, or in
a lagrangian sense following elements of polluted air within the mixing layer.
The duration of such regions is assumed controlled by a lFarkov=type process
along exactly the same lines as firsi postulated by Rodne and Grandell (1972),
and later by Smith (1981), to whom the reader is directed for fuller details.

Suck 2 model should provide a vasis for studying the consecuences of non=
linearity, except ir one impcriant ree pect. If orograzchic rain is particularly
impertant in = particular location (eezs the West Highlamds of Scol land) then

+he Marxoviar zcssumriion must be invalid there and the ersermple of deprcsitions




over a long period of time will be biased to some degree towards the upwind end of the
"deposition footprint", rather than be randomly disposed across it. Neglecting this
exception (treated in Sec 5), the results of the model will illustrate the

importance or otherwise of non=linearity by assuming different values of & .

3e MCDEL 1.

3¢ Mathematical Analvsis

(i) Firstly we consider some simple properties concerned with the succession of
wet and dry regions (or periods, if thought of in terms of time ).

If p = the probability of leaving a dry region 2nd entering 2 wet regicn in the
next hour (relative to a parcel of polluted air within the mixing layer), then con-
sidering hourly steps in time T, the probability of change occurring between T = 1
and T =2 is (1 -= p)pand betweenT =rand T =71 + 1 is (1 = p) p.

If p is fairly small the probability distribution approaches an exponential

distribution pe-pm. The mean time of change is thus j-pw 2 ptd‘ = 1/p. Since the

mean square time is _f ptdt = 2/p y the standard deviation about the mean
is also 1/p.
" ;i 1 2l -
The average duration of dry spells = el ol i
where n is the number from 2 large sample that changed in the T Zh hour.
; ; e 2 4nT m 2
The average duration of a dry period "landed in" = TELE;l- i and the
average duration to the end of the period from the time of "entry" which is not
£ b : ; ; 1 2 1
necessarily the beginning of the period, is 5 X il

(i1) Supposing the emissions from all sources are steady and continuous, then if
x represents the distance downwind from some arbitrary origin, let qD(x) be the
statistical average amount of sulphur dioxide at distance x associated with dry
periods, and qw(x) the amount associated with wet periods. Of course qD(x) and
qw(x) do not co-exist at any one time, but are average amounts after integrating
across many dry and wet periods.

To accentuzte the effect of non=linearity in the wet-removal processes
we will deliberately neglect the rather slow oxidation of sulphur cdioxide to
sulphate in the gas phase. Consequently only two ejuations need to be considered,
one each for qD(x) and qw(x), unlike in Smith (1991) where four eguations were
required, two being for sulphate.

Dry deposition of sulprur dioxide is included as well as the exchanze of ¢,

and qu on 2 statistical basis to represent the onset of different kinds of region.

The two equations are:

- ol § s'\
gy = BﬁqD(x) - s,ay(x) - %0 qwkx) *.o oD E8(x) - j&(:w)'k S
1 ~ 4’ S.. + 5.
D W
oyl o7 g V. i S...
_zn - 'GD‘DKX) = Sw*u(x« e ‘D\x) s g I
ut s + &

D W

wnere d = the lagrangian rate cf change following the polluted air
dt




. the deposition velocity

h = the constant mixing depth

g 1o g
8= pdry = @b i By =Pyt = Tw are the exchange probability scales
S(x) = the source strength at position x
Sw
-Sp+ Sy
3,
T R the fraction of time the point x is within wet periods

o Pl
N = the averagze rainfall rate in the wet regions in mm n!

= the fraction of time the point x is within dry periods

/\(qw) = the rain-out removal coefficient for g .

The equations will be solved along a line of gridsguares disposed along the
direction of the constant wind. The size of the gridsquares is selected so that
it takes a single timestep of 15 minutes to cross one square, and 16 such timesteps
to cross one of the EMEP gridsguares (150km x 150km). These requirements are con=—
csistent with a mean wind u = 10.417 ms-1 and a gridlength of %%Q = 0.4 km.

The choice of h is rather arbitrary but a value of 800 metres may be
considered typical of European conditions associated with significant deposition.
The %eposition velocity Vs is taken to be 0.01 ms-1 in general accord with
measured values., The values of TD = 40 hours and TN = 8 hours are taken from
Smith (1981), Sy and s,, are therefore 0.025 h-1 and 0.125 h-1 respectively.

The emissior term will assume the source strength is uniform over any
EMEP grid square and therefore will be at a single magnitude over 16 consecutive
time-steps. If the emission of 802 over the EMEP square is b x 100 thousand tonnes
per year (where in an industrialised region b will typically lie between 1 and 5),
the resulting increase in concentration within a single 15 minute timestep will be

3 12
Aq bixd00 x 1070 x10 <'0.15856 5 ne m—3

=365 x 24 x 4 x 150 x 150 x 10° x 200

subdivided, as in the eguations, between 4y and Gy
Pinally let us consider the wet deposition term —j\(qw))qu « The average rainfall
rate A can be related to the total annual rainfall R (mm) by

R

e D '1)
365 x 24

B Sy + Sy
e :
since rain only occurs in wet periods. The true nature of /\(qw) is unknown,

(mm h

but should express the nett effect of all the complex non-linear chemical reactions
and physical processes that affect the oxidation and uptake of 'sulphur' into the
rzindrops. If the sum effect at low Gy concentrztions implies 2 virtually linear
relationship petween wet removal and 802 concentration, then /\ is 2 constant = /&o 3
which Fisher (197f) has estimated to be 0.3 mm-1. A figher values of g the wet
removal rate is expected to fall below Z\quw zné we therefore assume, rather
arbitrarily, that

’ Al 7 4

1+-£qw




where ¢ is the non-linearity parameter.
In a 15-minute timestep the implied change in concentration is therefore:
q = 0.0408 : jw ‘
€ dy
If the equations are solved using a simple forward-difference scheme they become:
qw(N+1) = 0.9575 qw(N) + 0.00625 qD(N) + 0.02644 b(N) = 0.0408 qw(N)

T4k qv(N)

qD(N+1) = 0.9825 qD(N) + 0.03125 qw(N) + 0.1325 b(N)
where q(N) refers to the concentration at the Nth timestep.

These simple linear marching equations are very simply solved when b(¥)
and € are specified. b(N) is entirely within our own choosing in this simple
test of non-linearity. Usuzlly b will be given a non=-zero value in only z few
150=km squares, and often in just one.

€ will be given values ranging from zero (the linear case) to 1 (extreme non-
linearity). The effect of € on the wet depcsition is shown in Figure 1.
If we imeging the real concentration is 30 pg m-3, say, and constant, the value
of qQy is 555%5 X 382 i15 Pg'nr3. The effect of £ is to reduce I, the annuzl
wet deposition in gm a , from about 5.8 when € = 0, to 3.5 when € = %, to 2.5

when € =%, to 1.6 when € =3 and to C.95 when € = 1.

The results are portraved in Figures 2 = 5, In Figure 2 a single EMEP 150km
gridsgquare was assumed to emit 802 , the annual emission being 400 thousand tonnes.,
All other squares had zero emissions. The units of N are 150km in distance, or
4 hours in time of travel (i.e. 16 actual timesteps). The ordinate is the total
deposition (wet plus dry) in g m'“2 3-1 under the assumptions made in our model.
Curves are rresented for four different values of £ ; £ = 0 corresponds to the
linear state while £ = 1 is strongly non-=linear. At small N the effect of non-
linearity is to decrease ihe deposition whereas beyond about N = 2.7 the reverse
is true. The amezing aspect of the Figure is the apparent insensitivity of the
deposition to E , except perhaps at very small N. This insensitivity cannot be
explained away in terms of the precise form of A (qw), any reasonable form for A
would produce very similar curves. The reason must lie in the smoothinz—out
effect caused by the stochastic nature of the wet and dry periods.

Figure 3 illustrates the effect of distributing a given emission over
two 150km sguares, rather than just one. The non-linearityr is expressed by £ = C.t.
Provided the sources for the two solutions are centred at the same pcint, the
solutions are virtuzlly identical outside the source squares., The same is true
even if the emission is spread over a zreater number of sguares.

in tre debste over what shculd be done te curt the effects of "acid rain"”,
anxiety has been expressed that if industry roes tc the encrmous expense of

reducinz emissiors, by XT say, then it may be found that depositions in sensitive




areas may not be reduced by X% but only by some fraction of X%, and that the

whole effort may appear very inefficient. Two points need to be made., Firstly

many sensitive areas of N. W. Europe are subject to total depositions having a

large "background" contribution, i.e. much of the deposited sulphate comes at low
concentrations in rain coming preferentially off the Atlantic. It is possible,

if not probable, that this sulphate would not be significantly affected by reductions
in European emissions. In this sense an overall reduction in European emissions
would not produce an equivalent reduction in depositions in these areas.,

Secondly if one could 'tag' emissiocns from & given source and see where
they are deposited, then the conclusion from this paper is that a reduction in these
emissions would produce an almost proportional reduction in the related depositions.
This is illustrated in Figures 4 and 5. Figure 4 shows the effect of halving emiscions
on depositions for £ = 0.5 and a range of b, the source strength., Except within
about 500km, the resulting depositions are actually less than 50%, not more.

In other words, non-linearity actually enhances the benefits to be gained from
reducing emissions, unless the sensitive area is very close to a major source area.
The enhancement is fairly small but increases with the magnitude of the emissions.

5 shows how the reduiction in total deposition is split between wet depositicn

-

and dry deposition (for & =0.52and b = 4). Dry deposition shows an enhanced

Figure

reduction at all values of N. The reason for this is easier to see in the reverse
sense: doubling emissions would initially double air concentrations so that when
rain occurred the non-linearity effect would tend to leave proportionaliy more
sulphur unaffected and the subsequent dry deposition would be more than doubled.

'The wet deposition is affected by non=linearity in a more complex way.
Out to about 800km, a less than proportional reduction is experienced because of
the non-linearity, but beyond that the resulting decrease in air concentration causes

a greater than proportional reduction.

3¢3 Conclusions

The method employed here demonstrates at least gualitatively how basic non=-
linearity in the uptake and oxidation processes involved in "acid rain" affect
the long-term deposition fields. Although the model has used simplifying
assumptions {e.g. constant wind speed and direction, constant mixing depth) the
essential nature of the non=linearity has not been lost. The total deposition
fields reflect the stochastic nature of rainfall, and the results strongly
indicate that this "smooths out" the non=linear characterisiics and produces a quacie=
linezr relationship between emissicns and depositions. Relaxatior. of the simplifyins

assumptions would irncrease the smoothring and the aprroach to linearity.



4, MODEL 2,

4.1 MNathematical Analvsis

lModel 1 is perhaps deficient in one respect: when materizal is +rensferred -
from wet to dry regions (or dry to wet), it is assumed in one sense to be
mixed in with the materizl already existing within the region so that only
2 single concentration ) (or qw) is considereds In an entirely linear
model this does not matter but in 2 strongly non=linear model this could
produce 2 systematic error, Illodel 2 atiempts to overcome this deficiency.
e new model is based on exactily the same eguations and the same
represensation of non=linearity. However the ecuations are solved in 2
different menner vhich enables a spectrum of concentraiions associated with

elements vwitk differing pesti-history to be followed, The spectrum changes with

- . -

time, or cisiance, of iravel as ilhe ensemvle of possible

isiories zrows.

In this wey the conseguences of non-linearity can be sirmlated more realistvicall;,

der Pigure 6, which illustrates how the solution takes place.

e

Cons
It is assumed that at the source the emitsed SO2 is mized uniformly throughout
the misdng layer end procduces a concentraiion which depends on the magnitude of

the emission ancd meteorolosical parameters such as wind speed and mixing

deptk., For iliusirative purposes it vill be assumed that this conceniration

S

=
5 1~ ~ - S vrans o4 - =3 ~ LR | ot e
is 25 pz = 7, Trpicel of concenirations immeliately dovnwind of the UL
153 7 T oemime o AY T o AAMAATM=TMma—9 e e =) - o) -tl-v ~VFa "wn =3 kD!
s iani sSource _e.__ an® fAs-concensrevion C-;zp—lvs vO 2O - oRe T PetLOn 2
e s 1kt aR S S vme ~ 2 - £ =3 5 o R B P e
whick i emitiec into Zrr rezions znd to ihe fraciion ¥ = =D emitied into
o - T D 3 -~ A v -y 2o Lo S Thonr o
wer recions, inese fraciions are ooviously relaied to S ena o . hey were

& & S a :/'.:.- kM By eS0T 3 - -
taker <o Te 5/6irs ani 1/6%k respectivel-,

T v PLA - - 3 e - ooy s - =% oNn S Y 2y -
AR S B e REEe SR e TVaTI OUS SN e BEnnRN o0 - ThE Wik A aeaCr eI O
- - L ey . - . . - . - P
- ; —— en e Sa ohe mmom o= T ey - | - an
AL eDOE ST ON Terices LN CONCen T A0R 2N votlk TQTACRE] Weu CendsSlivion
i = i e T : & e, : — o —
Seener - e lOes The ContenIia i on in vie RevAre TIONS, zchenses salte _..l:‘.CQ

between re-ions bul itrese erchanrces in trhemselves do not result in a change

in conceniravion,. Onicdetion ol 0O, 1o esulphede must also occur but as in
i

Iiodel 1 tkis aspect is provisionelly imored in orier to keep ike inves:i

- -~ 2% 3 - v mek ~ o O R o - e .y Pl S T - S
pereimmle sevmorsivle, - Jlearis 3t 33mp TN enYtietenite cineng ire analrsis
o ‘vplud R L R
soisnelngesoricarion,

7] 2 TS R e Y - £r 3 fon it T i 1 Ve e e e S
Jrus in Wir-are o e BSee  il.ese processes uaiiinci plzce vitiin =z firne
- By o— - 1 o P 34 - - -~ e Vo - A - -~ =
BoeDy sapenyoreiceriane cohicozleitiote pesocipiel Sixed ‘eoncenirations
’
a2 5 - L I o JE R 3 Al e 98 A\ VIS o AT P g
faenencens "onGsrexsiosepl Hre dnjtisl iconcenirenion e idbese ‘concenTtreuions

A Z 5 PR PR A o o o | 7 AEAR L e 3 -
are-geterr-necd:2c followz: 2 (I 4 1) 3 eeual 1o the conceniration an element
10 VA A sy —— e T T eyt aan e ei mymmeng) T S P SR SR S

C S C IR e S okt R L o8 o MR R s i 2N < (o5 e AR o o B AR PRRATY ¢ T - Ssin el 0 ot ©

S a -l S o i o PSSP L S & - 2l = P P A Y S
SEDOESTI O nOSeCEaR Borgi Naor o e, The SinaguesT 1Tl B ConeonErSEion Bl .




liote that C(I + 1) is alweys less than C(I), and that the drop in conceniration

is elways greater in wet regions than in diry because of the additional

affect of wet deposition. The arrows show how material and concentrations
-change during a siﬁgle time—-step, Decause of the exchanges the number of
concentraiion-boxes occupied by material grows with time: +the specira
broaden and shift iowards lower conceniraiions (greater I). In the exchanges
concentrations in one region mey not fini an ideniical corresponding
concentration on the other, so materizl has to be fed into the box with the
closest correspondience, talting intc account that during the esichange the

ceposition processes will continue io play their nar

‘S

It ie approprizte a2t this point o note shat in this model we are

+

c¢ealing much more with concenirations rather than total amounts of material

associated with dry and wet rezions as in the first model, Conseguently tke

non-linear wet cdeposition term acts on each box and its associated concen-—

<ration C: wei deposition <C Toec ! ¢ appropriate values of € now range
"

from 0 to C.1, see Fizure 7. In the solution amounts of S-material associztec

vith each box have to be cetermined as 2 funciion of time or disiance of travel.

The sum over the toxes of the products of amount times concentration yield

~he iotal amouni ol airborne maierizl and hence, by time—~differencing, the

val

g e Ui : L
mepnitude of the deposition.

L.2 ¢lodels 2 resulis

In solving the model rather lons 30-minute time-steps were assumed and
this causes some smell scziier in the output cate., Eowever no significant
tias is enticipated. I'igure & zives the resuli for three differeni values

of & , ihe non-linearity parameter., The abcissa is the number of iimesieps
or the dowmwinl disiance in kilometres., The curves are very similar in shape
~t 2

to those in Figure 2 {rememderins the different ordinates) and the implications

-

regarding the imporiance of non-linear nrocesses o long—term depositions are
identical,
Pigure 9 correspondse lirectly itk Pigure 4, showing the efiect on

Gepositions of helving emiscions. 4Azain 2 sm2ll enhanced “oenefit" is seen

4,3 Sensitivitv Studies
Specific values of the various parameiers that occur within the model

have.been chosen and held fixed in the model-resulis presenzed above., Some

e

of ‘our conclusions may be intimately tied to irese wvalues 2nd before we can




generalise our understanding it is necessary to explore the consequences

that arise when the parameters are given other values. The results are

presented in Figures 10 to 15,

(1)

(i1)

(iii)

(iv)

Firstly we explore the consequences of allowing the non=linearity
parameter € to vary over a much wider range than hitherto, Figure 10
shows the effect on the total deposition with time of travel N as €
varies from O to an extremely high value of 10, Note the deposition

is plotted on a log=scale,

At small N, increasing € decreases the rainout term and so the total
deposition falls, Beyond about N = 30 (corresponding to about 500 km
in a 10 mxs-1 wind) the effect reverses and the depositions with the
higher values of € are slightly higher than those with lower £ ,
This is because as the air concentrations drop the influence of €
decreases and the higher depositions are associated with situations
which have lost less material at small N, The full solutions (with
C, = 25 pgw > and 12.5 pew )

depositions.occur over the full range of € (see later).

show that quasi-linearity in long-term

-3 :
A concentration of 25 pgm is generally typical of 502 concentrations

immediately downwind of England. Bedded within this there may be
"urbarn" plumes in‘which the conceniration may be as high as 100 pgmr3
(approximately = 35 ppb). Figure 11 shows that previous conclusions
are hardly changed by choosing Co = 100. Depositions are increased

virtually pro rata.

In section (3.1) the rain—out removal coefficient flo (for small q) was
given the value 0.34 mﬁ-1, following Fisher (1978). To test the
sensitivity of the results to this value, l\o was put equal to 0.34 L mm

and L was varied from 1 to 10 in the calculations. Figure 12 shows the

1

consequences, IExcept at small N, where, as expected, a direct relatione
ship between deposition and L exisis, the effects are rather small.
Increasing L, beyond about N = 20, causes a decrease in deposition
because of the accumlated effect upstream on the total amount of

meterial remaining in the air,

Earlier calculations strongly poinied to an approximate linearity
between long-term total depositions and C, (or the emissions).
Figure 9 illustrates this, lNote that two parameters characterise

the curve, namely NE, the value of N beyond which a slightly enhanced

benefit is realised when emissions are halved, and D,, , the percentage




deposition experiences at large N when emissions are halved. The
next three figures (13, 14 and 15) describe the sensitivity of NE
and Do, Foi & o Ly T and Toe

Figure 13 shows the influence of € . At very small € , the non=
linearities are negligible and halving the emissions halves the
depositions so that Doy = 50. At very large & , the wet deposition
becomes very much smaller than the dry deposition (if L is held at 1).
Since the dry deposition is linear, Doo must approach 50 again., Only
at reasonable values of € does a significant enhancement occur,
corresponding 10 Dgo < 50. The meximum effect appears to occur in
the neighbourhood of € = 0.4. If L is increased as € increases to
maintain the importance of the wet deposition term then, as Figure 14
suggestis, the value of Doy is still maintained very close to 50,

implying a very close approximation to linearity.

Figure 14 also shows that as L increases the value of N beyond which
ennancemeni occurs decreases, This is presumably because the large
initial wet removal reduces concentrations to the level where the non=-
lineari'ties-are relatively unimportant and the deposition reflects

the lower concentrations,.

Figure 15 considers the influence of the timescales TD and TH’ for dry
and wet periods respectively, on the parameters D, and NE when

C, =25 pgm-3, L=1and € =0.1. The values used in the rest of
the paper have been Ty = 40 hours and T, = 8 hours, following Rodhe
and Crandell (1972). These values are represented by the large dot
in the centre of the figure. The contour lines for Dog and NE

show that these parameters are relatively insensitive to large changes
in ’DD and T

In conclusion then, it appears that the model results are rather
robust to fairly large changes in the input parameters (except of
course the emission magnitude itself), This leads to a2 good degree
of confidence in the conclusions regarding quasi=linearity between

emissions and long=term deposition Iields.

Se THE EFFECT COF OROGRAPEIC RAIN

Earlier we noted that areas of high crographic rainfall might be

regions where these general conclusions breakdown. This can be tested by

& very simple device. The coefficient of the non=linear wet deposition

12
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term is proportional to the average rainfall rate. If this is doubled, say,
this is equivalent to doubling the annual rainfall which is probably the
main consequence of a range of mountains, ("Doubling" of course is just an

arbitrary choice: the mountains may have a greater or a smaller effect than

: this). This doubling of the coefficient can be introduced into the solution
for specific values of N ( the time=step number) to simulate the interception
¥ of the plume with a fixed mountain range. Figure 16 illustrates the effect

on the total average deposition field. Note that depositions are not doubled:
dry depositions are not directly affected and wet depositions are most
important on "dirty" air that has just exchanged from dry regions whereas
mich of the rain falls in relatively cleansed air that has been subject to
rain for some time upwind. The depositions fall below no-hill values in

the lee of the hills as expected, but overall the effects are not enormous.
Figure 17 shows the effect of the mountain range on the reduction in depos-
itions resulting from halving emissions within Model 2, The effect is very
small being everywhere less than 0.5% This supports the overall conclusion
that as far as long=term depositions are concerned, non-linear processes are

not a significant problem.

5 6. EVIDENCE FOR LINEARITY IN EMEP DATA
6.1 Data
o1 Emissions of sulphur dioxide from all UK sources have changed signi=

ficantly between 1977 and 1982. Table 2 gives the annual emissions in

millions of tonnes.

During this time many of the EMEP monitoring stations have been in
continuous operation making daily measurements of (inter alia) rainfall
and the concentration of sulphate within the rain. Recently the Meteorological
Synthesising Centre-tiest at the Meteorological Institute in Oslo have made
available a detailed daily sector analysis for all the monitoring stations.

The analysis is based on the following:

(i) trajectories arriving at the station are calculated using the 850 mb
wind field and are calculated over 2 96 hour period ending at the site
- at 12, 18, 00 and 06 GMT, The day referred to is the day of arrival

of the first of these four trajectories.

(ii) +the trajectories were used to allocate a iransport direction every
day a2t each station. The directions were represented by transport secters
: : (o ¢ :
defined as follows: each sector is 45 wide., Sector 1 is centred on

north, sector 2 on north—east and so on, eight sectors in zll.

13



Starting with the positions of the four daily trajectories every hour,
all positions closer to the station than 150 km and farther away.than
1500 km are. discarded, If more than half of the remaining positions
are to be found inside one sector then the day is allocated to that

sector, otherwise it is allocated to a "mixed" sector, sector 9.

Figure 18 shows that two Norwegian stations of high repute, N1 and

N8, are positioned in southern Norway very close to the coast and with
very little local pollution. From these stations the main source
areas of the UK lie almost entirely within Sector 6. Thus on days
allocated to Sector 6 we may expect that most of the sulphate in rain
originates either from the UK itself or from '"background" sources

upstream of the UK or from the North Sea.

Both stations have continuous records available at this time stretching
from October 1977 to September 1982. The analysis that follows attempts
to invesiigate the relationship, if any, between the changing UK emissions
and the concentration of sulphate in rain on days zllocated to Sector 6
at N1 and N8, stations that are close to the ecologically semsitive

area of southern Norwzy.

Such an analysis is fraught by unrelated variations in concentration

that arise from the following causes:
1. errors in analysis of the sulphate concentration,

2, contamination of the sample by dry deposition and by "foreign"

meterial (insects, bird=iroppings etc).

3. the spatially inhomogeneous source=diistritution witkin the UK
vhich will be differently "sampled" by the trajectory on different

occasions.

4. day=io=-day, or season-to-season, variations in emissions not

accounted for,

e Occasional input from other European sources when ihe criterion For

sector allocation is only just met.

6. the influence of meteorological veriability sutk as mi:ding deptkh,

wind speed, upstream rainfall eic.

14




These sources of uncertainty are very much in evidence in the data

and make the detection of a real relationship between source strength

and concentration difficult and somewhat uncertain,
Even a quick inspection of the data reveals:

(i) =2 satisfactory correlation between the concentrations measured
at the two stations when rain was recorded on the same day,
particularly when (ii) is a2llowed for, implying local sources

are'having little influence.

(ii) There is a strong inverse relationship between concentration and
rainfall amount, so thai high concentrations are normally only
experienced in very light rain. This relationship is confirmed

in the statistics presented below.

The statistical analysis

(i) Analvsis of variance test

Concentiration data were first categorised according to year (or,

equivalently;emission) and to rainfall amount. Five year-bands

running from October to September have been used: 1977/78, 1978/79,

1979/80, 1980/81 and 1981/82. Rainfall was divided into seven bands

corresponding to: < 1 mm, 1-3 mm, 35 mm, 5~10 mm, 10-20 mm, 20=40 mm,
> 40 mm,

The standard variance test requires consideration of the following
identitys e o e e N

27 (C;-TF = Lk@E-CF +Zh(G=Ef L L (€€, +T)

wﬁege C. . is the one-day concentraiion within the ith rainfall catecory
and the jth emission band, C is the average concentiration over all the
data, E; is the average concentration within the ith rainfall category
(over all years), C. is the average concentration with the jth emission=
band (over all rainfalls)., In our case k = 5, h = 7. The first term
on the righi=rand-side has h=1 = 6 dégrees of freedom whilst the second
term has k=1 = 4 degrees of freedom. The third term represen:s ihe
random errors witkL which the other iwo terms may be compared to form

the F=ratio in the siandard F=test,



(i1)

For the N1 and N8 data the variances and the F-~values are shown in

Table 3.

As expected the concentration shows a very sirong dependence on rainfall

amount, and it is very highly improbable a value of F = 18.9 could

have occurred by chance if there were no such dependence.

More importantly Table 3 shows that there is a less than 5% prob=
ability that the F value of 3.0 associzted with emissions could have

v

occurred if there were no dependence of concentrations on UK emissions.

This test does not show, however, that this dependence is a linear onme.
A pointer in favour of it being linear is given by repeating the
analysis having first normalised the concentrations Cij by Ej’ the
emission for the jth year, If linearity is "true", then the F value
associated with emissions should now not be significant. Table 4

confirms this,

Correlation tests
In general great caution has to be displayed in interpreting correlation:

coefficients deduced from rather small samples, and our present
situation is no exception. None of the correlations deduced below are
highly statistical significant. Nevertheless they point in the same
direction as the conclusions reached in (i) above, and are certainly
not inconsistent with a hypothesis of a linear relationship between
emissions and associated long=term depositions, or even with single=—
eveni concentraiions, once the random effect and the rainfall effects

have peen allowed for.

Many tests involving correlations and related probabilities can be
applied. None which have been tried have contradicted or opposed our
hypothesis, but at the same time none have been 100% convincing either.
The simplest of these tests is to sub=divide the occasions into rainfall
bands as in (i) above and then to correlate the mean concentration

within each band and in each "year" with the associated emission.
The results, displayed in Table 5, show some rather interesting aspects.

Firstly it appears that 1979/80 is rather anomalous. Secondly the
correlation is best in the 1=3 mm rainfall band and worst in the 20=40 mm

16




band (Note that the <1 mm band and the > 40 mm band have been

excluded for reasons of insufficient data)., The reasons for this

are not entirely clear., One hypothesis is that the low rainfall band
may be associated with orographically induced rain, implying little or
no rain-out having affected the 502 between the UK and the Norwegian
coast just upwind of the stations., The amount of sulphur in the air
waiting to be washed out will then be much more closely related to
what entered the 2ir over the UK. Conversely the heaviest rainfall
band would often be associated with widespread rain when much of the
UK emissions will have been removed by raineout upsiream and what
comes out in the rain at N1 and N8 may originate either from small
local emissions or more likely from free-=tropospheric sulphur drawn
into the cloud, the sulphur having originated from very distant sources.

The final row in Teble 5 shows the correlations between Ej and (Ej/aj).
If concentrations are linearly proportional to emissions then these
correlations should ideally be zero, or allowing for the small number
of degrees of freedom, without significance, This is certainly true

in the numbers given.

6.3 Conclusions

To repeat what has already been said, the statistical tests generally
support rather than contradict the hypothesis of a linear relationship.
The support is not totally convincing however, but it puts paid, at least,
to the statement sometimes made that there is no evidence of a relationship
between emissions and depositions. Such statements are generally based on an

inadequate analysis of the basic daia.

% is opportune to finish with a2 timely reminder from Fisher and Clark
(1985) that to hope to undersiand the emission-deposition relationship
properly "a background concentration of sulphate similar to that suggested
by the OECD study needs to be incorporated". This is confirmed, I believe,
by the correlation found in the 20=40 mm rainfall band above.
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Table 2 : Estimates of UK SO, emissions
Year 19771978 1979 1980 1981 198
Emission B

Teble 3 : Variances and F=values for the N1 and N8 data

f
Source |Term 7 L i
of on Variances F b g ?}gnl-
Variation|rhs 5% 1% icance
Rainfall | 1 Zk(T.=C)/(n=1) = 5.75 |2=2 18,9 |2,51 3.63 | EIGH
|
Emissions| 2 Zh(Ej-E)Z/(k-U = 0,90 i%—'%—g’-f 3.0 |2.78 2.23 | < 5%
| d %
{
"Random" | 3 iZ(cij-ﬁi-'é'j+'6)2/(h-1)(k—1) = 0,305 -
3.3
|
le e P analvsis for
Teble 4 : F=test analysis for Cij/Ej
Source of Variation F Required F Significance
5% 1%
Rainfall 17.7 2451 3.68 HIGH
Emissions 1531 2+78 4.23 none
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Table 5 : Table of mean concentrations and correlations in Sector 6 at
Norwegian EMEP stations N1 and N8 from 1977 to 1982, The years
have been ranked in order of emission magnitude.

Year Emission E, '61_3 Cys  Csqg 610_20 Co040

81/82 4,04 1o82 i 16300 A3 0.74 0.96

80/81 4,32 2.86 1:19. ¢ 1.01 0.87 0.73

79/80 4.90 3657 2406 1s92 1.41 0,88

71/78 5.00 3130 3,07 A - 0.7y 0.57

78/79 5431 99 o7 R T 0.93

Correlations between: Average

E;i and B 0.915 0.440 0.680 0,670 =0,160 0.51
Ej/-éj and E, =0.753 =0.114 =0,306 =0,327 0.512 ~0.20
21
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Figure 11. Increasing the inifial concentralion C, does
: very Lttle D [he conclusions, regarding the influence
of non-linearies, draum elsewhere in this paper .
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Figure 12. The rain-out term has been given o constant
coeficient derived from a value given by Fisher (1978) .
In this Figure we see the consequences of mulliplying

this constamt by a “washoul coefficient "L . The effects
are Seen to be rather small except af small N .
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Figure 14. This fgu};shou; the influence of the "washoul coeff.” L
on Dy and N (The value of timestep N beyond which
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The influence of The timescale Tp and T, for dry and wel periods
Tespectively, on the paramelers Dy and N .
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