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This report is the sixth in a series giving practical guidance to estimate 
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FOREWORD 

In December 1977, a meeting of representatives of UK government departments, 

utilities and research organisations was held to discuss methods of calculation 

of atmospheric dispersion for radioactive releases. Those present agreed on the 

need for a review of recent developments in atmospheric dispersion modelling, and 

a Working Group was established to facilitate the review. The Group has 

published five previous reports. 

The first report gives practical guidance on estimating the dispersion of 

radioactive releases in the atmosphere within a fev tens of kilometres of the 

release point, for both short duration and continuous releases. That report 

dealt specifically with radionuclides which do not deposit on the ground and are 

not removed from the plume by interaction with rain. The second report describes 

methods for including dry and vet deposition in the models given in the first 

report, while the third report describes an extension of the models to long range 

dispersion from a continuous release. The fourth report describes a model for 

long range dispersion from a short release. The fifth report describes ways in 

which the models given in the earlier reports can be extended to allow for 

effects of coastal conditions, buildings and plume rise on the dispersion of 

material, and gibes guidance on the value of deposition velocity and washout 

coefficient for use in the models given in the second report. 

This report, the sixth by the Group, examines the problems inherent in 

modelling wet deposition from a short release. It extends the scope of the 

second report which gave a model for wet deposition primarily applicable to a 

continuous release. 

The membership of the Working Group for most of the period in which this 

report was being prepared was: 

Dr J A Jones National Radiological Protection Board 
(Chairman) 

Dr H M ApSimon Nuclear Power Section, Imperial College of Science and 
Technology, London 

Dr B E A Fisher Central Electricity Generating Board, Research 
Department, Central Electricity Research Laboratory, 
Leatherhead 

Dr D J Hall Department of Industry, Warren Spring Laboratory, 
stevenage 

Dr J C R Hunt Department of Applied Mathematics and Theoretical 
Physics, Cambridge University 

Dr H F Macdonald Central Electricity Generating Board, Research 
Department, Berkeley Nuclear Laboratories, Berkeley 

Dr A G Robins Central Electricity Generating Board, Research 
Department, Central Electricity Research Laboratories, 
Leatherhead 

Dr F B Smith 

Dr B Y Underwood 

Meteorological Office, Bracknell 

United Kingdom Atomic Energy Authority, Safety and 
Reliability Directorate, Culcheth 



Mr D Charles National Radiological Protection Board 
(Secretary until February 1985) 
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t 
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W 
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Depth of the mixing layer 

Concentration in air (Bq s me') 

Wet deposition (Bq q -') 
Collection efficiency of particles of radius a by raindrops of 
radius R 

Release height (m) 

Rainfall rate (mm hex) 

No of raindrops per unit volume with a radius between R and 
R + dR (m-') 

The probability of dry and wet weather, respectively, stopping in unit 
time (s“) 

The amount of material released (Bq) 

The amount of material remaining in the plume after a travel 
time t (Bq) 

The amount of material remaining in the plume after a travel time t 
if it is raining at that time (Bq) 

The travel time (s) 

The wind speed at 10 m (m s-l) 

The terminal fall velocity of a raindrop of radius R 

The washout ratio 

along the wind direction 
Rectilinear co-ordinate 

{ 
across the wind direction 
vertical 

The washout coefficient (5-l) 

The duration of rainfall (s) 

The horizontal and vertical standard deviations of the Gaussian 

distribution of material 
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1. INTRODUCTION 

The Working Group on Atmospheric Dispersion Modelling gave, in its second 

report(l), a model for calculating wet deposition rates, which because of its use 

of averages of a number of parameters is not suitable for use when calculating 

deposition from a specific short release. The Working Group, in its fifth 

report(21, gave values for the wet removal coefficient which it considered 

suitable for use in the model given in the second report. As the model is only 

applicable to average conditions, the Group gave values for wet removal 

coefficients appropriate to an average rainfall rate, with only a brief mention 

of its variation with rainfall rate. 

This report considers the problems involved in calculating wet deposition 

from e short release. It defines the situations for which the model in the 

Group's second report is appropriate, and gives other simple models applicable to 

short releases in idealised conditions and considers their adequacy in real 

situations. It also gives guidance on the variation of washout coefficient with 

rainfall rate. This report considers removal by rain only. It does not consider 

the possibility of enhanced deposition during mist or fog, or in'low-lying cloud 

on hills, frequently termed 'occult wet deposition'. 

Throughout the Group's reports a short release is taken to mean one where 

the atmospheric conditions remain constant throughout the release and travel of 

the material. The rainfall rate varies rapidly in time and space, end it is not 

reasonable to restrict the model to a period of constant rainfall. Therefore a 

short release is taken as one where conditions other than rainfall rate remain 

constant. 

The Group wishes to stress the extent of the idealisations and assumptions 

on vhich the models given in Section 2 are based and the importance of the 

caveats given in Section 3. The modelling of wet deposition is en extremely 

complex subject and the Group could not agree on simple models for q eny of the 

topics covered in this report. However, a number of models which may be used to 

model wet deposition are identified. The extent of the idealisations 

incorporated in these models is described, and the user of the models is left to 

select the one which is most appropriate for his needs. All the models 

identified in this report incorporate some degree of averaging over the spatial 

and temporal variation of rainfall. This means that the models are not 

applicable to a specific release; they should not therefore be used for real-time 

modelling in the event of an accidental release. 

The problem of calculating wet deposition rates ten be divided into a number 

of sections. The region of overlap between the plume of dispersing material and 

the rain system must be considered. To some extent this can be separated from 

the problem of calculating the rate et vhich rain removes material through which 

it falls. These aspects are considered separately in this report. 
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There is a considerable current research effort being made into the 

difficult problem of modelling wet deposition. Work is being carried out on the 

removal rate in steady rain and on aspects of describing the spatial and temporal 

variation of rainfall. The possibility of incorporating radar data on rainfall 

distributions into assessrwnts of consequences of releases is being investigated. 

Spatially varying rainfall will clearly deplete some parts of a plume more than 

others. Methods of describing the subsequent dispersion of such a plume, for 

which the Gaussian model is not appropriate, are being investigated. In view of 

this research effort, the recommendations given in this report must be regarded 

as interim ones. 

2. THE CALCULATION OF AIR CONCENTRATION AND WET DEPOSITION IN IDEALISED 

CONDITIONS 

The activity concentration in air, C, and the wet deposition, DW, are given 

in the Group's second report as 

C(X,Y,Z) = 
Q'(t) 

ZnUyUzU’ 0 exp [- $ ] F(h,z,A) 
Y 

C(X,Y,Z) = Q’ct) 
G7yU'DA 

exp [- &t 1 if oz 2 A 
Y 

if oz (. A 

. . . . . (1) 

. . . . . (2) 

where Q'(t) is the amount of material remaining in the plume at travel time 
t, equal to x/u*0 

x along the wind direction 
Y 

> 
rectilinear coordinates 

1 
across wind 

z vertically 

aY 
the standard deviation of the horizontal Gaussian 
distribution 

az the standard deviation of the vertical Gaussian 
distribution 

UXP the wind speed at 10 m above ground 

A the depth of the mixed layer 

h the height of release 

A the washout coefficient 

Q;(t) the amount of material remaining in the plume at travel 
time t if it is raining at that time 

and F(h,z,A) = exp [- 21 + exp [- 51 + exp [- y'] 

2 z z 

+ exp [- -1 
2uz* 

+ exp [- L?Aeq 
2ozz 

+ exp [- -1. 
2ozz 
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These basic equations, like the Gaussian plume model itself, are based on an 

integration over the cloud of dispersing material along the wind direction 

assuming all material experiences the same conditions. The implications of this 

are considered later. The effect of rain is included by adjusting the source 

strength in equations (1) and (2). There are various ways of doing this 

depending on the assumptions made about the patterns of rainfall, and these will 

now be considered. 

As rain falls through the whole of the plume, the fraction of material 

removed from the plume in unit time is dependent on the total material remaining 

in a vertical column and not cm the concentration at ground level. The amount of 

material remaining in a plume, assuming that it has experienced rain at a 

constant rate for a total period T during its travel time t, is given by 

Q'(t) = Q exp (-AT) . . . . . (3) 

where Q is the amount of material released 

and 12 the washout coefficient for the rainfall rate concerned. 

This equation is valid for any combination of rainfall patterns such that the 

plume has travelled in rain for a period T and the rain has all fallen at the 

same rainfall rate. In this case Q'(t) in equation (2) will equal Q'(t) when it 

is raining at time t and be zero otherwise. 

Note that this, and other formulae given in this section, make no allowance 

fbr plume depletion due to dry deposition. The correction factors for wet and 

dry depletion are multiplicative, as indicated in the Grqup's second report (1) . 

If concentration and deposition are being calculated for a specific short 

rSlSSSS, the duration of rain at different intensities should be taken into 

account because the washout coefficient may vary with rainfall rate. The amount 

of material remaining in the plume after a given travel time is then given, by a 

generalisation of equation (3), as 

Q'(t) = Q exp (-Xi Ai~i) . . . . . (4) 

where the summation is over periods with different rainfall rates and 
hence different washout~coefficients. 

Again Q'(t) equals Q'(t) provided it is raining at time t and is zero otherwise. 

A variety of formulae can be derived for Q'(t) and G(t) depending on the 

assumptions made about the sequence and duration of dry and wet periods 

experienced by a plume during its travel. These formulae, some of which are 

given below, do not apply to specific occasions but may be useful for some 

applications. 

A simple assumption is that rain falls at a constant rate throughout the 

travel of the plume. In this case 

Q'(t) = q(t) = Q exp (-At) . . . . . (5) 
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The assumption which leads to the maximum predicted deposition at a 

distance from the source is that the plume has travelled in dry conditions and 

that all material encountered rain for the first time just over the point being 

considered. In this case Q' and 9; are equal to the amount of material released. 

The assumption that all material encounters rain at the same point implies that a 

stationary raincloud is present over that point. This is considered further in 

Section 3. 

The approach adopted in the Group's second report was to average over all 

sequences of wet and dry conditions, assuming that the transition probability 

between dry and wet conditions in unit time is constant. This gives formulae for 

9’ and Q; which represent the average of a large number of releases or 

the expectation value of the distribution for a single release. The formulae, 

taken from the Group's second report, are 

Q'(t) = A [(m,+A fw)emzt - (m2+A fy)emltl 

. . . . . (6) 

[(m,+A)emzt - (m,+A)emltl 

where 2ml = -(A+PD+PW) - J(A+PI,+PW)'-4APD 

2m2 = -(A+PD+PW) + J(A+PI.,+PW)*-4APD 

f 
Y 

= PD/(PI,+Pw), the fraction of the time for which rain falls 

and PD,Pw are the probabilities of dry and wet weather, respectively, 
stopping per unit time. 

The Group considered that, when applying equation (6), it would be appropriate to 

use values of washout coefficient for a rainfall rate of 1 mm h“, close to the 

annual average rate during wet periods. 

Equations (3) to (6) express Q' and Q$ in terms of the travel time rather 

than the travel distance. In the Gaussian model, travel time is usually 

introduced by using the transformation: travel time equals distance divided by 

wind speed. This transformation implies that along-wind diffusion is negligible 

compared with advection. Alternatively, it may be used if certain other 

assumptions are made about the spatial and temporal variation of rainfall. These 

assumptions are identified in Section 3. 

The formulae for the amount of material remaining in the plume given in 

equation (6) were obtained as the solution of a pair of simultaneous equations 

(given in the second report) for defined initial conditions. In this case the 

initial conditions correspond to a weighted average of releases in dry and wet 
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conditions. Solutions can be derived for other initial conditions, such as the 

average of all releases occurring in dry or in wet conditions. 

The technique has been extended by Fisher (3) who considered the probability 

distributions of the durations of wet and dry conditions. In this way other 

information can be obtained. For example, Fisher derived a formula for the 

probability of a plume having experienced only very small amounts of rain during 

its travel to a specified point and hence the probability that essentially all 

the released material is available for deposition at that point. The 

probabilities of a plume first encountering rain at a given point, or of rain 

persisting for a sufficiently long period that essentially all the material is 

deposited, can be obtained in this way. 

3. THE PROBLEMS INVOLVED IN CALCULATING WET DEPOSITION 

The models recommended by the Group in its reports so far have been based on 

the Gaussian plume model. An essential requirement for the applicability of the 

Gaussian plume model is that atmospheric conditions remain constant during the 

time for material to travel from the source to the point where the concentration, 

or deposition, is required. Rainfall rate is highly variable in time and space, 

so that the conditions in which the Gaussian plume model is applicable for 

calculating wet deposition are unlikely to be encountered in practice. 

Therefore, although some simple models, based on the Gaussian plume model, are 

described in the previous section it must be stressed that they are applicable 

only in highly idealised conditions and may only give an order of magnitude 

estimate of the deposition for a specific release. There is no generally 

applicable, simple model for wet deposition following a short release. In this 

section, some of the difficulties in calculating vet deposition are discussed. 

The use of formulae like those in equation (6) implies an averaging process 

over all possible sequences of wet and dry conditions, and hence the variation of 

washout coefficient with rainfall rate is neglected. The transformation from 

travel time to travel distance implies that variations of wind speed are also 

being neglected. The generalisation of the model to include a correction for dry 

deposition introduces a further averaging over the conditions pertaining during 

the dry periods. 

Different problems arise in calculating deposition patterns for material 

released in rain and travelling entirely in rain and for material encountering 

rain for the first occasion at some time after its release. 

3.1 Deposition of material travelling entirely in rain 

In this case it is probably acceptable to use equations (1) and (2) vith the 

fraction of material remaining in the plume given by equation (S), with A 

corresponding to the average rainfall rate. This model then includes an implied 

averaging over the rainfall rate which, in practice, is likely to vary on a 

spatial scale of a few kilometres and a temporal scale of a few minutes. This 

model is more suitable for predicting the average deposition from a release than 
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the value for a specific occasion. It may therefore be used in applications such 

as studies for preplanning for accidents, but should not be used for real time 

modelling in the event of an actual release. 

3.2 Deposition of material first encountering rain at some distance 

The problem of calculating deposition from material which encounters rain 

for the first time after travelling in dry conditions is more difficult. This 

type of calculation is an important aspect of risk assessment and has other 

applxations. Frequently, a modified Gaussian plume model is used to describe 

dispersion in changing meteorological conditions. The models are sometimes said 

to assume that all the released material experiences the same conditions at any 

given time. However, this is not what is assumed in some of the models currently 

in use, even if the release duration is extremely short. This discrepancy 

between stated and actual assumptions is elaborated below for the specific case 

of rain starting after the material has been released. The conditions assumed in 

the discussion below are highly idealised. However, it illustrates the problems 

which must be considered in modelling wet deposition. 

The Gaussian model can be extended to cover changes in atmospheric 

conditions during the travel of material in a number of ways. This section 

considers the implications of two simple, and possibly extreme, descriptions of 

the effects of material encountering rain for the first time some distance from 

the source. 

The Gaussian plume model ,is based on the assumption that all material 

encounters the same conditions. It can be easily extended to describe changing 

conditions by using the transformation x = Ut. This leads to a description based 

on the assumption that all material encounters the change of conditions at the 

same point. Such a description is here termed a 'plume model'. 

An alternative description is obtained if the cloud of dispersing material 

is considered to be a series of overlapping puffs. The natural extension of such 

a model incorporates a description in which conditions change at the same time 

for the material which is distributed throughout the cloud. Such a description 

is here termed a 'puff model'. 

In fact a basic Gaussian plume model could be extended in such a way that it 

has the properties assigned here to plume or puff models. Equally a simple puff 

model could be extended in such a way as to incorporate the features assigned 

here to plume models. The distinction, however, simplifies the following 

discussion. 

Suppose that the sequence of atmospheric conditions for vhich deposition 

patterns are to be calculated is n hours of dry weather followed by m hours of 

rain, and that the wind speed u is constant during this period. 

Typical 'plume models' treat this situation by making the assumption that 

rain starts to fall at a distance x1 = nu from the source anh continues until a 

distance xp = (n+m)u from the source, with an abrupt start and finish to the wet 
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deposition at these distances. The deposition pattern produced by this type of 

model is illustrated in Figure 1. This model implies that there is a stationary 

band of rain between the distances x1 and x2 whose duration is longer than the 

time taken for all the dispersing material to pass across the band. 

This assumption implies that along-wind dispersion of material is of no 

importance in determining the deposition pattern. Other models attempt to 

incorporate the effects of along-wind spread. 'Puff models' naturally treat 

changes in atmospheric conditions as if they occur everywhere at the same time. 

In this type of model the concentration distribution at the start of the rain is 

Gaussian along the wind direction centred at the distance xl. Similarly, when 

the rain stops the concentration distribution is Gaussian centred at the distance 

X2. Assuming rain falls on the whole of the puff, material will be deposited at 

distances shorter than nu and there will be no point at which wet deposition 

begins abruptly, as in the 'plume model'. Similarly there will be material 

deposited at distances greater than x2 and no abrupt end to the deposition. The 

pattern of deposition predicted by a simple 'puff model' is also shown in Figure 

1 where it can be compared with that produced by a 'plume model'. This model 

assumes, somewhat unrealistically, that rain falls over an area at least as 

large as that covered by the cloud of material over the period of q hours and 

that the rainfall rate does not vary in time or space. 

Alternative descriptions of the overlap between the dispersing material and 

the rain are possible. ,ApSimonC4) has considered the situation where the rain 

and plume material are moving relative to each other and where the area affected 

by rain is smaller than that covered by the dispersing material. The deposition 

pattern produced is found to depend on the relative velocity of the rain and the 

pItUlle. A further complication arises if the release is not instantaneous and is 

modelled by a series of puff releases. The series of puffs is then spaced out 

along the wind direction and a broader pattern of deposition is predicted. 

It is difficult to draw firm conclusions as to the importance of the 

difference between the predictions of these models in terms of the overall 

radiological consequences of a short release. However, a number of observations 

can be made concerning the differences between the deposition patterns 

predicted. 

A 'plume model' will always predict a greater peak deposit and a narrower 

deposition band than will a 'puff model' unless the rain cloud is assumed to be 

stationary. However, at distances greater than that at which the peak deposit 

occll*s , it is possible to select parameter values such that either a 'puff' or a 

'plume model' can predict the greater deposition. Obviously the 'puff model' 

predicts greater deposition than the 'plume model' at distances shorter than that 

of the peak. The magnitude of the peak deposit predicted by a 'plume model' will 

generally be an overestimate. 
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The magnitude of the peak deposit predicted by a 'plume model' increases as 

the ratio of washout coefficient to wind speed increases. The rate at which the 

deposit decreases with distance from the source in a 'plume model' is governed 

entirely by plume depletion. The rate of decrease therefore increases with the 

ratio of washout coefficient to wind speed. The decrease of deposit with 

distance predicted by a puff model reflects plume depletion, along-wind 

dispersion and the relative movement of rain and plume. 

3.3 Variability of rainfall 

This section, so far, has concentrated on the problems caused by the 

difficulty of describing the concentration distribution. There are also problems 

involved in determining the amount of rain which falls et points not in the 

immediate neighbourhood of a meteorological station. As rainfall intensity in a 

single storm can vary rapidly in time and space it can be very difficult to 

interpolate accurately between the rainfall observed at meteorological stations. 

In some situations it might be possible to use rainfall rates derived from 

weather radar observations. 

3.4 Airflow within .storms 

A further complication when modelling wet deposition arises from the 

complexity of air flow in storm systems. There is a significant upward movement 

of boundary layer air into the rain cloud in many cases, especially in thunder 

storms. This process can take a significant fraction of the dispersing material 

out of the mixing layer or can lead to greatly enhanced deposition per unit area. 

The material taken out of the mixing layer may either be incorporated into the 

rain cloud whence it could be removed by rainout, or it may travel above the top 

of the mixing layer before either entering other storm cells or being returned to 

the mixing layer. Models in current use generally do not distinguish between 

rainout and washout and use a very simple description of a complex process. 

3.5 Reversibility of the washout of gases 

An effect of the reversible washout of gases, which is mainly confined to 

situations where the dispersing material is in a narrow vertical plume well above 

the ground, is so-called plume washdown. In this case rain will become 

contaminated as it falls through the plume but the dissolved material may desorb 

as the rain falls through the region of low concentration below the plume. An 

extreme manifestation of this effect would be for rain to arrive at the ground 

with no material dissolved in it but to have effectively brought the plume nearer 

to the ground. This effect has been considered in some detail by Slinn (5) who 

concludes that the plume height is reduced with a speed which for moleculai 

iodine is a few metres per hour of travel for typical rainfall rates. This 

effect is only likely to be important where the vertical profile is highly 

non-uniform, such as close to tall stacks or where plume rise is significant. 
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4. THE VALE OF WASHOUT COEFFICIEKI 

Washout coefficients can be obtained from field experiments, from washout 

ratios (the ratio of pollutant concentration in rain water to its concentration 

in air) and from theoretical calculations. There is a reasonable amount of 

information, both experimental and theoretical, on washout coefficients of 

particles but very little information for those gases likely to be of concern in 

radioactive discharges. 

4.1 Washout coefficient for particles 

There have been a number of recent reviews of the available information on 

washout coefficients. Brenk and Vogt (6) and McMahon and Denison (7) concentrated 

on experimental results and on washout ratios, Slinn (8) concentrated on 

information from washout ratios, while Underwood (9) gave B detailed review of the 

theory of Yet removal processes with a briefer review of experimental 

information. Hosker(l') has identified research needs in deposition modelling. 

The information available from field experiments is summarised in Figures 2 

(taken from Brenk and Vogt (6) ) and 3 (taken from McMahon and Denison (7)). 

The data presented in Figures 2 and 3 do not show any large systematic 

variation of washout coefficient with particle size apart from the very deep and 

narrow minima reported by Radke et al (11). These minima are not supported by 

other experiments at similar particle sizes reported by Brenk and Vogt (6) . 
Where experiments have suggested a variation of washout coefficient with 

rainfall rate they~ give results suggesting a proportionality to rain fall rate 

raised to a power of betveen 0.5 and 1.0. Brink and Vogt(') also quote.a number 

of experiments where no variation with rainfall rate was observed. It is 

difficult from a theoretical point of view to see why the washout coefficient 

should be independent of rainfall rate. 

Washout ratios as reported in the literature are generally averaged over a 

period of time. It is therefore difficult to derive information on the variation 

of washout coefficient with rainfall rate from data on washout ratios. It is 

also difficult to distinguish between the removal due ta washout and that due to 

rainout. The washout ratios for particulate material quoted by McMahon and 

Denison(7)and Slinn(g) cotrespond to a long-term average washout coefficient of 

about lo-* s-l. 

Methods of calculating washout coefficients theoretically have been reviewed 

by Underwood('). The washout coefficient A for a monodisperse aerosol of radius 

a is given by 

A(a,R) = I nR* E(a,R)N(R)ut(R)dR 
0 

where R is the radius of a raindrop 

N(R)dR the number of raindrops per unit volume vith radius 
between R and R+dR 
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E(a,R) the collection efficiency for particles of radius a by 
raindrops of radius R 

and u,(R) the terminal fall velocity of raindrops of radius R. 

The number of raindrops per unit volume must be determined from observation, 

while the collection efficiency can be either calculated or obtained from 

laboratory experiments. This approach predicts that the washout coefficient 

increases with rainfall rate to a power between 0.7 and 0.9, the difference 

between this and a linear variation reflects the change in the size distribution 

of raindrops with changes in rainfall rate. Predictions of washout coefficient 

for particles of diameter greater than a few microns are in reasonable agreement 

with experiment, but for sub-micron particles the predictions are significantly 

lower than experimental results. 

Based on the information given above, the Group is unable to recommend a 

best-estimate value for the washout coefficient or its variation with rainfall 

rate. However ) if the washout coefficient is expressed in terms of the rainfall 

rate, J, as 

A=aJb . . . . . (8) 

then ranges can be given for the parameters a and b. In the Group's fifth 

report(2) It was suggested that the washout coefficient, at the annual average 

rainfall rate of about 1 mm h-', was in the range 3 IO-' to 3 lo-' 5-l. This is 

suggested here as a suitable range for the parameter a. However, the Group notes 

that results outside this range have been reported. The available information on 

the variation with rainfall rate suggests that the value of b lies between 0 and 

1. The Group feels that the most plausible value of b is likely to fall in the 

range 0.7 to 0.9. 

The Group suggests that any user of the models in this report should select 

values for washout coefficient from this range, but that the user should also 

carry out a study of the sensitivity of the model predictions to variations in 

these values. 

4.2 Washout coefficients for gases 

Scavenging of gases by rain is more complex than scavenging of particles as 

it may involve chemical reactions between the raindrops and the material being 

ramoved. This implies that the raindrops may become saturated with gas and that 

the removal process may be reversible. The use of a washout coefficient is then 

questionable on theoretical grounds. Underwood(') has reviewed the theory of 

washout of gases in detail. The noble gases are not affected by rain and this 

section does not refer to them. 

Most of the data available on washout of gases relates to sulphur dioxide. 

However, data for iodine are of more interest in nuclear applications, and this 

report concentrates on them. Data on other gases can be found in McMahon and 

Denison(7), Slim(S) and Hosker("). 
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An effect of the reversible nature of the reactions between the gas and the 

raindrops is that an equilibrium can be established between the contaminant 

concentration in air and in rainwater. If such an equilibrium were reached over 

a fall distance which is small compared to the distance over which the 

concentration is changing significantly, the removal rate would be dependent on 

the concentration in air close to the ground rather than on the total amount of 

material throughout the whole depth of the plume. 

Postma(l3) 

This has been considered by 

who suggested that molecular iodine would reach equilibrium in water 

drops in a time of a few tens of seconds. This is comparable to the time taken 

for raindrops to fall through a plume at moderate distances from the release 

point. Postma did not consider the effects of the chemical composition of 

raindrops on the time to reach equilibrium. 

It is clear from the above discussion that the use of a washout coefficient 

for a gas is theoretically not well founded. More complex models could be used 

in which the rate of uptake of gas from the plume to the raindrop is explicitly 

considered. However, because of the possible redistribution of material within 

the plume by the air flow within a rain storm it seems inappropriate to use a 

complex model to describe the removal process vhen very simple assumptions are 

made about the airflow. The Group suggests, therefore, that wet deposition be 

calculated using a washout coefficient derived from the small amount of 

experimental information available, although it recognises the considerable 

uncertainty in any calculation using this type of model. 

There seem to be only two sets of field measurements of the washout 

coefficient of iodine. Engelmann et a1(16) carried out a tracer experiment in 

which iodine vapour was produced by heating iodine crystals. This experiment 

yielded washout coefficients of lo-' s-l or less at rainfall rates of about 

1 mm h-'. There are few details available of the experimental conditions used by 

Engelmann et al. It is possible that this low value, relative to the theoretical 

value or that for particles, was a result of saturation of the raindrops by 

iodine('). Engelmann and Perkins(") have measured washout coefficients for the 

iodine in the effluent from the Hanford site. They obtained values for inorganic 

iodine of 3 to 4 lo-' s-' for rainfall rates less than 1 mm h-l. This value is 

considerably greater than theoretical predictions suggest. It may reflect the 

washout, not of iodine vapour, but of iodine dissolved in large droplets of 

water. 

Washout coefficients can also be derived from washout ratios if assumptions 

are made about the depth of the pollutant layer and rainfall rate. Brenk and 

vogt(6) have considered the available data on the washout ratio of iodine, and 

show how it is related to the washout coefficient. They conclude that 

A = (J/A)/W . . . . . (9) 

where J is the rainfall rate 
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A the depth of the mixing layer 

and W the washout ratio. 

Taking an average rainfall rate of 1 mm he' and a nixing layer depth of 

800 m gives the relationship 

h = 3.5 10-10 w 
with iz in 5-l 

. . . . . (10) 

and W a dimensionless ratio of concentration in rain to that in air. 

Brenk and Vogt quote a washout ratio for iodine of about 2 lo', consistent 

with the range reported by Slinn (8) for other gases. Slinn, however, quotes a 

washout ratio for iodine of 10'. 

In view of the considerable uncertainty in the value of the washout 

coefficient the Group suggests that the value suggested above for particulate 

material should also be used for inorganic iodine. The comments given in Section 

4.1 about the need for sensitivity studies are equally applicable here. 

There is very little information available on the washout of organic iodine. 

Engelmann and Perkins(") suggest that its removal is about 1% as efficient as 

that of inorganic iodines. The washout ratio quoted by Slinn (8) corresponds to a 

very low washout coefficient 'of about lo-' 5-l. 

The available data on other gases discharged by the nuclear industry is very 

sparse. The Group suggests that the value of washout coefficient given for 

particulate material be used for other gases. The user should, however, note the 

considerable uncertainty in this estimate and carry out sensitivity studies for 

any prediction. 

5. THE INCLUSION OF RAINOUT 

Rainout is the process by which material is removed from the air and 

transferred to cloud droplets within rain-clouds. It is generally modelled using 

the same parameterisation used to describe the removal of material below the 

rain-clouds. The use of a wet removal coefficient as identified in Section 2 

assumes that the removal process involves only a single step. Although this is 

the case for below-cloud removal, it is not strictly correct for removal 

processes occurring within the cloud. Here two separate processes, incorporation 

of the material in a growing cloud-drop and the removal of that drop in rain, 

contribute to the overall removal process. In practice one of these stages 

limits the removal rate much more than the other, so that rainout is effectively 

a single step phenomenon and hence can be described by a first-order rate- 

constant. 

Many field experiments to determine washout coefficients also include an 

unknown contribution from rainout, so to some extent rainout is included in the 

parameter values suggested above. Thus, for example, the data of Radke et al (11) 

shown in Figure 3 were determined in an experiment measuring almost solely 

washout, while those of Burtsev et al (12) , also shown on Figure 3, were obtained 
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from experiments on cloud seeding and are therefore dominated by rainout. Other 

information on rainout coefficients is given in the review articles from which 

values of washout coefficient have been derived. There does not seem to be a 

large difference between the values suggested for washout coefficients and those 

which might be selected for rainout coefficients. 

6. THE VARIABILITY OF RAINFALL RATE 

The report has assumed a washout coefficient h(J) appropriate to rain 

falling at a specified constant rate, J. In practice, of course, rainfall tends 

to be highly variable in space and time. The area over which rain is falling at 

the same time can be inferred from the correlation between simultaneous rainfall 

rates at different locations. The data on correlation coefficient given in 

Figure 4 were obtained from an analysis of radar measurements of rainfall on a 

5 x 5km grid('S). The figure shows that for short averaging times the 

correlation decreases rapidly with increasing distance while for averaging 

periods of a few hours the correlation coefficient decreases much more slowly 

with increasing distance. For example, the correlation coefficient between 

simultaneous rain amounts over 15 minute periods made at two positions 25 km 

apart in the UK is only about 0.5. The same value is obtained between rain 

amounts averaged over 4 hours at points 80 km apart and over 6 hours at points 

almost 120 km apart. 

This variability renders the whole subject of washout difficult. With this 

in mind it is helpful to summarise some aspects of rain in the UK. 

(i) Typically it rains in about 4% of all hours in the southeast of the UK 

and 6% in the northeast at low altitudes. To obtain the rainfall 

frequency over higher ground, broadly h metres above sea-level, 0.01 h 

should be added to the percentage of hours. Thus, on land 500 metres 

(ii) 

above sea level in northwest Scotland the percentage of hours in which 

it rains is typically 13%. 

Low rainfall rates are much more probable than high rainfall rates and 

tend to persist for longer periods, as shown by the statistics in 

Figure 5. This figure gives the frequency, for a site in the north 

Midlands, with which rainfall persists for different rates and times. 

It shows that, for example, rainfall of 4 mm in an hour can be 

expected about 10 times per year but the same rainfall rate is only 

likely to persist for 4 hours on about one occasion per year. The 

figure also shows that heavy rain is much less likely to occur than 

light rain. Thus, 10 mm of rain can be expected to fall in a single 

hour with a frequency of about 1.5 y-l (ie, 3 times in 2 years), but 

30 mm of rain in a single hour would only be expected once every 

30 years. Rainfall rates in winter tend to be lower, by a factor of 

about two, than in summer when the rain frequently comes from 

convective clouds. Note that the information in Figure 5 relates to 
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rainfall measured by a single rain-gauge. Different frequencies would 

be appropriate for average rainfall over an area or for the probability 

of a specified rainfall rate being observed within a given area. 

(iii) From a statistical point of view it seems that the experience of rain 

following a 'parcel' of boundary layer air is not too different from 

that at a fixed point in convective showery conditions, but may be of 

longer duration in 'frontal' conditions. 

(iv) Dry periods, in which a parcel of boundary layer air experiences no 

rain, have an average duration of some 40 to 60 hours in western Europe 

whereas wet periods in which the probability of rain is high last on 

average for much shorter times (5 to 10 hours). 

(v) Rain events (a single rain event is taken to be a period when some rain 

falls in consecutive hours) do not contribute equally to the total 

rainfall. Figures 6 shows that a few heavy rainfall events contribute 

a relatively high proportion of the annual rainfall. Thus, the 

heaviest 2% of all rain events contribute some 3% of the total annual 

rainfall. 

Whilst these points clearly do not answer all the questions likely to 

be asked, they exemplify the not inconsiderable complexity of the washout 

problem. 

7. ACCURACY OF WET DEPOSITION MODELS 

The earlier sections of this report have emphasised the uncertainties in 

predicting wet deposition. This section attempts to put them into context. 

Errors in estimating wet deposition in the event of a short release of 

radioactive material can be associated with the uncertainty in two factors. 

(i) The uncertainty in knowledge of when, where and how much it has rained 

in the vicinity of the release. This assumes greater importance for a 

short-term release (of several hours) than a continuous release. 

(ii) The uncertainty in the removal rate of the material when it is in the 

rain. 

In this report, four methods are suggested in which the first aspect 

may be treated, assuming that reliable and accurate information on the 

rainfall distribution during and after the release is unavailable. These are 

BS follows. 

(a) To make the idealised assumption that rain falls continuously along the 

travel path of the cloud of material. The rainfall rate could be taken 

to be the average rate during wet periods or the average rate during 

all periods (this is like assuming continuous drizzle). The two 

assumptions are likely to lead to considerably different answers. 

(b) A pessimistic estimate of the wet deposition at a receptor point is to 

assume that rain starts just over the receptor and not before. This is 

a worst-case assumption which is likely to lead to estimates of 
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deposition which are much greater than those obtained using 

assumption (a). 

(c) There are two alternative approaches which allow for the low 

probability of extreme meteorological events. These are to take a 

sample of real sequences of meteorological conditions and obtain a 

probability distribution of the occurrence of wet and dry periods and 

hence of rain occurring at 8 given point. This requires detailed 

meteorological data and a certain amount of computing. 

(d) An alternative short-cut is to assume that the occurrence of vet and 

dry periods can be treated as a simple random process. This led in the 

Group's second report to formulae for the fraction of material 

remaining airborne, on average, after a certain travel time. The same 

method can be used to obtain the probability distribution of the 

duration of wet periods between the emission and the receptor, and 

hence the probability of first encountering rain at a given distance or 

travel time. The probability of encountering different rainfall rates 

could be obtained from Figure 5. 

It is suggested that for preliminary estimates, methods (a) and (b) are 

used. However, as these are likely to produce a wide spread of results, it may 

be necessary to resort to methods (c) and (d) which allow a probability to be 

associated with estimates, especially those which produce very high wet 

depositions. The uncertainties in these calculations are expected to be 

considerable because of the complexity of the processes involved. However, 

since the wet deposition rate can on occasions be much higher than other removal 

processes it is felt that it is more important to be able to associate a 

probability with these estimates. 

Some of the assumptions in these calculations are based on very idealised 

treatments of the structure of rainfall. There is likely on all occasions to be 

considerable mixing of air and disturbance of air motions during rain and 

therefore extreme estimates of high removal rates at edges of rain systems are 

unrealistic and should be treated with caution. 

The uncertainty associated with our lack of knowledge of rainfall 

distribution is comparable with the uncertainty in removal rate. The latter's 

dependence on rainfall rate is even more uncertain. Certain simplifications are 

possible. It is generally considered that the removal of particles is efficient 

during an average rain event. This means that a high proportion (> 70%) of the 

airborne material is removed during an average wet period. If this is the case 

the exact value of the removal rate is of less significance in a statistical 

sense. It does influence the pattern of deposition during a rain event, but it 

has little effect on the overall removal, and hence on the concentration and dry 

deposition after the rain has stopped. 
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For this reason, an attempt to estimate wet deposition which involves come 

spatial averaging and has in some statistical sense a weighting associated with 

it, might be expected to have an error of a factor of two or three for average 

deposition over a region with an area of a few tens of square kilometres. In an 

attempt to estimate wet deposition for a specific location et a given time the 

error may be very much greater. In this case it is sensible to only attempt to 

obtain reasonable bounds on the rate of wet deposition and of plume depletion. 

8. CONCLUSIONS 

This report has described a number of simple models which may be used to 

calculate the wet deposition following a short release. Some of the assumptions 

and idealisations inherent in the models have been identified and their 

implications discussed. 

The Group believes that, for applications other than real time modelling in 

an emergency, a practical approach to calculating the air concentration and 

deposition of material released and travelling entirely in rain is to use the 

simple Gaussian plume model (equations (1) and (2)) with a correction for plume 

depletion as in equation (5). The available information on washout coefficient 

has been reviewed. While the Group is unable to recommend a value for the 

washout coefficient it has indicated a range of likely values and urges the user 

to perform sensitivity studies when carrying out calculations. 

The calculation of wet deposition where material encounters rain after some 

travel down wind involves further difficulties, not least those associated with 

describing the rainfall. The Group has been unable to recommend a simple 

procedure for use in this situation, but has identified the difficulties and 

assumptions required. It has indicated the detail needed to model this situation 

and come simple approaches have been described. 
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Figure 1 Variation of wet deposition with distance 
predicted by plume and puff models 
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Figure 2 Washout coefficients for aerosols 
as functions of the rainfall rate 
derived from field experiments. 
(Taken from Brenk and Vogt (61) 
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o Indicates that the value is o function of rainfall rate; the points are 
plotted for n rainfall rate of 5 mm h-1 

x Quoted for sub-micron particles, plotted at 0.5 pm 

I-I Radke’s values are for a single roinfoll rote of 6.3 mm h-l 
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Figure 3 Washout coefficients at a rainfall rate of about 
5 mm h-l. 1 Taken from McMahon and Denison(7)) 
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Figure 5 Typical occurance frequencies of given 
rainfall rates for given durations in 
central England. 

(Note: In a statistical sense rainfall rates in summer are double 
those in winter) 
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