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Abstract 

The development of two new probabilistic acQdent consequence codes, MACCS and COSYMA, was completed in 1990. 
These codes estimate the risks presented by nuclear installations based on postulated frequencies and magnitudes of potential 
accidents. In 1991, the US Nuclear Regulatory Commission (NRC) and the Commission of the European Communities (CEC) 
began a joint uncertainty analysis bf the two codes. The ultimate objective of the joint effort was to develop credible and 
traceable uncertainty distributions for the input variables of the codes. As a first step, a feasibility study was conducted to 
determine the efficacy of evaluating a limited phenomenological area bf consequence calculations (atmospheric dispersion and 
deposition parameters) and to determine whether the technology exists to develop credible uncertainty distributions on the 
input variables for the codes. Expert elicitation was identified as the best technology available for developing a library of 
uncertainty distributions for the selected consequence parameters. 

The study was formulated jointly and was limited to the current code models and to physical quantities that could be measured 
in experiments. The elicitation procedure was devised from previous US and EC studies with refinements based on recent 
experience. Elicitation questions were developed, tested, and clarified. Sixteen internationally recognized experts from nine 
countries were selected using a common set of selection criteria. Probability training exercises were conducted to establish 
ground rules and set the initial boundary conditions. Experts developed their distributions independently. Results were pro- 
cessed with an equal weighting aggregation method, and the aggregated distributions were processed into code input variables. 
To validate the distributions generated for the wet deposition input variables, samples were taken from these distributions and 
propagated through the wet deposition code model. Resulting distributions closely replicated the aggregated elicited wet depo- 
sition distributions. To validate the distributions generated for the dispersion code input variables, samples were taken from 
the distributions and propagat d through the Gaussian plume model (GPM) implemented in the MACCS and COSYMA 

GPM assumptions. 
codes. Resulting distributions &, ere found to well replicate aggregated elicited dispersion distributions consistent with the 

Valuable information was obtained from the elicitation exercise. Project teams from the NRC and CEC cooperated success- 
fully to develop and implement a unified process for the elaboration of uncertainty distributions on consequence code input 
parameters. Formal expert judgment elicitation proved valuable for synthesizing the best available information. Distributions 
on measurable atmospheric dispersion and deposition parameters were successfully elicited from experts involved in the many 
phenomenological areas of consequence analysis. 

... 
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Preface 

This volume is the second of a three-volume document that summarizes a joint project conducted by the US Nuclear Regula- 
tory Commission and the Commission of European Communities to assess uncertainties in the MACCS and COSYMA proba- 
bilistic accident consequence codes. These codes were, developed primarily for making estimates of the risks presented by 
nuclear reactors based on postulated frequencies and magnitudes of potential accidents. This three-volume document reports 
on an ongoing project intended to assess uncertainty in the MACCS and COSYMA offsite radiological consequence calcula- 
tions for hypothetical nuclear power plant accidents. A panel of 16 experts was formed to compile credible and traceable 
uncertainty distributions for the dispersion and deposition code input variables that affect offsite radiological consequence cal- 
culations. The expert judgment elicitation procedure and its outcomes are described in these volumes. 

Volume 11 contains two appendices. Appendix A contains (1) the rationales for the dispersion and deposition data provided by 
the 16 experts who participated in the elicitation process and (2) the tabulated elicited information from the experts. Appendix 
B contains short biographies of the 16 experts. 

I 

Volume I of this document includes a complete description of the joint consequence uncertainty study. Volume 111 contains six 
appendices that describe in greater detail the specific methodologies used by the atmospheric dispersion and deposition panels. 
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Appendix A 

A. 1 Expert Rationales, Unprocessed Deposition Data 

The Case Structures for the deposition expert panel are presented in Volume ID Appendix F of this document. 

Expert A 

Introduction 

The deposition velocity is the mass transfer boundary 
condition at the air-surface interface in atmospheric 
diffusion and transport models. The dry deposition velocity 
idea is assumed applicable to describe rates of gas and 
particle removal to all surfaces, rough or smooth, and 
vertical or horizontal. Chamberlain and Chadwick4 defined 
the deposition velocity as the ratio of the deposition flux 
divided by the airborne pollutant concentration per unit 
volume at some height above the deposition surface. The 
deposition velocity is often reported in units of either cm/s 
or d s .  The maximum range of reported deposition 
velocities is about five orders of magnitude from lo5 to 1 
d s ,  or io3 to 10’ c d s  (Seh~nel).**~*” 

Expressed here is the author’s rationale for opinions of 
deposition velocities for large area surfaces. The NRC/CEC 
Program considers the dry deposition velocity, vd, as the 
ratio of the rate of deposition of radioactivity to the ground 
[Bq / (s  m2)] to the air concentration at one meter height 
(Bq/m3), and has units of m / s .  The program requests 
opinions on the median, 0.05 quantile, and 0.95 quantile for 
dry deposition velocities, and the 0 and 100% bounds of the 
distributions. 

It is emphasized that it stretches and exceeds predictive 
capabilities to predict accurately the median. Uncertainties 
to be meaningful in the 0.05 and 0.95 quantile and the 0 
and 100 percent bounds also stretch and exceed predictive 
capabilities based on experimental results. 

The agreed upon constraints for the rationale with the 
Sandia program manager (Fred Harper) are 1) rationale are 
to be,based upon data known to the author, and 2) new 
theories or ideas are not to be developed for the rationale. 
Since the program is based on current knowledge, the 
rationale for estimates is based on prior publications by the 
author. 

Dewsition Parameters to be Addressed 

The Joint NRC/CEC Consequence Uncertainty Program 
(program) requests opinions on eliditation questions for dry 
deposition velocities for general and specific surface types 
(the case structure and elicitation variable) and particle and 
gas properties. 

Generic Surfaces for Elicitation Ouestions 

Generic surface types are urban, meadow, forest and human 
skin. The urban surface type consists of buildings and 
concrete. The meadow surface type includes bare soil, 
freshly cut grass, pasture, and crops such as harvestable 
corn. The forest surface type includes any type of trees 
including deciduous and evergreen varieties. Human skin 
refers to skin that might be exposed to a passing plume. 
The only initial condition is the average wind speed. Wind 
speeds are 2 and 5 m l s  at 10 m height. 

For general surface types, the program requests opinions on 
hourly average dry deposition velocities as the airborne 
plume traverses across general surface types. The program 
requests dry deposition velocities for elemental iodine, 
methyl iodide, and particles in indicated diameter ranges. 

Table A-1 shows the diameters of interest for estimating dry 
deposition velocities. A program constraint is that particle 
size corresponds to spherical particles of unit density (1 
g/cm3). 

Table A-1. Particle diameters of interest 
for general surfaces 

Indicated Particle Range Assumed for 
Diameter Indicated Particle 

( P I  Diameter (pi) 

0.1 0.05 to 0.2 

0.3 0.2 to 0.5 

1 .o 0.5 to 2.0 

3 .O 2.0 to 5.0 

10.0 5.0 to 15.0 

Specific Surfaces for Elicitation Ouestions 

Dry deposition velocities for specific surface types are 
under the general heading of meadow: moorland/peatland, 
heather and grass, and grassland. The program considers 
two specific surfaces. 

A- 1 NUREGlCR-6244 



Appendix A 

The first surface is moorlandpeatland with vegetation 
consisting of 40 cm high tussocks and old dry grass partly 
filling the spaces between the tussocks and underlain by a 
wet peat layer. The wind speed is 5 m/s at 5 m height. 
Surface roughness is 5 f 1 cm. Particle sizes are 0.55, 0.7, 
0.9, 1.2, and 1.6 pn. 

The second surface is heather and green grass, with 
vegetation only partly covering the soil. The wind speed is 
5 m/s at 5 m height. Surface roughness is 4.5 * 1.5 cm. 
Particle sizes are 0.55, 0.7, 0.9, 1.2, 1.6, 2.32, 3.2, and 4.2 
CLm. 

General Caveats for Rationale 

Deposition velocities requested by the Joint USNRC/CEC 
Uncertainty program are not conventional values reported 
in the literature, but grouped values. The program requests 
opinions from panel members for dry deposition velocities 
that might apply to the generic surface types considered by 
the program. 

The uncertainties in predicting dry deposition velocities are 
large. Further refinements in averaging deposition velocities 
for surface variations within one mile increments (in 
transport models used by the program) are considered a 
second order effect compared to uncertainties in predicting 
dry deposition velocities. 

There is no general correlation to predict 9 deposition 
velocities based on field measurements of dry deposition 
velocities. The author prefers measurements of dry 
deposition velocities, not dry deposition velocities inferred 
by application of diffusion and transport models to interpret 
field results. The author cautions the use of inferred dry 
deposition velocities that depend on the diffusion and 
transport model used. There is not an obvious way to apply 
deposition velocities inferred from one transport and 
diffusion model to different transport and diffusion models. 

The rationale emphasizes the prediction of dry deposition 
velocities as a function of particle diameter (and iodine) as 
requested of the panel members. Rationale considers the 
empirical predictive model developed by Sehmel and 
Hodg~on.’~.’~ The model is dased on experimental 
evaluation of surface mass transfer within the P cm above 
deposition surfaces in wind tunnel dry deposition 
experiments. Diffusion equations are used to adjust the 
concentration reference height from 1 cm to 1 m. 

Assuming surface variation and dry deposition velocities 
can be calculated for an area average surface, the grouped 
dry deposition values, vGrouped, are hourly averages that 

I 

might be estimated by the expression 

where 

4 = surface within area of type i 

v ,  = dry deposition velocity of species j over 
deposition surface i. 

An assumption is that variation caused by changes in 
airflow between different surfaces can be neglected. 

For a surface type i, the dry deposition velocity, vdj, is 
dependent on the particle size distribution and airborne 
concentrations, Cj. For an aerosol with a polydispersed 
particle size distribution (real aerosols), the average dry 
deposition velocity to surface i is 

where Kj = dry deposition velocity for a monodispersed 
particle of size j 

Cj = airborne concentration of particle size j. 

Uncertainties in grouped dry deposition values might be 
comparable to uncertainties in transport and diffusion codes 
to predict accurately airborne concentrations. Neither 
describe the effects of non-uniform surfaces on dry 
deposition velocities and airborne concentration. 

Experimental Drv Deposition Velocities 

The rationale is based on field data for iodine and particle 
deposition, and predictions of particle deposition as a 
function of particle size made from an empirical model 
based on dry deposition velocities measured in wind tunnel 
experiments. Literature values from field experiments of 
dry deposition velocities for iodine and particles were 
summarized by Sehme1.8s9~10,” Predi ctions of dry deposition 
velocities of particles as a function of particle size are based 
on Sehme1.’4*’5+16 

NUREGiCR4244 A-2 



D ~ Y  Deposition Velocities for Iodine Measured in Field 
Experiments 

Dry deposition velocities for iodine summarized by 
Sehme18*""*" range from 0.02 to 26 cm/s. Figure A-1 shows 
dry deposition velocity data for iodine arranged according 
to the maximum deposition velocity reported in each field 
experiment. 

Deposition velocities for iodine show a wide range even for 
the same types of deposition surface. This wide range is 
most evident for grass surfaces. Although a 1 cm/s 
deposition velocity is often assumed for gases, Figure A-1 
shows that 1 c d s  may have an uncertainty range from 
about to 10 c d s .  Evidence exists that deposition 
velocities for gases may also depend on atmospheric 
stability (Bunch; Whelpdale and Shaw)?." 

Dry Deposition Velocities for Methyl Iodide Measured in 

Table A-2 lists dry deposition velocities for iodine 
summarized by Sehmel.8.9*" Deposition velocities for 
methyl iodide are less than one percent of that for 
molecular iodine. For grass surfaces, the! deposition 
velocities range from IO4 to IO* c d s .  

Dry Deposition Velocities of Particulates Measured in Field 
Experiments 

Appendix A 

The range of experimental deposition velocities for each 
field experiment is presented rather than an "average" 
deposition velocity. Ranges emphasize the experimental 
uncertainties in many dry deposition field experiments and 
in our ability to predict accurately dry deposition velocities. 

The development of generalized deposition velocity 
predictors based on these field experiments have been 
hindered in part because experimental variables were not 
adequately controlled or reported (i.e., often the particle size 
distribution was either not known or not reported). Data 
from these field-determined deposition velocities have 
limited value to develop generalized deposition velocity 
predictors. 

Field Experiments 

Particle dry deposition velocities for particles and various 
deposition surfaces in field experiments were summarized 
by Sehmel.89.'0.'' In F igure A-2, dry deposition velocities 
are organized graphically as a function of particle diameter. 
The reference numbers refer to references given in 
Sehr~~e l .~ .~  Dry deposition velocities range over five orders 
of magnitude, a minimum of 10.' cm/s to a maximum of 
180 c d s .  

Figure A-2 shows ranges of deposition velocities for each 
set of experimental conditions as a function of particle 
diameter range. The dashed lines are for field experiments 
with the wider particle size distributions (more 
polydispersed). In contrast, the solid lines are for 
experiments with narrower pakcle size distributions. The 
data show the following: 

the deposition velocities in any individual 
experiment range over several orders of 
magnitude 
a minimum deposition velocity is approximately 
I O 3  c d s  for particle diameters in the range of 
0.1 to 1 pm diameter. 
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Figure A-1. Deposition velocities for i d i e .  
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DN Deposition Velocities Measured in Wind Tunnel 
Experiments 

Sehmel and Hodgs~n ' s '~"~  empirical model to predict 
particle dry deposition velocities is based on wind tunnel 
measurements of dry deposition velocities for 
monodispersed particles (single sized particles) onto five 
different surfaces. Table A-3 shows the ranges of 
experimental conditions in these wind tunnel experiments. 
Particle density was 1.5 s/cm3- A11 experiments were for 
near isothermal conditions, about 70°F (20°C). 

Appendix A 

Airborne concentrations were measured at a height of 1 cm 
above the deposition surface in order to define the dry 
deposition velocity at 1 cm height (this allows evaluation of 
the surface mass transfer resistance below a height of 1 
cm). The deposition velocity, K, is defined as 

N Kl = -- 
C' (3) 

In this case, the concentration, C, is for monodispersed 
particles, with concentration measured 1 cm above the 
deposition surface. 

Table A-2. Dry deposition velocities for methyl iodide 

Deposition Surface Deposition Velocity ( c d s l  Reference 

Pasture grass 1.4 104 to 2.4 10-3 Atkins et al.' 

Activated charcoal 0.12 
fallout plate 

Bunch2 

Mixed pasture grass 10-4 to 10-2 Bunch2 
Grass 0.9 per cent Heinemann et a1.6 

of that for molecular iodine 

Mixed pasture grass less than 0.05 per cent 
of that for molecular iodine 

Zimbrick and , 

~oilleque" 
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Figure A-2. Particle deposition velocities measured in the field; 
numbers refer to references-cited data in Sehmel and H~dgson.'~ 
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Deposition velocities to a small canopy were determined 
also in wind tunnel experiments (Sehmel and 
Hodgs~n). '~. '~. '~ The canopy was an artificial 'tree foliage 
vetch 9 cm high. The artificial tree foliage vetch was 23 
cm by 30 cm. Trees were mounted in a rectangular array 
with eight downwind rows of six trees. Tree spacing was 
3.8 cm. The polyethylene trees were 7 to 9 high with a 
maximum crown width of 4 to 6 cm. Each crown had 
eight branches located around the central trunk, and the tree 
trunk extended approximately 2 cm below the crown. 

Experiments in the wind tunnel indicated nonuniform 
particle deposition in the tree vetch, i.e., edge effects in the 
transition from no trees to trees. Figure A-3 shows average 
deposition velocities for trees and the support plate. 
Depending upon particle diameter and wind speed, the front 

row of trees usually had either more or less deposition than 
downwind rows. Since particle penetration to the entire 
plate was significant, deposition velocities for each row 
could not be calculated. Deposition velocity curves show 
different patterns than those for the simpler surfaces. At a 
wind speed of 2 m / s  approaching the trees, a minimum 
deposition velocity occurs at about 1 to 2 pn for the trees. 
(Wind speed was measured upwind and at a 6 cm height, 
which was approximately the height of the tree crown 
mid-plane.) In contrast, simpler surfaces exhibit minima in 
the particle diameter range from 0.1 to 1 pm. For a 13 m/s 
wind speed approaching the trees, deposition velocities are 
nearly constant for all particle diameters studied. Again, in 
contrast, deposition velocities for 2 pn compared to larger 
particles would be significantly less for a simpler surface. 

Table A-3., Experimental range of variables in wind tunnel experiments 

Range of Variables 

Deposition Surface Particle Friction Roughness 
Diameter Velocity, Height, 

Dimensions 
(cm) 

Brass shim smooth surface 0.03 to 28 1 1  to 73 0.004 
stock 

Artificial grass 0.7 cm high 0.03 to 28 19 to 144 0.12 to 0.40 

Gravel 0.5 to 1.5 0.03 to 26 22 to 133 0.13 to 0.18 
diameter 

Water Wave height to 0.03 to 29 1 1  to 122 0.001 to 0.002 
2.5 cm 

3.8 to 5.1 0.03 to 28 15 to 107 0.3 to 0.6 
diameter 

Gravel 
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Figure A-3. Deposition velocities to a canopy of plastic trees 9 cm high. 
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Comparison of Field and Wind Tunnel Dry Deposition 
Velocities 

After understanding that field deposition experiments have 
large uncertainties, it is encouraging that deposition velocity 
predictions based on wind tunnel experiments to determine 
particle deposition (Sehmel and H~dgson) '~. '~ are in the 
same range as those determined in field experiments. 

A field experiment (Sehrnel et pl.)" supports the validity of 
the deposition velocity model. The test aerosol had a mass 
medium diameter of about 0.7 pnj but the size distribution 
showed that 3 percent of the particles were greater than 4.5 
pn diameter. The predicted deposition velocity of 0.17 
c d s  compared favorably with the experimental 
measurement of 0.21 c d s  across a surface vegetated with 
sage brush. (The friction velocity was 24 c d s  and the 
roughness height was 0.4 cm.) 

Description of Predictive Dry Deposition Model 

Sehmel and Hodg~on '~ . '~ . ' ~  describe an empirical model to 
predict deposition velocities that is used as a basis of the 
rationale to estimate dry deposition velocities for general 
and specific surfaces. 

The deposition flux is described by a one-dimensional, 
steady-state continuity equation. Basic assumptions are that 
particles diffuse at a constant flux from a uniform 
concentration of particles, that a relationship for eddy 
diffusivity can be determined, that the effect of gravity can 
be described by the terminal settling velocity, that particle 
agglomeration does not occur, and that particles are retained 
by the deposition surface. 

A three-box conceptual model is used to describe the 
overall deposition process. In each box, particle transport 
is described by: 

BOX 1 - 

Box2 - 

Box3 - 

The atmospheric turbulent layer in which the 
transfer processes are best described by 
micrometeorological eddy diffusivity. (The 
model assumes that this distance is from 1 cm 
to 1 m above the deposition surface.) 

A layer just above and just within the 
vegetative canopy or surface elements in 
which the transfer processes are modified by 
the presence or structure of the canopy or 
surface. 

A layer (occupied by the canopy or surface 

elements) in which the final transfer process is expressed by 
surface mass transfer coefficients, where the interaction 
between the surface material and airborne particles is 
important. (The model assumes that this distance is within 
1 cm of the deposition surface.) 

A relatively large data base exists in the meteorological 
literature to calculate the diffusional resistance in boxes 1 
and 2. The more significant unknown is the surface 
resistance in box 3. Surface resistance in box 3 was 
experimentally investigated in wind tunnel experiments (in 
which dry deposition velocities were evaluated. Results 
were correlated and predicted based on the following model. 

Deposition velocity, K, predictions are based on a 
one-dimensional, steady-state continuity equation that 
describes particle deposition. The deposition flux to a 
surface is described by 

(4) 

in whch v, is the absolute value of the terminal settling 
velocity. 

The model predicts deposition velocities from a 
dimensionless integral form of equation (4): 

in which E is the particle eddy diffusivity, D is the 
Brownian diffusivity, v is the kinematic viscosity of air, ut 
is the friction velocity, z' = zuJv is the dimensionless 
distance above the surface, and v, is the particle terminal 
settling velocity. Integration limits are that particle 
concentration is C, at a reference height of z cm and that 
particle concentration is zero at a dimensionless particle 
radius, r', from the deposition surface. 

The integral involving diffusion is an intem-a1 resistance, 
abbreviated as IR in the following text (IR is a negative 
value). Since IR contains the dimensionless eddy 
diffusivity, EJV and Brownian diffusivity, the resistance 
integral quantifies only diffusional resistance between the 
integration limits. The integral, IR, can be subdivided into 
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I 
where the first integral (in Box 1) is ZR, and the seconl 
integral (in Box 2) is ZR2. The limit, z+,-~, is the height at 
which boxes 1 and 2 interface. imilarly, boxes 2 and 3 

relationship between deposition velocity and integral 
resistance (ZR) is shown. 

interface at z+~-,. These integra 4 s are evaluated after a 

The deposition velocity is obtained from an integrated form 
of Equation (4) for the deposition flux, N, 

in which 

IR a = exp(-Vt-) . 
u* 

Now the deposition velocity is defined in terms of the 
reference concentration, C,, at z cm height. 

(9) 

Thus, the deposition velocity at height z is 

a 

As shown by Equation (lo), the lower limit of predicted 
deposition velocities is v,. The reason for this lower limit 
is that if the diffusional resistance were large (ZR is a 
negative number), a would approach infinity and l/a would 
approach zero. As diffusional resistance became relatively 
less, the deposition velocity becomes increasingly greater 
than the gravitational settling velocity. 

From the above equation, the integral resistance (ZR) is 
related to a simple resistance R (1K) by, 

Surface Resistance Correlation I 

Surface integral resistances (ZR,) were evaluated from wind 
tunnel determined deposition velocities (Sehmel et a1.I'). 
Experimentally, deposition velocifies, K,, correspond to a 
box 3 integral resistance. Values of ZR, were evaluated 
from the K,'s by using the expression 

Subsequently, least squares techniques were used (Sehmel 
and H~dgson'~. '~) to determine a dimensionless correlation, 
except for one dimensional term, for predicting ZR,. 

The correlation is based on dry deposition velocity data for 
nonreentrainment conditions, for five surfaces and a total of 
180 experiments in the wind tunnel. The unweighted 
correlation for the integral mass transfer resistance, ZR,, is 

ZR, =-exp{-408.728 

17.8583 

+[ln(r ')] [ -14.336 -0.3441 ln(r +) 

After the best data fit was obtained (a multiple correlation 
coefficient of 0.93 with all terms statistically significant at 
the 99% level), some deposition velocity predictions were 
made. However for particle diameters below about 5 x lo-* 
pn, deposition velocity predictions did not increase with 
decreasing particle diameter. An increase should be caused 
by increased Brownian diffusion rates for smaller particles. 
The relatively few experimental data points in the minimum 
deposition velocity range were not sufficiently weighted (all 
points were equally weighted) in the data fit. 

The dimensionless correlation was redetermined by a 
weighted least squares technique. The weight was the 
natural logarithm of the reciprocal of particle diameter in 
cm. Thus the weight of a 0.03 pn diameter particle was 
2.2 times the weight of a 30 pm diameter particle. 

The weighted correlation for the integral mass transfer 
resistance, ZR,, is 
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ZR, = - exp{ -378.05 1 + 16.498 In&) 
+[h~+] [-11.8178 -0.28q8ht' 

' w* " I  d +0.32262h(-) -0.338501n(- - 12.8044hdj 
ZO 

(14) 

The multiple correlation coefficient was 0.92 and the group 
[lnSc][ln(d/z,)] was omitted in order to have all coefficients 
statistically significant at the 99% level. 

In both equations the dimensionless relaxation time, T', was 
calculated for a particle density of 1.5 g/cm3. Since 
experimental observations have not been made for other 
particle densities, the surface integral resistance ZR, is 
assumed independent of particle density and is calculated 
for a particle density of 1.5 g/cm3. 

Roughness Height and Friction Velocity 

To predict deposition velocities, the model requires 
estimates of the aerodynamic surface roughness height, z,, 
and air friction velocity, u.. Aerodynamic surface 
roughness is about 0.15 of the vegetation and physical 
roughness height (Plate).' This simple relationship does not 
attempt to describe change in surface roughness that occur 
as wind speed changes, like a field of long grass becoming 
smooth during high wind speeds. 

The aerodynamic surface roughness, z,, and friction 
velocity, ut, are calculated empirically from the air velocity 
profile above a relatively smooth ground surface by using 
the expression 

where u is the measured velocity, z is the measured height 
above ground, and k is von K h B n ' s  constant of 0.4 
(Businger et al.)? For a surface of greater geometric 
roughness, the height is adjusted to a zero-displacement 
plane, d, within the canopy. In this case, the relationship 
is 

u, z-d u = - h - .  
k zo 

In applying these equations to experimental velocity data as 
a function of height, the quantities d and z, are adjusted 
until straight lines are obtained on semi-log paper. Thus, 
these d and z, values have no physical meaning other than 
an empirical data fit. Often d is about ?4 of the canopy 
height while z, might range from to Id cm (flat plate 
with d = 0 to a forest with d = 7 m). Similarly, the fiiction 
velocity might be a few percent of the average air velocity. 

Table A 4  shows aerodynamic surface roughness of 
different surfaces along with calculated friction velocities 
from Equation (14). (The zero plane displacement was not 
used because it was not included in the dimensionless 
predictors for dry deposition velocities.) Friction velocities 
correspond to wind speeds listed for general (some) and 
specific surfaces for the elicitation questions. 

Model Predictions 

Deposition velocity predictors for large vegetative canopies 
are expected to be even more complex than predictors 
developed for simple surfaces in wind tunnel experiments. 
Also, dry deposition velocities should be a function of other 
parameters and variables including leaf area index and 
atmospheric stability. Sehmel and H~dgson '~ . '~  predicted 
deposition velocities, k,,, as a function of particle diameter 
from lo-* to 100 p, of friction velocities from 10 to 200 
c d s ,  of aerodynamic roughness heights from to 10 cm, 
of particle densities from 1 to 11.5 g/cm', and of 
atmospheric stabilities for Obukhov's lengths from -10 to 
+10 m (unstable and stable atmospheres, respectively). 
Predictions indicate that deposition velocities can range over 
several orders of magnitude from about up to 10 c d s .  
Moreover, they increase as roughness height increases, 
usually as friction velocity increases and they are nearly 
independent of atmospheric stability. 

Caveats in using the model are that results are reasonably 
valid for the range of variables investigated. In addition, 
predictions were made by extrapolation beyond the range of 
variables investigated. Although the extrapolations show 
general trends as observed in field experiments, the 
extrapolations are not based on experimental observations. 

The model can predict dry deposition velocities for most 
variables except increased surface area within the deposition 
surface canopy. Prediction procedures cannot describe the 
effects of foliage density on deposition velocities or particle 
penetration through the foliage to the underlying surface. 
Consequently, penetration results and foliar deposition 
velocities are needed to improve deposition velocity models. 
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Table A-4. Friction velocities for general and specific surfaces 

Surface 

For For For 
Wind Speed Wind Speed Wind Speed 

of 2 m / s  of 5 d s  of 5 m / S  

at 1 0 m  at 10m at 5 m 
1 1 

U* U. 
1 U* 

z, W S )  W S )  W S >  

Smooth mud flats, ice 

Smooth snow on short grass 

Smooth sea 

Level desert 

Snow surface, lawn to 1 cm 

Mown grass 

1.5 cm 

3.0 cm 

To 5 cm grass 

To 60 cm grass 

Fully grown root crops 

Moorland/peatland 

with 40 cm tussocks 

Heather and green grass 

partly covering the soil 

0.001 

0.005 

0.02 

0.03 

0.1 

0.2 

0.7 

1 

2 

4 

9 

14 

4 

5 

6 

3 

4.5 

6 

0.058 

0.066 

0.074 

0.077 

0.087 

0.094 

0.110 

0.116 

0.129 

0.145 

0.170 

0.187 

0.145 

0.151 

0.156 

0.138 

0.148 

0.156 

0.145 

0.164 

0.185 

0.192 

0.217 

0.235 

0.275 

0.289 

0.322 

0.362 

0.424 

0.467 

0.362 

0.377 

0.390 

0.344 

0.370 

0.390 

0.152 

0.174 

0.197 

0.206 

0.235 

0.256 

0.304 

0.322 

0.362 

0.414 

0.496 

0.555 

0.414 

0.433 

0.45 1 

0.390 

0.424 

0.45 1 

' Friction velocity is reported here in units of m/s. In contrast, the integral resistance Correlation to predict dry 
deposition velocities uses u* with units of c d s .  

The following text addresses dry deposition velocities 
predicted using the dimensionless integral correlation, the 
weighted correlation in Equation (14). The ground surface 
area was used as the deposition surface area for these 

calculations. The total canopy surface area is greater than 
on the underlying ground surface. 

General aspects of dry deposition velocity predictions will 
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be considered. Afterward, dry deposition velocities 
predicted as a function friction velocity are shown in a 
series of figures. 

Overview of Model Predictions 

Model predictions indicate the functional dependency of 
deposition velocity on the several controlling parameters. 
For a concentration reference height of 1 m and a constant 
friction velocity of 30 c d s ,  Figure A-4 shows predicted 
deposition velocities, kl,, as a function of aerodynahic 
surface roughness and particle density. 

Predicted deposition velocities are greater than the particle's 
gravitational settling velocity, i.e., 

The gravitational settling velocity increases proportionally 
with particle density and the square of particle diameter. 

Only in the particle diameter range from about 0.1 to 1 pm 
is the deposition velocity nearly constant for a selected 
surface roughness, particle density, and friction velocity. 
For particle diameters larger than about 1 p, deposition 
velocities increase because of an increase in eddy diffusion 
and gravitational settling. For large particles, deposition 
velocities approach their respective gravitational settling 
velocity. 

Predicted deposition velocities for small particles are 
dependent upon Brownian diffusion near the deposition 
surface. For particle diameter less than about 0.1 p, the 
effects of Brownian diffusion cause deposition velocities to 
increase with decreasing particle diameter. The left portion 
of Figure A-4 shows lower limits for deposition velocities 
calculated from only Brownian diffusion below and from 
atmospheric diffusion and Brownian diffusion above heights 
of 0.01 and 1 cm. For the calculation, the IR, term was 
replaced by 

to account for mass transfer only by Brownian diffusion 
next to the deposition surface. 

Diffusion in a stable atmosphere was assumed from the 
indicated height to 1 m. These lower limits are a function 
of each distance across which Brownian diffusion transports 
particles. When the controlling diffusion distance was 

I 

decreased from 1 cm to 0.01 cm near to the deposition 
surface (the interface between boxes 2 and 3), the lower 
limit for deposition velocities increased by nearly two 
orders of magnitude. 

Figure A-4 also shows upper limits for dry deposition 
velocities (Sehmel; Sehmel and Hodg~on).8*~*'~,'~ For these 
calculations the surface resistance to mass transfer within 1 
cm of the surface was assumed to be zero. For this case, 
the IR, term on the right side Equation (6) was assumed to 
be zero. Deposition velocities were calculated by including 
only atmospheric diffusion and gravity settling between 1 
cm and 1 m. For p d c l e  diameters less than 1 p, this 
upper limit is nearly constant and decreases from 1.1 c d s  
at 1 pm to 1.08 c d s  at lo-' pm. For particle diameters 
greater than 2 pm, deposition velocities approach their 
respective terminal settling velocity. 

Integral Resistances At Elevated Heights; 

Most deposition velocity predictions are for a stable 
atmosphere. Other predictions by Sehmel and H~dgson'~*'* 
indicate instability to increase the value of the predicted 
deposition velocity. The increase is small compared to the 
effects of particle diameter, friction velocity and 
aerodynamic surface roughness. 

Resistance integrals IR, and IR, for heights greater that 1 
cm were evaluated using Equation (6) and atmospheric 
diffusion correlations for stable, neutral and unstable 
conditions (Businger et al.)? An assumption in the 
calculation was an equality of particle eddy diffusivity and 
eddy diffusivity of air momentum. Since these correlations 
do not include any canopy effect on eddy diffusivity, IR, 
and ZR, were combined into a single resistance integral. 
The combined resistance integral was calculated from 1 cm 
up to 1 m, and added to ZR, (Equation 14) to predict 
deposition velocities K,-,, for a 1 m reference concentration 
height. 

Internal Resistance Ranges 

The surface resistance in box 3 usually controls overall 
mass transfer. Predictions were made for the surface mass 
transfer resistance integral within 1 cm of the deposition 
surface, IR,, and compared with atmospheric diffusional 
resistances. Atmospheric diffusional resistances were 
calculated from the integrals in Equation (6) by assuming 
Brownian diffusion was zero and an equality between 
particle and air momentum diffisivity (Sehmel and 
Hodgson).', 
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UPPER LIMIT: 

STABLE A W P H E R E  WITH 
RWtwySS MIGHT. cm 

1 
PARNU OIWICR. lua 

Figure A-4. Predicted deposition velocities at 1 m height for U. = 30 c d s  
and particle densities of 1, 4, and 11.5 g/cm3. 
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Figure A-5 shows predicted atmospheric resistances as a 
function of height and stability. Since eddy diffusion is 
least in stable atmospheres, mass transfer resistance 
integrals were largest for stable atmospheres. The largest 
shown is -30. For unstable atmospheres, mass transfer 
resistance integrals were least. For atmospheric instability, 
the largest resistance integral is -15.5. By contrast, in 
magnitude, IR3 surface resistance integrals ranged from -1 
to -105. 

Deposition Velocity as Function of Height and Atmospheric 
Stability 

Predicted deposition velocities were calculated from the ZR, 
correlation of Equation (14) and integral resistances above 
1 cm, to 1 m, and to 10 m (from Figure A-5). 

Figure A-6 shows predicted deposition velocities at each 
height for both unstable and stable atmospheres. The upper 
bound for each height is for an unstable atmosphere with 
Obukhov's length equal to - 10 m, while the lower bound is 
for a stable atmosphere with Obukhov's length equal to 
+lorn. Predicted deposition velocities show a minor 
influence of atmospheric stability on deposition. The 
bounds merge into one indistinguishable line for reference 
heights of 1 and 10 cm. Between particle diameters from 
about lo" to 1 p, all predictions are nearly identical. 
Consequently in this range, curves are shown only for 
reference heights of 1 cm and 10 m. All predicted 
deposition velocities are greater than particle terminal 
settling velocities indicated by the K = v, curve for no flow 
conditions and a particle density of 1.0 g/cm3. 

Deposition velocities with a 1 cm reference concentration 
height are shown as an upper curve. As expected from 
increased mass transfer resistance, deposition velocities for 
larger reference concentration heights are always less than 
for a 1 cm reference concentration height. For particle 
diameters less than about 6 p, deposition velocities are 
almost insensitive to changes in reference concentration 
height. 

The relative resistance above 1 cm becomes 'increasingly 
controlling as particle diameters increase above about 6 
p. For these particle diameters, deposition velocities are 
larger for a 1 cm reference height than for reference heights 
from 10 cm to 10 m. This sensitivity appears less 
pronounced at 1 m and above. Due to this insensitivity, a 
1 m reference height was selected for presentation in the 
following deposition velocity figures. It is fortunate that 
deposition velocities are relatively insensitive to height at 1 
m since field experiments and atmospheric transport and 
diffusion models have often used a similar height. 

Predicted Deuosition Velocities for a 1 Meter Reference 
Height 

Figures A-7 through A-12 show deposition velocities at K,.,,, 
predicted as a function of particle diameter from lo-' to 100 
p, friction velocities from 10 to 200 c d s ,  roughness 
height from to 10 cm, and particle density from 1 to 
11.5 g/cm3 (Sehmel and Hodg~on).'~*'~ Predictions indicate 
deposition velocities vary several orders of magnitude from 
about to 10 c d s  and increase with an increase in 
roughness height and usually with an increase in friction 
velocity. Within each figure are curves that illustrate the 
influence on dewsition velocities of particle densities of 1, 
4, and 11.4 g/cm3 and roughness heights of lo3, lo ' ,  3, and 
10 cm. In all cases, predicted deposition velocities are 
greater than the particle terminal settling velocity. 

Deposition velocities are independent of particle density for 
small particles where Brownian diffusion controls mass 
transfer. Brownian diffusion is controlling mass transfer in 
the particle size region in which the three density curves 
merge for particle diameters less than about 0.1 p. 

A-15 "REG/CR4244 



Appendix A 

STABLE. 
ATMOSPHERE 

U N STA BL E 
ATMO S PH ER E 

0 . l o  Id 
HEIGHT, cm 

Figure A-5. Resistance integral from 1 cm to indicated height. 
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Figure A-6. Predicted deposition velocities at indicated height for 
tu. = 20 c d s ,  z,= 3.0 cm and particle density of 1.0 g/cm3. 
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Figure A-7. Predicted deposition velocities at 1M for u, = 10 c d s  
and particle densities of 1, 4, and 11.5 g/cm’. 
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Figure A-8. Predicted deposition velocities at 1M for U. = 20 c d s  
and particle densities of 1,4, and 11.5 glcm3. 
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Figure A-9. Predicted deposition velocities at 1M for u. = 50 c d s  
and particle densities of 1, 4, and 11.5 glcm3. 
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Figure A-10. Predicted deposition velocities at 1M for u. = 100 c d s  
and particle densities of 1,4, and 11.5 g/cm3. 
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Figure A-11. Predicted deposition velocities at 1M for u. = 150 cm/s 
and particle densities of 1, 4, and 11.5 glcm’. 
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Figure A-12. Predicted deposition velocities at 1M for U. = 200 c d s  
and particle densities of 1, 4, and 11.5 g/cm’. 
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Deposition Tables 

PARTICLE 
SIZE 

Units of velocitv are in c d s :  N/A = not movided bv avert:  unkn = unknown 

QWANTiLE URBAN MEADOW FOREST HUMAN SKIN 

0% 

5 %  

50% 

95 % 

100% 

0.1op 

~~~ . 

2.OOE-02 2.ooE-02 2.OOE.02 2.OOE-02 

3.OOE-02 2.5OE-02 3.OOE-02 3.OOE-02 

3.6OE-01 

1 .OOE+O 1 2.OOE+OO l.OOE+Ol 1 .OOE+O 1 

NIA N/A N/A N/A 

7.OOE-01 1.8OE-01 7.OOE-0 1 

I 

0 % 

5 %  

50 % 

95 % 

100% 

0 . 3 0 ~  

6.OOE-03 6.OOE-03 6.OOE-03 6.00503 

9.OOE-03 8.OOE-03 1.4OE-02 7.OOE-03 

2.80E-01 7.5OE-02 2.8OE-01 2.OOE-02 

8.OOE+OO 8.OOE-01 8.OOE+OO 8.OOE+OO 

N/A N/A N/A N/A 

II 
0% 

5 %  

4.OOE-03 4.OOE-03 4.OOE-03 4.OOE-03 

7.OOE-03 6.OOE-03 7.OOE-03 5.OOE-03 

50 % 

95 % 
II I II 

9.OOE-01 2.8OE-0 1 9.OOE-01 8.OOE-02 

1 .OOE+Ol 2.8OE+OO 1 .OOE+O 1 1 .OOE+O 1 

II 

50% 

1100% 

7.OOE+OO 4.10E+OO 7.OOE+OO 2 . 4 0 W  

II 
II I 0% I 5.OOE-02 ' I 5.OOE-02 I 5.OOE-02 I 5.OOE-02 II 
II I I II 

II 1 5 %  I 8.OOE-02 I 7.OOE-02 I 8.OOE-02 I 6.OOE-02 II 
II 1 II 

II I I I I II 95 % I 3.OOE+01 I 1.60E+O1 I 3.OOE+O1 I 3.OOE+01 

II I 100% I NIA I NIA I N/A I N/A II 

II I 0% I 4.OOE-01 I 4.OOE-01 I 4.OOE-01 I 4.OOE-01 
I t  I I I I 

I 5.OOE-01 1 5.OOE-01 I 5.3OE-01 I 5.OOE-01 
II I 

II 95 % I 1.OOE+02 I l.OOE+Ol I l'.OOE+O2 I 1.OOE+O2 

II . I 100% I N/A I N/A I N/A I NIA 
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DD-C: Dry deposition velocity of elemental iodine - Wind Speed at 2 and 5 d s  1 
~~ 

FOREST WIND QUANTILE URBAN MEADOW 
SPEED 

0% 2.OOE-02 2.OOE-02 

5% 5.OOE-02 5.OOE-02 

50 % 5.00E-01 5.OOE-01 

95 % 7.OOE+OO 7.00E+OO 
2 . d s  

HUMAN SKIN 

2.OOE-02 

5.OOE-02 

5.OOE-01 

2.OOE-02 

5.OOE-02 

5.OOE-0 1 

7.OOE+OO 7.OOE+OO II 
I 100% II 

I 2.OOE-02 I 2.OOE-02 I 2.OOE-02 I 2.OOE-02 II 
I 5% I 5.OOE-02 I 5.OOE-02 I 5.OOE-02 I 5.OOE-02 ll 

5 d s  50% 5.OOE-01 5.OOE-01 5.OOE-01 5.OOE-01 

95 % 7.OOE+OO 7.OOE+OO 7.OOE+OO 7.OOE+OO 

100 % 2.OOE+OO 2.OOE+OO 2.OOE+OO 2.OOE+OO 

r deposition velocity o 

URBAN 

methyl iodide - Wind Speed at 2 and 5 d s  

MEADOW FOREST HUMAN SKIN 

DD-D: DI 

SPEED 

2 . d s  i""- 
95 % 

NIA 

I .OOE-04 

1 .OOE-03 

I .OOE-02 1 .OOE-02 1 1.OOE-02 

I 100% NIA NIA I NIA I NIA 

NIA NIA I NIA 

~ 100 % 

5 . d s  

1 .OOE-o4 1 .ME44 I 1.OOE-04 

1 .OOE-03 1 .OOE-03 

1 .OOE-02 1 .OOE-02 

1 .OOE-03 I .OOE-03 

1 .OOE-02 1 .OOE-02 

NIA 
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I 
DD-E-1: Dry deposition velocity of aerosols on 

MoorlandlPeatland Surface 

PARTICLE QUANTILE 
SIZE 

0.55p 

0% 

5% 

50% 

95 % 

100% 

5.OOE-03 

8.OOE-03 

3.1OE-01 

1 .OOE+O 1 

N/A 

0.70~ 

0% 

5% 

4.50E-03 

7.00E-03 

I 50% I 4.5OE-01 ~ -11 

0% 

5% 

50 % 

95 % 

100% 

I 95% I l.lOE+Ol II 

4.OOE-03 

7.OOE-03 

6.5OE-01 

1.20E+O1 

NIA 

I 100% I NIA II 

0 . 9 0 ~  

1.20p 

1.60~ 

0% I 6.OOE-03 II 
1 .00E-02 

1.4OE+O 1 

100% 

0% I 8.OOE-03 II 
1.4OE-02 

95 % 1.80E+O 1 

100% I NIA 
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II DD-E-2 Dry deposition velocity of aerosols on II HeathedGreen Grass Surface 

PARTICLE QUANTEE 
SIZE 

0% 5.oOE-03 

I I 5% 1 8.OOE-03 II 
3.1OE-01 

I.OOE+OI 

100% 

0.70~ 

0% 4.5OE-03 

5% 7.oOE-03 

50% 4.5OE-01 

95 % l.lOE+Ol 

I 100% I NIA II 
7 0% 

1.20Ei-O 1 

100% 

1.2op 

0% 6.OOE-03 

5% 1 .WE-O2 

95% 1.40Ei-O 1 

100% NIA 

1.6Op 

0% 8.OOE-03 

5% 1.4OE-02 

1 50% I 1.50E+OO II 
95 % 1.8OE+O1 

100 % NIA 
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DD-E-2 Dry deposition velocity of aerosols on 
HeatherlGreen Grass Surface (continued) 

I 

I 
50 % I 2.90Ei-00 

II I 95 % 3.OOE41 

100% NIA 

3 .20~  

4.OOE-02 

6.3OE-02 

50 % 

95 I S.OOE+OI 

100% NIA 

4.20~ 

0% &WE-02 

5% 1.2OE-0 1 

50 % 5.5OE+OO 

95 % 6.00E+01 

100% NIA 

DD-F Dry, deposition velocity of aerosols on Grassland 
Surface 

PARTICLE QUANTILE 1 SIZE 

1.op 

I 4.00E-03 II 
5.OOE-03 

6.70E-02 

95 % 1 . W E 4  1 

100% NIA 
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WD-A: Elemental iodine--lraction removed by rain (I$J II 
RainfaW 
Time 

.3mm/hr 

.075mm/ 
lomin 

. 1 7 d  
lOmin 

1 

0.23mml 
lOmin 

. 3 3 d  
lOmin 

T 

unkn I 50% I NIA 

100 % 

I 95% I NIA 

I 100% I N/A 

5 d s  ~ 

100% 

NIA 

NIA 

N/A 

NIA 

N/A 

- 

l2 
m l S  

~ 100% 

unkn 
I I 

P-I-2- 100% 

RainfaW 
Time 

Zmm/hr 

- 
. 0 5 d  
lOmin 

I 

.17mml 
10 min 

- 
.5mm/ 
l0min 

- 
1 . O d  
lo& 

- 

Wind 
speea 

unkn 

unkn 

14 m l s  

unkn 

li;l 
so % 

95 % 

100% 

14 mls 
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WD-A: Elemental iodine-fraction removed by rain (Z-fw) (continued) 

Rainfatmime Wind Speed Quantile 1-fw 

0 %  NIA 

5% NIA 
1 . 6 7 d  
10 min 50% NIA 

I 
95 % NIA 

100 % NIA 

WD-B: Methyl iodiddraction removed by rain 
(Wind Speed=unknom) 

11 RainfalbTirne I Ouantile I I-f.. II 

.3mm/hr 

RainfalbTirne Quantile 

0 %  NIA 

5% NIA 

50 % NIA 

95 % NIA 

100% NIA 

.3mm/hr 50 % NIA 

I 95% I NIA II 
I 100% I NIA 

I 

5% NIA 

50 % NIA 

95 % NIA 
. 0 5 d O  min 

I 

100% NIA I 

.33mm/10 min ~1 100% NIA 
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WD-B: Methyl iodiddraction removed by rain 
( w i d  Speedtunknown) (continued) 

Ra infaWie  

1.67mm110 min 

0.1op 

Quantile 

50% NIA 

I 95% I NIA II 

WD-C: F 

1 5 %  I NIA 

0.30~ 

I 100% I NIA ll 

I 50% I NIA 

P-k- 100% 

0% NIA 

5% NIA 
I I 

I 50% I NIA 

0% NIA 

5% NIA 

50% NIA 

95 % NIA 

100% NIA 

1.00p 

50 % NIA 10.00p 
95 % NIA 

100% NIA 

action of aerosols removed by rain 

1 Rainfall: Rainfall: Rainfall: Rainfall: 
Z.mm/hr .05mm/lO min 3 3 d O  min 1 . 6 7 d 1 0  

min 

NIA NIA NIA NIA 

NIA I NIA I NIA I NIA I1 
NIA NIA NIA NtA 

NIA NIA NIA NIA 

NIA NIA NIA NIA 

NIA NIA NIA NIA 

NIA NIA NIA NIA 

NIA NIA NIA NIA 

NIA NIA NIA NIA 

NIA NIA NIA NIA 

$ 

NIA NIA NIA NIA 

NIA NIA NIA NIA 

NIA NIA NIA NIA 

N/A NIA NIA NIA 

NIA NIA NIA NIA 

NIA NIA NIA NIA 

NIA NIA NIA NIA 

NIA NIA N/A NIA 

NIA NIA NIA NIA 
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Attachment A 
references in Table A-2 of the main text. The purpose of 

deposition velocity for methyl iodide. Results are shown in 

Estimation Of Dry Deposition for 
this appendix is to use the Percentages to estimate the dry 

Methyl Iodide 
Table A. 

The dry deposition velocity for methyl iodide is given as a 
percentage of the dry deposition velocity for iodine for two 

Table A. Dry deposition velocities for methyl iodide compared to iodine 

Deposition Surface 

Grass 

Grass 
Dry, average 
Damp, average 

Clover 

Grass 

Deposition Velocity [cmls) Reference 

Heinemann et d.6 

Iodine 

0.12 to 8.0 
0.3 to 2.8 
0.9 to 6.3 
1.0 to 4.2 

Methyl iodide 

0.9 percent 
of that for molecular iodine 

0.9 percent of 0.12 to 8.0 
implies range from 
1 ~ 1 0 - ~  to ~ X I O - ~  

Mixed pasture grass 

Iodine 

2.1 to 2.4 

Methyl iodide 

less than 0.05 percent 
of that for molecular iodine 

~ m p ~ i e s  less than ~ X I O - ~  
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Expert B 

Dry Deposition 

The dry deposition velocity, v,, was originally defined by 
Chamberlain and Chadwick6 for both gases and particles as 
the ratio of the deposition flux, F,, and the airborne 
concentration, c, at a reference height, z , ~ ~  : 

The flux is negative when net transport is downward. The 
minus sign in Equation (1) is necessary to yield a positive 
dry deposition velocity when the flux is negative. In this 
project, v, is defined to be the ratio of the rate of deposition 
of radioactivity to the ground (Bqls/m2) to the air 
concentration at 1 m height (Bq/m3). 

Our approach to quantifying the uncertainties of dry 
deposition predictions is to emphasize the results of field 
experiments. We chose to give greater attention to field 
measurements than wind tunnel studies, and to those taken 
on natural surfaces rather than those using surrogate 
surfaces. Wind tunnel studies have shown good agreement 
with field data on smooth surfaces, but are less appropriate 
for rough surfaces. Surrogate surfaces have been criticized 
because they disturb airflow (e.g.. bucket collectors) and are 
not representative of the surface of interest.36 

If the dry deposition velocity is known for a certain particle 
size, v, can be estimated for other particle sizes. Fernandez 
de la Mora and Friedlander" showed that the mass transfer 
coefficient k for particle deposition in boundary layer flows 
is given by: 

- -  kdp - @(PI D 

where D is the diffusion coefficient and 

R is a characteristic length of the collecting element, 
Re = uJUv is the Reynolds number, Sc = vlD is the 
Schmidt number, Pe = u J D  is the Peclet number, u, is 
the velocity far from the collecting element, and v is the 
kinematic viscosity. For a collection surface area per unit 

Appendix A 

cross-sectional area parallel to the flow, u, the deposition 
velocity is given by: 

Vd = ka (4) 

For particle diameters ~ - 0 . 1  pm, mass transfer at the 
interface is controlled by Brownian diffusion and v(p)-p: 

where A is a constant and v, is the gravitational settling 
velocity: 

The terminal settling velocity is subtracted from the total 
deposition velocity to leave the contribution from diffusion 
and interception. For small particles, the settling 
contribution to deposition is negligible. Therefore, 

vd - Dm (7) 

For larger particles (d+l ph), particle deposition is 
controlled by interception and y(p)-p3: 

where B is a constant. Therefore, 

vd- vS - dpZ (9) 

The terminal settling velocity is the lower limit for the dry 
deposition velocity for a given particle size?' 

For particles in the transition region, between the diffusion- 
and interception-controlled regimes (0.1 < dp < 1 .O pm), the 
dry deposition velocity reaches a characteristic minimum. 

Meadow surfaces 

A number of studies have been performed to quantify dry 
deposition fluxes to grass and meadow surfaces, either using 
direct measurements or micrometeorological techniques. 
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Results from the literature vary over several orders of 
magnitude and are difficult to compare because of 
insufficient information on experimental procedure and the 
difficulty of controlling experimental ~ o n d i t i o n s . ~ . ~ ~  Most 
of these field studies do not report particle size distribution 
information. I 

The most extensive field study that we found in the 
literature was reported by Nicholson and Da~ies.~' This 
yearlong study used the profile technique to measure the 
dry deposition of fine sulfate particles (0.1 < dp e 1.0 pm) 
to rural surfaces. Details on the profile technique are given 
by GarlandI7 and Businger? 

Nicholson and D a ~ i e s ~ ~  measured concentration, 
temperature, and wind speeds for several heights up to 
2.3 m in a rural site near Norwich, England. The site 
contained a wide range of surface types, including short (3 
cm) and long (10 to 30'cm) grass, barley (maximum height 
1 m), and bare soil - these surfaces correspond with the 
description of a meadow surface given for this project. 
Meteorological conditions ranged from stable (Ri = 0.093) 
to unstable (Ri = -0.054), with measurements taken both at 
night and during the day. Wind speeds ranged from 1.06 
to 6.03 m/s at 1 m height, the zero-plane displacement from 
8 to 31 cm, roughness lengths from 0.1 to 4.3 cm, and 
friction velocities from 6 to 41 c d s .  

The particle densities were unknown. We assumed the 
sulfate particles have densities of about 1.5 g/cm3, which is 
close to the specified unit density.I3 The greatest proportion 
of the mass of the sulfate particles fell in the size range 0.1 
to 1.0 juri. The mean sulfate concentration was 13.9 pg/m3 
at 1 m height, with values ranging from 1.2 to 47.4 pg/m3. 
Deposition velocities ranged from -0.5 to 0.6 c d s  at 1 m 
height, with an overall mean value of 0.07 c d s  and 
standard deviation (0) 0.20 c d s .  Negative values were 
attributed to experimental error or resuspension. 

A similar yearlong study was perfoved by Allen et al.' on 
a grass surface at Essex University, also using the profile 
technique to measure vd for sulfate particles. In this study, 
a prefilter was used to remove particles with diameters 
larger than 2.0 pm. Deposition velocities ranged from -0.33 
to 0.57 cm/s at 1 m height, with an overall mean value of 
0.10 c d s .  with G = 0.18 c d s .  

The deposition velocities measured by Nicholson and 
D a ~ i e s ~ ~  and Allen et al.' are shown in Figure B-1 for the 
range of particle size assumed by the investigators. Also 
included in Figure 1 are field measurements made by 
Garland and Cox," Little and Wiffen," and Horbert et al.24 

These studies did not cover the wide range of experimental 
conditions that Nicholson and Davies3' and Allen et al.' did, 
but their results offer a test of the predicted ranges of 
deposition velocities. The operating conditions for the data 
presented in Figure B-1 are summarized in Table B-I. 

Even for fixed wind velocities, it is well known that for a 
given type of surface, that is, a surface composed of 
elements (grass blades, gravel, etc.) of more or less uniform 
size, the deposition velocity (collection efficiency) as a 
function of particle diameter goes through a rather deep 
m i n i m ~ m . ~ ' . ~ ~  However, we assume here that the minimum 
is quite broad, occumng over perhaps an order of 
magnitude in particle size. The existence of a broad 
minimum is based on the assumption that there are several 
different types of collecting surfaces composing the 
meadow, each having its own typical "V" shaped deposition 
velocity curve. These curves operate roughly at the same 
order of magnitude and the various minima are not 
coinciding. The superposition of these different single 
element deposition curves, with sharp minima, form a 
composite curve with a broad minimum. 

I 

The spread in the minimum depends on the detailed 
structure of the surface; this information is generally not 
available and was not given to us for the purposes of this 
analysis. A meadow surface was defined to consist of bare 
soil, freshiy cut grass, pasture, and crops such as 
harvestable corn. We therefore assume the deposition 
velocity to be constant across the transition region 
(0.1 < dp  < 1.0 pm). 

To extrapolate the deposition velocities beyond the 
transition region values, Equations (7) and (9) can be used. 
For particle diameters less than 0.1 pm, where diffusion 
processes dominate, Equation (7) was used. For particle 
diameters greater than 1 pn, where interception and 
impaction effects are greater than diffusion, Equation (9) 
was used. These extrapolated values are shown in Figure 
B-1 (solid curve). 

Over of the wide range of surface and meteorological 
conditions covered by the Nicholson and Davies3' field 
study (78 data points), the distribution of the deposition 
velocities was approximately normal. To represent the 
subjective probability distribution, the standard deviations 
from the field data were used. The 95% level for 
0.1 < dp < 1.0 prn was set at two standard deviations (20) 
above the mean: 40 was used for the 100% level. 
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Table B-1. Summary of data for dry deposition to meadow surfaces 

Study 

~ ~~~ 

Allen et ai.' grass SO,= 0.1-2.0 1.7-6.7 1140  2-5 - -0.33-0.57 

Garland and Cox'' grass SO; 0.05-1.0 1.3-6.5 - 8 1.5 0.06fl.03 

Horbert et al?4 grass CuSO, 3.0-6.5 0.6-3.1 8 4 3  - 10 0.022-0.18 

Little and Wiffen3' grass Pb 0.03-0.045 0.8-5.0 - - - 0.254.36 

Nicholson and D a ~ i e s ~ ~  grass SO: 0.1-1.0 1.1-6.0 6-41 8-31 0.1-4.3 -0.5-0.6 
barley 

E 4 

0.00001 1 ' * * * * ' * I  I I 

0.1 1 10 

Yean aerodynamic diameter (pm) 

Figure B-1. Dry deposition velocities based on concentrations at 1 m height for meadow surfaces under various 
meteorological conditions. Solid curve corresponds to data of Nicholson and David' (full data set) and 

extrapolations based on Fernandez de la Mora and Friedlander." Dashed curves indicate the 5% and 95% 
confidence levels. Error bars on deposition velocities represent one standard deviation; error bars on particle 

diameter represent range of size distribution. Arrows indicate negative value for lower limit of uncertainty. The 
reason for the broad minimum is probably that the field data represent the superposition of many different single 

element deposition curves, with sharp minima, bo form a composite curve with a broad minimum. 
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Because the lower limit (0%) based on the standard 
deviation is negative, the terminal settling velocity for the 
nominal particle size was used for the lower level for 
dp > 0.1 pn. By placing this lower limit on the dry 
deposition velocity based on physical constraints, we have 
altered the probability distribution function (PDF) for vD. 
If we assume the upper half (SO%) to follow a normal 
distribution, but cut the lower half at a physical limit, the 
lower half of the PDF must be skewed to satisfy the 
constraint that the area under the curve is unity. We 
assumed the lower half of the PDF to follow a lognormal 
distribution. The geometric mean and standard deviation 
were determined from the arithmetic mean and standard 
deviation," and the cumulative lognormal distribution was 
solved to determine the 5% level. 

Equations (7) and (9) were again used to extrapolate 5% 
and 95% values beyond the transition region. The 5% and 
95% levels are also shown in Figure B-1 (dashed curves). 

To determine the estimated dry deposition velocities at 
wind speeds of 2 and 5 m / s  (at 10 m height), the subset of 
the Nicholson and Davies3' data for those wind speeds, the 
subsets consisting of 20 and 32 data points, respectively, 
were averaged. The wind speeds at 10 m height were 
calculated assuming a logarithmic wind profile, 

f uo = .yy) (10) 
u* 

I 

where K is the von K h 6 n  constant. The mean values for 
each subset were assumed to be valid for particle sizes 
between 0.1 and 1 .O pm. These were scaled using Equation 
(9) to yield estimates for the larger particle sizes requested. 
Again, the 95% level for 0.1 < dp < 1.0 pm was set at 20 
above the mean, and the 100% level at 40. The 5% level 
was calculated by assuming a lognormal distribution for the 
lower half of the PDF. The 0% level was set at the 
terminal settling velocity for the nominal particle size. 

Forest surfaces 

Vegetation is an important sink for airborne material. 
Because of their large surfaces of interaction, the foliage of 
vegetative canopies serve as very effective receptors for 
particles. Only a few studies have been reported using 
natural foliar surfaces as particle deposition collectors. This 
stems from the increased difficulty of obtaining 
representative measurements. The wide range of surfaces 
on which deposition occurs makes direct measurements 
difficult. Profile techniques are also more difficult because 
of anomalies in the flux-gradient relationship for f o r e ~ t s . ~ * ~ ~  

Several studies have been published where the deposition 
onto leaf surfaces is directly measured, either by sequential 
extraction of leaves" or by in situ removal of the deposited 
material."'" These studies took place in rural and suburban 
areas near Detroit, MI," Walker Branch Watershed in 
eastern Tennessee?' and Black Forest, FRG." 

The total surface area of leaves is considerably larger than 
the soil surface over which they are situated. Because 
results are reported as particle fluxes to individual surfaces 
in the forest canopy, it is necessary to adjust these 
deposition velocities for the full canopy effect. This 
requires knowledge of representative leaf areas per unit of 
ground area. This quantity, known as the leaf area index 
(LAI), has been measured for different tree species. 
Typical values range from 3 to 11, with an average of -6, 
and are summarized in Table B-2. 

Lindberg and Harriss2' and Shanley4* reported dry 
deposition velocities based on concentrations of the 
depositing species measured above the canopy height. In 
order to determine the dry deposition velocity in terms of 
the concentration at the 1 m reference height, we need to 
estimate this reference concentration based on the above- 
canopy measurements. Gravenhorst and Hofkenzo measured 
the concentrations of atmospheric aerosol particles above 
and beneath the canopies of a beech and a spruce forest to 
determine the filtering effect of a closed stand of trees. The 
two forests consisted of about 25 to 30 m high trees. The 
concentration beneath the canopy normalized by the 
concentration above ranged from 63 to 75% for beech and 
59 to 77% for spruce. We therefore adopted a mean value 
of 68% to scale the concentration from its value above the 
forest canopy to its value at 1 m. Dasch" sampled ambient 
air below the trees, therefore his results were not scaled in 
this manner. 

Figure B-2 shows the dry deposition velocities from the 
published field studies. These data are also summarized in 
Table B-3. The data for the particle sizes 0.1 to 1.0 pn 
were averaged to determine our estimate of the dry 
deposition velocity in the transition region, with the 95% 
level at 20 and the 100% level at 40. The 5% level was 
calculated by assuming a lognormal distribution for the 
lower half of the PDF. The 0% level was taken to be the 
terminal settling velocity multiplied by the lowest LAI in 
Table B-2 (3.0). We used Equations (7) and (9) to 
determine dry deposition velocities in the diffusion- and 
interception-controlled size ranges. These values are 
represented in Figure B-2 by the solid curve. 
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Table B-2. Leaf area indices (LAI) for different tree species 

Tree species LAI Reference 

Common beech 

Silver birch 

Douglas fir 

Hornbeam 

Horse chestnut 

European larch 

Japanese larch 

Norway maple 

Red maple 

Common oak 

Red oak 

Austrian pine 

Scots pine 

SDruce 

6.5 

5.3 

3.0 

8.0 

5.0 

3.0 

4.6 

5.0 

5.0-1 1.6 

3.7-9.0 

4.3 

6.0 

3.9-6.6 

11.0 

Jonas and H~!inernann~~ 

Jonas and Heinemann27 

Fritschen et a L I 6  

Jonas and Heinemann” 

Jonas and Heineman# 

Jonas and Heinemann” 

Jonas and Heinemann” 

Jonas and Heinemann” 

Miller and Lin3’ 

Dasch” 
Hutchison et a1.26 

Jonas and Heh~emann~~ 

Jonas and Heir~ernann~~ 

Dasch” 

Halldin2’ 
Jonas and H e i ~ ~ e m a n n ~ ~  

Jonas and Heinemann27 

The wind speed was not reported for these studies, so a 
typical value of 1 m / s  at IO m height was assumed.” To 
scale the values up for 2 and 5 m/s,  Equations (5 )  and (8) 
were used. In the diffusion range, 

and in the interception range, 

Vd - V S 4  
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FOREST SURFACE 
iooog . . . . . . ,  I 

W 5 
Q a 
d P 
8 n 

100 

10 

1 

0.1 

0.01 

0.001 

0 . 

I 1 

0.1 1 10 
Mean aerodynamic dinmeter (pn) 

Figure B-2. Dry deposition velocities for forest surfaces under various meteorological conditions. Solid curve 
represents extrapolations based on Fernandez de la Mora and Friedlander.'' Dashed curves indicate the 5% and 

95% confidence levels. Wind speed assumed to be 0.5 m / s  at 10 m height.I4 

Table B-3. Summary of data for dry deposition to forest surfaces 

Study forest type species d P  vd (leaf) vd (canopy)' 
CAI) I.lm c d s  cm/s 

Dasch" 

Lindberg and HarrissZ9 

S h a n l e ~ ~ ~  

oak (6.0) Pb" 
Ca" 

' so; 

pine (9.0) Pb" 
Ca" 
so,= 
Mg" 

chestnut oak Cd 
(5.0) Mn 

Zn 
so4= 

young spruce so; 
(2.5) 

0.5St 0.015 
4.64t 0.24 
0.52$ 0.037 

0.55+ 0.020 
4.64+ 0.37 
0.52* 0.030 
6.34+ 0.47 

1.5 0.23 
3.4 0.8 
0.9 0.46 
0.6 0.13 

0.52' 0.33 

0.09 
1.44 
0.22 

0.18 
3.33 
0.27 
4.23 

1.69 
5.88 
3.38 
0.96 

1.21 

'Deposition velocity adjusted for leaf area index (LAI) and 68% reduction in concentration between top of forest canopy and 1 m reference height (when 
necessary). 
tMilford and Davidson3 
'Milford and Davidson3' 
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Urban surfaces 
URBAN SURFACE 

Previous work in urban environments has largely made use 
of surrogate surfaces for deposition c o l l e ~ t i o n . ~ ~ * ~ ~  To avoid 
placing undue emphasis on any particular surrogate surface, 
we opted to focus on indirect means for measuring urban 
dry deposition. Gradient techniques are questionable 
because of the large spacing between buildings, the limited 
extent of areas of uniform housing, and the existence of 
local pollution sources.M 

Main and Friedlande? used the dual tracer method during 
the Southern California Air Quality Study (SCAQS) to 
estimate dry deposition in urban areas. The deposition 
velocity can be estimated from measurements of the ratio 
of the concentration of a depositing tracer species (CJ, such 
as Pb or ZnS, to a nondepositing (conserved) tracer species 
(c~), such as CO or SF,, when both originate from the same 
source. Deposition of species 2 takes place continuously so 
the ratio c,k ,  in the atmosphere differs from the 
concentration in the source c2&,. The difference depends 
on the average residence time of the air flowing through the 
region of interest and the deposition velocity. Further 
details on the dual tracer method are given by Friedlander 
et all5 and Main and F~iedlander.~' 

I 

This model makes a continuously stirred atmosphere 
approximation for an air basin and accounts for particle 
growth. Average wind speeds during the SCAQS study 
were -2 ds.5'  The dry deposition velocities at wind 
speeds of 5 m/s were determined using Equations ( 5 )  and 
(8). The results for Los Angeles are shown in Figure B-3. 
These dry deposition velocities were assumed to be 
representative of a typical urban environment. The 95% 
level corresponds to the upper bound on the experimental 
error determined by Main and Friedlander.31 Assuming the 
95% level represents 20,  the 100% level was set at 40. 
The 5% level was calculated by assuming a lognormal 
distribution for the lower half of the probability distribution 
function. The 0% level is the terminal settling velocity for 
the nominal particle size. 

Human skin 

For estimating dry deposition to human skin, we assume the 
head to be the skin that is exposed to a passing plume, and 
we approximate the head as a spherical collecting element. 
Parnas and Friedlanderm developed the following relation- 
ship for particle deposition to a sphere by diffusion and 
interception: 

I 

0.1 1 10 

Mean aerodynamic diameter b) 

Figure B-3. Dry deposition velocities for urban 
surfaces. Data (open circles) taken from Main and 
Friedlande8' for Los Angeles, 1987, using the dual 

based on Fernandez de la Mora and Friedlander." 
tracer method. Solid curve represents extrapolations 

where p is defined by Equation (3) and the diameter of the 
collecting element d,,, (assumed to be 25 cm for a human 
head) is the characteristic length. These parameters are 
summarized in Table B-4. 

To evaluate the role of impaction in particle deposition to 
the head, the Stokes number Srk=p,d,,%J18p, is an 
important parameter. Impaction becomes significant when 
the Stk>O.2.I4 However, as shown in Table B-4, the Stokes 
number never exceeds 0.01 2. Therefore gravitational 
settling and diffusion are the only significant mechanisms 
for deposition to the head. 

The 50% level was determined by using Equation (13) for 
the nominal particle size. The 95% level was also 
determined with Equation (13) for the maximum in the 
particle size range. This 95% level was assumed to 
represent 20, and the 100% level was set at 40. The 5% 
level is the terminal settling velocity for the nominal 
particle size, and the 0% level is the terminal settling 
velocity for the minimum in each size range. 
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These low values for v, suggest that dry deposition is not 
a significant route of exposure to humans. However, these 
results do not account for deposition to the lungs due to 
inhalation, which is a major exposure pathway. 

Elemental Iodine and Methyl Iodide 

A number of studies have been published on the transport 
of elemental iodine and methyl iodi e to the ground. These 
data are summarized in Table B-5. The studies cover a 
wide range of meteorological conditions and atmospheric 
stability; therefore the values reported from these studies 
will be the basis of our estimated deposition velocities. 
The most extensive data set was given by Heinemann et 
d.” for a grass/clover surface. We therefore selected the 
averages of their subsets of data with wind speeds of 2 m/s 
and 5 m/s at 10 m height to represent our 50% estimated 
values for v,; the 95% value was two standard deviations 
above the mean, and the 5% value was the minimum value 
in the data subset. The corresponding values for a forest 
surface were adjusted for LAIs of 3, 6, and 11 for the 5%, 
50%, and 95% levels. Deposition to urban surfaces were 
taken to be the same as the values for grass. 

f 

Atkins et a1.’ found methyl iodide to be poorly absorbed by 
vegetation. In a series of experiments, with a wind speed 
of 6.2 m/s at 2 m height, a roughness length of 2 cm, and 
a friction velocity of 52 cm/s, they measured dry deposition 
velocities to grass ranging from 1 . 4 ~ 1 0 ~  to 2 .4~10-~  cm/s, 
with an average of ~ . O X I O - ~  cm/s. These lower, mean, and 
upper values were taken to be the 5%, 50%, and 95% level 

values of the dry deposition velocity to grass, scaling for 
the wind speed using Equation (1 1). For forest surfaces, 
the values for grass were multiplied by LAIs of 3,6, and 11 
for the 5%, 50%, and 95% levels, respectively. 

For deposition of I2 and CH,I to human skin, Equation (13) 
was used. For gases, only the diffusion range needs to be 
considered. Therefore Equation (13) reduces to: 

The dry deposition velocities calculated by this equation 
were taken to represent the 50% level. The 5% and 0% 
levels were taken at 2 and 3 orders of magnitude below this 
value, and the 95% and 100% values at 1 and 2 orders of 
magnitude above. These were comparable to the levels of 
uncertainty for the other surface types. 

Specific Surface I: MoorlandPeatland 

The moorland/peatland surface has 40 cm high tussocks and 
a surface roughness of 5+1 cm. Assuming the zero- 
displacement height to be three fourths the height of the 
vegetation, as suggested by Hosker and Lindberg,’* d=30 
cm. Therefore, assuming a logarithmic wind profile, the 
wind speed at 1 m height is 2.9&,1 m / s .  From the data of 
Nicholson and Davies?’ the dry deposition velocity of 
sulfate for similar conditions (u=2.3 m/s, d=31 cm, ~ d . 4  
cm) is 0.21 cm/s. 

Table B-4. Parameters for determining deposition to human skin, 
based on spherical collecting element d,p25 cm 

~~ ~~ 

0.1 6.8E-06 1.7E+04 4.1E+04 2.2E+04 1.90 3.01 1.2E-06 

0.3 1.2E-06 1.7E+04 4.1E+04 1.2E+05 0.377 0.597 l.lE-05 

1 .o 2.7E-07 

3.0 8.3E-08 

10.0 2.4E-08 

1, 0.0930 

.7E+04 4.1E+04 5.5E+05 0.0844 0.133 1.2E-04 

.7E+04 4.1E+04 1.8E+05 0.0153 0.0243 1.1E-03 

.7E+04 4.1E+04 6.3E+06 0.00289 0.00458 1.2E-02 

- - - .7E+04 4.1E+04 1.62 

CHJ 0.0870 1.7E+04 4.1E+04 1.73 - - - 
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As was done for the general meadow surface, the standard 
deviation for the entire Nicholson and D a ~ i e s ~ ~  data set was 
used to determine the 95% and 100% levels, and the 
terminal settling velocities for the nominal particle size 
were used for the 0% level. The 3% level was calculated 
by assuming a lognormal distribution for the lower half of 
the PDF. These values were adjusted for the higher wind 
speed using Equation (1 2) and for larger particle sizes using 
Equation (9). 

Smif ic  Surface II: Heather and Green Grass 

The heather and green grass has a surface roughness length 
of 4.5k1.5 cm. By comparison with Nicholson and 
Davies,” we assumed a zero-displacement height of 10 cm, 
which yields a wind speed at 1 m height of 3.2M.1 m / s .  

Appendix A 

From Nicholson and D a ~ i e s ? ~  the dry deposition velocity 
for similar conditions (u=1.5 m/s, d=9 cm, 2 4 . 3  cm) is 
0.08 c d s .  Again, the standard deviation for the entire 
Nicholson and D a ~ i e s ~ ~  data set was used to determine the 
95% and 100% levels, and the terminal settling velocities 
for the nominal particle size were used for the 0% level. 
The 5% level was calculated by assuming a lognormal 
distribution for the lower half of the PDF. These values 
were then adjusted for wind speed and particle size. 

Suecific Surface III: Grassland 

The dry deposition velocity on grassland with unknown 
meteorological parameters was taken to be the average from 
the entire Nicholson and D a ~ i e s ~ ~  field study. This is the 
range represented by Figure B- 1. 

Table B-5. Summary of elemental iodine and methyl iodide dry deposition data 

Study surface U Ut d zo vd 
l-dS cm/s cm cm c d s  

IODINE 

Bunch3 grass 0.6-5.0 - - - 0.087-3.5 

Chamberlain’ grass 1.4-4.4 24-57 - 1 &5.0 1.1-3.7 

Chamberlain and Chadwick’ grass 1.8-5.6 24-57 5-25 0.8-9.5 0.93-2.94 
clover 

- - Clark and Smith’ grass - - 0.27-0.3 

Heinemann et a1.2’ 

Vogt et a].” 

grass 0.52-4.8 6-60 - - 0.31-6.3 
clover 

grass 1.1-5.1 14-53 - 1.1-9.1 0.12-6.9 
clover 

METHYL IODIDE 

Atkins et al? grass 6.2 52 - 2.0 1 . 4 ~ 1 0 ~  - 
2 . 4 ~  1 0-3 
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Wet DeDosition 

Wet deposition is often represented as an exponential decay 
process:' 

- -  dc - -Ac (15) 
dt 

where A is the scavenging coeficient, which is a function 
of particle size and rainfall intensity, among other factors." 
This equation can be integrated to determine the fraction of 
a species in a plume remaining: 

Aerosols 

Wet removal processes by which aerosol particles may be 
scavenged include diffusion, interception, and inertial 
capture?' The scavenging coefficient can be approximated 
by Slinn:49 

P A(u) = - E(u, R,) 
2% 

where a is the particle radius, p is the rainfall rate (mm 
h-I), R, is the mass mean raindrop radius, and &a, R,) is 
the collection efficiency. For R,, Slinn4' uses: 

R,,, = 0.35mm(p/ 1 mmh -1)02' (18) 

for steady frontal rain. 
according to the nature of the controlling process:" 

The collection efficiency varies 

a s-1/12 3/2 +3 -+  - 
rm [ s+7,12] 

where the three RHS terms represent collection by 
diffusion, interception, and impaction. The Stokes 
parameter S is approximated b : 

(20) 
7 

s = 0.1x10*a2pp 

(a in cm, p p  in g ~ m - ~ ) .  Combining Equations (1 8) through 
(20) with (17), the scavenging coefficient is plotted in 
Figure B-4 as a function of particle diameter and rainfall 
rate. 

Limited field data are available to evaluate these equations, 
especially in the submicron range. Comparison with 
literature data32*42*38 suggests that theoretical values may 
underpredict A by as much as two orders of magnitude. 
For our calculations, we assume the following: the median 
value for the fraction removed is calculated by Equations 
(16) and (17); the 95% level is calculated using a value of 
A two orders of magnitude higher, the 100% level three 
orders of magnitude higher, the 5% level at one order of 
magnitude lower, and the 0% level at two orders of 
magnitude lower. Because Equation (18) approximates the 
mean raindrop radius under steady rain conditions, R, was 
reduced by 20% for drizzle conditions and increased by 
20% for showers. 

Figure B-4. Scavenging coefficient for particles as a 
function of particle diameter and rainfall rate, based 
on the semi-empirical equations of and Dana 

and Hales." 

Elemental iodine and methyl iodide 

Jylhd' investigated the precipitation scavenging of 
radioactive pollutants released from Chernobyl in Southern 
Finland. He found that for Ii3', the scavenging coefficient 

IWREiG/CR-6244 A-46 



Appendix A 

could be related to the precipitation rate by: 

A = a p b  (21) 

where a=(7+5)~10-~ and bd.69d.12.  It should be noted 
that these parameters were determined for particle-bound 
iodine; the removal of gaseous iodine by rain was 
ineffective. 

Because of widespread concern over acid precipitation, the 
scavenging of SO, by rainfall has been studied 
e~tensively.’~.~~ Scavenging coefficients have been 
reported3, for SO, and are on the order of IO-’ s-’. The’rate 
of SO, uptake3, is controlled by a coupled resistance to 
diffusion inside and outside the rain drops. Because the 
solubility of methyl iodide is about an order of magnitude 
lower than for SO,, so we will assume that A for CH31 is 
also an order of magnitude lower than for SO,. Our 
estimates of the fraction of methyl iodide remaining are 
based on the following: 

A = 1 7 ~ 1 0 - ~ p ~ . ~  . (22) 
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Deposition Tables 

Units of velocity are in c d s ;  N/A = not provided by expert; unkn = unknown 

ry deposition velocity of aerosols - Wind Speed at 2m/s II I DD-A: I 

FOREST 

8.63E-05 8.63505 7.32E-04 3.75E-05 

4.71E-02 4.47503 7.78E-0 1 8.63E-05 

0.1op 1- 2.88E-01 I 4.85E-02 I 2.55& II 
4.63E-01 3.37801 8.70E+OO 2.75E-03 

1.22E+OO 6.17E-01 1.49E+0 1 4.23E-03 1100% 

0 . 3 0 ~  
95 % 

100% 3.89E-01 I 6.17E-01 I 1.49E+O1 I 1.68E-03 II 
1 0 %  

1 5 %  1.23E-02 I 4.47E-03 I 7.78E-01 I .3.48E-03 

150% 
1.OOp 

7.52E-02 4.85E-02 2.55E+OO 3.62E-03 

8.29E-0 1 3.37E-01 8.70E+00 1.3OE-02 

2.17WOO 6.17E-0 1 1.49E+O 1 2.24E-02 F 100% 

I O %  2.84E-02 I 2.84E-02 I 2.41501 I 1.29E-02 II 

p 
100% 

6.74E-01 4.34E-01 2.29E+01 2.85E-02 

7.46E+OO 3.03E+OO 7.83E+O 1 7.72E-02 

1.96E+01 5.55E+OO 1.34E+02 1.26E-01 

3.00p 

lk- II I 2.58E+OO I 7.72E-02 3.04E-01 I 3.04E-01 

I 50% 
1o.oop 
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DD-B: Dry deposition velocity of aerosols - Wind Speed at Sm/s 

PARTICLE QUANTILE URBAN MEADOW FOREST HUMAN SKIN 
SIZE 

0.1op 

8.63E-05 8.63E-05 

7.60502 5.94E-03 

4.56501 8.32502 

7.33501 5.03501 

100% I 1.92E+OO -7 9.23E-01 

2.90503 3.75505 

3.07E+OO 8.63505 

1.01E+01 1.93503 

3.44E+Ol 4.23503 

5.87Ee01 6.69503 
- 1  7- I I 

0% 4.21504 4.21E-04 1.41E-02 2.25E-04 

5% 2.45502 5.94503 3.07E+OO 4.21E-04 

50 % 1.4650 1 8.32E-02 I.OlE+Ol 1.02503 
0-308 

3.44E+O 1 1.1 1E-03 95 % 2.34E-01 5.03E-01 

5.87E+O 1 1.2OE-03 100 % 6.15E-0 1 9.23E-01 

0% 3.48E-03 3.48503 1.17E-01 9.96E-04 

5% 4.73502 5.94503 3.07E+OO 3.48E-03 
I 

50% 2.87503 8.32502 I.OlE+Ol 3!71503 1.00p 
95 % 3.27E+OO 5.03E01 3.44E+01 1.3 1E-02 

I 100% I 8.58E+OO I 9.23E-01 I 5.87E+01 I 2.25502 

0% 2.84E-02 2.848-02 9.52E-01 1.29E-02 

5% 4.33501 5.05E-02 2.76Ei-01 2.84E-02 

50 % 2.58E+Oo 7.46E-01 9.07E+01 2.85E-02 3.00p 
95 % 2.94E+01 4.52E+Oo 3.10Ei-02 7.73E-02 

-~ 

I 100% ~ I 7.73E41 I 8.30E+Oo I 5.29E+02 I 1.26E-01 

1 0 %  ~ ~ I 3.04E-01 I 3.04E-01 I 1.02E41 I 7.72E-02 

5% 4.77E+OO 5.49E-01 3.07Ei-02 3.04E-01 

50% 2.86E+01 8.28E+OO 1.01E43 3.05501 

95 % 3.27Ei-02 5.02E+Ol 3.44E+O3 6.8OE-0 1 
10.00p , 

1 100% I 8.58E42 I 9.22E+01 1 5.87E43 I 1 . 0 6 m  
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DD-C: Dry deposition velocity of elemental iodine - Wind Speed at 2 and 5 d s  

WIND QUANTILE URBAN MEADOW FOREST HUMAN SKIN 
SPEED 

1 0 %  I 1.5OE-02 I 1.5OE-02 I 4.5OE-02 6.75E-06 
I I 

1 5 %  I 1.5oE-01 I 1.5OE-01 I 4.5OE-01 I 6.7%-05 

50 % 1.40E+OO 1.40E+OO 8.40E+OO 6.73503 

6.75802 95 % 4.02E+OO 4.02E+OO 4.42E+01 

100 % 6.64E+OO 6.64E+OO 7.3OE+O 1 6.75E-01 

2 d s  

0% 4.40E-02 4.40E-02 1.32501 , 1.07E-05 

5% 4.4OE-01 4.40E-01 1 . 3 2 W  1.07E-04 

50 % 1.88E+OO 1.88E+OO 1.13Ei-01 1.07502 5 . d s  
I 

95 % 3.82Ei-00 3.82E+OO 4.20E+01 1.07E-01 

I 100% I 6.34Ei-01 

DD-D: Dry deposition velocity of methyl iodide - Wind Speed at 2 and 5m/s II 
I WIND QUANTKE URBAN MEADOW FOREST HUMAN SKIN 

SPEED 

1 0 %  I 6.84806 I 6.84E-06 I 2.05E-05 

5% 6.84E-05 6.84E-05 2.05E-04 6.46E-05 

50 % 4.89E-04 4.89E-04 2.93E-03 6.46E-03 

95 % 1.17E-03 1.17E-03 1.29E-02 6.46E-02 
2 . d s  

0% 1.08E-05 

5% 1.08E-04 

50 % 7.73E-04 

95% 1.8%-03 

100% 2.93E-03 

5 . d s  

NUREGICR-6244 

~ ~~ 

1.85E-03 I 2.29E-02 ~~ I 6.46E-01 

1.08E-05 ' 1 1.02E-05 

1.08E-04 3.2AE-04 1.02E-04 

7.73E-04 4.64E-03 1.02E-02 

1.85E-03 2.04E-02 1.02E-01 

2.93E-03 3.62E-02 l.O2E+Oo 
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DD-E-1: Dry deposition velocity of aerosols on 
MoorlandPeatland Surface 

1.18E-03 

1 5 %  I 1.81E-01' II 
I 

50 % 2.97E-03 0 . 5 5 ~  

95 % 6.97E-01 

100 % I.lOE+M) 

0.70~ 

1.8 1 E-03 

1.81E-01 

2.97E-03 

95 % 6.97E-01 

0% 2.87E-03 

5% 1.8 1 E-0 1 

I 

50 % 2.97E-01 0 . 9 0 ~  
95 % 6.978-03 

100% 1 . 1 OE+OO 

1.20p 

I 

0% 4.9OE-03 

I 3.22E-01 II 
I 50% 1 5.28E-01 ll 

95 % 1 .ZAE+O(! 

100% I .95E+00 

1 . 6 0 ~  I 50% I 9.38E-01 II 
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DD-E-2 Dry deposition velocity of aerosols on 
HeatherlGreen Grass Surface , 

I. 18E-03 

1 5 %  I I.27E-01 

1.8 1 E-03 

1.27E-01 

2.47801 
0.70~ 

95% 6.47E-01 

I 100% I 1.05E+00 
10% 

I 5% I 1.27E-01 
50% 2.47E-01 0.9Op 

I 
95 % 6.478-01 

100% 1.05Em 

0% 4.90E-03 

5% 2.26E-01 

50 % 4.39E-01 1.20p 
95 % 1.15E+00 

100% 1.86E+00 

I 0% I 8.44E-03 
1 5 %  I 4.01E-01 
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DD-E-2: Dry deposition velocity of aerosols on 
HeathedGreen Grass Surface (continued) 

PARTICLE 
SIZE 

2.m 

QUANntE 

0% 

5% 

50% 

95% 

1.69E-02 

95 % 

100% 

8.28E-01 

1.41 EM 1 

2.28E+01 

1 . 6 1 W  

4.22E+OO 

II I 100% I 6.83Ecoo II 

3 . 2 0 ~  

0% 

5% 

50 % 

95 % 

100% 1.32E41 

I 0% 5.488-02 II 

DD-F: Dry deposition velocity of aerosols on Grassland 
Surface 

3.48503 

I 5% I 3.14E-03 

100% 8.7OE-01 

Appendix A 
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WD-A: Elemental iodine-fraction removed b rain (1%) 

100% 

Rainfall/ 
Time 

Quantile 1% I I  Rainfall/ 
Time 

Wind 
Speed 

unkn 

8.29E-03 5.7OE-03 

4.30E-02 

50 % 1 . I  1 E-01 

9.37E-02 

3.34E-01 .3&r 2.&r 
I I 95% I 1.98E-01 6.88E-01 

I 100% I 2.36E-01 8.88E-01 

I 0% I 1.01E-03 

I 5% I 8.348-03 
I 

10 
m/s unkn t= . 0 5 d  

lOmin 

. 1 7 d  
lOmin 

S d l O m i n  

l.omm/ 
lOmin 

2.39E-02 

4.74E-02 

100% 6.17E-02 I 100% 1 3.88E-02 11 
I 0% I 1.20E-03 I 0% 1.2OE-03 11 
I I 

I 
14 
d s  I 50% I 4.11E-02 .17mm/lOmin 5 m/s 

I 

1.28E-03 

1.38E-02 

1.5 1 E-03 0% 

5% 1.95E-02 

unkn 50% 8.57E-02 

95 % 2.47E-0 1 

100% 4.43E-03 

0% 

5% 2.65E-02 

1.75E-03 1.39E-03 

1.63E-02 

unkn 6.55E-02 

1.77E-01 

100% 3.05E-01 

. 3 3 d l O m i n  1 1 4.17E-01 11 
7.328-0 1 
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WD-A: Elemental iodine--fraction removed by rain (l-fw) (continued) 

RainfalVTime Wind Speed Quantile I-f, 
0% 1.94E.03 

5% 3.33E-02 

50% 1.86E-01 1.67mndlOmiO unkn 

95% 5.8OE-01 

100% 9.09E-01 
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50 % 

WD-B: Methyl iodiddraction removed by rain 
(Wind Speed=unknown) 

8.86E-02 

RainfalVTime 

95 % 

100% 

I Quantile I l-f ,  

1.37E-01 

1.83E-01 

1 0 %  I 1.22E-03 

50 % .OSmm/lOmin 
95 % 

5% 

4.948-03 

7.848-03 

I .228-02 

50 % 2.93B02 

4.61E-02 
.3nunhr 

95 % 

100% 6.26E-02 1 g= --(sslF̂ I/I 
3.75E-02 

2.mmihr 

I O %  I 2.04E-04 II  
I 5% I 2.048-03 ll  

I 100% I 1.07E-02 II 
I O %  6.35804 1- 

95 % 

6.35E-03 

1 S3E-02 

2.43E-02 

I 100% 3.31802 

I .66E-02 

3.98E-02 

6.25E-02 
1.67mmllOmin 

1100% I 8.46E-02 11 
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WD-C: Fraction of aerosols removed by rain 

PARTICLE QUANTILE Rainfall: Rainfall: Rainfall: Rainfall: Raidall: 
SIZE .3mmlhr 2.mmlhr .05mm/10 min .33mm/lO min 1.67mm110 min 

0.1op 

~ ~~ ~ 

0% 3.4OE-06 8.75E-06 8.87507 1.46E-06 2.26E-06 

5% 3.4OE-05 8.75E-05 8.87&06 1 A B 0 5  2.26E-05 

50% 3.4OE-04 8.75E-04 8.87605 1.46E-04 2.26E-04 

95 % 3.34E-02 8.38E-02 8.83E-03 1.45502 2.24E-02 

100% 2.88E-01 5.838-01 8.48E-02 1.36E-01 2.02E-01 

0% 5.43E-06 1.40E-05 1.41506 2.33E-06 3.62506 

5% 5.43E-05 1.40E-04 1.41505 2.33E-05 3.62E-05 
I I I I I 1 -  II 

I I I II 50 % 5.42E-04 1.40E-03 1.41504 2.33E-04 3.62E-04 0.3Op 

95% 5.28E-02 1.3 1 E-01 1.4OE-02 2.3 1 E-02 3.56E-02 

100 % 4. I 9E-0 1 7.54E-01 1.32E-01 2.08E-01 3.04E-01 

1.oop 

0% 5.35E-04 2.19E-03 1.12E-04 3.65E-04 1 .O 1 E-03 

1 .ooE-O2 

9.6OE-02 

5% 5.33E-03 2.17E-02 1.12E-03 3.65E-03 

50 % 5.21 E-02 1.97E-01 1.12E-02 3.59E-02 

95% 9.95E-0 1 9.978-01 6.75E-0 I 9.74E-01 9.95E-01 

I 100% I 9.99E-01 I 9.998-01 I 9.99E-01 I 9.99E-01 I 9.99E-03 II 
1 0 %  I 5.72E-03 I 2.338-02 I 1.20603 I 3.93E-03 I 1.OSE-02 11 
1 5 %  I 5.57E-02 I 2.10E-01 I 1.2OE-02 I 3.85E-02 I 1.03E-01 II 

6.6280 1 50 % 4.36E-01 9.05E-01 1.13E-01 3.24E-0 1 1o.oop 
95% 9.97E-01 9.98E-01 9.97E-03 9.97E-0 1 9.97E-01 

100% 9.99E-01 9.99E-0 I 9.99E-01 9.99E-03 9.99E-01 
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Expert C 

0.3 p 

1.0 p 

Dry Deposition 

0.2 p - 0.5 p 

0.5 p - 2.0 p 

Information from deposition models and deposition 
measurements in the Norwegian Arctic has been used to 
estimate the uncertainty distributions in dry deposition 
velocity. Three models described by Davidson et al.,' 
Slinn,' and Sehme13 have been reviewed to calculate dry 
deposition velocities. Information on form, surface type, 
aerosol particle size, wind speed, and friction velocity was 
taken as suggested in the project description and used in the 
Sehmel model selected for dry deposition velocity 
calculations. Then the roughness parameters were selected 
on the basis of literature studies (e.g., a review of our 
knowledge on dry deposjtion of trace elements by Davidson 
and WU) .~  The selected values are presented in Table C-1. 

3.0 p 

10.0 p 

11 Table C-1. Roughness parameter 11 

2.0 p - 5.0 p 

5.0 p - 15.0 p 

II 
urban 

meadow 

values 

z, = 0.8 cm 

z,, = 0.03 cm 

z(, = 1.0 cm 

human skin 

It was then considered that the wind speed is a function of 
friction velocity as given in the following equation: 

where k = 0.4 - von K h B n  constant. 

It was also assumed that the particle sizes are associated 
with spherical particles of unit density as suggested in the 
project description and that the particle size values given in 
Table C-2 represent various particle classes. 

It was assumed that the values in Table C-2 can be 
regarded as median and that the distribution is equal in the 
proposed ranges. 

Appendix A 

particle classes 

10 

8 
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Figure C-1. Distributions of probability densities. 

A flat distribution of particle sizes was applied for both 
sides of the median as no further information was given on 
this matter. An example is given in Figure C-2. 

Distributions of probability densities for the particle sizes 
defined in Table C-2 are quite simple as shown in Figure 
C-1 for the 0.05 to 0.2 size range. 

Taking into account the above input data, an approach was 
made to calculate minimum, 0.05 quantile, median, 0.95, 
and maximum values of dry deposition velocities of 
aerosols as requested in the project. 
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0.16 0.22 0.28 0.34 0.4 0.46 0.52 

Figure C-2. Flat distribution of particle sizes. 

Dry deposition velocities of elemental iodine were 
estimated ir: the next part of the project. It was mentioned 
in the project description that for the purposes of the 
elicitation, iodine is assumed not to deposit in aerosols. 
This assumption has been used in the estimates here; 
however, some reservations should be mentioned. The 
gaseous portion of elemental iodine in the air observed after 
the Chernobyl accident was between 70% and 80% (e.g., 
Cambray et al.).5 It was further assumed that the dry 
deposition velocity of elemental iodine varies from 0.11 to 
0.33 c d s  as estimated from measurement data for locations 
around Chilton, UK (Cambray et a].).’ Taking into account 
the above assumptions, the estimates of minimum, 0.05 
quantile, median, 0.95 quantile, and maximum values of dry 
deposition velocity of elemental iodine were carried out. 

Similar information on the distribution of dry deposition 
velocities has been also estimated for methyl iodide. It has 
been suggested that this compound is a major atmospheric 
methyl group donor since it is photc)lytically cleaved into 
methyl radicals and iodine atoms. Photolysis of methyl 
iodide in the air is rapid and the lifetime of the compound 
is between 4 and 8 days (e.g., Zafiriou).6 Taking into 
account the above information, it was assumed here that the 
mechanism of dry deposition of methyl iodide is similar to 
that of fine particles of Ca 1 p in diameter. The estimates 

of minimum, 0.05 quantile, median, 0.95 quantile, and 
maximum values of dry deposition velocities of methyl 
iodide were carried out. 

In the next part of the project, the extent to which humidity, 
ambient temperature, variations in surface type, and 
daylnight differences affect the dry deposition velocities of 
aerosols was discussed. The discussion has been based on 
the results obtained during several measurement campaigns 
carried out in the Norwegian Arctic and Scandinavia since 
1982 (e.g., Pacyna, et al.).7.8 Both aircraft and ground 
measurements have been carried out in the winter and 
summer with the major goal of assessing the origin and 
behavior of aerosols in the Arctic. Several conclusions 
have been drawn from this research. Major conclusions 
from measurements carried out in summer that are related 
to the present project can be summarized as follows: 

lower temperatures result in higher stability of air 
masses lowering dry deposition velocities of 
aerosols, and 

higher humidity values indicate the possibility for 
particle growth and then increase of dry deposition 
velocities. 
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The results of measurements in the Arctic and Scandinavia 
seem to suggest that the narrow ranges of dry deposition 
velocities within the 0.05 and 0.95 quantiles obtained from 
model estimates can be 'widened. It is very difficult for the 
expert to precisely quantify to what extent these ranges can 
be widened. However, it was assumed that the 0.05 
quantile value of dry deposition velocities estimated by the 
model can be lowered by one order of magnitude, while the 
0.95 quantile value could be higher by at least a factor of 
3. Taking this assumption into account, the modeled data 
were recalculated and the results are shown in the reporting 
tables in this volume. 

It should be noted that the above assumption was made on 
the basis of measurements carried out in cold regions with 
grass being the only surface on which dry deposition had 
occurred. It was also difficult to assess the median value 
on the new probability distribution curve of dry deposition 
velocities due to an insufficient amount of dry deposition 
velocity values. However, it can be assumed that the 
median values should not differ substantially from the 
values obtained from model calculations. These values 
should be somewhat lower than those modeled due to larger 
differences in the 0.05 quantile values when compared with 
the differences in the 0.95 quantile values. 

Wet Deposition 

If the initial concentration of aerosols is c then the 
concentration after period t is defined by the equation: 

- -  a' - -k,c 
at 

where: 

WP k,,, = - 
h 

is the wet.deposition coefficient, P = precipitation intensity, 
h = mixing height, and W = the scavenging ratio. The 
following can be obtained from Equation (2): 

c(At) = (3) 

and the fraction of aerosol removed by rain can be 
calculated as: 

CO CO 

The values of Aclc,, belong to the (0,l) range. The 
scavenging ratio is a function of precipitation intensity and 
the particle size of the aerosol. It was difficult for the 
expert to find a general function describing the change in 
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scavenging ratio as dependent on the precipitation intensity 
and its duration. However, it can be generalized that with 
increasing precipitation intensity and duration, removal of 
aerosols by rain becomes less efficient (for snow intensity 
the opposite is true). An example of the relationship 
between the scavenging ratio for radionuclides and 
precipitation intensity is presented in Figure C-4. The 
decrease in scavenging ratio with increased precipitation 
intensity is not necessarily true for convective storms 
(Figure C-5) and the variability of the scavenging ratio is 
very large (one order of magnitude or more) during such a 
storm. Therefore, due to the large uncertainty and the lack 
of detailed data, a relationship between the scavenging ratio 
and precipitation duration was assumed, rather than between 
the scavenging ratio and precipitation intensity. 

The following relationship was obtained from data shown 
in Figure C-4: 

a(AL) 
W(At) = e  24hours 

where t is the period of rain and a = -0.7. 

The scavenging ratio depends also on the particle size and 
in general is higher for larger particle sizes. An example of 
the relationship between the washout ratio and dry particle 
radius is shown in Figure C-3. 

Thus, the final expression of the scavenging ratio as a 
function of the rain period and particle size has the 
following form: 

where a is the particle diameter in p, a,, = 1 pn and p = 
0.84. 

The fraction of aerosols removed by rain can now be 
calculated using the following equation: 

CO h 

The above equation was used to calculate the fraction of 
aerosols removed by rain as requested in the project. 

In the next part of the project, Probability Density Functions 
(PDFs) have been presented using the input parameters to 
the above equation. The standard value of the scavenging 
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Figure C-3. Variations of precipitation washout or scavenging ratios with particle mass median diameter. 

Data obtained by Cawse (1974)'' at Chilton, U.K., during July-December, 1973; much of the data is probably for frontal storms. The solid squares represent 
washout ratios computed from total (soluble plus insoluble) concentrations in precipitation. Open circles represent wI values calculated using only the soluble 
concentrations. The precipitation samples included contributions from both dry and wet deposition. Downward pointing arrows indicate upper limit values. 
Washout ratios on a mass basis are about 3 orders of magnihde smaller than those on a volume basis; p = 1.23 X lcr3p/cm3. (Based on D.F. Gatz, "Wet 
Deposition Estimates Using Scavenging Ratios," in First Specialty Symposium of the International Association for Great Lakes Research, 28 September 1975, 
Journal of Great Lakes Research, 2:21-29, 1976.)" 
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Figure C-4. Monthly average K/X values for a number of radionuclides as a function of total precipitation. 

The air concentration, x. was measured at the cloud-layer altitude (typically 1.3 km); the 24-hour precipitation totals, P, were calculated by dividing the 
monthly precipitation by the number of rain days in the month. The curves are displaced vertically to improve clarity; for all curves, the 0.1 to 1 .O ordinate 
is appropriate. Original data were taken from a number of Harwell reports; graph redrawn from Makhonko, Avramenko, and Makhonko (1970)12 where the 
original references can be found. 
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Figure C-5. Variation in K,x,w,,, and p during a single convective storm on June 30, 1966. 

Data were taken from Rosinski (1967)." From W.G.N. Slinn, "Parameterizations for Resuspension and for Wet and Dry Deposition of Particles and Gases 
for Use in Radiation Dose Calculations," in Nuclear Safefy, 19(2): 205-219 (1978).14 
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ratio coefficient (W,,) has a value within at least a one order 
of magnitude range. Therefore, a flat PDF function to this 
parameter has been assigned as shown in Figure C-6. 

h 

P - 1  
U n a 

r 

5. lo5 lo6 

Figure C-6. PDF function of W, 

The mixing height h depends on meteorological conditions 
and varies significantly between day and night as well as 
between different seasons. The PDF function for mixing 
height has been assumed and is shown in Figure C-7. 

t 
a 

200 600 1000 1400 1800 2200 2600 
h [ml 

Figure C-7. PDF function for h 

The a coefficient in Equation (7) has values within the 
range (-1 .O, -0.1). The triangle PDF distribution defined in 
9 classes has been assumed for the purpose of the project. 
The distribution is shown in Figure C-8. 

Appendix A 

t 
91 
Y 

-1.0 -0.8 -0.6 -0.4 -0.2 
a 

Figure C-8. PDF function for c1 coefficient 

Finally, the PDF function for the coefficient in Equation (7) 
has been assumed in 7 classes and is presented in 
Figure C-9. 

t 
A 

?3 
n U 

a 

0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8 
B 

Figure C-9. PDF function for p coefficient 

A Monte Carlo method was applied after defining the PDFs 
for all parameters in Equation (7). The input parameters 
were selected according to their probability function. The 
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number of runs in the experiment carried out for the project 
was 100,000. In this, a PDF of the fraction of aerosols 
removed by rain was computed. The results of these 
calculations are provided in this ap#ndix. 

It was then assumed that the washout of elemental iodine 
in a gas form is about 3 times lower than that of iodine 
particles (after ApSimon and G~ddard )~  and the portion of 
elemental iodine removed by rain was calculated 
accordingly. 

Finally, it was assumed that the portion of methyl iodide 
removed by rain can be calculated in a fashion similar to 
that for the portion of aerosols with diameter of 1.0 pn. 

Final Remarks 

There are several parameters affecting the dry and wet 
deposition of aerosols, elemental iodine, and methyl iodide. 
Only some of them were discussed in this work, including 
those presented in the project description. Chemic4 
reactions with a surface, electrostatic effects, and gas-to- 
particle conversions in the air are among the parameters 
important for removal processes, but the quantitative 
assessment of their impact was difficult to detemine due to 
a lack of representative data. 

Chemical reactions with a surface will result in quicker 
removal of gaseous substances from the atmosphere and 
deposition on aerosol surfaces. This will cause particle 
growth and subsequently faster dry or wet deposition of 
aerosols. In the case of wet removal, the solubility of the 
reacting substances would be an important factor. 

Gas-to-particle conversion processes are an important 
source of secondary aerosol formation. Methyl iodide is 
known as an important donor f methyl radicals and, as 
such, contributes to the formation of aerosols in the 
atmosphere. Aging of newly formed aerosols will be 
followed by their growth and thus quicker removal from the 
atmosphere. 

P 

It will be interesting to assess in a quantitative way to what 
extent the above presented parameters may affect the 
removal of studied compounds and aerosols from the 
atmosphere. More time is needed to perform such an 
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Deposition Tables 

Units of velocity are in c d s ;  unkn = unknown 

PARTICLE 
SIZE 

0.1op 

DD-A: Dry deposition velocity of aerosols - Wind Speed at 2 d s  

QUANTILE URBAN MEADOW FOREST HUMAN SKIN 

0% 1.OOE-02 5.OOE-03 1 .WE02 5.OOE-03 

5% 1 .WE02 5.OOE-03 1 .OOE-02 5.OOE-03 

50 % 2.20E-01 5.OOE-02 2.OOE-01 1 .OOE-02 

95 % 6.6OE-0 1 ' 1.5OE-01 6.OOE-01 3.OOE-02 

I 100% I 9.OOE-01 I 2.OOE-01 I 8.OOE-01 I 4.OOE-02 II 
I 1.OOE-02 I 1.OOE-02 I 5.OOE-03 II 

5% 1.00E-02 5.OOE-03 1 .OOE-02 5.OOE-03 

50 % 1.lOE-01 4.OOE-02 1.OOE-01 

95 % 3.3OE-01 1.2050 1 3.OOE-01 3.OOE-02 

1 .OOE-02 

100% 5.OOE-01 1.7OE-01 4.OOE-01 4.OOE-02 

0% 1.20E-02 8.OOE-03 1.2oE-02 7.OOE-03 

5% 1.4OE-02 1 .WE02 1.40E-02 9.OOE-03 

i I 

50 % 2.5OE-01 7.OOE-02 2.30E-01 3.OOE-02 1.008 
95% i 7.50E-0 1 2.1OE-01 6.9OE-01 9.OOE-02 

100% 1 .OOE+OO 2.5OE-01 9.OOE-01 1.2oE-01 

0% 4.OOE-02 3.5OE-02 4.OOE-02 3.OOE-02 

5% 5.80502 4.OOE-02 5.7OE-02 3.5OE-02 

50 % 7.7OE-01 2.2OE-0 1 7.50E-01 1.2oE-01 

1.60E-01 95 % 2.31E+OO 6.6OE-0 1 2 . 2 5 W  

2.OOE-01 100 % 3.OOE+OO 8.OOE-01 2.80E+OO 

3.00~ 

0% 3.OOE-01 3.5OE-01 3.OOE-01 3.OOE-01 

5% 3.5OE-01 4.OOE-01 3.5OE-01 3.5OE-01 

50% 1.25E+OO 5.7OE-0 1 1 . 2 6 W  4.2OE-01 

95 % 1.08E-tOl 6.OOE+OO 1.08E-t-O 1 6.OOE+OO 

100% 1.20E+O1 6 . 5 0 W  1.20E+O 1 6.50E+OO 

10.00p 
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DD-B: Dry deposition velocity of aerosols - Wind Speed at 5 d s  II 
PARTICLE QUANTiLE URBAN MEADOW FOREST HUMAN SKIN 
SIZE 

0% 1 .OOE-02 5.OOE-03 1 .OOE-02 5.OOE-03 

1 .OOE-02 5% 2.OOE-02 8.OOE-03 2.OOE-02 

I I I 1 

50% 3.9OE-01 5.OOE-02 ' 3.9OE-0 1 1.2OE-02 0.lOp 
95% 1 .OOE+OO 2.2oE-0 1 1 .OOE+oo 4.OOE-02 

100% 1 .OOE+OO 2.6OE-01 1 .OOE+OO 5.OOE-02 

0% 1 .OOE-02 5.OOE-03 1 .OOE-02 5.OOE-03 

5% 1.7OE-02 8.OOE-03 1.7OE-02 1 .OOE-02 

50% 1.80E-01 4.OOE-02 1.8OE-0 1 1.2oE-02 

95% 5.4OE-01 1.3OE-01 6.50E-01 3.OOE-02 
0.30~1 

I 100% I 7.OOE-01 I 2.OOE-01 I 5.OOE-02 II 
I 0% I 1.4OE-02 I 1.OOE-02 I 1.4OE-02 I 1.OOE-02 II 

5% 2.4OE-02 2.OOE-02 2.5OE-02 1.2OE-02 

2.OOE-02 50% 5.OOE-01 7.OOE-02 4.9OE-01 

95% 1 .OOE+OO 2.20E-0 1 1 .OOE+00 1.8OE-01 
1.oop 

100% 1 .OOE+00 3.OOE-01 1 .OOE+OO 2.1OE-01 

0% 6.OOE-02 5.OOE-02 6.OOE-02 5.OOE-02 II 
I I 1 II 

I 1.2OE-01 I 8.OOE-02 I 1.2OE-01 I 5.OOE-02 

3.00~1 50% 1.94E+00 5.4OE-01 1.18E+OO 1.3OE-0 1 

95 % 5.7OE+OO l.SOE+OO 3.60E+00 5.5OE-01 

~ 1 0 0 %  6.5OE+OO 2.50E+OO 4.OOE+OO 8.OOE-01 
I 

IOw 1 3.OOE-01 I 4.OOE-01 I 3.00E-01 

5 %  5.OOE-01 5.OOE-01 5.OOE-01 3.5OE-01 

50% 3.25E+OO l.lOE+OO 3.10E+OO 8.2oE-01 
1o.oop 

95% l.lOE+Ol 6.50E+OO l.lOE+Ol 6.OOE+OO 

I 100% I 1.20E41 I 1.20E41 II 
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0% 

5% 

WIND 
SPEED 

I .OOE-02 5.OOE-03 1 .OOE-02 5.OOE-03 

I .OOE-02 5.OOE-03 1 .OOE-02 5.OOE-03 

2 . d s  

- 
50 % 

95 % 

100% 

5 . d s  

2.20E-01 5.OOE-02 2.OOE-01 1 .OOE-02 

6.6OE-01 1 SOE-01 6.OOE-01 3.OOE-02 
I 

8.00E-01 2.OOE-01 8.OOE-01 4.OOE-02 

DD-C: Dry deposition velocity of elemental iodine - Wind Speed at 2 and 5 d s  

50 % 

95 % 

100% 

QUANTILE I URBAN I MEADOW I FOREST 1 HUMANSKIN 

3.90E-0 1 7.OOE-02 3.9OE-0 1 1.2oE-02 

I.OOE+OO 2.2OE-01 1 .OOE+00 4.OOE-02 

1 .00E+OO 2.60E-01 1 .OOE+OO 5.OOE-02 

I I I 1 

0% I I.OOE-02 I 5.OOE-03 I 1.OOE-02 I 5.OOE-03 
- 1  I I I 

5 %  I 2.OOE-02 I 8.00E-03 I 2.OOE-02 I 8 1  .00E-02 

DD-D: Dry deposition velocity of methyl iodide - Wind Sped  at 2 and 5 4 s  
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DD-E-1: Dry deposition velocity of aerosols on 
MoorlandPatland Surface 

0.Sp 

4.00E-03 

50% 5.1OE-02 

1.6oE-01 B 100% 2.1oE-01 

4.OOE-03 

1 .OOE-02 

0.708 50 % 6.5OE-02 

0.908 

I 0% I 4.00E-03 II 

1.208 

0% 

5% 

50 % 

95 % 

100% 

II I 0% I 1.20E-02 II 
II I 5% I 1.9OE-02 

100% 

NUREGKR-6244 A-72 



Appendix A 

0% 

5% 

50% 0.9011 

95 % 

100% 

DD-E-2: Dry deposition velocity of aerosols on 
Heatber/Green Grass Surface 

4.OOE-03 

8.OOE-03 

8.OOE-02 

2.8OE-0 1 

3.2OE-0 1 

SIZE 

5% 

0.55p 

1.60E-02 

4.OOE-03 

8.OOE-03 

50 % 5.OOE-02 

50% 1.6Op 
95 % 

I 95% I 1.6oE-01 

2.OOE-01 

6.9OE-01 

I 100% I 2.OOE-01 

1 5 %  I 8.00E-03 

0.70~ ~ 6.OOE-02 

2.20E-01 

100% 2.8OE-01 

1.2Op 

5.OOE-03 

I .OOE-02 

1.25E-01 

4.4OE-01 

1100% I 5.OOE-01 

1100% I 8.OOE-01 
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2.30~ 

DD-E3: Dry deposition velocity of aerosols on 
HeatherlGreen Grass Surface (continued) 

5% 2.80502 

50 % 3.50501 
t 

I 

0% 1 SOE-02 

95 % 

100% 

1 .20E+OO 

1.60E+OO 

0% 

5 %  

50 % 

95 % 

100% 

3.20~ 

3.50502 

5.90502 

7.3OE-01 

2.5OE+OO 

3.2OE+OO 

2.50502 

4.30502 

50 % 5.3OE-01 

II DD-F Dry deposition velocity of aerosols on Grassland II Surface 

I 

0% 8.OOE-03 

1 .OOE-02 

1.op 1.6OE-01 

1 .OOE+OO 

100%- 
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.3mm/hr 

.075mm/ 
lOmin 

1 

. 1 7 d  
lOmin 

I 

.23mm/lOmin 

.33mmflOmin 

WD-A: Elemental iodine-fractjon removed by rain (Z-fJ 

9.OOE-04 

unkn 

0% 2.OOE-04 

5% 4.00E-04 

1.60503 . 1 7 d  
10min 5 d s  50% 

95 % 3.6OE-03 

100% 7.00E-03 

I 50% 
d S  

I 
6.30B03 

100% 1.10E-02 

unkn 

4.00E-04 

1 BOE-03 

50% 4.2OE-03 l.omm/ 
lOmin 

95 % 9.2OE-03 

100% 1 SOE-02 

- .  

Wind Quantile l-f, 
speed 

0% 2.8OE-03 

5% 6.4OE-03 

unkn 50% 2.48E-02 

5.1OE-02 95% 

I 100% I 8.44E-02 

I 0% I 1.OOE-04 

unkn 

2.OOE-04 

7.OOE-04 

1.4OE-03 

2.6OE-03 100% 

0% 2.OOE-04 

5% 5.OOE-04 

14 m / s  I 50% I 2.1OE-03 

8.50503 100% 

0% 1 .OOE-03 

5% 2.OOE-03 
1 i ~~ 

unkn I 50% 1 7.OOE-03 

100% 

0% 1 SOE-03 

5% 2.8OE-03 

14ds 50% 1 SOE-02 

95 % 3.5OE-02 

100% 5.OOE-02 

Appendix A 
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i 11 WD-A: Elemental iodin-fraction removed by rain (Z$J (continued) 

Rainfalmime 

1.67mdlOrnin unkn 50% 2.09E-02 

I 95% I 4.41E-02 II 
I 100% I 7.3OE-02 II 

WD-B: Methyl iodide-fraction removed by rain 
(Wind Speed=unknown) 

RainfalVTirne Quantile I 1% 

.3mm/br 

II 0% 1.00E-03 

2.8OE-03 

I .  1 SE-02 

2.47E-02 

I 100% I 4.66E-02 II 

Z.mm/hr r- 1 5 %  I 1.92E-02 II 
7.44E-02 

1 S3E-01 

100% 2.53801 

50 % 2.OOE-03 .05mm/10min 
I 1 

II 95 % 1 4.208-03 

I 100% I 7.808-03 II 

5 %  3.2OE-03 

50 % I .28E-02 
.33mm110min 

95 % 2.7lB-02 

100% 4.458-02 
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WD-B: Methyl iodide-fraction m o v e d  by rain 
(Wind Speed=unknown) (continued) 

I I II 11 RainfalVIlie Quantile I 1% 

II 
II 

5 SOE-03 

1.59E-02 

II I 100% I 2.2oE-01 II 

Appendix A 
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WD-C: Fraction of aerosols removed by rain 

PARTICLE 
SIZE 

0.lp 

QUANTILE 

0% 

5 %  

5 0 1  

95% 

Rainfall: 
.3&r 

3.00504 

9.ooE-04 
I I 1 

Rainfall: Rainfall: Rainfall: Rainfall: 
2.mmlhr .05mm/lOmin .33mm/lOmi 1.67mm/lOmin 

2.2OE-03 1 .WE44 3.00504 1.7OE-03 

6.1 OE-03 2.oOE-04 1 .oOE-03 5.2OE-03 

3.60E-03 I 2.39502 I 6.00504 I 4.00E-03 

0% 

5% 

50 % 0.3p 
95% 

7.80E-03 f 5.I4E-02 I 1.30503 1 8.8OE-03 I 4.39502 

7.oOE-04 4.7OE-03 1.oOE-04 7.oOE-04 4.4OE-03 

1.6OE-03 1.08E-02 3.OOE-04 1.8OE-03 9.oOE-03 

6.30E-03 4.15E-02 1. IOE-03 7.2OE-03 3.57E-02 

1.29E-02 8.3OE-02 2.2OE-03 1.44E-02 7.14E-02 

1100% I 1.31E-02 I 9.46502 I 2.4OE-03 I 1.55E-02 I 7.88E-02 II 

2.80E-03 

1.15E-02 

2.47E-02 

4.66E-02 

1.92E-02 5.oOE-04 3.2OE-03 1 S9E-02 

7.44E-02 2.00E-03 1.28E-02 6.27E-02 

1 S3E-0 1 4.20E-03 2.77E-02 I .32E-01 

2.53E-0.1 7.80E-03 4.4OE-02 2.20E-01 

I 100% I 2.05E-02 I 1.30E-01 I 3.7OE-03 I 2.45E-02 

50 % 1o.op 
95 % 

100% 

1.op 

1.79E-01 3.86E-02 3.44B02 2.09E-01 5.90E-03 

7.05E-02 3.88E-0 1 1.22E-02 7.84E-02 3.35E-01 

5.05E-01 1.1 9E-0 1 5.2 1E-0 1 2.03502 1.2 1 E-01 

1 0 %  I 1.00E-03 I 8.50E-03 I 2.oOE-04 I 1.3OE-03 I 5.5OE-03 II 
1 II 

1 5 %  

I 100% 

1 5 %  I 8.60E-03 I 5.64E-02 I 1.5OE-03 I 9.8OE-03 I 4.8OE-02 11 
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Expert D 

General Remarks 

Some points rajsed at the earlier meeting are so important 
that I wish to endorse them by stating them here: 

1) For dry deposition (gases or particles) the formation 
of a nocturnal low-level temperature inversion will 
essentially decouple the atmosphere above from the 
ground and reduce deposition to a very low level. 
The meteorology driving the computer models will, 
of course, have included that in its friction 
component; its influence on particle retention would 
not, however, be included just by using that 
meteorology. 

Appendix A 

Dry DeDosition 

For particles in the inertial size range, particle trajectories 
can be computed as accurately as desired once the flow 
field has been specified. In the diffusion size range, 
deposition probabilities can be computed with equal 
confidence. The main source of uncertainty is a flow field 
about which little is known, other than a few statistical 
descriptors which relate to averaged quantities. In the 
literature, most treatments, whether theoretical or 
experimental (laboratory or field), have adopted friction 
velocity ut and particle size as the variables that control 
deposition; the latter is not related to the flow, so the flow 
is entirely categorized by the single quantity ur, i.e., a'v's. 
The adequacy of simplification can only be judged on the 
basis of experimental measurements, especially the degree 
of agreement among sets of measurements. 

As Expert E pointed out at the earlier meeting, by 
excluding from consideration processes occurring in 
cloud and fog, what is probably the major 
scavenging factor is being excluded. Condensation, 
for example, provides an almost instantaneous 
conversion of particulate material from a size range 
that is difficult to remove to a size range that is 
removed very effectively. Even if a cloud 
evaporates, it has transformed a lot of particulate 
material up the size scale. 

I 
It is perhaps redundant to note that if the aerosol 
source term consists of particles around 1 p, that 
happens to be where the scavenging process is 
acutely sensitive to size; dependences as high as 
fourth power of diameter have appeared in the 
literature. Given such a sensitive dependence, and 
the likelihood that the particle sizes produced in a 
release incident will be influenced by incident size, 
extent, and duration, as well as the rate of dilution 
after release, accurate predictions for a specified 
size would have little utility. 

3) 

4) Water-soluble spbstances are likely to be included 
among the cheniical mix that constitutes the particle 
source term. Under conditions of high humidity 
these will exist in equilibrium as solution droplets, 
the size of which will vary with relative humidity 
and can easily become two or three times the 
diameter when dry. Retaining the dry size under 
all conditions would lead to a serious 
underestimation of scavenging (dry or wet). 

Examining different experimental results, one is 
immediately struck (but not surprised) by the size- 
dependence of agreement among them; it is good at and 
above 10 pm-where inertia is large and particles fall at 
speeds - c d s ,  and, to a lesser extent, below 0.1 pm- 
where Brownian motion is predominant. Unfortunately the 
questions posed to this panel relate to the particle size range 
in between, where deposition drops to a minimum and 
where disagreement between experimental results is 
greatest. The location of the minimum, around 0.3 pm, is 
reasonably well defined among investigations, and its 
dependence on u. is not strong, ,but the depth of the 
minimum (i.e., the minimum value attained by v, when 
graphed against particle size) is quite variable, from 
experiment to experiment. For the kind of conditions 
specified in most of the panel questions (v - 5 d s  at 5m; 
roughness length - 5 cm) experimental minima in v d  have 
often been reported in the range 0.01 to 0.03 c d s ;  values 
down to .001 have been reported. Simpler theory predicts 
a minimum vd also - 0.01. In contrast, a handout of "right 
answers" to the training exercise at the Rotterdam meeting 
gave values of vd which exceeded 1 cm/s for submicron 
particles. (There was no explanation or elaboration of these 
values, so one is unsure how to regard them.) I am aware 
of indirect conclusions from fieId measurements that 
suggest appreciable deposition, with only slight dependence 
on size, in the sub-micron region, but probably would have 
discounted them were it not for the Rotterdam handout. 
Rather than ignoring the latter, or in some way averaging 
the "conventional wisdom" (vd - 0.01 at its minimum) with 
values about two orders of magnitude larger, it seemed 
more sensible to set a high value - 1 c d s  for the high 
quantile. By so doing I may be offending the statistical 
processing that will be applied to the responses. The 
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implication of my response is an "either-or" proposition, accommodation coefficient has an imperceptible effect 
not a very wide unimodal distribution. provided Dlau << radius. (D = diffusivity of the 

condensing gas, 2) = kinetic coefficients, 6.4 x lo4 M,* at 
My responses for dry deposition of aerosols were mainly room temperature, M, = molecular weight). Iodine, being 
obtained by going to the refereed literature for results from chemically reactive, almost certainly has a - 1, meaning 
laboratory experiments and field measurements; theory was that accommodatiordslip correction would be needed only 
used mainly to try to compensate for differences in for r < 0.1 pm. I am not very familiar with the 
experimental conditions and make inter-comparison idiosyncrasies of methyl iodide, but guess that it is unlikely 
possible. Some personal experimental experiences have to have an accommodation coefficient so low (lo4) that it 
contributed to my bias in favor of filling in (partially) the must be taken into account for condensation on rain or 
Greenfield Gap, making the minimum value of vd or drizzle drops. The only adjustment needed would then be 
fractional removal, as the case may be, appreciably larger for diffusivity, and a fairly secure prediction of removal rate 
than that predicted by most theories. would ensue. 

Washout Again, unfortunately, a complicating factor emerges. In this 
case it is the sequestration of mobile condensible gas 

In Rotterdam it was stipulated that removal inside a cloud molecules that have previously condensed on particles and 
or fog was to be excluded from consideration. That become virtually immobilized. As an illustration, we 
apparent simplification causes difficulties if one is to look consider the 10-8 cm 
at experimental field results, since the experimenter cannot layer on particles such as those shown in Expert H's 

categories: removed inside the cloud, and removed below 4na2Np,6 (6 being layer thickness, taken here to be 10-8 

by condensation of a 

separate amounts Of a substance into outline. With N such particles per cm3 the condensation is 

the by 
Many people believe that in-cloud processes 

by rindtops Or Other precipitation. 
most 

cm), The condensed layer is found to form so quickly that 
it is virtually instantaneous (- 1 mk); the molecules that, 

effective for removal, so unless one can be confident that 
particles or gases never found their way into clouds, 
measured deposition in rain would require a sizeable 
downward adjustment to allow for in-cloud scavenging. 

when free, had diffusivities - 0.05 cm2s-1 now diffuse at 
- 10-7 cm2s-1. The sequestered molecules mount to about 
o.ol ~g m-3 on each pm particle. Subsquent washout 
then depends not just on raindrop size and rainfall, but also 

results from cloud-phys~cs work (experimental the proportion of gas to particles. It is not then realistic to 
treat gas scavenging independently of particles. This theoretical) relating to water drop interactions. Two 

physics involves interaction of objects in the size range removal, i.e., removal rates should be reduced because of it. 
above 1 w. Extrapolation to sub-micron sizes involves For that reason I have shown a low 5-percentik that is, a 
additional assumptions. (b) Theoretical collection lot smaller than what one might otherwise estimate. 
efficiencies and kernels, even though computed using However the effect, involving interaction of two pollutants, 
detailed hydrodynamics: require an ad hoc definition of is concentration-dependent and requires a knowledge of 
~lcontact,~l since true geometric contact (i.e., for spheres, sizes and numbers (and, for methyl iodide, absorption 

precluded by the infinite time that squeezing out all the quantitative basis. 
intervening air would require. Contact is in fact stipulated 

Many assessments of washout have used as a starting point On the IllJmber concentration Of accompanying particles and 

problems present themselves in that context: (a) Cloud interaction can only act in the direction of retarding 

separation of centers equal to the sum of the radii) is Properties) before One to Put it On a 

as a separation 2 r, + r, + 6, with 6 being a fixed small The estimates Of gas and Particle washout given in 
distance or a fixed fraction of &ius. Transcribing response are computed by the straightforward cloud-physics 
drop/drop results to drop/pmicle encounters, given that analogies, data in Pruppacher and text and 
particles in shape and that the surface 
free energy of water is high, will probably underestimate 
particle washout. 

For washout of gases there is again an obvious cloud 
physics analog-the evaporation of falling drops, about 
which there is extensive literature and generally excellent 
agreement. The only catch seems to be the accommodation 
coefficients, but theory and experiment suggest that the 

other similar sources. The complications mentioned above 
were not included other than widening the 5-percentile 
values because of the uncertainties introduced. 

Bounds 

More recently the panel was asked to supply estimates of 
upper and lower bounds for the various quantities. 
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Dry deposition: A fairly obvious upper bound suggests 
itself here-the friction velocity u.. The system cannot in 
a steady state have a larger deposition flux than what is 
being brought down by turbulence. 

For aerosols, a fairly obvious lower bound is provided by 
the sedimentation velocity. That, however, is not absolute, 
since turbulent eddies can move the falling particle back up. 
A not entirely secure lower bound estimate might be about 
half the sedimentation speed, Le.: 

Diameter 
0.55 
0.7 
0.9 
1.2 
1.6 
2.3 
3.2 
4.2 

Lower Bound c d s  
5 x lo4 
7 x lo4 

.002 

.OM 

.008 

.015 

.026 

1.2 x 10-3 

For gases there is no similar bound. Given the possibility 
of very poor accommodation or filling of absorbed 
monolayers, a lower bound of zero is indicated, 

An upper bound for washout would be set by the 
consideration that a particle or gas molecule that has never 
been close to a raindrop cannot be scavenged. The sum of 
the projected area becomes of interest here, and a realistic 
upper bound would be,'say, twice the sum of areas of all 
drops fallen during a rain event (per unit surface area). For 
all the stipulated rain amounts, that sum is 2 1, except for 
the two lightest rainfalls, where it is about 0.4 and 0.7. 
These would then become the upper bounds (not applicable 
for gases). 

Dry deposition of gases at z, = 5 cm; u* = 44.4 
ThB 12 cm/s 
H P  32 cm/s 
1 2  17 cm/s 
CH,I 14 cm/s 

Drv Deposition-Method 

(a) Particles 

My decision was to use experimental results, both field and 
laboratory, in the published refereed journals, for dry 
deposition data. I use theory only to bring the data to the 
same parameter values, then use the composite set of data 
(e.g., multiple graphs of vd versus diameter) to estimate the 
required deposition velocities. The great spread in the 
results (even on logAog plots) made estimation of the mean 
(much less 95 or 5 percentiles) somewhat arbitrary. 

None of the vd values which I found in the literature were 
as high as those in the handout which we received in 
Rotterdam. They prompted me to yield to a sense that I 
have formed from various, somewhat indirect, measurement 
results that have confronted me, and place the high 95- 
percentile around 1 cm sec-I. 

(b) Gases 

Again the preferred source was experimental data, 
especially that from Chamberlain and coworkers. Their 
investigations did not use Iodine and/or Methyl Iodide, and 
they showed differences between Thorium B and water 
vapor that were larger than could be attributed to 
differences in diffusivity. I feel fairly confident that Iodine 
will be well accommodated on most surfaces, wet or dry, 
but Methyl Iodide may be another siory. For that reason I 
assigned a much lower 5-percentile to Methyl Iodide 
deposition, except for the "urban" category, where a wide 
variety of surface compositions would be encountered. 

Removal by Rain (Washout)-Rationale 

(a) Particles 

Cloud-physics data (collection efficiencies, collection 
kernels as a function of collecting drop size) can be used to 
find the washout factor for one size of collecting drop, then 
integrated over the raindrop size distribution for the 
specified rain intensities. For particles > 1 pm that should 
be fairly good, but for sizes like 0.1 p there is more 
uncertainty for the collection kernels, and factors like 
electric charge, electric field, thermophoresis, and 
diffusiophoresis become important and introduce more 
uncertainty. 

(b) Gases 

The same equations that apply to a gas (e.g., iodine) 
diffusing towards a falling drop also apply to the gas H,O 
diffusing away from an evaporating drop. I therefore went 
to cloud physics measurements and calculations for such 
evaporation, adjusting for the different diffusivities of water 
vapor and iodine (or methyl iodide). 

The principal source of errorhncertainty here is that drops 
will evaporate (how much depends on relative humidity, 
which is unspecified). A drop could reach the ground 
0.1 mm in diameter having left the cloud base 2 mm or 
more in diameter; it will collect for much of its path as a 
millimeter-size drop and will carry what it collects to the 
surface. But if it evaporates tofully everything it collected 
is returned to the atmosphere and no iodine or CH,I is 
deposited. 
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Deposition Tables 

Units of Velocity are in c d s ;  N/A = not provided by expert: unkn = unknown 
~~~ 

DD-A: Dry deposition velocity of aerosols - Wind Speed at 2 d s  

50 % 2.5OEW 4.OOE-01 4.00EW 8.OOEMO 

95 % 8.00E*oo 5.OOE+OO 2.OOE+01 2.50E41 

100% NIA NIA NIA NIA 

lo.* 
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DD-B: Dry deposition velocity of aerosols - Wind Speed at Smls 

QUANTILE URBAN MEADOW FOREST HUMAN SKIN 

0% 3.OOE-05 3.OOE-05 3.OOE-05 3.00505 

5% 2.OOE-03 2.00503 WOE-03 1.OOE-03 

50% 1.OO501 5.OOE-02 1.mE-01 5.OOE-01 

95 % 1 .OOEcoo 1 .OOE+OO 2.5oE-01 l.OOE+Ol 

100% I NIA I NIA I NIA I NIA ~~ II 
0% I 2.7OE-04 I 2.7OE-04 I 2.7OE-04 I 2.70504 ~ II 
5% 2.OOE-03 2.OOE-03 3.OOE-03 1 .OOE-o3 

50 % 4.OOE-02 3.OOE-02 5.00E-02 5.OOE-01 

95% 1 .OOE+OO 1 .OOE+OO 1 .ooE-o 1 1 .OOE+Ol 

100% NIA NIA NIA NIA 

0% 3.OOE-03 3.OOE-03 3.00E03 3.OOE-03 

5% 5.OOE-03 5.OOE-03 8.00503 3.OOE-03 

50 % 1.50E-01 1.2oE-01 4.OOE-01 5.OOE-01 

95 % 1 .OOE+OO l.OOE+OO 8.OOE-01 l.OOE+Ol 

100% NIA NIA NIA NIA 

0% NIA 2.7OE-02 2.7OE-02 2.7OE-02 

5% 2.OOE-02 4.OOE-02 8.OOE-02 3.OOE-02 

50 % 7.50E-01 1 .OOE+OO 1.5OEcoo 2.OOE+OO 

100% I NIA I NIA I NIA II 
0% 3.OOE-01 3.OOE-01 3 .OOE-O 1 3.OOE-01 

5% 5.OOE-01 1 .OOEcoo 2.00Ecoo 3.OOE-01 

50% 6.OOE+OO 1.2OE+OO 1.6oE+o1 l.OOE+Ol 

95 % 1 .OOE+O 1 1 .OOE+O 1 4.OOE+O1 4.00E+O1 

100% I NIA I NIA 1 NIA I NIA 11 
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DD-C: Dry deposition velocity of elemental iodide - Wind Speed at 2 and 5 d s  1 
QUANTILE 

SPEED 

5% 

- 

2 d s  50 % 

95 % 

100% 

t 

I 

- - 

5 . d s  

Appendix A 
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I 100% 

I 

URBAN MEADOW FOREST HUMAN SKIN 

1 .WE0 1 

1 . WE-0 1 

1 .OOE+OO 2.OOE+OO 1 .OOE+01 

1 .OOE+OO 2.OOE+OO I . WE+O 1 

l.OOE+Ol 1.50E+0 1 5.OOE+01 3.00E+01 

l.WE+Ol 1.50E+Ol 5.OOE+01 3.WE41 

3 .OOE+O 1 I 3.00E+01 I 1.00E+02 I 5.00E+01 II 

DD-D Dry deposition velocity of methyl iodide - Wind Speed at 2 and 5mls I 
~ ~ 

I 

~ ~~ ~ 

WIND QUANTILE URBAN MEADOW FOREST HUMAN SKIN 
SPEED 

0% O.OOE+OO O.OOE+OO O.WE+OO O.OOE+OO 

5% 2.00E-01 1 . WE-0 1 1 .WE+OO 1 .OOEOl 

2 . d s  I 50% 1 l.OOE+OO I 2.00E+OO I 8.OOE+OO I 3.00E+OO II 
95 % 1 .OOE+O 1 1.5OE+O 1 5.WE+O1 3.WE+01 

100% NIA NIA NIA NIA 

0% O.OOE+W O.OOE+OO O.OOE+OO O.OOE+OO 

5% 5 .OOE-O 1 2.WE-01 1 .WE+OO 2.oOE-01 

5 . d s  50 % 2.OOE+OO 5.00E+OO 2.00E+01 S.OOE+OO 

95 % 3.OOE41 3.00E+O1 5.OOE+01 5.OOE+O1 

100% NIA NIA NIA NIA 
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 ARTICLE 
SIZE 

0 . 5 5 ~  

QUANTILE 

0% 2.50E-03 

5% 5.OOE-03 

50 % 2.OOE-02 

95 % 1 .OOE+OO 

100% NIA 

los 3 SOE-03 II 
7 -  

0 .70~  

1 5 %  I 7.OOE-03 II 
2.5OE-02 

1 .OOE+OO 

100% 

0 .90~  I 3.OOE-02 

I 95% I 1.OOE+OO II 
I 100% I NIA II 

1.20p 

I O %  I 1.OOE-02 II 

5.OOE-02 

1 .OOE+OO 

I 100% I NIA 

1.6011 

0% 1 2.OOE-02 II 
4.OOE-02 

1 .WE-0 I 

1 .OOE+OO 

100% 

Appendix A 
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QU ANTILE 

0% 

5 %  

50 % 

95 % 

100% 

2.OOE-02 11 
I .OOE+OO 

N/A 

3.5OE-03 

7.OOE-03 

2.50E-02 

95 % 1 .OOE+OO 

II 
~~ 

100% 

DD-E-2: Dry deposition velocity of aerosols on 
HeatherlGreen Grass Surface 

PARTICLE 
SIZE 

0.55p 

0 .70~  

I 

0.908 

1.208 

1.60~ 

i ,  

5% I 1.00E-02 II ' 

3.00E-02 

1 .OOE+OO 

100% 

0% 1 .00E-02 

5 %  2.00E-02 

5.OOE-02 

1 .OOE+OO 

100% 

2.OOE-02 

4.00E-02 

50 % 7.00E-02 

95 % l.OOE+OO 
I 

100 % I NIA II 
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DD-E-2: Dry deposition velocity of aerosols on 
Heather/Green Grass Surface (continued) 

2 . 3 0 ~  

3.7OE-02 

7.SOE-02 

1.2oE-01 

100% 

3.20p 2.OOE-01 

1 .SOE+OO 

100 % 

4 . 2 0 ~  

0% 1.25E-01 

5% 2.50501 

I 50% I 3.OOE-01 II 
95 % 2.00E+OO 

100% NIA 

r 

DD-F: Dry deposition velocity of aerosols on Grassland 
Surface 

1 0 %  I 2.OOEC-03 

2.ooE-02 

1.op 2.ooE-01 

95 % 1 .SOE+OO 

I 100% 
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Wind 
Speed 

unkn 

WD-A: Elemental iodine-fraction removed by rain (Z$J ~ 

Quantile 1% Rainfall/ 
Time 

0% 5.00E-03 

5% 1 .OoE-02 

50% 3.OOE-02 Z.mm/hr 

95 % I .20E-01 

Rainfall/ 
Time 

.3mm/hr 

.075mm/ 
lOmin 

- 
.17mm/ 
lOmin 

- 
0.23md 
lOmin 

- 
.33mm/ 
lOmin 

i 

I 100% I 1.00E+00 I 

10 
m l s  

I .5OE-03 

3.00E-03 

5.00E-02 

100% 2.20E-0 1 

5 m/s 

8.00E-02 

100% 4.20E-01 

12 
d S  

100% 5.20E-01 

. 5 m d  
lOmin 

7.50E-03 

1 SOE-02 

Wind- 
Speed 

unkn 

4.OOE-02 

8.00E-02 

2.2OE-0 1 

unkn 

1 .oOE-03 

2.OOE-03 

5.OOE-03 

95 % 2.oOE-02 

100% 1.7OE-01 

0% 3.5OE-03 

5 %  7.00E-03 

2.00E-02 

8.00E-02 

100% 4.2OE-0 1 

unkn 

95 % 

100% 

1.00E-02 

2.00E-02 

6.odE-02 

2.00E-01 

9.50E-0 1 

1.5OE-02 0% 

5% 3.OOE-02 

1.20E-0 1 50% 

95 % 6.OOE-01 

l4 
m/s 

I 41 
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11 WD-A: Elemental iodine--traction removed by rain (Z.fw) (continued) 11 
Rainfalmime 

1 .67dlOmin 

Wind h e e d  Quantile I - f w  

0% 2.50502 

5% 5.00502 

50 % 2.0050 1 

95 % 9.oOE-01 

I 100% ' I I.oOE+oO II 

Appendix A 
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WD-B: Methyl iodide-fraction removed by rain 
( w i d  Speed=unknown) 

RainfallRime 

.3mm/hr 
95 % 1.5OE-01 

100% 1 .OOE+OO 

O.OOE+OO 

7.OOE-03 

2.ooE-01 

8.OOE-01 

II  I 100% I I.OOE+OO 

. 0 5 d l O m i n  1 .OOE-02 

5.OOE-02 

100% 2.OOE-01 

I 0% I o.OOE-to0 

1 .OOE-03 

4.OOE-02 
.33mm/lOmin 1 2.OOE-0 1 

100% 7.OOE-01 

0% O.OOE+OO 

5 %  7.OOE-03 

50% 2.OOE-01 1.67mdOmin 
1 

95 % 8.OOE-01 

100% 1 .OOE+OO 
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QUANTILE 

WD-C: Fraction of aerosols removed by rain II 
Rainfall: 
.3mm/hr 

PARTICLE 
SIZE 

5% 

50% 

95% 

100% 

Rainfall: Rainfall: Rainfall: 
.05mm/lOmin 1 . 3 3 d l O m i n  1 l .6~mdlO 1) 

2.00E-04 8.OOE-03 

5.00E-03 2.OOE-02 

2.00E-02 4.00E-02 

1 .OOE+OO 1 .OOE+00 

I .OOE-05 

2.OOE-05 

Rainfall: 
2.mm/hr 

1 .oOE-O4 2.5OE-04 

2.OOE-04 5.OOE-04 

0% I 1.OOE-04 I 4.OOE-03 

95 % 

100% 

1 .OOE-05 I 5.OOE-04 I 1.OOE-03 11 

2.00E-02 4.OOE-02 

1.00E+00 1 .OOE+OO 

4.OOE-03 

I .7OE-0 1 

3.OOE-02 6.00E-02 

7.OOE-01 1 .OOE+OO 

2.OOE-03 

2.OOE-02 

5.OOE-03 3.OOE-02 6.OOE-02 

7.00E-01 1 .OOE+OO 

0.lp 

0% 1 5.00E-05 . I 5.00E-04 

5% I 1.00E-04 1 1.00E-03 

50% I 5.00E-04 I 2.OOE-03 8.OOE-05 I 2.OOE-03 I 2.OOE-03 11 0 . 3 ~  

- 
1.oop 

0% , I 1.00E-03 I 2.00E-03 5.00E-05 I 1.OOE-03 I 2.OOE-03 II 
2.00E-03 4.OOE-03 

5.00E-03 1.6OE-02 

95% 2.00E-02 4.00E-02 

100% I I.OOE+OO I l.OOE+OO 1.70E-0 I I 7.OOE-01 ' I l.OOE+OO 11 
0% I 5.00E-02 I 3.00ET 

~ 

1 .00E-02 I 1.OOE-01 I 3.25E-01 11 
5 %  I I.00E-01 I 6.OOE-01 2.00E-02 I 2.00E-01 I 6.50E-01 11 

3.OOE-01 9.OOE-01 

4.50E-0 1 9.50E01 

100% 9.99E-0 1 9.99E-01 

1o.oop 
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Expert E 

As a scientist I look for an improved understanding of 
nature; as a technologist I look for something useful as an 
outcome of any planned exercise. 

This exercise has led me to rethink, in the sense of re- 
examine and re-substantiate, some old thoughts about the 
concepts we use to qescribe turbulence and physical 
properties of objects and materials. I had imagined that the 
intended outcome would be a more correct estimate of what 
would happen if there were a release of radioactive material 
at ground level. 

As a meteorologist I have to face a reality in which each 
and every day has its own particular mix of wind, 
temperature, cloud, rain, etc. The wind fluctuates in 
response to temperature changes that themselves depend on 
sunshine and reflection and radiation from ground and 
clouds, and absorption by them. Even these objects on the 
ground are living organisms wh se behavior varies 
diurnally and with the seasons. P 
These factors form an infinite variety that makes each time 
and place different. The words "dispersion" and 
"deposition" are the resulting consequences of the 
"emission" of pollutants described as if there were only 
these two mechanisms to be added to make behavior of 
pollution an order of magnitude more complex to describe 
than the weather. 

Actually, the spreading of a cloud or plume of pollution is 
adequately described by drawing an angle or spread, a 
distribution within the cloud or plume, and a track; for then 
a footprint of the pollution can be drawn. Similarity at all 
stages of spread is assumed in the distribution. Can we do 
better than sketch the spread and the distribution on a bit of 
paper? Of course that will not do for the purposes of 
sophisticated computation and the perceived complexity of 
reality. 

A wide variation in the dispersion and deposition is 
observed. Therefore, an accurate assembly of facts is 
desired so that the wide variations can be mapped. 
Although they are clearly understood to be unpredictable as 
to detail, the possibility and probabilities will be tied down 
and put in place. 

However tidily those probabilities are mapped, the nature of 
the initiating incident remains largely unspecified, and the 
ranges of weather and other determining factors have been 

restricted to supposedly manageable proportions, so that the 
answers emerging from the exercise are likely to bear little 
relation to the well-known occurrences at Windscale, Three 
Mile Island, Chernobyl, and Tomsk. 

So who will be impressed by the present parade of 
expertise? The numbers provided are honest attempts to 
delineate the magnitudes of the phenomena that have been 
carefully described. But actuality has been, and always will 
be, different because nature provides more choices than can 
possibly be taken into account. 

In the meantime, real meteorologists, used to the problems 
of forecasting, compose models that can usefully employ 
the predictive charts they make a few times every day. Into 
the situations they describe, any source of pollution can be 
inserted, so as to warn the world's fire brigades what their 
jobs are likely to be in the actual event presently being 
unfurled. 

For such a purpose (and what better purpose can be planned 
in advance to supersede this purpose?) the calculation might 
as well be done graphically on the back of an old envelope 
that can be trashed and replaced as necessary when reports 
of reality come in. 

Theoretical Case Studies 

The weather forecasting services engage in many exercises 
that are far more significant than the trivial testing for 
correctness of rain or no-rain forecasts. 

To make numerical forecasts, the numerical models have to 
be far more sophisticated than is usually understood, in 
order to produce predictions of the weather for many hours 
ahead. From the weather charts almost every other aspect 
of the forecasts follow. The exercise includes providing a 
satisfactory starting situation, which in itself is consistent 
with the basic equations of mechanics and physics; this 
alone is no mean task. 

It is known from long experience of testing forecasting 
models on documented past cases that predictions of wind 
can and must be made so that a good starting point for the 
prediction of the transport of pollution routinely exists. 

The largest obstacle to success is not the difficulty of 
representing lateral or vertical dispersion but rather the 
problem of calculating, with enough accuracy to determine 
future horizontal transport, the vertical displacements of the 
air (and the pollution contained in it). 
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I see no reason why case histories should not be 
synthesized from recorded weather to provide stimulating 
suggestions, for which we should be prepared if an accident 
occurred at a nuclear pQwer station. Would not such cases 
be of great interest to decision makers? 

In such ' cases, the interesting factors "predicted" would 
include air concentrations, and from these it would be 
possible to calcutate deposition or ingestion without hiding 
the assumptions about deposition velocities in computations 
where the numbers used half-way would not be obvious, 
but hidden in sophisticated uncertainty concepts. 

Atmospheric Stability 

This term refers to the static stability represented by the 
vertical potential temperature gradient. It has been 
customary in dispersion and other pollution studies to 
represent this gradient by stating the value of the potential 
temperature at two different heights above the ground. By 
limiting the information to these two values, it is impossible 
to represent the very relevant features of the potential 
temperature profile in relation to the vertical displacement 
of pollution particles. 

Thus there is no differentiation between cases in which the 
air is being warmed and those in which it is being cooled 
(between morning and evening situations). It is obvious 
that a positive potential temperature gradient suppresses 
turbulence of a kind which would cause vertical transfer of 
pollution. It is therefore illogical to discuss, as steady 
states, stable turbulent situations. It is even nonsense to 
supply, as basic data, a condition that the air is turbulent 
and stable, and to request values of transfer coefficients or 
outcomes which it is to be supposed would be produced if 
that state continued. 

If, for example, the potential temperature at 100 m was 
stated to be greater than at 10 m (or 1 m), implying that the 
air was stable, it could still be turbulent on account of 
mechanically or thermally produced eddies from the ground 
up to 50 m. On the other hand, it might be without 
turbulence if the potential temperatures at 10 and 100 m 
were the same, and the air below 10 m (or even, in another 
case, only below l m  ) happened to be very stable, as it 
often is around sunset. 

The assumption that the average gradient between two 
levels is adequate or suitable to represent the stability is 
hallowed by its use to compute the prestigious Monin- 
Obukhov length. But in a serious study of the present kind 
that is nonsense. The Monin-Obukhov length is not an 
adequate parameter to represent the effect of stability on 
diffusion pollution. 

Deposition Velocitv 

The conditions under which the deposition velocity has been 
measured vary greatly, and the circumstances, such as the 
nature of the surface, are in many cases described only 
qualitatively. Furthermore, the time of day and conditions 
of sunshine are not always (or even usually) described, 
although they make a great deal of difference to the 
outcome. 

Bearing all the circumstances in mind that might explain the 
great variations between occasions, I have tried to picture 
the limiting circumstances and the variations they may 
produce and which of these actually have been the result in 
the numbers recorded. 

The result is not satisfactory because the methods of using 
the numbers provided are not in any way descriptive of the 
causes of the variations. The numbers are posed as 
physical coefficients representing a mechanism, whereas 
actually they represent the outcome of a great many 
mechanisms involving the behavior of different vegetable 
components and rates of different geometrical objects that 
act to generate the turbulence. 

The fact that the quantities proposed as representing the 
complex capture process vary by two (decimal) orders of 
magnitude means that on any occasion the situations are not 
properly appreciated and described. This is scarcely a 
suitable starting point for numerical calculations that can 
lead to results on the basis of which action can be taken. 

In the case of washout by rain, any measurements recorded 
do not really describe how the deposited material came to 
be within the raindrops. It makes very much difference 
whether the particles captured and deposited were included 
in a droplet by acting as a condensation nucleus, by capture 
from the air within a cloud of droplets, or, as seemingly 
presumed in this exercise, captured in the air below a cloud 
by a falling raindrop. This has been particularly important 
in the past when the captured particles may have come from 
several different origins according to the altitude at which 
they entered a droplet. 

Estimation of Promrtion of Washout 

Large raindrops capture less of anything than the same 
amount of water in the form of smaller droplets because of 
the smaller cross section area. Heavy rainfall rates are 
assumed to be composed of larger drops, and so do not 
capture smaller particles and at a proportionately increased 
rate. Thus the same amount of rain falling on the same 
area in a longer time captures more than in the shorter time. 
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Chamberlain gives a diagram expressing this for the capture 
(washout) of SO, and I, (paragraph 76 of Chamberlain’s 
chapter in “The Aerodynamic Capture of Particles,” edited 
by E.G. Richardson, published by Pergamon). This 
diagram was used directly for Iodine and also for 
Methyliodide by comparison with larger molecule of 
so,. 

The formula used by Chamberlain to calculate the curves 
was originated by Ranz and Marshall, and is used for lack 
of better information and because it is found to be 

CI 
’3 
0 c c 

II 
4 

reasonable. Chamberlain’s original report is an official 
publication of 1953 (reference given in Chamberlain’s 
article). I 

The size spectrum (originated by Best) is considered fair for 
rain. It is more easily measured than cloud droplet size 
spectra and is less variable in time than in clouds, and is, 
on the whole, acceptable. The diagram in Figure E-1 is for 
SOz & I,. Human skin is assumed not to include hairs. 
With hairs and fidgety movement or cycling (increased 
airflow), much higher values are expected. 

Rainfall Rate 

Figure E-1. Capture curves for SOz and Iz. 

+ 
0 

€ 
E 
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/I 

Deposition Tables 

Units of velocity are in c d s :  N/A = not orovided bv expert; unkn = unknown 

95 % 5 . WE-0 1 5 . WE-0 1 1 SOE-01 1 .00E-O1 

100% NIA N/A NIA NIA 

I I 1 1 

DD-A: Dry deposition velocity of aerosols - Wind Speed at 2 d s  

1.oop 

I I I HUMANSKIN 
PARTICLE QUANTILE URBAN I 

0% 5.WE-03 8.OOE-03 5.00E-03 5.oOE-03 

1 .00E-02 

50 % 5.00E-01 5.00E-01 2.00E-01 1 .00E-O 1 

5% 2.00E-02 1 .00Er02 1 .00E-02 

II 1 0 %  I 5.00E-03 I 5.00E-03 I 2.00E-02 I 5.00E-o3---I( 

3 . 0 0 ~  

I 4.00E-02 I 0 . 3 0 ~  I 50% I 1.00E-01 I 1.00E-01 I 1.00E-01 

95 % 5.1OE-01 7.00E-01 5.00E-01 3 .OOE-O 1 

100 % N/A NIA NIA NIA 

0% 1 .WE-02 1 .00E-02 5.00E-02 1.00E-02 

5% 5.00E-02 3.00E-02 1.00E-01 3.00E-02 

50 % 7.00E-01 9.00E-01 8.5OE-01 3.00E-01 

95 % 1 .00E+OO 2.50E+OO 1 .00E+OO 1 .00E+OO 

~~ 

0% 

5 %  

50 % 

95 % 

100% I NIA I NIA I NIA I NIA II 
8.00E-02 5.WErO2 5.00E-01 1 .WE-0 1 

1.00E-01 1 .00E-o1 1 .00E+OO 5.ooE-01 

9.00E-01 1.70E+OO 1 .80E+oo 1 .00E+oo 

2.00E+00 2.50E+00 2.00E+OO 3.00E+OO 

II 
~~ 

100% 1 NIA I NIA I NIA I NIA 

NUREGKR-6244 A-98 



Appendix A 

0 . 3 0 ~  

0% 5.OOE-03 5.OOE-03 5.OOE-03 4.OOE-03 

5% 5.OOE-03 1 .OOE-02 8.OOE-03 7.OOE-03 

50 % 1 .OOE-Ol 1 .OOE-Ol 1 .OOE-Ol 4.OOE-02 

P- 100 % 

5.OOE-01 

1 .OOE+OO 

1.OOp 

8.OOE-01 1.5OE-01 9.OOE-02 

2.OOE+OO 4.OOE-01 1.5OE-01 

100 % 

0% 

5% 

1 .OOE+OO 2.OOE+OO 1 .OOE+OO 4.OOE-01 

1 .OOE-02 1.OOE-02 5.OOE-02 3.OOE-02 

5.00E-02 5.OOE-02 7.OOE-02 5.OOE-02 

3 . 0 0 ~  

I 0% I 8.OOE-02 I 5.OOE-02 I 5.OOE-01 I 1.OOE-01 II 

50% 1 .OOE+OO 1 .OOE+OO 8.OOE-01 3.OOE-01 

95% 1.20E+bO 1.50E+OO 2.OOE+OO 1 .OOE+OO 

100 % 1.50E+OO 2.OOE+OO 3.OOE+OO lSOE+OO 

1 I.OOE-01 1 1.OOE-01 I l.OOE+OO I 2.OOE-01 II 
1o.oop 50% 1 .OOE+OO 2.OOE+OO 2.OOEi-00 1 .OOE+OO 

95 % 2.OOE+OO 3.OOE+OO 4.OOE+OO 3.OOE+OO 

100 % 3.OOE+OO 3.50E+OO 4.50E+OO 4.00E+OO 
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WIND 
SPEED 

QUANTILE URBAN MEADOW FOREST HUMAN SKIN 

2.ds 

10% I 5.OOE-02 I 8.OOE-02 I 9.OOE-02 I 2.OOE-02 

0% 5.OOE-02 5.OOE-02 8.OOE-02 1 .OOE-02 

5% 1.OOE-01 1.OOE-01 1 .OOE-Ol 5.00502 

50% 5.OOE-01 1 .OOE+OO ISOE+OO 3.OOE-01 

95 % 1 .OOE+OO 1.50E+OO 2.OOE+OO l.OOE+OO 

100 % 2.OOE+OO 2.50E+OO 3.OOE+OO 1.50E+OO 

I 5% I 1.OOE-01 I 1.OOE-01 I 1.OOE-01 I 6.OOE-02 

5 . d s  50% 7.OOE-01 1.50E+OO 2.50E+OO 7.OOE-01 

95 % 1.50E+OO 2.OOE+OO 3.OOE+OO 1.50E+OO 

100% 4.OOE+OO 2.5OE+OO 4.OOE+OO 2.OOE+OO 

DD-D: Dry deposition velocity of methyl iodide - Wind Speed at 2 and 5mls II 
QUANTILE 

0% 

5% 

WIND 
SPEED 

URBAN, MEADOW FOREST HUMAN SKIN 

3.OOE-03 5.OOE-03 2.OOE-02 5.OOE-03 

5.OOE-03 3.OOE-02 3.OOE-02 1 .OOE-02 

2.mls 

- 95 % 

100% 

5.OOE-01 1.50E+OO 2.OOE+OO 1 .OOE+OO 

7.OOE-01 2.OOE+OO 2.50E+OO 1 .SOE+OO 

50 % I 5.OOE-02 I 7.OOE-01 I l.OOE+OO I 6.OOE-01 II 

0% 

5% 

50 % 

5.OOE-03 3.OOE-02 3.OOE-02 1 .WE02 

1 .OOE-02 5.OOE-02 5.OOE-02 2.OOE-02 

1 .WE-0 1 l.OOE+OO 1,3OE+OO 1 .OOE+OO 

95 % 

100% 

~ 

7.OOE-01 2.50E+OO 3.OOE+OO 1.50E+OO 

1 .OOE+OO 3.OOE+OO 4.OOE+OO 2.00E+OO 
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DD-E-1: Dry deposition velocity of aerosols on 
Moorlmd/Peatland Surface 

1 5 %  I 1.OOE-03 

0.55~ 4.00502 

2.OOE-01 

100% 3.OOE-01 

1 .OOE-03 

1 .OOE-03 

0.70~ 4.OOE-02 

2.OOE-01 

' 1  100% I 3.OOE-01 

1 0 %  I 1.OOE-03 

I 5% I 1.OOE-03 

0% 1 .OOE-03 

1.20p 

2.OOE-03 

2.OOE-03 

1 . 6 0 ~  1 6.OOE-02 

:) I 4.OOE-01 

100 % 5.OOE-01 
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0% 

5% 

50% 

95 % 

100% 

DD-EZ: Dry deposition velocity of aerosols on 
HeatherlGreen Grass Surface 1 

1 .OOE-03 

2.OOE-03 

1.OOE-01 

5.OOE-01 

7.OOE-01 

PARTICLE QUANTILE 11 SIZE I 

95 % 

100% 

II 

5.OOE-01 

8.OOE-01 

0.55p 

95 % 

100% 

5.OOE-01 

8.00E-01 

3.OOE-03 

5.OOE-03 

95 % 

100% 

0.708 ~ ::: 1 1 . WE-0 1 1 
5.OOE-01 

100% 7.OOE-01 

6.OOE-01 

9.OOE-01 

0.908 I 50% I 2.OOE-01 II 

1.20p 

5.OOE-03 

1.WE-02 

50 % 2.OOE-01 

1.608 

5.OOE-03 

1 .OOE-02 

50 % 2.OOE-01 
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II DD-EL: Dry deposition velocity of aerosols on 
HeathedGreen Grass Surface (continued) 

2 . 3 0 ~  

I 

3 . 2 0 ~  

r 

1 

4 .20~ 

QUANTILE II 
I II 

0% 5.OOE-03 

5% 1 .WE02 

50 % 1, 2.oOE-01 II 
95 % 8.OOE01 

100% 1 .OOE+OO 

0% 1 .OOE02 

5% 2.OOE-02 

50% 3.OOE-01 

95% 9.OOE-01 

100% 1.20E+00 

0% I 1.OOE-02 

5 %  2.OOE-02 

50 % 4.00E-01 

95 % 1 .00E+OO 

100% 1.50E+OO 

DD-F: Dry deposition velocity of aerosols on Grassland II Surface 
~~~ ~ 

PARTICLE 
SIZE 

I QUANTILE 

I 

0% 5.OOE-03 

1 5 %  I 1.OOE-02 

1.op 

I 

6.00E-01 

100% 
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Rainfall/ 
Time 

.31nm/hr 

- 
.075md 
lOmin 

- 
.17& 
lOmin - 
. 2 3 d  
lOmin 

- 
.33& 
lOmin - 

WD-A: Elemental iodine-fraction removed by rain (I-fw) II 

14 
d S  

2.00E-01 

50% 4.00E-01 

1.5oE-02 

2.5oE-02 

4.00E-02 

100 % 

3.00E-02 

5.oOE-02 

7.oOE-02 

100% 

8.00E-02 

1 .00E-O 1 

100% 

50% I 1.30E-01 11 
95 % 1.6OE-0 1 

100% NIA 
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Ir r i  
WD-A: Eleme 

RainfalVTime 

ita1 iodine--2raction removed by rain ( 

Wind Speed 

I 5% 

unkn I 50% 

A- 105 

I 
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.3mmlhr 

NUREGlCR-6244 

50% 1 .00E-o 1 

95% 1.6oE-01 

WD-B: Methyl iodide--fraction removed by rain 
(Wind SDeed=unknown) 

50 % I/ 2 . 4 r  

6.00E-02 

5.00E-01 

95 % 

I 100% I NIA 

7.oOE-01 

1 5 %  I 2.00E-01 

5% 

50 % 

95 % 

.05mm/lOmin 

100 % 

I .50E-02 

3.00E-02 

5.00E-02 

NIA 

0% 

I1 I 100% I NIA 

NIA 

II 

5% 

50 % 

1 0 %  

5.00E-02 

8.00E-02 

I NIA 

95 % 

100% 

II 

1 .00E-O 1 

NIA 

0% 

5% 

. 3 3 d l O m i n  

NIA 

1.2OE-0 1 
II I 1 II 

1.67mdlOmin 
2.5OE-01 

100% 
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QUANTILE Rainfall: Rainfall: 
.3mm/hr 2.mmlhr 

0% 

5% 

50% 

95% 

NIA 1 NIA 

6.OOE-02 3.OOE-01 

2.OOE-01 5.OOE-01 

3.OOE-01 7.OOE-01 

moved by rain 

Rainfall: 
.05&10 min 

PARTICLE 
SIZE 

Rainfall: 
.33mm/10 min 

Rainfall: 
1.67md10 =I 

0.1op 

0% I N/A I NIA NIA NIA 

5% i I 4.OOE-02 I 2.OOE-01 5.OOE-03 1.OOE-02 7.OOE-02 11 
2.oOE-02 6.OOE-02 2.OOE-01 4.oOE-0 1 

3.OOE-01 6.OOE-01 

2.OOE-01 

4.OOE-01 4.00E-02 8.OOE-02 

NIA NIA 

NIA NIA d 1 .OOE-O 1 I .OOE-02 2.OOE-02 

5.OOE-02 7.OOE-02 
0.3Op 

1 .OOE-O1 I .OOE-OI 

100% I NIA I NIA NIA NIA 

0% I NIA I NIA NIA NIA 

1.OOE-02 2.OOE-02 1.OOE-01 3.OOE-01 

3mE-0 1 5 .OOE-O 1 

5.00E-01 7.00E-01 

100% 

1 .5OE-O 1 

2.5OE-01 

6.OOE-01 

7.OOE-02 1 .OOE-O 1 1.oop 
1 .WE-0 I 1 .5OE-O1 

NIA NIA 

0% I NIA I NIA ' NIA NIA 

5% I 2.OOE-01 I 3.OOE-01 3.OOE-02 5.OOE-02 2.OOE-0 I II 
1.OOE-01 2.5OE-01 4.OOE-01 6.OOE-01 

8.OOE-01 9.OOE-01 
1o.oop 

3.OOE-01 5.OOE-01 

NIA NIA 
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Expert F 

The Urban Area 

In the case of an urban area, the vd may vary not only as a 
function of pollutant characteristics, meteorological 
variables, and surface characteristics, but also as a function 
of such variables as the downwind distance from the rural- 
urban transition or other local transitions in the urban 
complex, such as that from a building cluster or a park. 

It is suggested that one way of solving these problems 
might be to use 'local deposition velocities', vdi, defined as 

vdi = F(i) / x(z), 

where F(i) is the flux towards a local surface (e.g., a roof 
or a wall) and x(z) is the air concentration at the imaginary 
boundary surface well above the roughness elements of the 
city that are also above the city canopy. These 'local 
deposition velocities' can then be used for calculating the 
total flux to the area and then the deposition velocity over 
the urban surface. Such a simplified model was proposed 
by Roed.' 

The surface types, i.e., the local surfaces, can be assigned 
their own individual deposition velocities, each obtained as 
the result of experiments or calculations. Thus the ratio of 
the deposition velocity of the urban canopy to the area as 
a whole is the weighted aggregate of the local deposition 
velocity, i.e., 

vd (urban) = ZAi * vdi 

where Ai is the total surface type 'i' in a horizontally 
projected area of the city. 

The simplified model contrasts with the usual one which 
makes use of the overall aerodynamic roughness length of 
the urban complex (the macrosurface roughness). In the 
former case the spatial proximity of various microsurfaces 
plays no part, whereas in the latter case it is very important. 

However, the total deposition in both cases is dependent on 
the density of bluff bodies such as buildings, the simplified 
model giving a higher deposition velocity because of the 
larger integrated area per projected horizontal area. 

Measurements before Chernobyl 

To find the local velocities on selected urban surfaces, 
R ~ e d ~ . ~  measured the deposition of '37Cs-mainly bomb 
fallout accumulated over many years-on the surface of a 
building; he then related it, after applying a correction for 
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radioactive decay, to the known time-integrated air 
concentration of 137Cs. Also he measured the deposition of 
naturally produced 7Be on artificial plates placed against 
vertical walls. 

This type of measurement has the advantage that the 
surfaces studied have been immersed in an actual turbulent 
environment generated by wind flow on an array of 
buildings and that the deposition velocity is averaged over 
enough time to include a wide variety of weather 
conditions. 

The measurements also have a number of drawbacks such 
as: 

1) The areas of plane surfaces chosen in the experiment 
may not be representative for a number of reasons: 
deposition could be highly non-uniform spatially, for 
example, with enhancement occumng near edges, 
discontinuities, projections, etc. This calls for 
measurements of large surface areas at different types 
of locations. 

2) The '37Cs deposited on walls had an unknown 
contribution from wet deposition for some of the 
samples, whereas others were well protected from the 
rain. Weathering can diminish the deposition. Roed2 
presented an argument to explain why weathering was 
not expected to have a dominant influence on the 
results, and the 7Be results bear this out. 

3) The characterktics of the aerosols associated with the 
deposition of 137Cs are not known in detail, whereas 
those associated with 7Be have a mean aerodynamic 
size of about 0.4 pm. 

The values of local deposition velocities obtained were 
notably low. Values for '"Cs onto vertical surfaces largely 
protected from the rain were below lo4 mls. The 7Be 
results for vertical surfaces not exposed to rain were below 
1.6 x lo4 m/s and horizontal surfaces below 7 x lo-'. 

Measurements after Chernobvl 

There is a paucity of experimental data on dry deposition 
on urban surfaces. Reed's'".' measurements, however, have 
provided some insight into how various isotopes are 
distributed on different surfaces. These deposition 
measurements were made during the passage of the first 
radioactive cloud from Chernobyl over the Roskilde area in 
Denmark. The measurements were carried out at noon on 
Sunday, 27 April 1986; the cloud cleared the area some 
time during the following week, When deposition took 
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, Isotope 

Paved Areas 

Walls 

Windows 

Grass (clipped) 

Trees 

Roofs 

place, the weather was not changeable: the wind speed was 
3 m/s at 8 m above the ground and the Pasquil stability 
category was B-C. 

I c s  Ru Ba Ce zr 

4.6 0.7 3.5 ,4.6 8.1 3.5 

3.0 0.1 0.4 0.4 0.9 1.3 

2.3 0.05 0.1 0.2 0.1 

22 4.3 4.1 5.8 7.7 7.1 

8.0 7 25 26 39 45 

33 2.8 3.4 53 40 

The measurements were made in the city as well as in 
suburban and rural areas. The measured deposition 
velocities are listed in Tables F-1 and F-2. Table F-1 
shows the deposition velocities for different isotopes 
originating from the Chernobyl accident and Table F-2 
shows the deposition on different urban surfaces relative to 
deposition on roads. 

There is no obvious indication that the deposition velocity 
changed from one area to another. It clearly differed for 
various isotopes, however. Particle-bound caesium had the 
smallest values, with a mean vd of about 1 x 1 P  m/s for 

road surfaces. The next group, consisting of particulate 
ruthenium, lanthanum, and elementary iodine, had 
deposition velocities of around 5 x 10-4 m/s. The highest 
deposition velocity, 10 x IO4 d s ,  was found for particulate 
cerium and zirconium. The deposition velocity of iodine 
was similar to that on road surfaces. For caesium, however, 
it was one order of magnitude lower. The wall surface 
samples were identical, as they had been fabricated in the 
laboratory for deposition velocity measurement purposes. 
However, the walls of which they were part were situated 
at very different locations, varying from very open areas to 
very dense city areas. Nevertheless, the depcsition 
velocities of caesium, lanthanum, and cerium were some 5 
to 10 times higher than on roads. Only ruthenium had the 
same deposition velocity on both roads and walls. 

Table F-1. Deposition velocity in lo4 m / s  
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The deposition velocities of the volatile group of elements 
(I, Te, Cs, Ru) are lower than those of the refractory group 
(La, Ba, Ce, Zr). As shown by Rulik et a1.6, these two 
groups have different particle sizes; the first group has an 
AMAD of about 0.4 pm. 

Dry deposition velocities reported by Magua et a17 for 137Cs 
and I3'I on grass are shown in Table F-3. 

Nicholson' reported dry deposition velocities for vertical 
surfaces and roofs, and these values are shown in Table 
F-4. 

Sehmelg showed the importance of gravitational particle 
settling as a deposition mechanism. He suggested that the 
settling velocity for 1 pm diameter particles is of the order 
of loam-' while those for 3, 5 ,  and 10 pn particles can be 
of the order of lo3 ,  3 x and lo-* d s .  

Deposition on trees and grass 

The first cloud from the Chernobyl release arrived under 
dry weather conditions at the Roskilde area, where the 
measurements were carried out at noon on 27 April 1986; 
the cloud cleared the area some time during the following 
day. The dry weather conditions persisted throughout the 
following week. 

In the time interval during which deposition took place, the 
weather continued unchanged with a mean wind speed of 

3 m/s at 8 meters height and a Pasquill stability category of 
B-C. 

The airborne radioactivity was measured by sucking air 
through a Whatman glass-fibre paper and measuring the 
material collected using gamma-spectroscopy . Such f h r s  
provide an efficiency close to 100% for particulate 
pollution. Thus, for isotopes existing only in particulate 
form, representative deposition velocities can be calculated 
based on the airborne activity collected on the glass-fibre 
filters. 

For iodine, however, a problem arises because this element 
can be present in the atmosphere in three forms: (i) attached 
to particles, (ii) as elemental iodine vapour, and (iii) as 
gaseous organic compounds of iodine. Organic iodine is 
deposited neither on glass-fibre filters, nor significantly on 
surfaces, so it can be excluded from further consideration. 
Of the remaining forms of iodine, only the 
particulatefraction is found in the filter, whereas the major 
fraction of the deposition may arise from the more rapidly 
deposited iodine vapour. Calculated deposition velocities 
are therefore unrepresentative of either form. However, 
some measurements made in Germany'' indicate that the 
levels of elemental iodine in the initial Chernobyl cloud 
were about equal to those of the particulate fraction. Thus 
the deposition velocities given here provide an approximate 
value for the elemental iodine component (assuming the 
composition of the cloud reaching Roskilde to be similar 

Table F-3. Deposition velocities for 'j7Cs and IJ1I, derived from measurements at the RWTH Aachen after the 
Chernobyl accident7 

Nuclide ll 

1311 

Remarks v, grass ( c d s )  

all samples considered 0.03 - 0.15 mean: 0.07 

total iodine: 
mean for daytime minimum overall 
mean 

iodine species': 
elemental: 
mean for daytime minimum 
overall mean 
particle bound: 

0.15 
0.2 

0.5 
0.8 

'0.1 

'Calculated with 30% elemental, 30% particle bound, and 40% organic iodine. 
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Location '"cs 

Table F-4. Deposition Velocities (cm d) 

Deposition Velocities (cm s-I) 

1 3 7 0  "7cs 

I 
( T O W  (Weapons fallout) 

Norwich 
Hanvell Lab. 

<5 x tod 2 x 10-3 >4.4 x 10-3 
<4 x 10-3 I x 10-2  >1.2 x 10-2 

North: Upper 
Lower 
Mean 

South: Upper 
Lower 
Mean 

_ _  

to that observed in Germany). The measured deposition In the case of trees from the suburban area, only the local 
velocities can therefore be considered as those of deposition velocity was of interest; a yew tree 2.5 m high 
elementary iodine. was measured in two sections. 

The investigation was carried out in the Boserup forest The material deposited on the two cammon spruces chosen 
5 km southwest of Riso, consisting mainly of common from the Boserup forest was very evenly distributed per unit 
spruce with an average height of about 6.4 m. Two trees mass of bulk material (small branches, twigs, and needles). 
chosen at random were felled and cut into sections, one into Besides the total deposition velocity, it is therefore 
8 and the other into 4. The branches and needles were then interesting to know as well the amount of bulk mass per 
chopped into pieces and the deposition on each section was unit forest area, as the even distribution indicates that the 
measured separately, as was the cortex of each section. To total deposition velocity is proportional to the bulk mass per 
find the total deposition, the number of trees per m2 of unit forest area within the limitations of the ability of the 
forest area was determined and samples of the forest soil atmosphere turbulence to carry enough material to the 
were taken. boundary layer at the canopy of the forest. 

i 
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6 x IO2 6 x IF2 6 x 10-' 
9 x 11 x 11 x 10-2 
8 x 8 x l(r2 8 x lU2 
8 x 12 x 10-2 13 x 
7 x 8 x low2 9 x 10-2 
7 x lo-* 10 x 11 x 10-2 

I ISurface Activitv) 

East 
West 
South 

East: Upper 
Middle 
Lower 

Mean 

4 x 5 x 5 x 10-2 
5 x 10-2 6 x 6 x IF2 
3 x 7 x 8 x 

<4 x 7 x 8 x IO-* 
9 x 16-2 8 x 6 x 
5 x 6 x 6 x IO-' 
6 x 7 x 7 x io-* 

Roofing Felt (Building 4) 

East Upper 
East Lower 
West Upper 
West Lower 

4.2 x IF2 5.5 x 1(r2 2.0 
4.5 x 1(r2 5.8 x 2.0 
3.9 x 10-2 5.0 x 2.0 
3.2 x 4.7 x 1cr2 2.2 

Flat Roof 8 x lo-' 18 x 3.4 



Tables F-5 and F-7 show the distribution of the deposited 
material on branches, twigs, and needles with height above 
the ground. The bulk deposition with height is shown in 
Tables F-6 and F-8. In Tables F-9 and F-11 the 
distribution of the deposition on the cortex of each tree is 
shown, and Tables E10 and F-12 show the deposition per 
unit area of the cortex. The total deposition velocity of the 
forest is given in Table F-13. It is calculated as the total 
deposited materia1 on the trees and on the forest soil per 
unit area divided by the integrated air concentration. A 
yew and a juniper berry tree were cut in the urban 
environment. They were part of a tight hedge in a 
suburban front garden. Table F-14 shows the local 
deposition velocity, i.e., the deposited material per unit 
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mass of small branches, twigs, and needles divided by the 
time-integrated air concentration for all the trees. The bulk 
deposition constant is shown in Table F-15. It is seen that 
the bulk deposition constant is about the same for both the 
trees in the suburban area and equal to that of the forest 
trees. 

In Table F-16, the local deposition velocity is shown, and 
a bulk deposition constant B, for grass is given as the 
deposited material per unit mass for grass, divided by the 
time-integrated air concentration. When modeling 
deposition on trees and grass, it seems that the important 
parameters to be used are the mass of the bulk material and 
the bulk deposition constant. 

Table F-5. Deposited material on branches, twigs, and needles of 
common spruce at different heights, in Bq: tree no. 1 
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7.5 

34.8 

20.3 

11.5 

3.4 

Table F-6. Deposited material on branches, twigs, and needles of 
common spruce in Bq per mz of cortex: tree no. 1 

10.4 4.9 7.3 

27.3 , 39.4 33.9 

15.8 22.6 19.5 

10.5 12.2 9.3 

3.4 4.9 2.7 

Height cm 0-75 75-135 135-215 215-315 315-405 1 'Be Bqkg 7.4 6.5 6.6 6.6 8.1 

'"Ru 

IMRu 

1311 

~~ ~ 11 95Nb I 22.8 57.7 32.6 16.5 39.7 
I I I I I 1 

5.5 11.2 6.1 10.5 7.0 

0.84 3.7 1.8 2.3 1.6 

266.7 181.0 162.4 173.4 

11 %r I " I 12.3 I 30.0 I 20.6 I 9.8 I 24.8 

121.7 

1.5 

229.6 72.8 172.5 

2.1 1.8 1.5 

I1  I I I ~~ 

l"2E" 

'"Eu 

0.32 

0.052 0.25 0.10 0.14 0.30 

405-472 1 472-545 I 545-654 I 0-654 11 

1 4.6 1 4.6 1 ril 1 3.3 

26.0 22.5 20.2 20.7 

18.0 16.8 10.4 

0.06 I 0.059 I 0.43 I 0.17 11 

Table F-7. Deposited material on branches, twigs, and needles of 

1 
common spruce at different heights, in Bq: tree no. 2 
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Table F-8. Deposited material on branches, twigs, and needles of common spruce 
at different heights, in Bq per Kg (branches, twigs, and needles): tree no. 2 

Table F-9. Deposited material on cortex of common 
spruce at different heights in Bq: tree no. 1 

11 Height I cm I 0-75 I 75-135 

11 'Be I Bq 1.6 1.7 
I I I 

2.5 0.13 

"7CS 

3.4 0.20 

I I 

'"Eu 0.12 0.089 

135-215 I 215-315 * 
0.15 

14.2 13.8 

0.017 0.11 

0.27 I 0.27 

0.015 ,t, 

315-405 I 405-472 I 472-545 I 545-654 I 0-654 
~ 

1.9 1.2 0.93 2.5 13.6 

0.51 0.31 2.2 12.0 

0.069 0.14 1.8 

248.8 

0.053 

0.18 0.06 0.03 0.16 1.6 
~~ 

0.44 0.75 6.1 

0.26 0.75 4.7 

- 1 - 1 - 1 -  I 0.055 
I I 

0.098 0.064 0.03 0.7 
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Table F-10. Deposited material on cortex of common spruce 
at different heights, in Bq per mz of cortex: tree no. 1 

Table F-11. Deposited material on cortex of common 
spruce at different heights, in Bq: tree no. 2 
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Table F-12. Deposited material on cortex of common spruce at 
different heights, in Bq per m2 of cortex: tree no. 2 

Table F-13. Deposition velocity in a forest (units: lp ms-I): 
40.5 trees per 100 mz, average tree height = 6.4 m 

Isotope Common Spruce 
I 1 

1% 7.3 
I l l I  89 

~ 

lo3Ru 28 

‘@Ru 53 
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Table F-15. Bulk deposition constant, Bd (in kg-' m3 s-' x lo4) 

Yew trees Juniper berry Common Spruce Common Spruce 
Isotope height 2.5 m height 2.0m height 6.5 m height 6.1 m 

137cs 2.8 3.2 1.8 2.3 

134cs 2.2 I 2.7 I 1.4 I 1.9 
~~ 

I 24.5 26.5 19.4 16.6 

14'Ce 12.2 21.9 13.9 19.4 

1311 
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Table F-16. Deposition velocity, vd: lo4 rns-’; bulk deposition, Bd: lo4 m3 8’ kg-I, for grass 

Dependence of V, on Reference Heirrht 

Those portions of the deposition velocity that are due to 
eddy diffusion (adiabatic conditions) are dependent on the 
height above the surface that is chosen as reference height. 

vi = (K.u.) / (ln((z-L)/z,) + K.Xfl.), 

where K is the von KBrmBn constant (K=0.4), u. the fiction 
velocity, z the height above the ground, and L is about 
0.6 . H, where H is the mean height of the roughness 
elements. ’ 

For very small particles where sedimentation is negligible, 
this equation represents the total deposition velocity. 

Over a grass field with average windspeed, where zo = 1 
cm and u. = 30 cm/s and a.here the field is a perfect sink, 
that is X, = 0, we find that 

vd = 2.3 c d s  for z-L = 2m 
vd = 2.6 c d s  for z-L = lm, and 
vd = 5.2 c d s  for z-L = 0.1 cm. 

It can be seen that if the reference height is chosen to 
exceed lm above L, then the deposition velocity becomes 
almost independent of the reference height. 

Dependence of v, on Atmospheric Stabilitv 

It was seen above that the maximum deposition velocity 
under adiabatic conditions was about 2.6 c d s .  Jensen” has 
shown that under moderately stable weather conditions, the 

deposition velocity will be less than a quarter of the 
maximum deposition velocity for adiabatic conditions due 
to the reduction in uI in stable conditions. 

Dependence of v,, on Windspeed 

The portion of vd that is due to eddy diffusion is close to 
proportional to the mean wind speed u. 

Dependence of v, on Particle Size 

From laboratory measurements reported by Sehmel’*, 
McMahon and Denin~on’~ constructed a curve that describes 
the deposition velocity on smooth surfaces as a function of 
particle size. McMahon and Deninson also constructed a 
curve that shows the relation between the deposition 
velocity on grass and particle size. The curve was 
constructed from literature values. The two curves are 
compared in Figure F-1 . It can be seen that the deposition 
velocity is at a minimum when the particle diameter is 
about 0.5 pm, and that the deposition velocity increases for 
particles larger than 0.5 pn. This increase is due to the 
gravitational force. 

Dependence of vd on Surface Roughness 

Figure F-2 shows that deposition velocities on grass for 
particles between 0.1 pn and 2 pm in diameter are about an 
order of magnitude greater than those on smooth surfaces. 
The figure also shows sedimentation to be relatively more 
important on smooth surfaces than on rough surfaces. The 
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Figure F-1. Relationship between deposition velocity and particle diameter. 

Curve A: Laboratory and field measurements of deposition velocity of particles onto grass.I3 
Curve B: Laboratory measurements of deposition velocity on smooth surfaces (u, = 73 c d s ,  u = 13.4 m/s).13 
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measured deposition velocities before 1962 were reviewed measured on smooth surfaces (0.03 cds ) .  Ahmed" 
by Gifford and Pack14. They concluded that deposition produced curves for deposition velocities as a function of 
velocities of particles of copper sulphate have a mean windspeed for both smooth and rough surfaces. He found 
diameter of 4 pm and a frictional velocity of 27 cm-'. the deposition velocities on rough surfaces to be an order of 
They found deposition velocities on grass (0.1 cmls) and magnitude greater than on smooth surfaces. 
clover (0.24 cmls) that are 3 to 8 times higher than those 

n 
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U 
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Q) > 
c 
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w 
.I 

I 

.I 

.I 
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10-3 
0 2 4 6 8 10 12 14 

Wind velocity p (ms-1) 

Figure F-2. Deposition velocity for natural radioactive aerosols as a function of wind velocity (from 

Iodine as Methyl Iodide 

Investigations have shown that iodine in the form of methyl 
iodide CH,I has a very low deposition velocity. In the 
laboratory, Vogt16 has measured deposition velocities for 
CH31 which are 100 times less than the deposition velocities 
for iodine vapour in the elementary iodine form, 12. 
Bunch" found corresponding results from a field 
experiment. In agreement with this, Atkins" measured very 
low values of deposition velocity of CH31, both in wind 
tunnel experiments and in field experiments. 

Iodine as Elementan Iodine 

Gifford and PackI4 pointed out in their review of the 
investigations carried out before 1962 that reactive matter 
such as iodine vapour in the form of elementary iodine has 
a higher deposition velocity than non-reactive matter such 
as caesium. Gifford and Pack found that v, for I, was in 
the order of 1 to 3 c d s  for vegetation and one order of 
magnitude less for soil without vegetation and plane 
collectors. Further, they found that deposition velwities for 
non-reactive particles were generally one order of 
magnitude less than the deposition velocities which were 
measured for reactive matter. 
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In field experiments, Hawley et al.” and Adams et a].’” 
measured deposition velocities on grass and soil under grass 
cover of 1.3 to 1.4 c d s  at unstable weather conditions and 
wind speeds of 7-9 m/s.  In other experiments, Adams et 
al.” found deposition velocities on snow of 0.22 c d s  
(snow has a smooth surface). The weather conditions here 
were neutral and the wind speed was 6 d s .  Further, the 
deposition velocity on grass was measured under stable 
weather conditions to 0.11 c d s  at a wind speed of 4 d s .  
The deposition on soil under grass cover has not been 
included in this figure. It is, however, important to 
distinguish between deposition on the grass and deposition 
on a grass field, where the contribution from soil under the 
grass cover is included. 

By far in most deposition experiments on overgrown soil 
only the deposition on the growth has been measured. This 
will therefore be noticed when the total deposition (soil and 
growth) is measured. 

In field experiments, Cline et a1.” measured deposition 
velocities with a mean value of 0.5 c d s  on plants, e.g., on 
grass. The deposition on soil under grass was found to be 
about 15 9’0 of the deposition on grass. 

Hull2’ found deposition velocities of 0.25 cmls on grass 
from the fallout from Chinese bomb testing. 

Field measurements carried out in Jiilich by Vogt et a1.16 
gave deposition velocities of 1.2 c d s  for average wind 
conditions on a typical grass cover. 

Other Measurements of Deposition Velocities for Non- 
Reactive Particles 

Jonasz3 and Horbert et a].*, measured deposition velocities 
by field experiments in which CuSO, particles labeled with 
radiotracers were used. 

On growth, they measured deposition velocities between 
0.24 and 0.05 c d s .  On smooth collectors and on bare soil 
they found deposition velocitiy between 0.03 and 0.01 
c d s ,  that is, a factor of 5 less. The wind conditions during 
the measurements were normal for Germany. 

Clough” found deposition velocities on moss, in wind 
tunnel experiments, that were 10 times higher than those 
found on grass. 

Peirson et carried out measurements on dust far from 
industry. He found that deposition velocities for large 
particles originating from physical impact on soil were 
considerably higher than deposition velocities of particles 

originating from industrial pollution, which he assumed 
would have a particle size of less than 2 pm. 

Wilson et ai.’’ found deposition velocities of 0.4 c d s  for 
lucerne and 0.8 c d s  for ‘37Ca bomb fallout particles. 
These high values correspond well with those found by 
Herbert:* who measured deposition velocities on clover 
(0.24 cds ) .  

Little and Wiffen” have measured deposition velocities for 
lead from car exhausts in wind tunnel experiments. The 
measurements were carried out on fresh lead particles with 
a mean diameter of about 0.05 pm and on aged lead 
particles with a mean diameter of about 0.2 pm. 

The deposition velocities on grass were measured as 
0.13 c d s  on grass, 0.015 c d s  on soil under grass, and 
0.035 c d s  on bare soil for fresh lead particles. The 
corresponding figures for aged particles were 0.019 c d s  on 
grass, 0.007 c d s  on soil under grass, and 0.0081 c d s  on 
bare soil. 

The relationships between the deposition velocity on a grass 
field (grass and soil under grass) and the deposition velocity 
on bare soil were thus found to be 3 and 4, respectively. 

Deposition Velocities Measured After Other Reactor 
Accidents than that at Chernobvl 

Some very important measurements have been made on 
fallout from reactor accidents. 

Windscale 

Following the Windscale accident, which occurred on 
10 October 1957, measurements were made at Preston, 
Burnley, and Sheffield, which are 85, 100, and 180 km, 
respectively, from Windscale (Stewart and At 
these locations the deposition velocity for iodine on grass 
was measured as about 0.3 c d s  while corresponding 
measurements in the south of England showed deposition 
velocities on grass in the order of 0.11 c d s .  

The deposition velocity for caesium and ruthenium was 
found to be about 15% of that of iodine. 

On the measurement sites, the weather conditions were 
stable in the deposition period. 

SL-I Accident 

At the SL-1 accident, releases occurred in the period from 
the 6th to the 30th of January 1961. 
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The weather conditions were stable in the period where the 
release took place. A deposition velocity for iodine on 
growth was measured to be about 0.2 c d s .  

Recommended Deposition Velocities in Dose Calculations 
After Releases of Radioactive Matter 

For reactive matter such as iodine, deposition velocities 
near the source of about 1 c d s  were measured on rough 
surfaces (growth). Farther away from the source, the 
deposition velocities were generally found to be lower. 

In connection with the Windscale accident and the SL-1 
accident, deposition velocities of 0.1 to 0.3 cm/s were 
measured on rough surfaces for reactive matter. 

Deposition velocities for non-reactive matter; such as 
caesium, are generally considerably lower than those found 
for iodine. After the Windscale accident, deposition 
velocities for 137Cs and ‘03Ru on grass were measured to be 
about 15% of the deposition velocity for iodine. Gifford 
pointed out already in 1962 that the deposition velocities 
for reactive matter were considerably higher than those for 
non-reactive matter (by a factor of 10). For non-reactive 
matter, values of less than 0.2 cm/s have generally been 
reported for rough surfaces. There is, therefore, a clear 
difference between deposition velocities for reactive and for 
non-reactive substances. On average, this difference can be 
expressed as a factor of 5. Another important dividing line 
is between the deposition velocities measured on rough 
surfaces and the corresponding velocities found on smooth 
surfaces, such as house walls. 

For plane surfaces, deposition velocities have been 
measured which are substantially, lower than those found for 
rough surfaces, both for reactive and non-reactive matter. 
An exception is a series of measurements by Peirson et 
a1.?6 who found the deposition velocity for I3’Cs on filter 
paper (plane collector) to be 0.2 c d s .  However, other 
measurements have shown the deposition velocities for 
smooth surfaces to be 3 to 20 times less than those on 
rough surfaces. 

Wet deposition 

Various different processes are responsible for the uptake 
of aerosols by falling drops (Pruppacher and Klett; 
Slinn)?0*31 Small ppicles move very rapidly and 
irregularly due to bumps from molecules. These particles 
are transported to the drops by Brownian diffusion. The 
larger the particles, the less the movement after collision 
with the molecules. Therefore, Brownian diffusion is only 
important for particles with a radius of less than 0.01 pn. 

I 

Raindrops move corresponding to the surrounding air. 
Small aerosols will follow the movement around the drop 
and therefore not come into contact with the drop. Larger 
particles have a mass, due to which they will not quite 
follow the air and thus be hit by the drop, even though the 
air stream will change when a drop falls through. It is 
assumed that nearly every colIision leads to an uptake of 
the particle by the drop. The larger the particles, the higher 
the inertia, and thus the chance of a collision. This process, 
capture, is important only for particles with a radius larger 
than 1 pm. 

For particles with radii between 0.01 pm and 1 pm, only 
very inefficient processes exist: phoretic processes. Due to 
temperature differences or differences in the air gas 
concentration, the particles move a little, which enhances 
the chance of capture by a drop. If a drop falls down from 
the cloud-base, it will ‘sweep’ a small vertical air column 
with a cross section of d (the cross section of the drop). 
If the air, and thereby the particles, did not move around 
the falling drop, all particles in the column would be 
captured in the drop. In reality, only a fraction, E (usually 
called the ‘capture efficiency’) of these aerosols will be 
captured. The fraction E has been measured in air where 
particles were produced and the captured fraction measured 
(Slinn3’; Janssen et These experiments showed that 
E is much larger, particularly for particles with radii 
between 0.01 p and 1 pn, than what was assumed for 
theoretical reasons. It was therefore recommended to use 
a constant capture efficiency of 0.02 for all particles without 
respect to the size. This efficiency has been found in 
Holland by Janssen et aL3* in washout of smoke fans from 
a power station. The uncertainty associated with E is rather 
large, but it is unlikely that it is larger than 1, although it is 
theoretically possible. The washout of particles is not so 
efficient as removal of particles in clouds because they act 
as condensation kernels. 

Drops can never be saturated with particles, as is the case 
for gases. But for some substances that have been taken up 
on particle form by the drops, it is possible to leave the 
drops again on a gaseous form. 
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Deposition Tables 

Units of velocity are in IO4 d s ;  N/A = not provided by expert; unkn = unknown 
~~ ~~ 

DD-A: Dry deposition v e l i t y  of aerosols - Wind Speed at 2 y l I  

PARTICLE QUANTILE URBAN MEADOW FOREST HUMAN SKIN 
SIZE 

0% 1 .OOE-O3 2.OOE-03 6.OOE-03 5.OOE-04 

5% 7.00E-03 1 SOE-02 4.5OE-02 1.5OE-03 

0.10~ I 50% I 4.50502 I 9.OOE-02 I 4.50501 I 7.OOE-03 II 
95 % 4.5OE-01 9.OOE-01 1 2.OOE+OO 7.OOE-02 

4.OOE-OO 2.OOE-01 100% 2.OOE-00 2.OOE-00 

0% 1 .OOE-03 2.OOE-03 6.OOE-03 5.OOE-04 

5% 5.OOE-03 1 .OOE-02 3.OOE-02 1 .OOE-03 

0 . 3 0 ~  50 % 3.OOE-02 6.OOE-02 3.OOE-01 5.OOE-03 

95 % 3.OOE-01 6.OOE-01 2.OOE+OO 5.OOE-02 

100% 2.OOE-00 2.OOE-00 4.OOE-00 2.OOE-01 

0% 2.OOE-03 3.OOE-03 1 .OOE-02 5.OOE-04 

1 SOE-03 5 %  7.OOE-03 1 SOE-02 5.OOE-02 

LOOP 50 % 5.OOE-02 1 .WE-0 1 5.OOE-01 8.oOE-03 

8.OOE-02 

I 

95 % 5 .OOE-O 1 1 .OOE+OO 2.OOEW 

I 100% I 2.OOE-00 I 2.OOE-00 I 4.OOE-00 I 2.OOE-01 II 
~~~~ - ~ 

0% 1 .OOE-02 1 .OOE-02 1.5OE-02 5.OOE-04 
I 1 I 1 I 

5 %  2.OOE-02 3.OOE-02 7.OOE-02 3.OOE-03 

3.00~ 50% 1.5OE-01 2.ooE-01 7.OOE-01 3.OOE-02 

95 % 7.5OE-01 1.2OE+OO 2.20E+OO 3.OOE-01 

1 I I I II 
~~~ 

' 0% 1.OOE-01 1 .OOE-Ol 1.OOE-01 5.OOE-04 

5% 3.OOE-01 3.OOE-01 3 SOE-0 1 5.OOE-03 

1o.oop 50% 5.OOE-01 6.OOE-01 9.OOE-01 5.OOE-02 

95 % 1 .OOE+OO 1.40E+OO 2.50Ei-00 5.OOE-01 

100% 6.OOE-00 6.OOE-00 1 .OOE+Ol 1 SOE-OO 
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PARTICLE 
SIZE 

1.OOp 

- 
3.001.1 

10.001.1 

DD-B: Dry deposition velocity of aerosols - Wind Speed at 5m/s 

QUANTILE URBAN MEADOW FOREST HUMAN SKIN 

0% 2.OOE-03 4.OOE-03 1 .WE02 1 .WE03 

5% 1 1.5OE-02 1 3.OOE-02 ' I 9.oOE-02 I 3.oOE-03 II 
1.4OE-02 

95% 6.OOE-01 1.20E+OO 3.5OE+OO 1.4OE-01 

50% 9.00E02 1.8OE-01 9.CQE-01 

100% 3.OOE+OO 3.OOE+OO 5.oOE+OO 4.oOE-02 

0% 2.OOE-03 4.OOE-03 1 .OOE-02 1.oOE-03 

5% 1 .WE02 2.OOE-02 1.oOE-01 2.OOE-03 

50 % I 6.OOE-02 I 1.2oE-01 I I.oOE+OO I 1.00502 II 
3.50E+OO 1.OOE-01 

100% 3.OOE+OO 3.OOE+OO 5.OOE+OO 4.OOE-02 

95 % 4.OOE-01 8.OOE-01 

0% 4.OOE-03 6.OOE-03 2.oOE-02 1 .dE-03 

5% 1.5OE-02 3.OOE-02 1.OOE-01 3.OOE-03 

1.6OE-02 50 % 1 .OOE-Ol 2.OOE-01 1 .OOE+OO 

95 % 6.5OE-01 1.3OE+OO 3.50E+OO 1.6OE-01 
- 

100% 3.OOE+00 -1 3.OOE+OO I 5.OOE+OO I 4.OOE-01 II  

5% I 8.OOE-02 I 1.OOE-01 I 1.2OE-01 I 6.OOE-03 II 
50% 2.OOE-01 3.OOE-01 1.2OE+OO 6.oOE-02 

95 % 8.OOE-01 1.50E+OO 3.70E+OO 5.OOE-01 

100% 4.oOE+OO 4.OOEi-00 S.OOE+OO 2.OOE+OO 

0% I 1.50E-01 I 1.5OE-01 I 1.5OE-01 I 1.OOE-03 II 
~- ~ ~~ -~ - 

1.OOE-02 5 %  3.5OE-01 3.5OE-01 4.oOE-01 

50% 5.5OE-01 7.5OE-01 1.50E+OO 1 .oOE-O 1 

95% l.lOE+OO 1.8OE+OO 4.OOE+OO 8.oOE-01 

100 % 6.OOE+OO 6.OOE+OO 7.OOE+OO 3.oOE+OO 
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WIND 
SPEED 

2.mls 

r 

5 . d s  

DD-C: Dry deposition velocity of elemental iodine - Wind Speed at 2 and 5mls 

QUANTILE URBAN MEADOW FOREST HUMAN SKIN 

0% 1 .OOE-02 4.00502 1.OO501 5.00503 

1 .00502 5% 2.5OE-02 7.50502 5.OOE-01 

50 % 2.5OE-01 7.50501 2.OOE+OO 2.5OE-02 

100% I 4.00E+Oo I 4.OOE+OO I 6.OOE+OO I l.OOE+OO 

0% I 2.OOE-02 I 5.00502 I 1.20501 I 5.OOE-03 
6 

1 .OOE-02 

50 % 3.5OE-0 1 1 .00E+OO 3.OOE+OO 3.50502 

5% 3 SOE-02 1 .00501 6.OOE-01 

95 % 3.OOE+OO 3.OOE+OO 6.00E+OO 3.OOE-01 

100% 6.OOE+OO 6.OOE+OO 1 .00E+O1 1.50E+OO 

DD-D: Dry deposition velocity of methyl iodide - Wind Speed at 2 and 5 4 s  

WIND QUANTJLE URBAN MEADOW FOREST HUMAN SKIN 
SPEED 

' 0% N/A N/A NIA NIA 

5 8 1.25E-05 3.75E-05 1 .00E-04 1 SOB06 

2.ds 50% 2.5OE-03 7.5OE-03 2.00E.02 2.5OE-04 

95 % 5.00E-02 1 SOE-01 4.00E-01 5.OOE-03 

100% 2.ooE-01 7.OOE-01 I .30E+Oo 2.00E-02 

0% NIA NIA NtA N/A 

5% 1.758-05 5.OOE-05 1.5OE-04 1.5OE-06 

5 . d s  50 % 3 SOE-03 1 .OO502 3.OOE-02 3.00E-04 

I 95% I 7.OOE-02 I 2.OOE-01 I 5.00501 I 7.00503 

100% 3.OOE-01 1 .OOE+OO 2.00E+OO 3 .00E-02 
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DD-E-1: Dry deposition velocity of aerosols on 
MoorlandPeatland Surface 

4.00E-03 

4.00E-02 

1.20E-01 0.55p 

I 100% I 3.00E+Oo 

5.00E-03 

5.00E-02 

1.6OE-01 0.70~ 

I 100% I 3.5OE+OO 

6.00E-03 

6.00E-02 

50% 1 .80E-0 1 
I 

l.20p 

1 0 %  1 7kE-03 

5% 7.00E-02 

50 % 2.00E-01 

95 % 2.00E+00 

100% , 4.00E+OO 
~~~ ~ 

0% 8.00E-03 

I 5% 8.00E-02 

50 % 2.3OE-01 1 1.60~ 
95 % 3.00E+Oo 

100% 5.00E+OO 
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DD-E-2 Dry deposition velocity of aerosols on 
Heather/Green Grass Surface 

PARTICLE QUANTILE 
SIZE 

0% 2.00E-03 

5 %  2.00E-02 
r 

II c II 

I 100% // 1 :: 1 3.OOE-03 11 
3.00E-02 

0.70~ 8.00E-02 

8.00E-01 

100 % 

0 . 9 0 ~  

0% 3.00E-03 .. 
5% 3.00E-02 

I 50% I 9.00E-02 I1 
95 % 9.00E-01 

100 % 4.00E+OO 

1.20p 

3.OOE-03 

3.00E-02 

50 % I .00E-01 

95 % I .00E+OO 

100% 4.50E+00 

1.6Ojl 

0% 4.00E-03 

5% 4.OOE-02 

1.2OE-01 

I .20E+OO 

100% 
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DD-E2: Dry deposition velocity of aerosols on 
HeathedGreen Grass Surface (continued) 

PARTXCLE QUANTILE 
S P E  

0% 5.OOE-03 

5% 5.OOE-02 

50 % 1.4oE-01 

95% 1.4oE+OO 
2.30p 

I 100% I 5.OOE+OO 

3 . 2 0 ~  

0% 

5 %  

50 % 

95 % 

100% 

5.OOE-03 

5.OOEi-02 

1.6OE-01 

1.60E*oo 

4.20~ 

I 0% I 7.OOE-03 

5% 7.OOE-02 

50% 2.OOE-01 

95 % 2.OOE+OO 

100% 5.OOE+OO 

DD-F Dry deposition velocity of aerosols on Grassland 
Surface 

3.OOE-03 

1.op 

I SOE-02 

1.5oE-01 

95 % 

I 100% I 6.OOE*oo 
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WD-A: Elemental iodine.-fraction removed by rain (2-fw) 
~ -11 

Rainfall/ 
Time 

2% Rainfall/ 
Time 

Wind :;tile 1 2 - f ,  1 
Speed 1 O.OOE+OO O.OOE+OO 

1.50E-02 I 4.OOE-02 11 5% 

1.4OE-01 unkn 50% I 3.OOE-01 11 
I 

.3mm/hr 2.rnmlhr 

. 0 5 d  
lOmin 

.17mm/ 
lOmin 

Smm/ 
lOmin 

l.Omm/ 
lOmin 

P 100% 

7.6OE-0 1 I 9.8OE-01 11 95 % 
I 

1 .OOE+OO I 100% I l.OOE+OO 11 
1 0% I o.ooE+oo I 0% I O.OOE+OO 11 

I II 

I 5% I 1.OOE-04 I 5% I 1.OOE-04 11 
.075mm/ 10 
lOmin m / S  

unkn 2.00502 

1.60E-0 1 

2.00E-02 

1.60E-01 
I 

100% 8 .OOE-0 1 

O.OOE+OO 

1.OOE-04 

3.OOE-02 

I 5 %  I 1.OOE-04 
I I 

.17mm/ 
lOmin I 50% I 3.OOE-02 5 m / s  

I 

I 95% I 2.6OE-01 I, I 2.60E-01 // 
9.5OE-01 I 100% I 9.5OE-01 

I 0% I O.OOE+OO 0% O.OOE+OO 

1 .00504 5% 

50 % 5.OOE-02 

95 % 3.8OE-01 

I 

1.00E-04 

4.00E-02 

95 % 3.00E-0 1 

0.23mml 
10min 

12 
m / S  

unkn 

I 

I 100% I 9.7OE-01 I 100% I l.OOE+OO 11 
O.OOE+OO 

1 .ooE-04 

unkn 4.OOE-02 

3.4OE-01 

100% 1 .OOE+OO 

O.OOE+OO 

1 .OOE-02 

7.OOE-02 

5.40E-01 

100% 

.33mm/ 
lOmin 

14 
m / S  
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WD-A: Elemental iodine-fraction removed by rain (I-fJ (continued) 

RainfaWTime Wind Speed Quantile 1% 

0% O.OOE+OO 

5% 1 .OOE-02 

1.67dlOmin unkn 50% 9.OOE-02 

95 % 5.9OE-0 1 

100% 1 .OOE+OO 
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NUFEG/CR4244 

WD-B: Methyl iodide-fraction removed by rain 
(Wind Speed=unknown) 

RainfalWime Quantile 

. 3 d r  

1 5 %  I 1.00E-04 

I 50% I 2.OOE-02 

1.9OE-01 

8.8OE-0 1 

0% NIA 

5 %  1 .WE44 

50 % 7.OOE-02 

95% 5.1oE-01 

100% 1 .OOE+OO 

2 . d r  

II 1 0 %  I NIA 

5% 1.00E-04 

95 % 2.OOE-02 

100% 1.60E-0 1 

.33mm/lOmin 
I 95% I 6.OOE-02 

I 100% I 4.5OE-01 

I O %  I NIA 

2.OOE-02 

1.6OE-01 

I 100% I 8.OOE-01 
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II WD-C: Fraction of aerosols removed by rain 

PARTICLE QUANTILE Rainfall: 
SIZE 1 I .3mm/hr 

Rainfall: 
2.mm/hr 

Rainfall: Rainfall: Rainfall: 

O.OOE+OO o.OOE+oo 1 0 %  I O.OOE+OO I O.OOE+OO 

1 5 %  I 1.OOE-04 I 1.OOE-02 1 .00E-04 I 1.OOE-04 I 1.OOE-04 

I 50% I 4.OOE-02 I 1.OOE-01 0.108 
95% 3.OOE-01 6.6OE-01 

100% 1 .OOE+OO 1 .OOE+OO 

O.OOE+OO O.OOE+OO O.OOE+OO o.OOE+oo 

1 .OOE-04 1.OOE-04 1.OOE-02 

1 .OOE-02 2.OOE-02 6.OOE-02 

6.OOE-02 1.6OE-01 4.50E-01 

7.OOE-01 l.OOE+OO 1 .OOE+OO 

0% O.OOE+OO 

5% 1 .OOE-04 

50 % 7.OOE-02 0.308 
95 % 5.1 OE-0 1 

100% 1 .OOE+OO 

2.OOE-02 

1.9OE-01 

8.8OE-0 1 

1 .OOE+OO 

o.OOE+oo O.OOE+OO o.ooE+oo 
1 .OOE-04 1 .OOE-O4 1 .OOE-02 

0% o.OOE+oo O.OOE+OO 

5% 1 .OOE-02 4.OOE-02 
I I 50% I 1.OOE-01 I 3.OOE-01 1 .OOE-02 I 3.OOE-02 I 9.00E-02 1.008 I 

t 9.8OE-01 95 % 6.6OE-01 

100% 1 .OOE+oo 1 .OOE+OO 

9.OOE-02 2.6OE-01 5.9OE-01 

7.OOE-01 l.OOE+OO l.OOE+OO 

o.ooE+oo 1.OOE-02 O.OOE+OO O.OOE+OO O.OOE+OO 

1 .OOE-04 1 .OOE-02 3.00E-02 

3.OOE-02 9.OOE-02 2.60E-01 

2.6OE-01 5.9OE-01 9.5OE-01 

4.OOE-02 1.00E-01 

3.OOE-01 6.60E-01 1o.oop 
95 % 

100 % 

9.80E-01 1 .OOE+OO 

1 .OOE+OO 1 .OOE+OO 7.OOE-01 I l.OOE+OO I l.OOE+OO 
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Expert G 

Introduction 

The reasoning to support the responses provided to the 
elicitation questions is given in the following sections. 

The results of studies of deposition are very variable. 
Numerous methods have been attempted, and at least some 
part of the variability is attributable to the differences in 
methodology. Some methods have particular requirements 
of weather, geography, or freedom from interfering aerosol 
sources, which are difficult to fulfill. Many methods are 
likely to yield parameters with a particular bias if the 
conditions are not fulfilled. In ?electing parameter values, 
some judgement regarding the reliability of varying results 
is essential. Otherwise the range of uncertainty is 
extremely wide, and the information content in the values 
provided is poor. 

The author has therefore applied this judgement. As a 
result, the parameter values quoted do not reflect the entire 
population of field measurements or model results for 
deposition parameters, but rather the population of results 
that the author judges to be valuable because they provide 
valid estimates of the true population. Nevertheless, the 
estimates of the percentiles necessarily reflect lack of 
knowledge and experimental error as well as environmental 
variability . 

Deposition of Particles 

Urban Areas 

Nicholson et a1.I2 estimated deposition to various 
components of a built environment and aggregated the 
result to arrive at a bulk deposition velocity to such an area. 
Deposition per unit area to roofs, roads, and grass differed 
by no more than a factor of two, while individual trees 
could collect an order of magnitude more material than 
other surfaces. Vertical walls collected minor amounts. 
Thus the bulk deposition velocity is likely to be strongly 
dependent on the number of trees and bushes. 

The wind velocity at which measurements were made 
varied widely from one experiment to another. There was 
a clear dependence on particle size, and an influence of 
wind speed was observed in some of the measurements. In 
tabulating the data, it has been assumed that the results of 
Nicholson et al. apply at a mean wind speed of 3 m s-' and 
that the bulk deposition velocity is proportional to wind 
speed. 

These are crude assumptions, but the precision of the 
descfiption of an urban area does not justify a more detailed 
treatment. The range between the quantiles represents the 
variation likely in urban areas, largely influenced by the 
likely number of trees, but also allowing for other sources 
of uncertainty. 

Grass and Other Short Vegetation: "Meadow" 

A number of field and wind tunnel experiments have used 
monodisperse particle tracers for direct measurement of 
deposition to entire grass sward or crop surfaces. The 
results of these measurements are fairly consistent, and 
some allow interpolation to provide data at the particle sizes 
and wind speeds required in the elicitation. Such data are 
assumed to be representative of meadow. All such studies 
show a marked effect of particle size, but many of the field 
studies do not allow the effect of wind speed to be resolved. 
Table G-1 summarizes the interpolated results used. 

Other workers have derived deposition velocities for such 
surfaces from models that represent the physical processes 
involved in deposition, from theoretical or empirical 
approaches. Table G-2 summarizes two papers giving such 
results. 

In addition, papers exist in the literature that have applied 
micrometeorological techniques to investigate the deposition 
of tracers, generally of industrial origin. These differ from 
the results summarized in Table G-1, in that the size of the 
particles is not controlled, and in most cases the size is 
incompletely known or partly resolved. A few results of 
such measurements are summarized in Table G-3. Many of 
these determinations apply to tracers present principally in 
micron or sub-micron particle$, but yield deposition 
velocities many times greater than expected from the results 
in Table G-1. 

While there may be reasons related to the size distribution 
and measurement techniques for the differences between 
Table G-1 and Table G-3, it is not clear that the data in 
Table G-3 can be discounted as unreliable. It may appear 
improbable that they provide reliable information on the 
behavior of monodisperse aerosols released to the 
atmosphere, but they apparently indicate that deposition 
velocities may be an order of magnitude higher than 
indicated by other studies, and they have been kept in mind 
in setting the range in the elicitation table. 
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Author and 
Details 

Garland' 
(grass) 

Forest 

u, m -2 
s-': 0.1 0.3 1 3 10 0.1 0.3 

d, pm: 

3.104 1.5.1 
O4 

Direct measurement of deposition using monodisperse Table G-4 summarizes the literature results used in 
aerosols to entire forest canopies is difficult because of the evaluating deposition velocities for particulate material to 
height of the vegetation elements. Deposition has been forest. The values listed under SehmeP necessitated some 
measured to shoots or branches (Belot et al.),' and the extrapolation to conditions considered in his paper, and this 
deposition velocity to the entire forest has been estimated was carried out somewhat subjectively by eye; it is doubtful 
by modeling using the results. Other estimates can be whether the extrapolation can be justified, but the numbers 
made by application of general models for deposition to are included to give a feel for the difference between 
plant canopies. models. 

Jonas and 
Vogtg (grass)* 

Table G-1. Deposition velocities, v, (m sd) for grass and short crops (meadow) 
€or particles of diameter d (pm) and wind speed, u (m 8') 

2.104 (1.2- (0.15- (3-6) 
2.5) 2) x10-' 
xio-4 x10-~ 

Wedding and 
Montgomery'" 

(maize and 
soybean) 

Pomeroy et 

(wheat, lettuce) 
a1.13 

(0.8-5) (0.2-2) (0.3- 

x 1 o-2 
XlO4 XlO4 3) 

*Widk range of wind speed included. 
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Table G-2. Deposition velocities (m s-') given by empirical or theoretical models 
1 

u, m s-I: -2 
Author and d, p: 0.1 0.3 1 3 10 

Details 

Davidson et 
al.s 

(Various 
grasses 
showing 

influence of 
species) 

Sehmel and 
Hodgsod6 

Slinn" 

10-5 I 
to 

1 0" 

4 x  
1 0" 

I I  

2 x  

to 
2 x  
10" 

1 0-5 

2 x  
lP 

4 x  
10-4 
to 

4 x  
10-3 

6 x  
10-4 

10-3 7 x 
to 1 0-3 

3 x  to 
4 x 

+ 
-5 

0.1 0.3 1 3 10 

6 x 2 x  7 x  2 x  
10-4 10-3 10-3 10-2 

3 x  2 x  3 x  10-3 10-2 
lo4 lo4 lo" 

Table G-3. Deposition velocities (m 6') from field data using uncontrolled aerosols 

I 

Author d, p: 0.1 0.3 1 

Sievering" (0.5-5) (0.1-2) 
x 10-3 x 

Wesely et al." 2.10-3 -(0.1-1 p) 

WeseIy et a~.** (5-9) x 

Table 6-4. Summary of results used to evaluate deposition velocities 

u, m -2 -5 
Author & S-' 0.1 0.3 1 3 10 0.1 0.3 1 3 10 

Details d, 
c": 

Belot', pine IP 10-3 3 . ~  lo4 2.10-' 3.10-' 

Sehmel and 2.10-3 2.1C3 7.10-3 1.10-' 6.10-3 2.10" 5.10" 3.1-a 6.10-' 
Hodgson*I6 

SIinn,'* 2.104 lo4 2.104 4.10" 2.104 4.10-4 lC3 2.10-' 
eucalyptus 

Wesely et 7 .6~10-~  
a1.,2' pine+ 

'Extrapolation 
'Particulate sulphur, mostly -0.1 to 2 p 
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Human Skin 

It is expected that skin will be an aerodynamically smooth 
surface, but the deposition process will be influenced by the 
presence of local irregularities in the surface and impaction 
and interception on hairs. 

The deposition mechanisms for particles may be identified: 
'form' impaction, significant where the stopping distance of 
the particle is comparable with the dimensions of an 
obstacle, and 'eddy' impaction, where the transverse inertia 
acquired by particles in eddies a little distance from the 
surface is sufficient to carry the particles to the surface. 
Taking account of the movement of a human walking 
through the air, relative velocities of -10 m s-l may be 
significant to the deposition situations considered here. 4 

At 5 and 10 m s-I only the largest (10pm) particles are 
large enough for form impaction to be significant at the 
smallest obstacles (-1 cm: fingers, ears, etc.). Eddy 
impaction is likely to be significant for all sizes. Form 
impaction may contribute a significant fraction of the wind 
speed, relative to the body, to the deposition velocity 
upwind surfaces of small surface elements. This may cause 
substantial enhancement of deposition to a fraction of the 
skin surface. Although the area concerned is probably only 
a percent or less of the total body area, it may be a larger 
fraction of the skin area normally exposed when out of 
doors. 

Eddy deposition is significant for all particle sizes. 
Deposition to smooth surfaces was studied by Chamberlain 
et a1.4 in 1984. Deposition to vertical filter paper surfaces 
was orders of magnitude greater than for polished metal 
surfaces; this difference is assumed to indicate the potential 
enhancement due to the small hairs that cover much of the 
body. Most of the exposed body surface is usually near 
vertical, but a contribution of 10 per cent of the 
sedimentation velocity has been included in the median 
estimate of deposition velocity. (This results in a minor 
increase.) 

The upper percentile includes 50% of the sedimentation 
velocity, .while the lower percentile allows only vertical 
smooth surface deposition. Thicker layers of hair 
(eyebrows, scalp hair, beards, etc.) are not allowed for. 

Deposition of Elemental Iodine and Methvl Iodide 

Iodine to Grass 

MacMahon and Denison"' and Sehmel'(' summarized 
available measurements. Sehmel's summary details more 
measurements and shows that the deposition velocity to 

fields of grass and other short vegetation generally range 
from about 0.02 to over 10 cm s-'. ' Twenty-seven 
investigations are reported. It is likely that V, is lower at 
night, and that nighttime measurements are under- 
represented. The values selected make allowance for this 
bias. 

Few measurements are reported for methyl iodide by 
Sehmel. All show deposition velocity well below 0.1 cm 
s-'. Windspeed is expected to have little effect, the 
deposition being controlled by the surface reaction (or lack 
of it). The observed deposition may actually be due to low 
levels of impurity (I* vapor or other reactive forms) in the 
CHJ used in the experiment. 

Iodine to Forest and Other Surfaces 

The deposition of I, to forest differs from that to grass 
chiefly because the large roughness results in a reduced 
aerodynamic resistance. Correcting the median values for 
grass for the difference in aerodynamic resistance yields 
median V, estimates. The extremes are based on the high 
surface resistance expected for dry leaf surfaces when 
stomata are closed (see Garland*) for the 5 percentile, and 
the scaling factor between the 95 percentile and the median 
for grass. 

The deposition of methyl iodide is unlikely to be influenced 
at all by the increase in aerodynamic roughness. There is 
no reason to expect the deposition velocity to forest to be 
greater than that to grass. 

Similar comments apply to urban areas. There is evidence 
of low surface resistance for building surfaces, 
(Chamberlain et al.4) and this reference allows the values of 
the aerodynamic and bluff body resistances to be estimated. 
For skin, iodine vapor may sorb with a low surface 
resistance at the surface. The three-component resistance 
model was used, assuming that the fraction velocity and 
additional laminar layer resistance for a smooth surface 
apply (see also Garland6). 

There is little reason to expect methyl iodide to be more 
readily absorbed by skin than by leaf surfaces, since both 
have wax-like and lipid components. The uncertainty in 
this statement is reflected in the increased 95 percentile 
relative to the other surfaces. 

Wet Deposition of Elemental Iodine Vapor 

Caput et a1.3 observed the washout of iodine vapor released 
deliberately in a series of experiments. The results show 
substantial variation but were the same order as a 
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Particle diameter 
Pm 

0.1 

0.3 

1 

n 3  

10 

theoretical expression for irreversible capture of molecules 
by rain drops. The required fractions removed were 
calculated from median and extreme lines that describe the 
removal coefficient relationship with rainfall intensity. No 
use was made of wind speed in the calculation. 

E 
(Nicholson and E A/J,s-‘ h mm-’ 

Branson”) (Radke* et al.14) (Schurnann”) 
median and upper limit 

0.5, 1 

lower, median and upper range 

0.35, 0.7 0.02, 0.1, 0.3 

0.15, 0.5 0.02, 0.2, 0.4 

-0.5 0.85, 1.5 0.04, 0.2, 0.4 

-0.9 1.9, 3 0.15, 0.7, 1.0 

Particle Washout 

Experimental studies of particle washout in field conditions 
include Nicholson et al.,” Radke et a1.,l4 and S~hurnann.’~ 
Nicholson and Radke give values of the apparent collection 
efficiency E, related to the scavenging coefficient A by 

where J is intensity of rainfall, R,,, is the mass mean radius 
of raindrops, and c is a factor with a value of about 
0.5(Slinn).’9 R, increases with intensity of rainfall, and the 
correlation 

provides a convenient description. Schurnann provides 
experimental values of NJ. 

Having obtained an estimate of A, the fraction removed is 
simply 

F = 1 - exp (-At) 

Values used are shown in Table G-5. 

Data based on Radke et al.14 and Schumannls were used in 
calculations, and the results were used to judge the expected 
range of values of F for each of the conditions required in 
the elicitation. 

Table G-5. Experimental data relating to the scavenging coefficient 

*see also ~l inn”  
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Deposition Tables 

Units of velocity are in c d s ;  N/A = not provided by expert; unkn = unknown 
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DD-B: Drv demition velocitv of aerosols - Wind Swed at 5 d s  -11 
PARTICLE QUANTILE URBAN MEADOW FOREST HUMAN SKIN 
SIZE 

0% 8.OOE-04 8.OOE-04 8.OOE-04 NIA 

5% 2.OOE-02 5.OOE-03 2.OOE-02 8.OOE-04 

0.1op 50 % 1.3OE-01 3.OOE-02 4.OOE-02 3.OOE-03 

1 .ooE-O2 95 % 6.OOE-01 2.OOE-01 5.OOE-01 

100% 5.OOE-01 5 .OOE-O 1 5.OOE-01 5.OOE-01 

0% 8.OOE-04 8.OOE-04 8.OOE-04 NIA 

5% 2.OOE-02 5.OOE-03 2.OOE-02 6.OOE-04 

0 . 3 0 ~  50 % 1.3OE-01 2.OOE-02 4.OOE-02 6.OOE-03 

95% 6.OOE-01 2.OOE-01 3.OOE-01 1 .OOE-0 1 

100% 5.OOE-01 5.OOE-01 5.OOE-01 5.OOE-01 

1 0 %  I 4.OOE-03 I 4.OOE-03 II 
1 5 %  I 2.OOE-02 I 1.OOE-02 1 2.OOE-02 I 4.OOE-04 II 

Loop 50 % 1.3OE-01 3.OOE-02 5.OOE-02 5.OOE-02 

95 % 6.OOE-01 3.OOE-01 5.OOE-01 3.OOE-01 

100% 5.OOE-01 5.OOE-01 5 .OOE-O 1 5.OOE-01 

I 0% I 3.OOE-02 I 3.OOE-02 I 3.OOE-02 I 3.OOE-02 II 
I I I I I II 

5% 5.OOE-02 1.OOE-01 1 .OOE-O1 4.OOE-04 

3 .00~  50 % 2.OOE-01 3.OOE-01 1 .OOE+OO 4.OOE-01 

95 % 8.OOE-01 3.OOE+Oo 3.OOE+OO 2.OOE+OO 

100% 5 .OOE-O 1 5.OOE-01 5.00E-01 5.OOE-01 

1o.oop 50 % 
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WIND 
SPEED 

DD-D: Dry deposition velocity of methyl iodide - Wind Speed at 2 and 5 d s  II 
QUANTILE URBAN MEADOW FOREST HUMAN SKIN 

0% NIA NIA NIA N/A 

2.ds 

5% 2.OOE-04 2.OOE-04 2.OOE-04 2.OOE-04 

50 % 1 .OOE-03 1 .OOE-03 1 .COB03 1 .OoE-03 

95 % 5.OOE-03 5.OOE-03 5.OOE-03 1.OOE-01 

100% NIA NIA NIA N/A 

5 d s  I 50% 

NIA 

2.oOE-04 

1 .oOE-03 

5.OOE-03 

NIA 

NIA NIA N/A 

2.OOE-04 2.OOE-04 2.OOE-04 

1 .OOE-03 1 .OOE-03 

5.OOE-03 5.OOE-03 2.OOE-01 
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0% 

5% 

50 % 

95 % 

DD-E-1: Dry deposition velocity of aerosols on 
MoorlandReatland Surface 

2.oOE-03 

6.OOE-03 

3.OOE-02 

2.OOE-01 

I O %  I 1.OOE-03 II 

0% 

5 70 

1 5 %  I 6.OOE-03 II 

1 .OOE-02 

2.OOE-02 

I 50% I 3.OOE-02 II 

1 
95 % 

100% 

95 % 2.OOE-01 

100% 5.OOE-01 

1 SOE-01 

5.OOE-01 

0.70~ 

100% I 5.OOE-01 II 

1.208 4.OOE-02 

3.OOE-01 

100% 5.OOE-01 
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PARTICLE 
SIZE 

0.55p 

QUANTILE 

0% I .00E-03 

5% 3.00803 

50% 3.00E-02 

95 % 2.00E-0 1 

0 .70~ 

~ ~~~~ 

0% 

5% 

50 % 0 .90~  
95 % 

100% 

I O %  I 2.00E-03 II 

~ ~~ ~ 

3.00E-03 

I .00E-02 

3.00E-02 

3.00E-01 

NIA 

I 6.00E-03 II 

0% 

5 %  

50 % 

95 % 

100 % 

3.00E-02 

2.00E-0 1 

100% 

5.00E-03 

1.00E-02 

4.00E-02 

3.00E-01 

N/A 

1.20p 

1.60~ 

1 .00E-02 

2.00E-02 

50 % 5.00E-02 

95 % I 4.00E-01 II 
100% I NIA II 

A- 146 



II DD-E-2 Dry deposition velocity of aerosols on II Heather/Green Grass Surface (continued) 

I 100% 1 NIA II 

4.20~ 

10% I 5.OOE-02 II 
1 .OOE-Ol 

5.00E-01 

4.00Ei-00 

100% 

DD-F: Dry deposition velocity of aerosols on Grassland 
Surface 

PARTICLE 
SIZE 

LOP 

I QUANTILE 
I 

0% NIA 

5.00E-03 

4.OOE-02 

9s % 8.00E-01 
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Rainfall/ Wind Quantile 
Time S P d  

1% 

.075mm/ 
lOmin 

10 
d S  

*17mm/ 
lOmin 

5 %  1.2oE-02 

5 d s  50% 6.00E-02 

95% 3.00E-01 

100% N/A 

.23mm/ 
lOmir 

12 
m l S  

0% 

5% 

N/A 

I SOE-02 

Appendix A 

I I ll 
~~ 

Rainfall/ 
Time 

;;;tile 1 
7.00E-02 I 5 %  I 3.5OE-02 

unkn 

I 0% I N/A 

2.mrn/br 

- 
.05mm/ 
lOdn 

- 
.17mml 
lOmin 

- 
Smml 
lOmin 

- 
l.0mml 
lOmin - 

.3mm/hr 1.3OE-01 

5.00E-01 

100% 

5.00E-01 

9.00E-01 

100% 

H A  6.00E-03 7.00E-03 

50 % 4.1 OE-02 

2.1 OE-0 1 

2.40E-02 

I .  10E-01 

100% I 100% I N/A 

'1 0% I N/A 

1.20E-02 

14 d s  6.00E-02 

3.00E-01 

100% 

unkn 9.00E-02 

3.8OE-0 1 

100% 

w 1.80E-02 
.33mml 
lOmin I 50% I l.lOE-01 unkn 2.1 OE-0 1 

100% 

NUREGKR-6244 A- 148 



Appendix A 

I i 

WD-A: Elem€ 

RainfalWie 
I 

1.67mm/lOmin 

!I ital iodine-fraction removed by rain ( 

Wind Sped Quantile 

unkn I 50% 

A- 149 

1 -fw) (continued) d l  
NIA II 
6.00E02 II 
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WD-B: Methyl iodidHraction removed by rain 
(Wind Speed=unknown) 

RainfatUTime Quantile 1% 

0% NIA 

95 % NIA 

100% NIA 

0% NIA 

5% NIA 

I 100% 

95 % N/A 

100% NIA 

.33mm/10min 
95 % NIA 

II I 100% I NIA I I  
0% NIA 

5 %  NIA 
II I 1 II 

I 
50 % NIA 11 1.67mmllOmin I 
95 % NIA 

100% NIA 
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WD-C: Fraction of aerosols removed by rain 

Rainfall: 
.3Iumhr 

Rainfall: 
t.&r 

Rainfall: 
.05mm/10 min 

0% N/A N/A N/A 

5% 6.OOE-03 4.oOE-02 2.oOE-03 

O.1Qs I 50% I 1.5OE-01 I 4.OOE-01 I 2.oOE-02 

Rainfall: Rainfall: 
.33mm/10 min 1.67mm I 

10 min 

NIA N/A 

1 .OOE-02 4.OOE-02 

1 .OOE-OP I 3.3OE-01 11 
95 % 4.4OE-01 9.OOE-01 9.oOE-02 3.OOE-01 7.OOE-01 

100% N/A N/A N/A N/A N/A 

0% N/A NIA N/A NIA N/A 

5 %  6.OOE-03 4.WE-02 1 .WE-03 1 .oOE-02 3.OOE-02 

2.5OE-01 8.oOE-02 0.30~ 50 % 1 .OOE-Ol 3. WE-01 1 .OOE-02 

6.OOE-01 2.OOE-0 1 95% 3.3OE-01 8.OOE-01 6.OOE-02 

I 0% N/A N/A N/A NIA N/A 

3.oOE-02 1 .OOE-02 1 .WE-03 8.OOE-02 5% 6.OOE-03 

2.OOE-01 

5.OOE-01 

7.OOE-02 3.OOE-01 ].WE-02 6.OOE-02 1.oop 50% 

2.OOE-01 95 % 2.5OE-01 7.OOE-01 5.OOE-02 

100% NIA N/A NIA NIA N/A 

0% N/A N/A N/A NIA N/A 

5% 4.OOE-02 2.6OE-0 1 8.OOE-03 5.OOE-02 2.oOE-01 

1o.oop 50% 4.OOE-01 9.WE-01 1.OOE-01 

95 % 8.OOE-01 9.90E-0 1 2.5OE-01 

100% N/A N/A N/A 

A-151 NUREGKR4244 



Appendix A 

References 

1. 

2. 

3. 

4. 

5.  

6. 

7. 

8. 

9. 

Belot, Y., A. Baille, and J.-L. Delmas, "Modele 
Numerique de Dispersion des Pollutants 
Atmospheriques en Presence de Couverts Vegetaux," 
Atmospheric Environment, 10:89-98, 1976. 

Bennett, M., A Simple Physical Model of Dry 
Deposition to a Rough SurJace: Application to Urban 
Deposition, TPRD/JJ3205/R87, GEGB Letherhead, 
1987. 

Caput, D., et al., "Lavage de L'Iode par les 
Precipitations," Environmental Contamination 
Following a Major Nuclear Accident, Proceedings of 
an International Symposium, 16-20 October 1989, 
IAEA-SM-306165, International Atomic Energy 
Agency, Vienna, pp. 151-158, 1990. 

Chamberlain, A.C., J.A. Garland, and A.C. Wells, 
"Transport of Gases and Particles to Surfaces with 
Widely Spaced Roughness Elements," Boundary-Layer 
Meteorology, 29:343-360, 1984. 

Davidson, D.I., J.M. Miller, and M.A. Pleskow, "The 
Influence of Surface Structure on Predicted Particle 
Dry Deposition to Natural Grass Canopies," Water, Air, 
and Soil Pollution, 18:25-43, 1982. 

Garland, J.A., "The Dry Deposition of Sulphur Dioxide 
to Land and Water Surfaces," Proceedings of the Royal 
Society of London, Series A, 354:245-268, 1977. 

Garland, J.A., "Field Measurements of the Dry Depo- 
sition of Small Particles to Grass," (H.-W. Georgii and 
J. Pankrath, eds.), Deposition of Atmospheric Pollu- 
tants, Proceedings of a Colloquium, 9-11 November 
1981, D. Reidel, Boston, MA, pp. 9-16, 1982. 

Garland, J.A., "The Uptake of Elemental Iodine Vapour 
by Bean Leaves," Atmospheric Environment, 18: 199- 
204, 1984. 

Jonas, R., and K.J. Vogt, "Untersuchungen zur 
Emitlung der Ablagerungsgeschwindigkeit von 
Aerosolen auf Vegetation und Anderen 
Probenahmeflachen," Jul-1780 KRA Julich, 1982. 

10. McMahon, T.A., and P.J. Denison, "Empirical 
Atmospheric Deposition Parameters - A Survey," 
Atmospheric Environment, 13571-585, 1979. 

NUREGKRd244 A-152 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

Nicholson, K.W., J.R. Branson, and P. Giess, "Field 
Measurements of the Below-Cloud Scavenging of 
Particulate Material," Atmospheric Environment, 
25A:771-777, 1991. 

Nicholson, K.W., et al., The Dry Deposition of 
Particulate Materials in an Urban Environment, 
AEA-EE-0424, 1993. 

Pomeroy, I.R., et al., Interception of Particulate 
Material by Food Crops, AEA-EE-0452, 1993. 

Radke, L.F., P.V. Hobbs, and M.W. Eltgroth, 
"Scavenging of Aerosol Particles by Precipitation," 
Journal of Applied Meteorology, 19:715-722, 1980. 

Schumann, T., Precipitation Scavenging of Aerosol 
Particles: A Wintertime Field Study, Diss. ETH 
No. 8843, Swiss Federal Institute of Technology, 
1989. 

Sehmel, G.A., and W.H. Hodgson, "A Model for 
Predicting Dry Deposition of Particles and Gases to 
Environmental Surfaces," (W. Licht, ed.), 
Implications of the Clean Air Amendments of 1977 
and of Energy Considerations for  Air Pollution 
Control, Symposium Series No. 196, American 
Institute of Chemical Engineers, New York, pp. 2 18- 
230, 1980. 

Sievering, H., "Profile Measurements of Particle Dry 
Deposition Velocity at an Air-Land Interface," 
Atmospheric Environment, 16:301-306, 1981. 

Slinn, W.G.N., "Predictions for Particle Deposition to 
Vegetative Canopies," Atmospheric Environment, 
16:1785-1794, 1982. 

Slinn, W.G.N., "Precipitation Scavenging," (D. 
Randerson, ed.), Atmospheric Science and Power 
Production, DOE/TIC-27601, Technical Infomation 
Center, Office of Scientific and Technical 
Information, United States Department of Energy, 
Oak Ridge, TN, pp. 466-532, 1984. 

Wedding, J.B., and M.E. Montgomery, "Deposition 
Velocities for Full-scale Corn and Soybean Canopies: 
A Wind Tunnel Simulation," Environmental 
International, 3:91-96, 1980. 



Appendix A 

21. Wesely, M.L., et a]., "Measurements and 
Parameterization of Particulate Sulfur Dry Deposition 
Over Grass," Journal of Geophysical Research, 
90121 3 1-2 143, 1985. 

22. Wesely, M.L., et al., "Eddy-Correlation Measurements 
of the Dry Deposition of Particulate Sulfur and 
Submicron Particles," (H.R. Pruppacher, R.G. Semonin, 
and W.G.N. Slinn, eds.), Precipitation Scavenging, Dry 
Deposition and Resuspension, Proceedings of the 4th 
International Conference, 29 November-3 December 
1982, Elsevier Science, New York, pp. 943-952, 1983. 

A-153 "REGlCR-6244 



Appendix A 

NUREGKR4244 A- 154 



Expert H 

Drv Deposition 

The dry deposition velocity is functionally dependent on a 
number of parameters and phenomena. It is the uncertainty 
in these parameters and phenomena that introduces 
uncertainty in deposition velocity measurements. In his 
review of dry deposition, Sehmel' shows the range of 
reported values to vary over several orders of magnitude for 
similar particle sizes. Not all the variation can be attributed 
to experimental causes. The differences in meteorological 
variables, surface properties, and the properties of the 
depositing materials plays a strong role in the variability of 
the deposition velocities. Sehmel lists a number of factors 
influencing dry deposition of material. The factors 
considered in this estimation of dry deposition are a subset 
of these and by no means exhaustive. Some of the 
variability has been eliminated in the case structure. The 
particle size, shape, and density have been specified. 
Particle chemical reaction, growth, and evaporation have 
been eliminated from consideration. Other factors still 
reflect a range of uncertainty. The wind speed is at 10 m. 
The deposition surfaces are classified into categories that 
still yield a range of uncertainty in canopy height and type. 
The collection efficiency of the canopy types is entirely 
unspecified, as are which collection mechanisms to 
consider. Atmospheric stability is unspecified. 

The parameters that are treated in this estimate are friction 
velocity, velocity at the reference height, the canopy height, 
zero plane displacement, roughness height, and canopy 
collection efficiency. 

Dry deposition velocities have been calculated using the 
model described by Slinn2. This model is based on 
approximate analytical solutions for momentum transfer in 
a vegetative canopy. It includes a model for the particle 
collection efficiency of the canopy that is based on the 
wind tunnel data. The model is expressed in the equation 

I 

c-u 

where: v,, is the deposition velocity 
v, is the gravitational settling velocity 
C ,  is the overall drag coefficient of the canopy 

and is equal to (uJu,)* 

Appendix A 

U. is the friction velocity 
u, is the velocity at the reference height 
u,, is the velocity at the canopy height 
E is the collection efficiency of the canopy for 

particles 
y is a parameter taken as (hu,)/(k(h-d,,)u,) 
h is the canopy height 
d, is the zero plane displacement taken as 0.76h 
q, is the roughness height taken as 0.09h 
k is von Khnin's  constant taken as 0.4. 

The efficiency of the canopy in removing particulates is 
given as 

where: cJcd is the ratio of viscous to total drag, taken as 

Sc is the Schmidt number, v/D 
v is the kinematic viscosity of the gas 
D is the diffusivity of the particle 
F, is the fraction of collection by vegetative hairs 
D, is the diameter of the small vegetative structure 
D, is the diameter of the larger vegetative 

d, is the diameter of the particle 
St is the Stokes number, 2u,z/D, 
z is the particle relaxation time. 

114 to 113 

structure 

The velocity profile above the canopy is assumed to be 
described by 

(3) 

where u(z) is the velocity at height z above the ground. 

In employing this model, I have taken some liberty in the 
definition of the reference height. It was decided that a 
reference height of 1 meter would be used and that in the 
case of a forest, the reference height referred to 1 meter 
above the canopy. Similar consideration is made for the 10 
meter height at which the wind velpcity is given. I have 
used a reference height of 1 meter above the canopy, Le., 
z, = h+lm, and a wind speed measured at 10 meters above 
the canopy for all canopy heights considered. 

The wind speed at the reference and canopy heights and the 
friction velocity are taken from the above equation for two 
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cases. The first case uses the velocity given at 10 meters 
(h+lOm) and z = (h+lOm) to calculate u,, ur, and uh. The 
second case assumes the velocity given at 10 meters is the 
same as the velocity at the reference height of 1 meter, and 
the equation above is used with z = h+lm) to calculate u., 
ur, and uh. The ratios of velocities are the same for both 
cases. 

The canopy height ranges used for the deposition surfaces 
are given below: 

MoorlandPeatland 35 cm to 65 cm 
Heather 25 cm to 65 cm 
Grassland 5 cm to lm 
Meadow 1 cm to 2 m 
Forest 5 m to 30 m 
Urban 0.1 mm to 10 m 
Human Skin 0.1 mm to 2 m 

Use of this model may not be appropriate for urban 
deposition surfaces and is almost certainly not ;applicable 
for human skin. However, given the time constraints, an 
attempt was made to apply it to these situations. The range 
of canopy heights covered the small to large structure 
present, and the selection of parameters for the efficiency 
model also attempt to accommodate the variation. 

For the estimated deposition to human skin, higher friction 
velocities were taken to try to account for a person standing 
in the wind. 

Three collection efficiency curves have been calculated 
using the above equation and parameters described in Slinn. 
These parameters have been varied to give high and low 
efficiencies. 

The model has been exercised over the range of friction and 
reference velocities, the range of canopy heights, and the 
range of canopy collection efficiencies. From these results, 
the mean value was taken as thk mean of the calculations 
for the first case friction velocity and intermediate 
collection efficiency. The 95 percentile was taken as the 
highest values Calculated and the 5 percentile was taken ad 
the lowest values calculated. 

The 0 and 100 percentiles are considered to be 1 and 99 
percentiles and are calculated in a somewhat arbitrary 
manner. The first case friction velocity for the 2 m / s  wind 
is reduced by an order of magnitude, and the velocity ratios 
are adjusted accordingly. These values are used with the 
low collection efficiency curve to produce the 1 percentile 
values for both the 2 m/s and 5 m/s cases. These results 
give the settling velocity for larger particles, which is to be 

expected. The 99 percentile values are estimated by using 
the doubled friction velocity (velocity ratios appropriately 
adjusted) for the second case of the 5 m / s  wind and the 
high collection efficiency curve. 

The dry deposition velocity for elemental iodine (I, vapor) 
is calculated based on the assumption that iodine vapor will 
behave like a particle and be collected upon contact with a 
surface. The diffusion coefficient of 0.08 cm2/s given by 
Chamberlain3 was used in the calculation. A similar value 
was also calculated. The values reported by Sehmel’ were 
compared to the calculations and seemed to compare well 
for the mean and 95 percentile but the Calculated values for 
the 5 percentile seemed high. These 5 percentile values 
were decreased by an order of magnitude. 

Methyl iodide was calculated to have a diffusion coefficient 
comparable to that of iodine vapor. The deposition velocity 
range reported by Sehmel indicated that the deposition 
velocity was from 0.001 to 0.005 that of iodine vapor. The 
estimated deposition velocities for iodine vapor have been 
multiplied by this factor to give the estimated deposition 
velocity for methyl iodide. 

Wet Deposition 

The problem for wet deposition is stated as one of washout 
in which rain falls through an aerosol or gas, removing 
material by interaction with the rain drops. This is clearly 
stated as raindrop scavenging. The principal uncertainties 
are in the drop size and distribution, and in the collection 
efficiency of the drops. Another area of uncertainty is in 
the effect of wind speed. 

Removal of material by raindrop scavenging is described by 

(4) 

where: C is the concentration of mhterial 
t is time 

A is the removal coefficient defined as 

where: R is the drop radius 
V(R) is the relative drop to particle velocity 
E(4,R) is the collection efficiency of a particle of 

diameter d, by a drop of radius R 
N(R) is the number distribution of the drops. 
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Generally, the particle settling velocity is negligible 
compared to the drop settling velocity so that in the 
absence of wind, V(R) is very nearly the terminal settling 
velocity of the drop. When there is wind, the particle 
velocity may be very near the wind velocity and the drop 
velocity may lag behind. These wind driven velocity 
differences may be superimposed over the settling velocities 
and, in the extreme, the velocity difference may be the 
wind velocity. However, this contribution is more likely to 
arise from fluctuations in the wind velocity. This has not 
been considered in the estimates of removal by drop 
scavenging. It has been assumed that the variation of the 
drop size and efficiency will account for the effect of wind. 

The above equation for A is approximated by ’ 

3J A= - E(dp,Rm) 
4Rm 

where: J is the rain intensity 
R,,, is the mean drop size given as a function of 
the rain intensity: 

(7) 

and is taken from Nicholson et al?. The terminal velocity 
of the falling drop is taken from Clift et al? and is 

v(R) = vexp( - 3.126 + 1 .O 1 3 lh(Nd -0.0 19 12 ln(N$) 
2R 

where: N, is the Best number defined as 

32P,P-$R3 N,= 
2 

3Pdr 
(9) 

The case structure provided an accumulated amount of rain 
and a time over which the rain accumulated. The intensity 
and duration were uncertainties. In this estimation, the 
average intensity has been used. It has been assumed that 
the variation in drop size and efficiency will accommodate 
the uncertainty from other factors. 

The mean value is taken from the model calculated drop 
size and efficiency. The 5 and 95 percentiles are taken 
from calculations using multipliers on the drop size and 
efficiency. The removal fraction is expressed as 

where: FR is the fraction removed 
fR is the drop size multiplier 
fE is the efficiency multiplier. 

Note that the efficiency is calculated for the adjusted drop 
size and that efficiency is adjusted. The median is 
calculated for fR and fE both equal to 1. The 95 percentile 
is calculated for fR = 0.5 and fE = 2. The 5 percentile is 
calculated for fR = 2 and fE = 0.5. The 99 percentile is 
calculated for fR = 0.5 and fE = 3. The 1 percentile is 
calculated for fR = 2 and fE = 0.3. This is an admittedly 
arbitrary scheme, but it is felt that, short of a more detailed 
analysis, this covers the uncertainty. 

Scavenging of iodine vapor has been treated as diffusive 
collection in the same way as the pWicles. Methyl iodide 
is treated similarly to the dry deposition treatment. The 
factors used in the dry deposition are applied to the 
collection efficiency for the iodine vapor and the removal 
fractions calculated. 

The drop collection efficiency is calculated from 
correlations recommended by Rimberg and Peng6 for 
collection by diffusion, interception, and impaction. Other 
mechanisms, such as diffusiophoresis, thermophoresis, and 
electrostatics, can affect the collection efficiency of the 
drops, but these mechanisms are not explicitly treated in 
this exercise. 

A-157 NUREG/CR-6244 



Appendix A 

QUANTILE 

0% 

5% 

Deposition Tables 

URBAN MEADOW FOREST HUMAN SKIN 

3.OOE-04 4.OOE-04 1 .OOE-03 7.OOE-04 

2.8OE-03 4.6OE-03 1 .OOE-02 7.OOE-03 

Units of velocity are in c d s ;  unkn = unknown 

DD-A: Dry deposition velocity of aerosols - Wind Speed at 2 d s  

95 % 

100% 

PARTICLE 
SIZE 

1.1OE-01 1.8OE-01 4.40E-01 1.8050 1 

l.lOE+OO 2.30E+OO 4.50E+OO 1,8OE+OO 

0.1op 

5% 

50% 

95 yo 

0.30~ 
2.5OE-03 2.8OE-03 6.OOE-03 8.7OE-03 

1.1 OE-02 2.20502 6.40E-02 5.2OE-02 

1.3OE-01 3.9OE-0 1 9.7OE-01 2.70E-01 

1.oop 

- 
3.00~ 

- 
1o.oop 

5% 

50 % 

95 % 

100% 

8.2OE-03 7.2OE-03 1.2oE-02 2.6dE-02 

3.OOE-02 5.90E-02 1.69E-01 1.46Er01 

3.4OE-01 8.5OE-01 2.30E+OO 7.5OE-01 

4.1 OE+OO 1.40E+O 1 1.3OE+Ol 7.40E+OO 

50% I 1.2oE-02 I 1.8OE-02 1 5.2OE-02 I 3.9OE-02 II 

50 % 

95 % 

100% 

9.9OE-02 1.60E-01 5.3OE-01 4.1OE-01 

l.lOE+OO 1.59E+oO 7.4OE+OO 1.90E*OO 

4.OOE+01 5.3OE+O 1 2.07E+02 l.WE+Ol 

0% I 6.OOE-04 I 6.OOE-04 I 9.OOE-04 I 1.2OE-03 II 

~~ 

5% 3.30E-0 1 

50 % 4.9OE-01 

95 % 8.70E+OO 

3.3OE-0 1 5.2OE-0 1 4.7050 1 

8.4OE-01 4.5OE+OO 1.29E+OO 

4.50E+OO 2.60E41 4.40E+OO 

100% I 1.30E+OO I S.OOE+OO I I.OlE+OI I 2.70E+OO II 
0% I 4.OOE-03 I 3.7OE-03 I 4.OOE-03 I 5.7OE-03 

0% I 2.90E-02 I 2.90E-02 I 3.OOE-02 I 3.4OE-02 II 
5% I 4.1OE-02 I 3.7OE-02 I 5.20E-02 I 9.1OE-02 II 

0% I 3.OOE-01 I 3.OOE-01 I 3.OOI$Ol I 3.1OE-01 II 

100% I 1.75E+02 I 7.70E+01 I 2.75E42 I 6.OOE41 II 
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PARTICLE 
SIZE 

QUANTILE URBAN MEADOW FOREST " M A N  SKIN 

0% 3.OOE-04 4.00504 1 .OOE-03 7.OOE-04 

0.1op 

I 100% I l.lOE+OO I 2.30Ee00 I 4.50E+OO I 1.80EW 

5% 6.9OE-03 1.1 OE-02 2.7OE-02 1.7OE-02 

50 % 3.OOE-02 3.5OE-02 1.3OE-01 9.7OE-02 

95% 2.7OE-01 4.5OE-01 l.lOE+OO 4.5OE-01 

1 0 %  I 6.OOE-04 6.00504 9.OOE-04 1.2OE-03 

95% \ 
100% 

p~~~ 

1 5 %  I 5.7OE-03 1 6.20503 1 1.40E-02 -1 2.10502 

3.2OE-0 1 9.7OE-01 2.50E+OO 6.7OE-0 1 
I 

1.30E+OO I 5.oOE+OO 1 .O 1E+0 1 2.70E+OO 

0 . 3 0 ~  I 50% I 2.7OE-02 I 4.2OE-02 I 1.6OE-01 I 1.3OE-01 II 

1.OOp 

0% 4.oOE-03 3.7OE-03 4.oOE-03 5.70E-03 

5% 1 SOE-02 1.2OE-02 2.6OE-02 6.00E-02 

50 % 7.oOE-02 1.lOE-01 4.4OE-01 3.6OE-01 

3 . 0 0 ~  

I 95% I 8.90501 I 2.20E+OO I 7.1OE+OO I 1.90E+OO II 

0% 2.90E-02 2.9OE-02 3.OOE-02 3.40502 

! 5% 6.OOE-02 5.30E-02 1.oOE-01 1.8OE-0 1 

50 % 2.1OE-01 3.oOE-01 2.70E+OO 9.9OE-01 

95 % 4.80E+OO 5.80E+OO 3.6OE+O 1 4.70E+OO 

100 % 4.OOE+O 1 5.30E+01 2.07E+02 1.90E+0 1 

I 100% I 4.10E+00 1 1.40E+01 I 1.3OE+Ol I 7.40E+OO II 

1o.oop 50% 8.4OE-0 1 2.63E+OO 9.50E+OO 2.80E+OO 

95 % 3.60E+01 1.20E4 1 6.90E+01 1.20E+01 

100 % 1.75E+02 7.70E+01 2.75E+02 6.OOE+01 

I O %  I 3.OOE-01 I 3.OOE-01 I 3.OOE-01 I 3.1OE-01 II 
I 5% I 3.9OE-01 I 5.2OE-01 I 2.10E+OO I 7.2OE-01 It 
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DD-C: Dry deposition velocity of elemental iodine - Wind Speed at 2 and 5 d s  II 
WIND QUANTILE 
SPEED 

0% 

5% 

2 . d S  50% 

95% I 

100% 

URBAN MEADOW FOREST HUMAN SKIN 

2.OOE-03 4.00E-03 3.OOE-02 7.OOE-03 

1.7OE-02 I 4.OOE-02 I 3.OOE-01 I 7.OOE-02 II 
8.OOE-01 

1 .OOE+O 1 

1 .OOE+02 p 
50 % 

4.OOE-03 

4.OOE-02 

2.OOE+Oo 5 . d S  
I 

I 95% 

I 100% 1 .OOE+02 I 4.90E+01 I 1.30E+02 I 1.50EA02 II 

i DD-D: Dry deposition velocity of methyl iodide - Wind Speed at 2 and 5 d s  

WIND 
SPEED 

::TEE IURBAN 

8.OOE-06 

MEADOW FORJLST HUMAN SKIN 

2.OOE-05 1 S O E - 0 4  3.OOE-05 

5 %  I 8.OOE-05 2.OOE-04 I 1.50E-03 I 3.OOE-04 

50 % 1.3OE-03 2.dS 

- 
5.ds 

95 % 1 .OOE-02 

100% 1 .OOE-O 1 1 .OOE-Ol 

0% 2.OOE-05 

5 %  2.OOE-04 

5.OOE-05 3.5OE-04 9.OOE-05 

5.OOE-04 3.50503 9.OOE-04 

3.2OE-03 

2.5OE-02 

100 % 
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DD-E-1: Dry deposition velocity of aerosols on 
MoorlandlPeatland Surface 

10% I 1.00E-03 

1 .00E-02 

1.2oE-01 0.558 

100% 

0% 2.00E-03 

5% I .20E02 

50 % 1.4OE-01 , 
0.708 

95 % I .53E+# 

100% 9.00E+00 

0.908 

0% rF00E-03 

I O %  I 7.OOE-03 

15% I 2.OOE-02 

1.20v 2.1OE-01 

100% I .30E+O 1 

1.608 

0% 

5% 

50 % 

95 % 

100% 

9.00E-03 

2.8OE-02 

2.70E-01 

2.60E+# 

1.60E+O 1 
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DD-E-2: Dry deposition velocity of aerosols on 
HeatherlGreen Grass Surface 

PARTICLE QUANTILE 
SIZE 

0.55M 

I O %  I 1.00E-03 
5% 1.00E-02 

50 % 1.16E-01 

95 % 1.34E+OO 

100% 8.00E+00 

0% 2.00E-03 

5% I .20E-02 

0.70~ 1 I .42E-0 1 

1.53E+00 

100% 9.00E+00 

0.90~ 

5.00E-03 

1.40E-02 

50 % 1.76E-0 I 

195% I 1.79E+OO 
I 100% I l.lOE+OI 
1 0 %  

1.20p l s o I  + 100% 

7.00E-03 

I .90E-02 

2.30E-0 I 

2.13E+OO 

1.3OE+O 1 

I 9.00E-03 

1.60~ 

2.70E-02 

3.00E-01 

95 % 

I 100% I 1.6OE+O1 
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DD-E2  Dry deposition velocity of aerosols on 
HeatherIGreen Grass Surface (continued) 

0% II 

3.20~ 

0% 2.90E-02 

5% 7.2OE-02 
I I1  

I 50% I 6.90E-01 II 
95 % 4.90E+OO 

100 % 5.3OE+O 1 

4.20~ 

4.40E-02 

1,lOE-01 

l.ilE+OO 

I 100% I 6.5OE+OI II 

DD-F: Dry deposition velocity of aerosols on Grassland 
Surface 

PARTICLE QUANTILE 
SIZE 

~ l . o P  

3.OOE-03 

7.9OE-03 

50 % 1 .OOE-O1 

A- 163 

Appendix A 

NUREGKR-6244 



Appendix A 

WD-A: Elemental iodine-fraction removed by rain (1%) 

Rainfall/ 
Time 

Quantile Wind 
S P A  

unkn 

- 
10 
d s  

- 

Wind 
speed 

unkn 

- 
unkn 

14 d s  

- 
unkn 

- 
14 m l s  

Quantile 1% 

~ 

.3mmlhr 

- 
.075md 
lOmin 

- 
. 17md 
lOmin 

- 
.23md 
lOmin 

- 
.33md 
lOmin - 

0% 4.82E-02 

7.90E-02 5 %  

50 % 50% I 4.25E-01 

95 % 9.91E-01 

9.99E-01 

2.97E-03 

4.94E-03 

50 % 3.7OE-02 

95 % 2.64E-01 

100% 

0% 
- 

5% 

50 % 

95 % 

100% 

0% 
- 100% I 3.69E-01 

0% I 5.54E-03 

5 %  9.368-03 
.17mm/ 
10min 6.8OE-02 5 d s  50% 

95 % 4.288-01 

100% 5.60E-01 

0% 6.688-03 

5 %  1.1 1 E-02 
. 5md  7.80E-02 

95 % 4.5 1 E-01 

100% 5.94E-01 

10min 
l2 
d S  

50% 

9.228-03 

6.508-02 

3.83801 

100% 5.16E-01 

1.02E-02 

1.70E-02 

50% I 1.16E-01 

6.1 8E-0 1 

100% 7.64E-01 

I .48E-02 

2.44E-02 
1.Omd 
1Omin 50% I 1.60E-01 unkn 

5.2OE-0 1 

8.528-01 
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11 WD-A: Elemental iodine-fraction removed by rain (Z$J (continued) 11 
RainfalllTime I Wind SDeed I Ouantile I I - f -  

1.99E02 

3.30E-02 

1.67mdlOmin unkn 50 % 2.09E-01 

9s % 8.29E-01 

100% 9.29B01 
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WD-B: Methyl iodiddraction removed by rain 
mid Speed=unknown) 

Rainfamime Quantile 1-L 

0% 8.oOE-05 

5% 1.40E-04 

50 % 3.8OE-04 .3~un/br 
95 % 1.80E-03 

100% 3.oOE-03 

2.mmlhr 

0% 2.oOE-04 

5% 4.oOE-04 

50 To 9.2OE-04 

95 % 4.7OE-03 

I 100% I 7.OOE-03 II 
~~ ~ ~ ~~ 

0% 1.4OE-05 

5 %  2.4OE-05 

50 % 6.30E-05 .OSmm/lOmin . 
95 % 3.OOE-04 

100% 4.6OE-04 

1 0 %  I 4.oOE-05 ll 
I 5 %  I 6.8OE-05 II 

.331nm/lOmin 1.7OE-04 

7.90E-04 

100% 1.20E.03 

1.67mmllOmin 

I O %  I 1.oOE-04 II 

A- 166 



Appendix A 

WD-C: Fraction of aerosols removed by rain II 
PARTICLE 
SIZE 

Rainfall: 

min 

QUANTEE Rainfall: Rainfall: Rainfall: Rainfall: 
.3mm/hr 2.mmlhr .05mm/10 min .33mm/10 min 1 .67m /10 

0% 7.00E-05 I .90E-04 1.20E-05 3.00E-05 7.OOE-05 

5% 1.2OE-04 3.20s-04 2.00E-05 5.4OE-05 1.20E-04 
I I 

50% 9.60E-04 2.508-03 I .60E-04 4.20E-04 9.5OE-04 0.1ojJ 
95 % 7.908-03 I .20E-02 I .32E-03 3.30E-03 7.4OE-03 

I 100% I 1.20E-02 I 3.00E-02 I 2.00E-03 I 5.00E-03 I l.llE-02 II 
1 0 %  I 1.30E-04 1 3.00E-04 I 2.00E-05 I 5.00E-05 I 1.2OE-04 11 

5% 2. I 08-04 5.708-04 3.60E-05 9.40805 2.1 OE-04 

50 Q I .67E-03 4.408-03 2.80E-04 7.40E-04 1.7OE-03 0 . 3 0 ~  
95 % I .34E-02 3.408-02 2.2OE-03 5.80E-03 1.3OE-02 

1100% I 2.00E-02 T ;;E-02 I 3.408-03 --[9.00E-03 I 2.OOE-02 ~ 11 
I O %  I 7.00E-04 I 2.00E-03 I 1.20E-04 I 3.OOE-04 I 8.00E-04 II 

- ~~ 

Isw I 1.20E-03 7 3.50E-03 I 2.00E-04 I 5.90E-04 I 1.30E-03 11 
50 % 7.70E-03 2.30E-02 1.30E-93 3.90803 9.90E-03 

95 % 4.8OE-02 I .37E-01 I 8.20E-03 2.40E-02 6.20E-02 
1.oop 

I 100% I 7.10E-02 I 2.00E-01 I 1.23E-02 I 3.608-02 I 9.1OE-01 II 
0% 8.00E-02 3.00E-01 1 SOE-02 5.00E-02 1.6OE-01 

5% 1.40E-01 4.40E-01 2.4OE-02 9.40E-02 2.60E-01 

50% 4.60E-01 9.2OE-01 9.9OE-02 3.50E-0 1 7.5OE-01 1o.oop 
95% 9.20E-0 1 1 .00E+OO 3.40E-01 8.20E-01 9.97E-01 

100% 9.80E-0 1 1 .00E+OO 4.6OE-01 9.20E-01 1 .OOE+OO 
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A.2 Expert Rationales, Unprocessed Dispersion Data 

The Case Structures for the dispersion expert panel are presented in Volume III Appendix F of this document. 

Expert I 
Introduction 

The twelve elicitation problems for dispersion were 
classified into five groups: 

Dispersion in near-field under four meteorological 
conditions specified by wind speeds, 0 0 ,  and lapse 
rates (Problems 1 to 4). The uncertainties in plume 
centerline (y = 0 and z = H) concentrations (yJQ), 
off-centerline (y >> 0 or z >> H) concentration ratios 
(x/xc), and horizontal dispersion parameters (q) are to 
be assessed at several downwind distances. 

Dispersion in near-field under five different 
meteorological conditions specified by wind speeds, 
0 0 ,  and lapse rates or Monin-Obukhov lengths (L> 
(Problems 5 to 9). The uncertainties in ground-level 
plume centerline (y = 0 and z = 0) concentrations 
(xdQ) are to be estimated at two different downwind 
distances in Problems 5 to 8. In Problem 9, the 
elicited variables include concentration ratios ( x l ~ )  at 
off-centerline (y > 0 or z e H) locations, and the 
plume dispersion parameters (cy and q). These 
assessments are for undersdanding the behavior of the 
plume close to the ground for short ranges over flat 
terrain. 

Dispersion in near-field only under stable 
meteorological conditions specified by wind speeds 
and a, (Problem 10). This assessment is for 
understanding the behavior of the plume near the 
ground for low wind speeds and varying 
time-integrated concentrations in case of a 1-hour 
release. 

Dispersion very close to the source under stable 
meteorological conditions and very short sampling 
time (Problem jl) .  This assessment is for 
understanding the "snapshot" plume start. 

Dispersion into far field at three distances: 80, 200, 
and loo0 km (Problem 12). This is for assessing the 
extent of the affected regions far downwind of a 
release. 

The average wind speed was measured at 10 m height for 
all problems, and 0, was measured at the release height. 
Only flat or rolling terrain typical of rural or suburban sites 

was considered. Complex topography (valleys or coastal 
sites) and urban areas (with large roughness and heat island 
effects) were excluded from the assessments. 

Approach and Rationale 

Any concentration estimate from a dispersion model 
represents an ensemble average of numerous repetitions of 
the same event at a given site. The event is characterized 
by measured or known parameters that are input to the 
model, e.g., wind speed, dispersion parameters, source 
(release) conditions, etc. The dispersion parameters are 
functions of the atmospheric stability, which is usually 
specified by a lapse rate, standard deviation of horizontal 
wind direction fluctuation (Go), or L. In addition to the 
known parameters, there are unmeasured or unknown 
variations in the conditions of this event, such as unresolved 
details of the atmospheric flow or the subgrid-scale 
atmospheric processes. Therefore, concentrations observed 
in individual repetitions of the event are likely to deviate 
from the ensemble-mean concentration predicted by even a 
"perfect" model.' 

Uncertainties in estimated concentrations arise from 
(a) errors in model input data, (b) model inadequacy to 
account for all physical factors, and (c) uncertainty due to 
the stochastic (natural) variability of the atmosphere. In this 
assessment we modified PAL-22, a steady-state Gaussian 
plume dispersion model of the US EPA, to estimate the 
median concentrations and the concentration ratios and their 
uncertainty distributions (in terms of the -05 and .95 
quantiles, and the 0. and 1 .O quantiles). The model we used 
was considered appropriate and adequate to provide this 
information for the assigned problems, and was consistent 
with the given input data; therefore, we did not consider 
uncertainty due to model physics errors (b) here. 

The uncertainty introduced by input data errors is generally 
a major part of the total uncertainty in the model estimate.' 
These input data errors include uncertainties in wind speed 
(v) measurements and the specified oy and 0, values, 
among others. Typical wind speed uncertainty quoted in 
the literature ranges from 0.1 m/s (for research-grade data) 
up to 1 m/s (for routine air quality data). These errors arise 
due to poor calibration and maintenance of anemometers, 
and use of wind data unrepresentative of the level of plume 
transport, especially at night, because of mesoscale or 
terrain variability and wind shear. We assumed the 
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uncertainty in U to be 0.5 m/s for all stability categories; 
this value has been suggested by my colleagues who have 
considerable experience in field measurements and 
familiarity with the NRC instrumentation. Values for ay and 
a, are usually derived from tracer experiments, and their 
uncertainties are difficult to estimate. Pasquil13 assumed 
20% uncertainties in these parameters for sensitivity studies 
related to long-term average concentrations. Jones4 
suggested a range of values midway between adjacent 
stability categories. Freeman et al.' used values ranging 
from 10% to 40%, and suggested that the base value of 
10% is near the minimum that should be expected in actual 
practice. In this study, we took the uncertainties in the 
input values of oy and a, to be 30%, and assumed U, by, 

and a, to be uncorrelated and normally distributed, with 
means given by the input values and standard deviations 
(S, ,  So , S ) by the magnitudes of their respective 

uncertainties. 
?' = z  

Uncertainty analysis involves propagation through the 
model of the joint distribution of the uncertain input 
parameters to produce a distriblhtion of model predictions. 
This process transforms the joint parameter PDF into the 
subjective PDF of the model prediction, which would 
permit quantitative uncertainty statements such as the 
degree of belief, in percentage, for the actual value to be 
below or above given limits.6 There are two main classes 
of uncertainty propagation methods: analytical and 
numerical. The latter include simple random (Monte Carlo) 
sampling5*'** or Latin hypercube samplingg~" methods. The 
choice of a specific propagation method will depend on the 
complexity of the model, the amount of information desired 
from the uncertainty analysis, and the effort, time, and costs 
required to obtain this information. Based on these 
considerations, we used, an analytical method, suggested by 
Freeman et a1.: which uses an expansion of the 
concentration x in a Taylor series and retains only terms of 
second order or less. This can be written as follows: 

This equation expresses Sx, the uncertainty in the predicted 
value of 2, as a function of the uncertainties in the input 
variables. For a steady Gaussian model, Freeman et al.' 
showed that Sx calculated from this approach will be 

generally within 25% of the true uncertainty (approximated 
by the standard deviation of model predicted x values, 
which were calculated from Monte Carlo simulation of a 
randomly perturbed input data set) for all stability cases and 
most distances of interest here. The cross-derivative (last) 
term in Equation (2) is zero in this study. The contributions 
to the total variance from third and higher-order terms in 
the Taylor's series expansion are generally small, and are 
neglected. 

For the Gaussian plume dispersion model used in this study, 
we can write 

xlQ = ( 1 W  P ( Y , ~ , )  q(z,p;  H) (3) 

where p and q are the horizontal and vertical probability 
densities given by: 

,[exp 

Using a logarithmic transformation, we can write Equation 
(3) as 

W = ln(x/Q) = In(l/U) + ln(p) + ln(4) (6)  

From Equations (2) and (6),  we can express the variance of 
W as 

where the partial derivatives can be analytically derived 
from Equations (4) and (5). The resulting expression was 
used in the model to compute the standard deviation S, in 
each elicitation case. 
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value of S, so that S, I Wl3.5, which is equivalent to 
limiting the 1.0 quantile value of x/x, to unity. For the 
horizontal dispersion parameter (which was among the 
elicitation variables in many of the assigned problems), we 
arbitrarily limited the 0. and 1.0 quantiles to 0.250~ and 
1.750,, respectively, in order to roughly approximate the cy 
values of adjacent stability classes. 

- 
The .05 and .95 quantiles of x/Q were obtained6," as: 

exp(W - 1.645SW), exp(W + 1.645Sw) (8) 

Here w = In (m) and was the model-calculated 
ensemble-average value of the relative concentration (taken 
to be the median or S O  quantile value) in each elicitation 
case. The 0. and 1.0 quantiles of x/Q were obtained as 

exp<W - ~ss, , , ) ,  exp(W + 3 . 5 ~ ~  (9) 

According to Equations (8) and (9), the subjective PDF of 
the model-estimated x/Q has a lognormal distribution, 
which is consistent with the logarithmic transformation used 
in Equation (6). 

Observed hourly concentrations are turbulent (random) 
variables. For a given set of mean wind speed and 
direction, stability, and emission rate, observed 
concentration can be expected to vary from hour to hour. 
This natural variability in observed hourly pollutant 
concentrations, studied by Hanna'', is typically a factor of 
two. This means that a perfect Gaussian diffusion model 
under these conditions cannot predict hourly concentrations 
any better than a factor of two. To approximately account 
for this stgchastic variability, we assumed that the 
c_alculated-W can have any value between W, = OS$ and 
W, = l15W. For estim_ating the .05 and 0. quantiles, we 
used W,, in place of W in Equations (8) and (9); for the 
.95 and 1.0 quantiles, we used w,. For estimating the 0. 
and .05 qugntiles of x/Q, we limited the value of S ,  such 
that S,  5 WJ3.5; similarly, for estimating the .95 and 1.0 
quantiles, we limited S, so that S, I W,/3.5. For values of 
(y/o,) I 1 and (doz) I 1 (i.e.. within the plume core), the 
quantiles are reasonably close (as to be expected); for 
example, the ratio of .95 and .05 quantiles of xIQ varies 
from a factor of 16 at x = 0.5 km to a factor of 11 at x = 
30 km in Problem 1. However, for values of (y/o,) >> 1 or 
(VcJ >> 1, this ratio gets very large (several orders of 
magnitude), thus reflecting the inherent limitations in 
deriving the subjective uncertainty limits in the tails of the 
probability distributions for very small (near-zero) 
concentrations. 

An approach similar to that described above was used to 
estimate the uncertainty distributions of the concentration 
ratio x l x ,  which was elicited in Problems 1 to 4, and 9. In 
this case, an analytical expression for JQ was derived from 
Equations (3) to (5 )  by setting y = 0 and z = H, and this 
expression was used to divide Equation (3). Uncertainty 
analysis, as described above, was performed on the 
resulting analytical equation for x/x,. Again, we limited the 

Input Data, Assumptions, and Discussion 

The stability classification for the elicitation problems is 
based on the lapse rate and/or o, or 1/L values given. 
Generally these agreed well in all the problems (except 
Problem 5). Pasquil13 recommended the direct use of wind 
direction fluctuation data (if available) in estimating oy, and 
using the Pasquill-Gifford (P-G) curves only in the absence 
of such data. Tangirala et al.13 shobed that Gaussian puff 
or plume models using "on-site" dispersion schemes based 
on turbulence data perform better than models that use the 
"handbook P-G dispersion scheme. In this study, o, 
measured over 10 min at release height were provided for 
the first 10 problems. These data are expected to include 
the effects of the local roughness and terrain,14 so no 
additional correction for roughness effects was considered 
necessary. oy was computed from the widely used 
equation: 

0, = o,x/[l + 0.9(t/1000)'"] (10) 

where t = x/u is the travel time in seconds. 0, was taken 
from the Pasquill-Gifford (P-G) curves for the given 
stability class. The original P-G curves were based on 
10 min average tracer concentration data from prairie grass 
experiments (surface roughness = 3 cm). USEPA considers 
these curves to be appropriate for rural areas with flat or 
gently rolling terrain. The assumed 30% uncertainty in the 
dispersion parameters was large enough to account for the 
effects of possible variations in surface roughness. 

The 10 min oy values were adjusted to calculate the 1-hour 
average values using the relation: 

where TA = 60 min is the sampling time of interest, T B  = 10 
min, and ((3,) and ((3,) are the corresponding or 
values. Gifford'' recommends a value of s = 0.2 for 3 min 
< TA < lhr, which gives a value of 7; = 1.43, Le., the 
1-hour 0,. is expected to be 1.43 times larger than the oy 
sampled 'for 10 min. This sampling time correction was 
applied only to oY and not to 0,. For sampling times 

) A  ? B  
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exceeding a few minutes (typically 3 to 5 min) for 
near-surface sources, o, values are expected to be steady 
and become independent of sampling time.3 Following the 
USEPA practice for unstable and neutral cases, for 
0, > 1.6h where h is the mixing depth, the concentration 
was assumed to be well-mixed and uniform in the vertical. 
For 0, > 1.6h , the inversion height at z = h could affect 
the estimated concentrations. This plume trapping was 
taken into account through mulhple eddy reflections. 

In the first nine problems, the release duration and sampling 
time were 1 hour each; in Problem 11, the release duration 
was 1 hr and the sampling time was 1 min. In each of 
these problems, the sampling time was assumed to start at 
t = to (where to is the time at which the tracer material was 
first located at the sampler), and the average concentration 
over the sampling time and its uncertainty (in terms of 
various quantiles) were elicited. In Problem 10, the release 
duration was one hour starting from time t = 0 onwards; 
there were 3 sampling times (60, 120, and 240 min), each 
starting from t = 0, for which the time-integrated ground 
concentrations at 3 near-field samplers and their 
uncertainties were elided. 

The input data and assumptions made for each problem are 
given and briefly discussed below: 

Problem- 1 

P-G stability class is A. Assumed mixing depth is 1600 m. 

Problem-2 

P-G stability class is C. Assumed mixing depth is 1200 m. 

Problem-3 

P-G stability class is D. Assumed mixing depth is lo00 m. 

Problem4 

P-G stability class is F. 

Problem-5 

P-G stability class is taken to be D, as indicated by the 
given ILL value, though the given 0, value indicates P-G 
class E. Assumed mixing depth is lo00 m. Power law 
was applied to estimate U at 22 m height. 

Problem4 

P-G stability class is D. Assumed mixing depth is lo00 m. 
Power law was applied to estimate U at 22 m. 

Problem-7 

P-G stability class is C. Assumed mixing depth is 1200 m. 
Power law was applied to estimate U at 22 m. 

Problem-8 

P-G stability class is D. Assumed mixing depth is lo00 m. 
Power law was applied to estimate U at 22 m. 

Problem-9 
I 

P-G stability class is F. Power law was applied to estimate 
U at 22 m. 

Problem- 10 

Assumed P-G stability class is E. Power law was applied 
to estimate U = 3.22 m/s at 45 m. This problem was 
different from the previous 9 problems. Here, the release 
duration was one hour starting from time t=O onwards; there 
were 3 sampling times (T, = 3600, 7200, and 14400 sec), 
each starting from t=O, for which the time-integrated 
concentrations and their uncertainties were elicited. The 
plume front arrives at the 3 samplers at t,=x,lU, tz=xz/U, 
and t3=x31U, respectively, where xI = 360 m, x, = 970 m, 
and x, = 1970 m are the downwind distances of the 3 
samplers from the source.  his 'implies that, for the T, = 
1-hr case, the plume was sampled only during the time 
periods TA=1-(t,/3600), 1-(t2/3600) and 1-(tJ3600) hr, 
respectively, at the 3 samplers. The ground-level 
concentrations xJlQ for sampling times o<TA<Tpl hr were 
computed from the relation: 

where s was taken to be 0.2.'' The RHS of Equation (12) 
also gives the ratio llr, = (o ) /( o ) , see Equation (1 1). 
Since TA was larger than a few minutes, the sampling time 
correction was applied only to o,, and not to o,, as discussed 
earlier. The average concentrations (x/Q)* calculated from 
Equation (12) were multiplied by TA (in hrs) to obtain the 
time-integrated concentrations in units of (s/m3) hr. 

Y B  Y A  

For sampling times of T, = 7200 and 14400 sec, the plume 
of material (formed due to the release over a time period 
T, = 3600 sec) completely passes over the 3 samplers. 
Following the plume passage, these samplers measure zero 
concentrations during the remainder of the sampling period, 
because ti (( T, N T, for i = 1,2,3. Therefore, the effective 
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measurement period (TA) was the same as the release 
duration, and the hourly averab concentrations calculated 
by the model at the 3 samplers were multiplied by T, = 
1 hr to obtain the time-integrated concentrations. The latter 
were the same for the two larger sampling times in this 
problem. 

Problem- 1 1 

Assumed P-G stability class is F, and assumed o, = 2.5”. 
These conditions are similar to those given for Problem 9. 
The release and travel times are larger than the sampling 
time of 1 min, so continuous plume diffusion equation is 
applicable.’ The concentration generally increases as the 
sampling time is decreased. To estimate the concentration, 
Equation (1 1) is applied with TA = 1 min and T, = 60 min; 
the resulting value of ry is 0.441. A similar equation, 
applied to adjust o, to the 1 min sampling time, gives rz = 
0.441. Following Equation (12), R = l/(ryrz) = 5.14, Le., 
the 1-min concentration is about 5 times larger than the 
1-hr sampled concentration. For shorter sampling times, 
intermittency (caused by plume meander under stable 
conditions) becomes important; the concentration at a fixed 
sampler essentially varies between ”in-plume’’ peaks and a 
zero value in the environment. We assumed that the 
sampler in this problem was within the plume. 

Problem- 12 

We do not know much about the dispersion of plume at 
long distances from the source. This is a topic of current 
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research. From Taylor’s statistical diffusion theory, it was 
generally assumed that 0,’ a t at large travel time t. 
However, Giffordl6 compiled lhge-scale atmospheric 
diffusion data that showed an accelerated diffusion regime 
in which 0,’ = ?. Carras and Williamsi7 summarized 
measurements in Australia of the relative dispersion, oy, of 
long plumes (up to travel times of 67 hrs) from a single 
source. These data provide evidence for the existence of an 
accelerated diffusion regime in which 0,’ = for t > 3 hrs, 
as predicted by Gifford. 

1 

Assuming a constant wind speed of 1.5 mls, we estimated 
the plume age (travel time) and obtained the oy values from 
an expression fitted by Cams and Williamsi7 to their 
diffusion data. At x = 80 km (or t = 14.8 hr), we estimated 
oy = 15.9 km. At x = 200 km (or f = 62.9 hr), we obtained 
oy = 62.9 km. From Draxler’s’8 results of the ANATEX 
experiment in the U.S., we estimated oy = 410 km at x = 
100 km (or t = 185.2 hr). This value of oy is between the 
o,”-t‘” and o,’=t’’* regimes. The errors in the estimates at 
the three distances were arbitrarily assumed to be 30, 35, 
and 40 percent, respectively. Assuming a Gaussian 
distribution in the horizontal, the width B of the plume 
consisting of 90% of the material is given by 3.290y.” The 
0. and 1 .O quantiles were limited to 0.250, and 1.750,, as 
before. 
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Dispersion Tables 
N/A = not provided by expert - 

Downwind 
distance 

0.5km 

- 
1.okm 

I 

3 . 0 h  

1o.okm 

- 
3O.Okm 

A-1: -2.0 WlOOm Temp Lapse Rate Urban & Rural Surface Roughness 

sig-y i Quantile I chiC/Q I chi(z)/chiC 

0% 6. IOE-07 5.36501 7.29E-01 5.40E+01 

l.l0E+02 5% 1 S4E-06 6.32E-01 7.92E-01 

50% 7.OOE-06 7.32501 8.54E-01 2.15Et02 

95 % 2.39E-05 8.48E-01 9.2OE-0 1 3.20E+02 

100% I 6.02505 I 1.OOE+OO I 3.76E+02 

5% I 2.01E-07 I 6.35E-01 I 9.13E-01 I 1.94E+02 

50 % I 9.19E-07 1 7.34E-01 I 9.4OE-01 I 3.81Eh-02 

95 % 3.15E-06 8.49E-0 1 9.68E-01 5.68E+02 

100% 8.OOE-06 1 .OOE+OO 1 .OOE+OO 6.67E+02 

4.02E-0 1 1 .OOE+OO 2.23Et02 

5 %  3.63E-08 5.12E-0 1 1 .OOE+OO 4.54EAO2 

0% 1.74E-08 

50 % I 1.4OE-07 I 6.34E-01 1 8.90E+02 

95 % 4.04E-07 7.86E-01 1 .OOE+OO 1.33E+03 

1.56E+03 100% 8.46E-07 1 .OOE+OO 1 .OOE+OO 

0% 7.47E-09 2.33E-01 NIA 5.18E+02 

5% 1 S6E-08 3.43E-0 1 NIA l.O6E+O3 

50% 6.02E-08 4.83E-01 NIA 2.07E+03 

95% I 1.74E-07 I 6.8OE-01 I NIA I 3.09E+03 

100% I 3.63E-07 I l.OOE+OO I NIA I 3.62E+03 

0% 3.71E-09 7.6OE-02 NIA 1 .ME43 

5% 7.55E-09 1.5 1E-01 NIA 2.13E+03 

50 % t 2.99E-08 2.76E-01 NIA 4.17E+03 

95 % I 8.62E-08 I 5.05E-01 I 6.22Ei-03 

100% I 1.8OE-07 I l.OOE+OO I NIA I 7.30E+03 
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A - 2  -1. I WlOOm Temp Lapst - 
chiUQ 

Rate Urban & Rural Surface Roughness II - 
Downwind 
distance 

Quantile II chi(y)/chiC I chi(z)/chiC 

1.84E-06 0% 6.09E-01 I 4.90E-02 ' 1  3.60E+01 II 
5% 3.98E-06 I 1.08E-01 I 7.2OE+Ol II 6.95E-01 

50 % 1 S8E-05 

95 % 4.69E-05 

100% 1.01E-04 

5.26E-07 0% 

5% 1.19E-06 

50 % 4.91E-06 

1.52E-05 95 % 

100% 3.43E-05 1 .OOE+OO I 4.52E+02 

0% 7.78E-08 5.34E-0 1 I 9.00E-02 I 1.58E+02 II 
5 Ya 1.79E-07 

50 % 7.5 2E-07 3.0km 

- 
1o.okm 

- 
30.0km 

95 % 2.36E-06 

100% 5.45E-06 I .OOE+OO I l.llE+03 II 
0% 1.06E-08 3.9OE-0 1 I N/A I 3.87E+02 II 
5% 2.44E-08 5.01E-01 I NIA I 7.89E+02 II 
50 % I .02E-07 6.25E-01 

7.79E-0 1 

1 .OOE+OO N/A 

95 % 3.23E-07 

100% t 7.46E-07 

0% 2.69509 2,19E-0 1 I N/A I 8.11E+02 II 
II 

~~~~ 

3.27B0 1 I NIA I 1.65E+03 5% 6.12E-09 

2.57E-08 1 ~ 3.24E+03 1 4.68E-01 

6.68E-01 4.83E+03 

1 .OOE+OO 5.68E+03 

50 % 

95 % 8.1OE-08 

100% 1.87E-07 
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Downwind 
distance 

Quantile chiUQ chi(y)/chiC chi(z)/chiC 

II 
0 . 5 b  

~~ 

2.5OE+O 1 0% 3.2OE-06 2.92E-01 2.51E-04 

5% 6.25E-06 4.04E-01 2.26E-03 5.10ErO1 

50 % 2.27E-05 5.4OE-0 1 1.58E-02 9.90E+0 1 

95 % 6.17E-05 7.22E-01 1.11E-01 1.48E+02 

100% 1.21E-04 1 .OOE+OO 1 .OOE+OO 1.73E+02 

11 l.0km I 50% I 8.25E-06 I 7.14E-01 I 4.788-03 I 1.83E+02 II 
/I 
II I II 

0% 1 .OOE-06 5.09E-0 1 2.28E-05 4.60E+01 

5% 2.12E-06 6.09E-01 3.88E-04 9.3OE+Ol 

95 % 

100 % 

2.73E+02 

5. IOE-05 1 .OOE+OO 1 .OOE+OO 3.20E+02 

2.4 1 E-05 8.36E-01 5.89E-02 

II I I I I 11 
3.0km 

II I 95% I 5.30E-06 I 8.57E-01 I 1.62E-02 1 6.82E+02 ~~~ II 

0% 1.92E-07 5.57E-01 1.74E-07 1,15E+02 

5% 4.27E-07 6.5 IE-01 1.08E-05 2,34E+02 

50 % 1.74E-06 7.47E-01 4.17E-04 4.58E+02 

II I 

1o.okm 

ll , I 100% I ,1.18E-05 I I.OOE+OO I l.OOE+OO I 8.02E+02 II 

5% 8.22E-08 5.77E-01 NIA 5.89E+02 

50 % 3.39E-07 6.88E-01 NIA 1.16E+03 

1.72E+03 95 % 1.05E-06 8.20E-01 NIA 

2.02E+03 100% 2.36E-06 1 .OOE+OO NIA 

1 0 %  I 3.64E-08 I 4.73E-01 I NIA I 2.89E+02 II 

30.0km 

0% 9.06E-09 3.64E-0 1 NIA 6.22E+02 

5% 2.05E-08 4.76E-0 1 NIA 1.27E+03 

50 9% 8.48E-08 6.03E-01 NIA 2.49E+03 

95% 

100% 

2.63E-07 . 7.65E-01 NIA 3.71E+03 

5.95E-07 , I  .OOE+OO NIA 4.35ErO3 
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Downwind 
distance 

0.5km 

- 
l . O b  

- 
3.0km 

- 
1o.okm 

- 
30.0km 

A 4  2.5IUl00rn Temp Lapse 

chiUQ I Quantile 

0% I 3.53E-05 

2.93E-04 

8.57E-04 

100 % 1.82E-03 

0% 1.69E-05 

5% 3.39E-05 

50 % 1.26E-04 

95 9% 3.5OE-04 

100% I.7.03E-04 

9.69E-07 

2.22E-06 

100 % 6.63E-05 

3.14E-07 

7.32E-07 

3.1OE-06 

9.85E-06 

100% 2.3OE-05 

Rate Urban & Rural Surface Roughness 

chi(y)/chiC chi(z)/chiC 

2.8 1 E-0 1 3.26E-01 

4.22E-01 4.66E-01 2.30W1 

6.67E-01 6.33E-01 

1 .OOE+OO 

1.19E-0 1 6.OOE-03 1.0OE+O1 

2.09E-01 2.2OE-02 2.10E+01 

3.44E-01 7.4OE-02 4.1OE+Ol 

5.68E-01 2.52E-01 6.10E+Ol 

1 .OOE+OO I l.OOE+OO I 7.2OE+Ol 

1.1oE-02 I 7.86E-14 I 5.9OE+O1 
~ 

3.7OE-02 I 2.33E-10 1 l.u1E+02 

8.05E-04 3.96E-24 1.22W2 

5.32503 6.3OE-18 2.48E+O2 

2.8OE-02 2.00E- 1 2 

1.51E-01 6.29E-07 
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Downwind Quantiie I/ distance 1 
11 B-1: Unknown Lapse Rate 6.0 m l s  Aver. Wind Speed 11 

chiUQ(ground level) 

95 % 

100% 

1 0 %  

2.1 OE-04 

5.53E-03 

I 1.32E-08 II 

95 % 

100% 

1 5 %  I 3.48E-07 It 

9.40E-05 

4.70844 

220. m 1.26E-05 

3.45E-04 

100% 9.07E-03 

5.94E-07 

2.96E-06 

315. m 50 % 2.47E-05 

I 95% 1 1.54E-04 II 
I 100% I 7.68B04 II 

B-2: Unknown Lapse Rate 5.0 m l s  Aver. Wind Speed 

Downwind 
distance 

220. m 

Quantile chiUQ(gr0und level) 

2.1 1 E-07 

I 50% I 7.69E-06 II 

315. m 

3.6OE-07 

1.8OE-06 

I 50% I 1.5OE-05 II 
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11 B-3 Unknown Lapse Rate 8.0 m/s Aver. Wind Speed 11 
Dokwind 
distance 

300. m 

Quantile 

0% 

5% 

50% 

95 % 

It chic/Q(ground level) 

0% 

5% 

1.51E-06 

2.92E-06 

1.05E-05 

2.8 1 E05 

6.1 1E-07 

1.22E-06 

I 100% 1 5.43E-05 II 

0% 

600. m 

4.4OE-07 

0% 

5% 

50% 

95 % 

100% 

4.48846 

1.24E-05 

100 % 2.46E-05 

3.27B06 

6.5OE-06 

2.39E-05 

6.59E-05 

1.31E-04 

11 B-4: -1.0 WlWm Temp Lapse Rate Flat Surface Roughness 11 
chiUQ(ground level) I Downwind Quantile /I distance I 

1 5 %  I 2.6OE-06 II 
300.m 1 ZO ~ 2.52E-05 I 

1.83E-04 

100% 1.08E-03 

600. m 

Appendix A 
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B-5: 3.0 WlOOm Temp Lapse Rate Flat Surface Roughness 1 
Downwind 
distance 

600. m 

NURE 

Quantile 

0% 

5% 

50% 

95% 

100% 

chi(y)/chiC chi(z)/chiC 

4.40E-02 1 3.47E-01 

1 .O 1E-01 I 4.59E-01 

5ig-2 i 
1.40E+o 1 I 5.OOEtoo 

2.80E+o1 I l.OOE+OI 

C: Stable Conditions Urban & Rural Surface Roughness II 
Downwind Quantile 60 min 120 min 240 min 
distance 

0% 2.09E-17 2.16E-17 2.16E-17 

1 5 %  I 5.48E-13 I 5.66E-13 I 5.66813 

360. m 50% 9.05809 9.34E-09 9.34E-09 

95 % 6.69E-05 6.9OE-05 6.9OE-05 

100% 9.7OE-0 1 1 .OOE+OO 1 .OOE+OO 

0% 1.9 1 E-08 2.08E-08 2.08E-08 

5% 2.44E-07 2.66E-07 2.66E-07 

970. m 50% 4.66806 5.08806 5.08806 

95 % 6.68805 7.29E-05 7.29505 
L 

100% 8.52&04 9.3OE-04 9.30E-04 8 

0% 4.89E-07 5.89507 5.89E-07 

5% 1.28806 1.54506 1.54506 

1970. m 50 % 5.91806 7.12E-06 7.128-06 

95 % 2.07E-05 2.49E-05 2.49E-05 

100% 5.38805 6.48E-05 6.48E-05 
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D: Stable Conditions Flat Surface Roughness 

Downwind Quantile ChiClQ S k - Y  sig-z 
distance 

0% 4.82503 4.OOE-01 1.7OE-01 

5% 1.13E-02 7.OOE-01 3.4OE-0 1 

60. m 50 % 4.82E-02 ISOE+OO 7.OOE-01 

95 % 1 S4E-0 1 2.20Eeoo 1 .OOE+oo 

100% 3.6 1 EO1 2.50E+OO 1.20E+oo 

11 E: Length of Arc Crossed By 90% of the Material 11 
Downwind Quantile 90% arc 
distance 

0% 1.30E+04 

1 5 %  I 2.70Ec04 II 

2 O O . h  

0% 5.20Ec04 

5% 8.70E+04 

2.07Ei-05 

3.27E45 

3.62m-05 

3.37Ei-05 

1000.km 50 % 

95 % 2 . 2 4 m  

100% 2.36- 
i 
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Expert J 

Introduction 
available (see Table J-1). The lapse rate is calculated from 

ne meteoro~og~cal data for the caSeS are not the temperatures between lOOm and 30m. The given lapse 

comprehensive enough to apply complex models. It was rate to a height difference Of loom and 2m. 
assumed that these data are typical data for a Certain Therefore it was necessary to transform the data before the 

bundary layer. scheme could be used. From the temperature measurements 
Therefore the pasquill stability classes have been used to at our tower the following relations have been derived: 
characterize the meteorological condition. Only in one case 

additionally to answer the questions. 

condition in the 

our Lagrangian particle model TRAVELING was applied Yt = a(r, + 1) - 1 

with 
Determination of the Stability Classes 

Wind Speed and Temperature Lapse Rate are Given 

y, = given temperature lapse rate 
yt = transformed temperature lapse rate 
a = 0.56 for the unstable conditions, and 
a = 1.59 for the stable conditions. 

From the measurements at our 200 m high meteorological 
tower, a scheme was developed to determine the stability 
classes, if wind speed and temperature lapse rate are 

Table J-1. Stability classes 

0.0 - 0.9 
1.0 - 1.9 
2.0 - 2.9 
3.0 - 3.9 
4.0 - 4.9 
5.0 - 5.9 
6.0 - 6.9 
7.0 - 7.9 
8.0 - 9.9 
2 10.0 

A I - 1.13 < B I - 1.03 < C 5 - 0.91 < D I - 0.37 < E I + 0.78 < F 
A I -  1 . 1 8 < B I -  1 . 0 5 < C I - 0 . 9 1  < D I - 0 . 2 2 < E I +  1 .12<F 
A I - 1.39 < B I - 1.18 < C I - 0.97 < D I - 0.16 < E I + 1.25 < F 
A I - 1.61 < B I - 1.33 < C I - 1.00 < D I - 0.10 < E  I + 1.32 < F 
A I -  1 . 8 2 < B I -  1 . 4 8 < C I -  l . M < D I - O . M < E I +  1 .39<F  

B I -  1 . 6 2 < C I -  1 . 0 8 < D < + O . O 2 < E I +  1 .46<F  
B I -  1 . 7 7 < C I -  1 . 1 6 < D I + 0 . 0 8  E 

< C I -  1 .25<D 
C I -  1 .40<D 

D 

The wind speed in our scheme belongs to an effective 
height of 30 m. Therefore the given speeds are related to 
the wind speed class having this speed as lower value. If 
standard deviations of the horizontal wind direction 0 0  are 
given, they are used only as an additional check. For this 
check, Table 5-2 derived from Gifford was taken. The 
scheme, based on temperature lapse rate and wind speed, is 
less dependent on surface roughness than the 0, scheme. 
The variation of the surface roughness is considered 
additionally, corresponding to the given information. 

Table 5-2. 

stability 
class 

A 
B 
C 
D 
E 
F 

Standard deviations 

=e 
(degrees) 

25 
20 
15 
10 
5 

2.5 
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Monin-Obukhov Length is Given 

In this case, the Golder diagram was used to define the 
stability class. The roughness length for flat terrain was 
assumed to tie several cm. 

Only o,Is Given 

In this case, the relations in the presented table were used 
to define the stability class. The derived stability classes 
for all cases are summarized in Table 5-3. 

Table 5-3. Derived stability classes 

elicit. 
case 
AI 
A2 
A3 
A4 
B1 
B2 
B3 
B4 
B5 
c 1  
D1 
El 

- 
stability 
class 
A 
C 
D 
F 
D 
D/C 
C 
D/C 
F 
E 
D,EorF 

- 

Determination of the Frequency Distributions 

Based on the diffusion experiments carried out at the 
Karlsruhe Research Center, normalized frequency 
distributions of the horizontal and vertical standard 
deviations of the wind direction and the centerline 
concentrations were calculated. This was done only for the 
27 experiments related to class D, because for the other 
classes not enough experimental data are available. The 
frequency distributions are normalized to their 50% 
quantile. The distributions are valid for a distance between 
400 m and 2700 m. In this range, data from at least 13 
experiments are available. The statistics for a range 
between 300 m and 5000 m differs not very much from that 
for the shorter range. But in this range we have only data 
from 9 experiments in the additional part of the distance 
range. 

In the cases where the surface roughness is characterized as 
urban and rural, the CJ parameters evaluated by Briggs are 
combined with the corresponding parameters derived from 
the Karlsruhe diffusion experiments. In the cases with 
unstable conditions (classes A and B), the Briggs cry 
parameters are multiplied by a factor of 1.43, taking into 

account an increase of the sampling time from 10 min to 
1 hr. This factor is based on the relation: 

The parameters for the other classes are not modified, 
because in the other classes there are also a lot of cases 
where low frequencies hardly contribute to the power 
spectrum. To combine both sets of parameters it was 
assumed that the cy, the o,, and the centerline 
concentrations calculated with both sets are average values 
for the corresponding frequency distributions. The 
frequency distributions from both sets are combined (added) 
to get the final distribution. This distribution allows us to 
determine the desired quantiles. 

In the case of flat terrain, the calculations are only based on 
the Briggs parameters. To take into account the effect of an 
increased sampling time, a second set of parameters is 
established by multiplying the oy parameters from Briggs 
with the factor 1.43. These two sets are then used in the 
same way as in the case with the other surface roughness 
characterization. 

I 

The ratio of the concentration away from the centerline to 
the centerline concentration was derived using the following 
assumptions. 

Assumption I 

f = frequency distribution normalized to the 50% 

C, = centerline concentration 
c = concentration away from centerline concentration 

quantile 

f \  [:jo = 50% quanrileuf - C 

C O  

This assumption means that the concentration away from 
the centerline varies and the centerline concentration is held 
constant. This distribution overestimates the real variation, 
especially close to the centerline. As can be seen from the 
following diagram, this assumption becomes more 
reasonable further away from the centerline. 
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Table 5-4. Estimated average mixing height 

The concentration away from the centerline is always 
correlated with the centerline concentration by the well 
known Gaussian distribution. The meaning of this 
assumption leads to thk following distribution of the ratio 
considered. 

or 

This distribution underestimates the real variation, 
especially further away from the centerline, because the 
measured concentrations deviate from the calculated ones. 
The real distribution of the concentration should be 
somewhere in between. In the cases considered here, the 
50% quantile of the ratio is not very.close to 1. Therefore 
both distributions have been combined (added) to determine 
the quantiles. 

In the case of convective conditions (classes A and B) the 
plume axis rises from near ground to the middle of the 
mixed layer. The centerline defined in the cases here is 
along the release height close to the ground. Because of 
the rise of the plume, the measured concentration above this 
centerline will be higher than at the centerline, in contrast 
to the usually used Gaussian distribution. Therefore the 
described procedure to determine the ratio will fail under 
these conditions. Because the z-value is not too far away 
from the centerline, it can be assumed that the 50% quantile 
value is not much different from 1.0. To get the quantiles 
in this cake, the second distribution is replaced by a namow 
distribution around 1.0. This means that the extreme 
quantiles are only determined by the first distribution. 

Mixing Height 

Table 5-4 shows the estimated average mixing height H for 
the stability classes A to D. During stable conditions, no 
mixing height has been considered. In the model, the 0, 
value is restricted to 0.8H. 

stability 
class 

A 
B 
C 
D 
E 
F 

mixing 
height 
1500m 
1250111 
lOOOm 
75om 
- 
- 

Case C 

For case C with varying sampling time, the stability class 
E was determined from the 0, value of 6 degrees (see 
corresponding table). To estimate the retardation effect, our 
Lagrangian particle model TRAVELING was applied. Two 
model runs have been done. Both with the following 
assumptions: 

u* = 0.1 m/s 
1/L = 0.02 m-’ 
z, = 0.25 m 

In case 1, the wind profile ab 
a power law function: 

/ 10.35 

ve 1 0 m i  approxima d by 

uio[ +J z > lorn 

and in case 2 by: 

u = u,, z > 10m 

Table J-5 summarizes the results of the simulations. Given 
are the percentages of the centerline concentration after 4 
hours. For the second case, a simulation with a continuous 
release was carried out. The calculated centerline 
concentration, with a sampling time of 1 hr after 1 hr 
release, provided the same concentration as after 4 hrs 
sampling in the previous run. The results show that the 
variation of the concentration with sampling time is lower 
than the uncertainty defined by the extreme quantiles. 

If there is, for example, a forest between the source and the 
receptors, the retardation effect may be much higher. The 
tracer penetrates into the forest and it lasts a longer time 
until the tracer is released again from the forest to the 
atmosphere. This effect has to be taken into account like a 
deposition and a following reemission. Because these 
effects have been excluded, they are not considered. The 
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Table J-5. Sampling Time 

numbers in the elicitation table are determined by assuming 
a continuous release as in the cases before. The results are 
multiplied by the mean of the percentages from the table 
before. 

Case D 

In this case, the stability classes D, E or F are assumed. 
The Briggs (T parameters have been used to determine the 
quantiles. To take into account the reduced sampling time 
of 1 min, the oy curve for class D is replaced by that for 
class E. The same reduction is applied for the oY values of 
class F. The 0, values are not altered. 

The quantiles are determined as in the previous cases using 
the two modified sets of (J parameters for the stability 
classes D and F. 

Case E 

To estimate the quantiles in this case, the following 
approximations have been made: 

vertically integrated Gaussian distribution 
average transport speed of this plume 
corresponds to the wind speed 200 m above 
ground 
sampling time << travel time (puff diffusion). 

Under these assumptions 90% of the material crosses 
through an angle $, described by the relation: 

The radian of this arc times the distance x gives the length 
of the arc. The elicitation table contains both values. The 
oy value is calculated with the formula proposed by Hefter: 

o,, = 0.52 

The travel time t is defined by: 

The value P is the persistence of the wind, which describes 
the ratio of the wind vector average to the wind speed 
average. Such a persistence distribution as a function of 
averaging time from 1 hr to 240 hrs has been determined 
based on the wind measurements at our meteorological 
tower. Table J-6 summarizes the data used to estimate the 
quantiles for this case. 

The travel time up to 80 km is so short that stable 
conditions, characterized by stability class F, may persist 
during the whole time. In this case a lower spread of the 
plume is possible as compared to the cases considered, 
especially if elevated releases are taken into account. If 1/3 
of these conditions are persistent and combined with 0, 
values less than 1.5 degrees, which is a rough estimate, the 
5% quantile angle becomes about 5 degrees. This value is 
taken for the elicitation table. 
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Table 5-6. Data summary for quantile estimates 

lo00 km 

I 

200 km 80 km 

Quantile 

5% 

Speed 5 P Speed P Speed P 

9 d s  0.98 11 d s  1 .o 12 d s  1 .oo% 
50% 

95 % 

A- 187 

6 d s  0.76 6 d s  0.95 6 d s  1 .oo% 
4 d s  0.30 3 d s  0.50 2.5 d s  0.60% 
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Dispersion Tables 
N/A = not provided b y  exvert 

I A-1: -2. 1 W100m Temp Lapsc Rate Urban & Rural Surface Roughness 

I 
Downwind Quantile 
distance I 

, 
chiClQ chi(y)/chiC chi(z)/chiC I a - Y  

1 0 %  NIA NIA NIA I NIA 

I 5% 4.OOE-07 2.OOE-01 5.OOE-0 1 I 9.50Ei-01 p 
100% 

3.OOE-06 7.OOE-01 oskm 

2.OOE-05 1.50E+OO 

NIA NIA 

NIA NIA 

7.5OE-08 2.OOE-01 5.OOE-01 1.80Ei-02 

6.OOE-07 7.5OE-01 
~ ~~ 

1 .OOE+OO I 5.50E+02 1 . O h  50 % 

F 100% 

5,OOE-06 lSOE+OO 2.30E+OO 

NIA NIA p 
so % 

NIA NIA 

2.OOE-08 2.OOE-01 

1 .OOE-07 7.5OE-0 1 3.0km 

195% 6.00E-07 1.50E+OO 2.30E+OO 5.15Ei-03 
I 

I 100% NIA NIA 

10.0km 

p 
50 % 

NIA NIA 

1.OOE-01 6.OOE-09 

2.5OE-08 7.OOE-01 

I .OOE-07 1.50E+OO NIA I 1.6OE+O4 

I 100% N/A NIA N/A I NIA 

NIA NIA 

2.OOE-09 5.OOE-02 2.85Ei-03 

1.15E+04 9.5OE-09 6.OOE-01 30.0km 

5.OOE-08 1.30E+OO 4.80E+04 e+z- I 100% NIA NIA 
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A-3: -1.0 Wl00m Temp Lame Rate Urban & Rural Surface Roughness II 
Downwind Quantile chiUQ chi(y)/chiC chi(z)/chiC dg-Y 
diStance 

0% NIA NIA NIA NIA 

2.70E+02 95 % 3.OOE-05 I 9.00E-01 5.OOE-01 

100% NIA N/A NIA N/A 

0% NIA NIA NIA N/A 
I I I I 

5% I 3.50E-07 I 4.OOE-02 1 1.OOE-12 I 1.25E+02 
I I I I 

3 . 0 b  50 % 1.50E-06 4.OOE-01 2.OOE-02 3.00E+02 
I I I I 

95 % 6.OOE-06 1 .OOE+OO 5.OOE-01 7.60E+02 

100% N/A NIA NIA NIA 

I I I I 
0% N/A NIA NIA NIA 

5% 4.OOE-08 4.00E-02 N/A 3.40E+02 

1o.okm 50 % 2.00E-07 4.OOE-01 NIA 9.20E+02 

95 % 1 .WE-(% 1 .OOE+OO NIA 2.45E43 

100% NIA NIA NIA N/A 

5% 9.OOE-09 1 .00E-02 N/A 7.30E+02 

30.0km 50% 5.5OE-08 4.00501 NIA 2.20E43 
1 I I 

I 95% I 3.OOE-07 II 
100% NIA NIA N/A NIA I 
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~~ 

1 SOE-05 

1 NIA 

NIA 

7.OOE-02 

5 SOE-0 1 

1 . 2 0 m  

NIA 

NIA 

4.oOE-02 

4.5OE-01 

9.5OE-01 

NIA 

N/A 

6.OOE-02 t 

NIA 

2.oOE-02 

A 4  2. ~ WlOOm Temp Lapst Rate Urban & Rural Surface Roughness 

Downwind Quantile 
distance I chiUQ chi(z)/chiC I chi(y)/chiC sig-y II 

~ 

100% 

NIA NIA II 
2.5OE-05 

1 SOE-04 0.5km 

7.5OE-04 

NIA NIA II 
NIA d l  
1 .WE05 2.30-01 II 

I 50% 5.oOE-05 5.OOE-01 I 2.50E-01 8.oOE+01 II l.0km 
I II 

P- 100% 

2.60B04 1 . 2 0 m  7.5OE-01 

NIA NIA NIA p+ 
50 % 

NIA N/Al 
2.30E-06 -11 1.2OE-05 3.0km 

I 

I 95% 6.30E-05 1.30E+OO 1 1.5OE-01 8 .20W2 ll 
I 100% NIA NIA I NIA NIA II 

NIA NIA II 
4.oOE-07 

3.oOE-06 1o.okm 

I 100% NIA NIA I NIA 

I 0% NIA N/Al 
8.oOE-08 3.60Ei-02 11 
7.oOE-07 30.0km 1.14Ei-03 II 

I 95% 6.508-06 1.3OE+OO I 1.00E-02 

NIA I NIA 100% 
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11 B-1: Unknown Lapse Rate 6.0 mls  Aver. &nd S z  -11 
Downwind puantile chiC/q(ground level 
distance I 1 

0% NIA 

5 %  1 .00E-05 

220. m 50 % 3.OOE-05 

95 % 8.00E-05 

1100% I NIA II 

1 5 %  I 1.3OEi-05 

315. m 3.5OE-05 

100% 

11 B-2: Unknown Lapse Rate 5.0 m l s  Aver. Wind Speed 11 
chiUQ(ground level) I Downwind Quantile 1) distance 1 
1 SOE-05 

4.OOE-05 

95 % l.iOE-04 

315. m 

0% NIA 
I 

1.4OE-05 

3.8OE-05 

l.lOE-04 

1100% I NIA II 
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11 B-3: Unknown Lame Rate 8.0 ds Aver. Wind Swed 11 
chiUQ(ground level) 

distance 

8.5OE-06 
II I 

2.50E-05 

6.5OE-05 

100% 

II I 

0% NIA 

3.OOE-06 

600. m 8.50506 

2.5OE-05 
I1 I 

II I 100% I NIA II 

B-4 -1.0 W100m Temp Lapse Rate Flat Surface Roughness 

Downwind Quantile chiUQ(ground level) 
distance 

0% NIA 

5 %  2.5OE-05 

300. m 50 % 6.50E-05 
I 

95 % 2.OOE-04 
I1  I I 1  

II I 100% I NIA II 
0% NIA 

5% 1 .OOE-05 

600. m 50 % 3.OOE-05 

95 % 9.OOE-05 

100 % NIA 
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B-5: 3.0 WlOOm Temp Lapse Rate Flat Surface Roughness II 

C: Stable Conditions Urban & Rural Surface Roughness 1 
Downwind Quantile 60 min 120 min 240 min 
distance 

0 %  NIA N/A N/A 

5% 8.OOE-09 8.OOE-09 8.OOE-09 

360. m 50% I 7.OOE-08 7.OOE-08 7.OOE-08 

I II 95 % 8.OOE-06 8.OOE-06 8.OOE-q6 

I 100% I NIA I NIA 1 NIA ll 1 :) j NIA j NIA ~ NIA 1 
4.OOE-06 4.5OE-06 4.50E-06 

970. rn 50 % 1 .OOE-05 1.2OE-05 1.2OE-05 

95 % 3.OOE-05 3.5OE-05 3.5OE-05 

I 100% I NIA I NIA I NIA ll 
I I i I II 

0% NIA NIA NIA 

5% 2.OOE-06 3.OOE-06 3.oOE-06 

1970. m 50 % 6.50E-06 1 1 .OOE-05 1 .OOE-05 

95 % 2.50E-05 3.5OE-05 3 SOE-05 

100% NIA NIA NIA 
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I D: Stable Conditions Flat Surface Roughness 

Downwind 
distance 

60. m 

I Quantile 

0% NIA 

5% 1.8OE-03 

50% 1.5oE-02 

95 % 6.oOE-02 

NIA I NIA II 

, E: Length of Arc Crossed By 90% of the Material 1 
Downwind Quantile 
distance 

90% arc ll 
1 0 %  I NIA 

I 5% I 7.oOE+03 II 
8 O . h  50 % 2.20E+04 

95 % 8.00E+04 

I O %  1 NIA II 
I 5% I 2.80E+04 II 

100% 

0% NIA 

5 %  1.75E+05 

100% 
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Expert K 

1. In Europe as well as in the United States, the majority 
of the impact and consequence studies and 
assessments are based on the simple bi-Gaussian 
transport and dispersion formula given by: 

-Y2 .exp(-) 
~ X . ~ , ( X ) . ~ , ( X ) . ~ ( H )  20; 

Q C(wz) = 

or by its multiple reflection extension for a limited 
mixing layer of height h,,,." 

2. When applying this basic formula for a given, 
neutrally buoyant point source release (Q) at height H 
during a more or less completely specified and 
persistent meteorological condition, the calculated 
downwind (integrated) concentration values- 
generated by different operational models-are first of 
all influenced by: 

the choice of the specific turbulence typing 
scheme; 
the procedure to derive the proper stability 
category within the chosen turbulence typing 
scheme for a given, but quite often 
incompletely or not properly specified, 
meteorological condition; 
the corresponding [oy(x), o,(x)] combination 
and their analytical formulas or expressions; 
the wind speed profile or m-factor determining 
the average transport wind speed G(H) at the 
height of the plume axis. 

When applicable and taken into account in the 
specific code, further differences in C(x,y,z) are 
generated by: 

e) the choice of the mixing layer height h, as a 
function of the stability class, the season, the 
time of day, etc.; 
the surface roughness z, and the corresponding 
corrections on o,(x) and the exponent m of the 
vertical wind profile; 
the averaging time (g,) and its influence on 

: a) 

b) 

c) 

d) 

f) 

g) 
oy(x). 

3. The uncertainty analysis for a given model at a 
specific site and for a given range of release heights 
and ground-level receptors (e.g., x 5 30 km) is 
normally done by: 

a) 

b) 

a sensitivity analysis of the model as a function 
of its input parameters (and their uncertainties); 
some type of verification or validation, e.g., by 
tracer releases or 'observations at already 
available monitoring stations. Quite often the 
local model is somewhat trimmed or calibrated, 
and the final comparisons between sets of 
observed and calculated values look quite 
convincing (e.g., overall means within *20%, at 
least 50% of the calculated values within a factor 
two or less of the observed ones, and the extreme 
values within a factor 10 or better). 

4. What is requested in the present elicitation process is 
nevertheless a broader uncertainty analysis, as only the 
release conditions and some meteorological parameters 
are specified-the latter without much detail-making 
difficult the abstraction of the specific characteristics of 
the site (meteorology, topography, orography, 
urbanization), of the locally used procedures and 
models, of the level of validation of the latter, etc. 

To tackle this problem in a EC/US context, it seemed 
therefore appropriate to apply first of all some 
(routinely used) national approaches on the specified 
test cases and to evaluate the differences seen in the 
end results. 

To keep it manageable the following alternatives were 
combined with the basic formula given under 1 above: 

5. 

6. 

6.1. 

6.2. 

6.3. 

6.4. 

6.5. 

6.6. 

6.7. 

The IFDM model (Belgium) with a site specific 
turbulence typing scheme, corresponding oy(x) 
and o,(x) sets, and m factors for the wind 
profile.2 
The TA Luft 86 procedure (Germany) with a 
country specific turbulence typing scheme and 
corresponding o,(x) and o,(x) values.', lo 

The ISC model or Industrial Source Complex 
Model (EPA, US) with Pasquill's turbulence 
typing scheme and Briggs' ay(x) and q(x)  
formulas for urban areas.I3 
The same ISC model with Pasquill-Gifford's 
o,,(x) and o,(x) formulas for rural areas.13 
The MACCS code for flat terrain with z, = 3 cm 
and a oy(x) correction for taV.l1 
The MACCS version for rural areas with z, = 10 
cm, m exponents for rural areas and oy(x) 
correction for gV." 
The IvlACCS urban version for z, = 1 m, m 
exponents for urban areas, and oy(x) correction 
for fv." 

Annexe 1 gives the details for each of the seven options. 
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Table K-1. Stability classes 

I 

Case Models 

IFDM 
TALuft 
ISUMACCS PG 

2, (cm) 

H(m) 

t,(min) 

PG-based models 

A1 A2 A3 A4 

E6 FA E3 El 
v I112 1111 II(1) 
A C  D F 

50 cm 

10 m 

60 min 

MACCS + ISC 
N d  + Urban 

I 1  1- 

1-11 
D-C F-E 

3 to 10 cm 

60min 1 60min I 1p 
120 min 
240 min 

MACCS + ISC mral MACCS 

7. The next step is deriving the appropriate stability class 8.3. Finally some more general information from 
for each test case using the given meteorological previous studies, reviews, benchmark exercises, 
information and the appropriate diffusion typing and uncertainty analyses have to be taken into 
scheme. As different procedures exist to do this, even account, such as: 
for the PG stability categories, some (reasonable) 
compromise was required, based on what is given in 
Annexe 1, complemented with the NRC's Proposed 
Revision 1 to Regulatory Guide 1.23 (1980), as well 
the AT/AZ procedure as the A T / Z  + ii( 10) procedure 
(all given in Annexe 2), and using Golder's ( I n ,  z,) 
curves as reproduced in Zanetti." The final results are 
given in Table K-1. 

The numerical results obtained for a given case with 
the combinations of models given in the previous table 
cannot be more than a starting point for a broader 
uncertainty analysis, taking into account that: 

8.1. Only a very limited and not even randomly 
selected number of versions of the linear Gaussian 
plume model, operationally used in a limited 
number of different countries, has been included 
in this (sensitivity) analysis generating a (possibly 
too) small foundation to build on; 

8.2 Especially for the A cases, with uncertainty 
ranges to be specified at downwind distances up 
to 30 km, the influence of the' following 
phenomena has to be taken into account, too: 
inaccuracies in wind direction measured at release 
point; directional wind shear during transport; 
"width" of stability definition; leaky inversion 
layer, vertically changing turbulence and mixing 
height; time of the day and season?.g terrain 
variability; roughness length variability; and 
others. 

8. 

8.3.1. The CNSI Benchmark Exercise4 with 25 
models from 15 countries giving for: (1) 
stability D, ul0 = 5 d s ,  h,,, = lo00 m, z, = 
10 cm a (consistent) factor 6 to 7 in the 
range 1 km to 30 km between min and max 
values; (2) stability F, u,,, = 2 d s ,  h, = 
250 m, z, = 10 cm a (consistent) factor 8 to 
10 in the range 1 to 30 km when two 
outliers are eliminated. 

8.3.2. The project 1OC within CEC's indirect 
action research program on the safety of 
thermal water reactors showing that, for the 
same meteorological data set (3 years) at 
the same site in a flat region (Mol, 
Belgium) currently used combinations of "a 
turbulence typing scheme" and "a set of 
dispersion parameters" gave higher 
percentiles (P95, P98...) and maximum 
hourly concentration values within a range 
of a factor 10 to 1oo?*5*7 

8.3.3. That findings from many field 
measurements4ver flat terrain and in 
many stability conditions-lead to the 
conclusion that for tav = 1 h, 90% of the 
observed data 30 km downwind the source 
lie within something like "one tenth of' and 
"ten times" the data predicted by Gaussian 
models! 
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Dispersion Tables 
N/A = not provided by expen 

A-1: -2.0 K/lOOm Temp Lapse Rate Urban & Rural Surface Roughness II 
Downwind 
distance 

0 . 5 h  

Quantile 

0% 

5% 

50 % 

95 % 

100% 

chiUQ 

NIA 

2.OOE-06 

5.OOE-06 

1.OOE-05 

NIA 

Chi(y)/&iC chi(z)/chiC &-Y 

NIA NIA NIA 

4.OOE-01 I 8.OOE-01 

6.OOE-01 I 9.OOE-01 II 
8.OOE-01 1 .OOE*oo 2.50E+02 

NIA NIA NIA 

0% NIA NIA NIA NIA 

5 Yo 5.OOE-07 5.OOE-01 6.OOE-01 2.50E+02 

l . O h  50 % 1 .OOE-O6 7.OOE-01 8.OOE-01 3.50E+02 

I 100% 

I NIA 

5% 8.00E-08 2.OOE-01 4.OOE-01 5.OOE+02 

3 . 0 h  50 % 2.OOE-07 5.OOE-01 8.OOE-01 7.OOE+02 

95 % 8.OOE-07 7.OOE-01 1 .OOE+OO 1 .OOE+03 

100% NIA NIA NIA NIA 

0% NIA NIA NIA NIA 

5% 7.OOE-09 2.OOE-01 NIA 1.40E+03 

1o.okm 50 % 6.OOE-08 5,OOE-0 1 NIA 2.20E+03 

95 % 1.40E-07 7.OOE-01 NIA 3.OOE+03 

100% NIA NIA NIA NIA 

I 0% I NIA I NIA ll 

30.0km 

5% 1 .WE-@ 1.OOE-01 NIA 3.OOE+03 

50 % 1 .OOE-O8 5.OOE-01 NIA 5.50E+03 

95 % 5.OOE-08 7.OOE-01 NIA 8.OOE+03 

100% NIA NIA NIA NIA 

A-I99 



A-2: -1.6 KllOOm TemD Lame Rate Urban & Rural Surface Rouehness 

Downwind 
distance 

Quantile chiC/Q chi(y)/chiC Chi(Z)/chiC &FY 

0% NIA NIA NIA NIA 

0.5km 

95 % I 4.OOE-05 6.OOE-01 I 8.OOE-01 1 .OOE+02 
I I I I 

5% 8.OOE-06 1.5OE-01 2.OOE-01 5.OOE+01 

2.OOE-05 4.5OE-01 6.OOE-01 8.OOE+01 50% 

I 100% I NIA I NIA I NIA I NIA 

1.okm 

0% NIA NIA NIA NIA 

1 .OOE+02 5% 2.OOE-06 1 SOE-01 3.OOE-01 

50 % 5.OOE-06 4.5OE-0 1 6. OOE-0 1 1.60E+02 

Appendix A 
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NUREG/CR-6244 

0% 

I 95% I 1.OOE-05 r6.OOE-01 1 9.OOE-01 I 1.WL02 

NIA NIA NIA NIA 

I 100% I NIA I NIA I NIA I NIA 

5% 2.OOE-07 1.50E01 3.OOE-01 2.50E+02 

3.0km 50 % 7.OOE-07 4.OOE-01 6.OOE-01 3.50E+02 

95 % 2.OOE-06 5.50E-01 9.OOE-01 4.50E+02 

I 100% I NIA I I NIA I NIA I NIA 

95 % 

100% 

15% I 1.OOE-01 

6.OOE-07 6.OOE-01 NIA 1.50E+03 

NIA NIA NIA NIA 

1o.okm 50 % 2.OOE-07 2.50E-01 NIA 9.OOE+02 

3O.Okm 

~ 

5% 2.OOE-09 5.OOE-02 NIA 1.40E-to3 

50% 5.OOE-08 1 SOE-01 NIA 2.OOE+03 

95 % 8.OOE-08 5.OOE-01 NIA 3.50W3 

100 % NIA NIA NIA NIA 

IO% I NIA I NIA I NIA I N/A 
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- 
Downwind 
distance 

l.0km 

3.0km 

1o.okm 

- 
30.0km 

A-3: -1.0 WlOOm Temp Lapse Rate Urban & Rural Surface Roughness 

&!-Y I chi(z)/chiC I chi(y)/chiC I chic/Q I Quantile 

I I I I 

0% NIA NIA NIA NIA 

5% I 1.OOE-05 I 5.OOE-02 I 1.OOE-01 

SO% 3.OOE-05 2.5OE-01 4.OOE-01 6.OOE+01 

95 % 6.OOE-05 4.5OE-01 7.OOE-01 8.OOE+O1 

100% NIA NIA NIA NIA 

0% NIA NIA NIA NIA 

5% 3.OOE-06 1.5oE-01 1 .OOE-Ol 7.5OE+Ol 

1 .OOE+02 50 % 7.OOE-06 3.OOE-01 4.OOE-01 

95 % 2.OOE-05 6.OOE-01 7.OOE-01 1.40E+02 

100% I NIA I NIA I NIA I NIA 

0% I NIA I NIA I NIA 

5% 5.OOE-07 1.5OE-01 1 .OOE-Ol 1.80E+02 

so % 2.OOE-06 4.OOE-01 4.OOE-01 2.50E+02 

95 % 5.OE-06 6.oOE-01 7.oOE-01 3.40E+02 

100% NIA NIA NIA NIA 

0% NIA NIA NIA NIA 

5 %  4.OOE-08 2.50E-01 NIA 6.OOE+02 

50% 3.OOE-07 5.5OE-0 1 NIA 9.OOE+02 

9s % 7.OOE-07 8.oOE-01 NIA 1.40E+03 

100% NIA NIA NIA NIA 

0% NIA NIA NIA NIA 

5% 3.oOE-09 1 SOB0 1 NIA I 1.3OE-43 
I 

50% I 5.OOE-08 I 4.5OE-01 I NIA I 2.OOE+O3 

95% 1 .OOE-07 7.5OE-01 NIA 3.20E+03 

100 % NIA NIA NIA NIA 
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Appendix A 

Downwind 
distance 

A 4  2.5 W100m Temp Lapse Rate Urban & Rural Surface Roughness 

chiUQ chi(y)/chiC chi(z)/chiC I Quantile 

OSkm 

0% NIA NIA NIA NIA 

5.OOE-01 2.OOEMl 5% 3 .OOE-O5 3.OOE-01 

50 % 1 .OOE-o4 7.5OE-0 1 7.OOE-01 4.OOE41 

95% 6.OOE-04 9.5OE-01 9.OOE-01 9.OOE+01 

100 % NIA NIA NIA NIA 

l.0km 

0% NIA NIA NIA NIA 

5 %  1 .OOE-O5 2.5OE-01 1 .OOE-Ol 3.50E+01 

50 % 6.OOE-05 7.00501 5.OOE-01 7.OOE+01 

95 % 2.OOE-04 9.OOE-01 8.OOE-01 1.40E+02 

100% NIA NIA NIA NIA 

3.0km 

0% NIA NIA NIA NIA 

5% 1 .OOE-06 2.50E-0 1 1.00E.12 9.00E+01 

50 70 1 .00E-05 7.00E-01 2.00E-0 1 1.80E+02 

I 95% I 8.00E-06 I l.OOE+OO I 8.00E+02 

95 % 

100% 

I 100% I NIA I NIA I NIA II 

4.OOE-05 9.00E-01 7.OOE-01 3.50E+02 

NIA NIA NIA NIA 

1o.okm 

A-202 

0% NIA NIA NIA NIA 

5% I 1.00E-07 1 SOE-01 1.OOE-12 2.50E+02 

50 % 2.00E-06 4.50E-01 5.OOE-01 4.OOE+02 

0% 

5% 

30.0km 50% 

95 % 

100% 

1 NIA NIA N /A  NIA 

1.OOE-08 2.OOE-0 1 3.00E-01 7.OOE+02 

2,OOE-07 7.OOE-01 7.OOE-01 lSOE+O3 

2.OOE-06 9.00E-01 1 . O O M  3.00EM3 

NIA NIA NIA NIA 



11 B-1: Unknown Lapse Rate 6.0 m/s Aver. Wind Speed 11 
~ Downwind 

distance 

220. m 

Quantile chiUQ(ground level) 

0% NIA 

5 %  1 .00E-o6 

so % 2.00E-05 

I 9S% I 6.00E-05 II 
I 100% I NIA II 

II I 0% I NIA II 

315. m 

5.00E-06 

2.00E-05 

6.00E-05 

100% 

11 B-2: Unknown Lapse Rate 5.0 m l s  Aver. Wind Speed 11 
Downwind Quantile 11 distance I II chiC/Q(ground level) 

220. m 

5% 1 .OOE-O6 

50% 2.OOE-05 

9s % 6.OOLO5 

100% NIA 

50 % 2.OOE-05 

9s % 6.00E-05 

II I 100% I NIA 

Appendix A 
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0% 

B-3: Unknown Lapse Rate 8.0 m l s  Aver. Wind Speed 

NIA 

I chicIQ(gr0und level) 

5% 

50 % 300. m 

2.OOE-06 

1 .OOE-05 

95 % 

100% 

2.OOE-05 

NIA 

I 95% 

Downwind Quantile 11 distance I 

I 4.OOE-05 

chicIQ(ground level) 

II 

5 %  

50 % 

95 % 

100% 

600. m 

8.OOE-06 

3.OOE-05 

1 .OOE-O4 

NIA 

1 5 %  

I 50% I 5.OOE-06 II 
i I 

I II 

B 4  -1.0 WlOOm Temp Lapse Rate Flat Surface Roughness 

1 0 %  I NIA ll 

300. m 

II I O %  I NIA 11 
6.OOE-06 

600. m 2.oOE-05 

8.oOE-05 

1100% I NIA II 

A-204 
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Quantile 

0% 

- 
Downwind 
distance 

chi(y)/chiC cbi(z)/chiC SCPY sig-2 

NIA NIA NIA NIA 

600. m 

5% 

50 % 

95 % 

100% 

I 

B-5: 3.0 Wl00m Temp Lapse Rate Flat Surface Roughness II 

1.OOE-01 5.OOE-01 2.OOE+01 5.OOE+OO 

3.OOE-01 6.OOE-01 4.OOE+01 1.50E41 

8.OOE-01 l.lOE+OO 1 .OOE+o2 3.00Ei-01 

NIA NIA NIA NIA 

Downwind 
distance 

Quantile 60 min 120 min 240 min 

0% NIA NIA NIA 

C: Stable Conditions Urban & Rural Surface Roughness II 

95 % 

100 % 

3.OOE-05 1 SOB05 0.75B05 

NIA NIA NIA 

1 5 %  I 3.OOE-08 I 1.5OE-08 I 0.75E-08 II 

970. m 

360. m I 50% I 7.OOE-06 I 3.5OE-06 I 1.75E-06 ll 

50 % 2.OOE-05 1 .OOE-O5 OSOE-05 

95 % 5.OOE-05 3.OOE-05 1 SOE-05 

100% N/A NIA NIA 

1970. m 

I O %  I NIA I NIA I NIA II 

0 %  NIA NIA NIA 

5 %  1 .WE-% 0.50E-06 0.25E-06 

50 % 5.OOE-06 2.5OE-06 1.25E-06 

95 % 2.OOE-05 1.40E-05 0.70505 

100% NIA NIA NIA 

1 5 %  I 5.OOE-07 I 2.5OE-07 I 1.2%-07 II 
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I I  ' D: Stabte Conditions Flat Surface Roughness 

Downwind Quantile chiUQ sig-z 
distance I 

II 
II 

0% NJA NJA NJA 

5% 1 .OOE-03 2.00E+OO 2.00E+OO 

11 60. m I 50% I 5.00E-03 I 4.00E+OO I 3.00E+OO 
II I 

I 95% 1 2.ooE-02 

I 100% I NJA I NJA I NJA 

NUREG/CR-6244 

11 E: Length of Arc Crossed BY 90% of the Material 11 
Downwind Quantile 90% arc 
distance 

0% NJA 

5% NJA 

8 0 . h  50 % NJA 

I 95% I NJA It 
I 100% I NJA II 

200 .h  

I O %  1 NIA II 

~1 
100 % 

0% NJA 

5% NJA 
II I I1 

A-206 
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Stability A 
category 

E, 0.235 

b E3 0.41 8 
E4 0.586 
E5 0.826 

E, 1.043 

E, 0.297 

E6 0.946 

Annexe 1 

a B b m' 

0.796 0.31 1 0.71 1 0.53 
0.796 0.382 0.71 1 0.40 
0.796 0.520 0.71 1 0.33 
0.796 0.700 0.71 1 0.23 
0.796 0.950 0.71 1 0.16 
0.796 1.321 0.71 1 0.10 
0.698 0.819 0.669 0.33 

6.1. IFDM or Immission Frequency Distribution Model 
(Belgium) 

1. Bultynck-Malet stability classification scheme' 

Differentiation criteria 
Atmospheric stability category 

E, : very stable 

s > o  s c o  
h 2 2.75 

1.75 e h < 2.75 : stable 
: neutral h I 1.75 h S 2  o s 11 m.s-' 

E4 : unstable 
E, : very unstable 

E, : neutral 

2 c h < 2.75 
2.75 S h < 3.3 

h 1 3.3 E6 : extr. unstable 

with S = (aQ/az) / 0*(69 m) 
h = 6 + log,, 1 S I 

2. Corresponding dispersion parameters and m factor' 

* as implemented in IFDM I 
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stability class 

V : very unstable 
IV : unstable 
IIy2 : neutral 
III/l : neutral 
11 : stable 
I : very stable 

6.2. TA Luft 86 procedure* 

F f G g 

1 SO3 0.833 0.151 1.219 
0.876 0.823 0.127 1.108 
0.659 0.807 0.165 0.996 
0.640 0.784 0.215 0.885 
0.801 0.754 0.264 0.774 
1.294 0.718 0.241 0.662 

1. Diffusion typing scheme 

Surface wind 
speed ( d s )  

< 2  
2-3 
3-5 
5-6 
> 6  

2. Dispersion parameters 

Pasquill Stability Categories 

Insolation Night 

Strong Moderate Slight Thinly overcast or 2 I 318 cloud 
418 low cloud 

A A-B B 
A-B B C E F 
B B-C C D E 
C C-D D D D 
C D D D D 

Based on wind speed at 10 m height, cloud cover, cloud 
type, month of the year and time of the day with stability 
classes from I : very stable to V : very unstable through 
III/l and III/2 : neutral. 

o,(x) = Fx' and q(x) = Gxg with F, f, G, g functions of 
stability class and (effective) release height H. 
For H I 50 m the following numerical values are used : 

-1 0.42 

~ ~ _ _ _  ~~ 

with u(z) = u(z,) (z/z,)" voor z I 2 0 0  m 

6.3. ISC for urban areasI3 

1. Stability categories 

Notes : 
1. 
2. 
3. 

Strong insolation corresponds to sunny midday in midsummer in England; slight insolation to similar conditions in midwinter. 
Night refers to the period from 1 hr before sunset to 1 hr after sunrise. 
The neutral category D should also be used, regardless of wind speed, for overcast conditions during day or night and for any 
sky conditions during the hour preceding or following night as defined above. 
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Stability 

2. Dispersion parameters and wind profile 

o,(meters) q(meters) m 

Stability category 

A 
B 
C 
D 
E 
F 

C 

0.32 x (1 + O.OOO4 x)-'/' 
0.32 x (1 + O.OOO4 x)-In 
0.22 x (1 + 0.0004 x)-In 
0.16 x (1 + O.OOO4 x)-ln 
0.1 1 x (1 + 0.0004 x)-1'2 
0.11 x (1 + o.OOO4 x)-'n 

d 

0.24 x (1 + 0.001 x)"' 
0.24 x (1 + 0.001 .)In 
0.20 x 
0.14 x (1 + 0.0003 x)-In 
0.08 x (1 + 0.0015 .)-In 
0.08 x (1 + 0.0015 x)-In 

m 

0.15 
0.15 
0.20 
0.25 
0.30 
0.30 

Stability category x W) a b 

c.10 122.800 0.94470 
0.10 - 0.15 158.080 1.05420 

1 .O9320 0.16 - 0.20 170.220 
0.21 - 0.25 179.520 1.12620 

A' 0.26 - 0.30 2 17.410 1.26440 
0.31 - 0.40 258.890 1.40940 
0.41 - 0.50 346.750 1.72830 
0.51 - 3.11 453.850 2.11660 

** ** > 3.11 

<.20 90.673 0.93 198 
B' 0.21 - 0.40 98.483 0.98332 

> 0.40 109.300 1.097 10 

C' 11 61.141 0.91465 
/ 

6.4. ISC for rural areasi3 

1. Stability categories 

as in ISC for urban areas 

A 
B 
C 
D 
E 
F 

24.1670 
18.3330 
12.5000 
8.3330 
6.2500 
4.1667 

2. Dispersion parameters and wind profile 

2.5334 
1.8096 
1.0857 

0.72382 
0.54287 
0.36191 

0.07 
0.07 
0.10 
0.15 
0.35 
0.55 

where oy is in meters, x in kilometers and TH = 0.01745 [c-d ln(x)] 

~~ 
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x (km) 

c.30 
0.31 - 1.00 
1.01 - 3.00 

3.01 - 10.00 
10.01 - 30.00 

> 30.00 

PARAMETERS USED TO CALCULATE PASQUILL-GIFFORD o,(x) = axb (continued) 

a b 

34.459 0.86974 
32.093 0.81066 
32.093 0.64403 
33.504 0.60486 
36.650 0.56589 
44.053 0.51 179 

Stability category 

D 

urban 1 rural 

<.lo 
0.10 - 0.30 
0.31 - 1.00 
1.01 - 2.00 
2.01 - 4.00 
4.01 - 10.00 
10.01 - 20.00 
20.01 - 40.00 

> 40.00 

I 

24.260 
23.331 
21.628 
21.628 
22.534 
24.703 
26.970 
35.420 
47.618 

0.83660 
0.81956 
0.75660 
0.63077 
0.57154 
0.50527 
0.467 13 
0.37615 
0.29592 

E 

<.20 
0.21 - 0.70 
0.71 - 1.00 
1.01 - 2.00 
2.01 - 3.00 
3.01 - 7.00 

7.01 - 15.00 
15.01 - 30.00 
30.01 - 60.00 

> 60.00 

15.209 
14.457 
13.953 
13.953 
14.823 
16.187 
17.836 
22.65 1 
27.074 
34.219 

0.81558 
0.78407 
0.68465 
0.63227 
0.54503 
0.46490 
0.4 1507 
0.32681 
0.27436 
0.217 16 

F 

with o, in meters and x in kilometers 
* if the calculated value of CY, exceeds 5000 rn, o, is set to SO00 m. 
** CY* is equal to 5000 m. 

6.5. to 6.7. MACCS" 

1. Stability categories 

Pasquill 

2. Dispersion parameters and wind profile for z, = 3 cm 

Stability class I bV(X) = axb I = CXd CXd m 

a d d urban 

A 
B 
C 
D 
E 
F 

0.3658 
0.2751 , 
0.2089 
0.1474 
0.1046 
0.0722 

0.3658 
0.2751 , 
0.2089 
0.1474 
0.1046 
0.0722 

0.903 1 
0.903 1 
0.903 1 
0.903 1 
0.903 1 
0.903 1 

0.903 1 
0.903 1 
0.903 1 
0.903 1 
0.903 1 
0.903 1 

0.00025 
0.0019 

0.2 
0.3 
0.4 
0.2 

0.00025 
0.0019 

0.2 
0.3 
0.4 
0.2 

2.125 
1.602 1 
0.8543 
0.6532 
0.6021 
0.6020 

2.125 
1.602 1 
0.8543 
0.6532 
0.6021 
0.6020 

0.15 
0.15 
0.20 
0.25 
0.40 
0.60 

0.15 
0.15 
0.20 
0.25 
0.40 
0.60 

0.07 
0.07 
0.10 
0.15 
0.35 
0.55 

0.15 
0.35 
0.55 
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3. Corrections 

3.1. Surface roughness correction: 
q(x )  = (C.Xd) (ZJ3)0.2 

with z, in cm 

3.2. Lateral plume meandering increases, or oy(x) 
increases wirelease duration for continuous sampling: 

oY(x) = (axb) (AL-AO 

or a,(x) increases with sampling time f, for 
continuous releases: 
a,.(x) = (axb) ($,,/IO rnin)’.’ 
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ij(10) m/s 

< 2  
2-3 
3-5 
5-6 
> 6  

Annexe 2 

~ ~~ ~ _ _ _ _  

Day (insolation strength) Night (cloud cover) 

N I 3/8 strong moderate slight N 2 4/8 

A A-B B - 
A-B B C E F 
B B-C C D E 
C C-D D D D 
C D D D D 

1. Different procedures to determine the appropriate 
stability class in Pasquill’s diffusion typing scheme3 

Stability 

extremely unstable 
moderstely unstable 
slightly unstable 
neutral 
slightly stable 
moderately stable 
extremely stable 

PASQUILL SYN14 

Pasquill Category AT/AZ (OC/lOO m) 

A AT/AZ S -1.9 
B -1.9 AT/AZ 5 -1.7 
C -1.7 < AT/AZ ‘5 -1.5 
D - 1.5 < AT/AZ I -0.5 
E -0.5 < AT/AZ S 1.5 
F 1.5 < AT/AZ I 4.0 
G 4.0 < AT/AZ 

< -1.9 1 -1.9 to -1.7 -1.7 to -1.5 -1.5 to -0.5 

A B B B 
A B C C 
B B C D 
C C C D 
C C C D 

PASQUILL NRC Diffusion Typing 

-0.5 to 1.5 1.5 to 4.0 

E F 
E F 
E F 
D D 
D D 

PASQUILL PRA Diffusion Typing Scheme16 

ij(10) m/s 

< 2  
2-3 
3-5 
5-6 
> 6  
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2. Wind fluctuation criteria for estimating Pasquill 
stability categories" 

Stability Category Standard deviation of the horizontal wind ** II 
A 
B 
C 
D 
E 
F 

0, 2 22.5" 
17.5" I o ,  < 22.5" 
12.5" Io, < 17.5" 
7.5" I a, < 12.5" 
3.8" I o ,  < 7.5" 

< 3.8" 

* These criteria are appropriate for steady-state conditions, a measurement height of 10 m, for level terrain, and an aerodynamic surface 
roughness length of 15 cm. Care should be taken that the wind sensor is responsive enough for use in measuring wind direction 
fluctuations. 
A surface roughness factor of (2415 ern)'.', where z,, is the average surface roughness in centimeters within a radius of 1-3 km of the 
source, may be applied to the values. It should be noted that this factor, while theoretically sound, has not been subjected to 
rigorous testing and may not improve the estimates in all circumstances. A table of z, values that may be used as a guide to 
estimating surface roughness is given in Smedman-Hogstrom and Hogstrom. 

*** 'These criteria are from an NRk proposal. It would seem reasonable to restrict the possible categories to A through D during daytime 
hours with a restriction that for 10 m wind speeds abnve 6 d s ,  conditions are neutral. Likewise, during'the nighttime hours, some 

** 

restrictions, as in the table, are needed to preclude occurrences of categories A through C. 

Nighttime* Corrections for the Previous Tatheg 

If the oA stability category is 

A 

C 

And ij(10) is 

< 2.9 d s  

1 3 . 6  m l s  
2.9 to 3.6 m / s  

e 2.4 m/s 

2 3.0 m/s 
2.4 to 3.0 m/s 

< 2.4 m l s  
2 2.4 m/s 

D wind speed not considered 
E 
F 

wind speed not considered ** 
wind speed not considered *** 

Then change into 

F 
E 
D 

F 
E 
D 

E 
D 

D 
E 
F 

* Nighttime is considered to be from 1 hour prior to sunset to 1 hour after sunrise 
** The original Mitchell and Timbre table had no wind speed restrictions; however, the original Pasquill criteria suggest that for wind 

speeds greater than 5 d s ,  neutral conditions should be used. 
*** The original Mitchell and Timbre table had no wind speed restrictions; however, the original Pasquill criteria suggest that for wind 

speeds greater than or equal to 5 d s ,  the D category would be appropriate, and for wind speeds between 3 m/s and 5 d s ,  the E 
category should be used. 
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Expert L 

Basic Philosophy of Approach 

My approach to the elicitation questions is to use 
straightforward analytical formulas that can be solved by 
hand calculations. Most of the formulas are taken from the 
Handbook on Atmospheric Difusion by Hanna et ai.' 
These same formulas are used as the foundation for 
advanced computerized models such as OCD (Hanna et a1.)2 
and HPDM (Hanna and Chang)? The estimates of 
uncertainty are based on more recent work that I have done 
in two areas: (1) the developmeht of methods for estimating 
the probability distribution function (PDF) of concentration 
fluct~ations,4.~'~'~ and (2) the evaluation of many types of 
atmospheric dispersion models with observations from field 
 experiment^.'-^,*-^' The reference list at the end of this 
report provides information on the publications used in this 
analysis. 

Dispersion Model 

The so-called straight-line Gaussian dispersion model is 
used: 

xlQ = ( ~ X U O , , [ J ~ ) - '  ~ x P ( - ( Y  - Y $ / ~ o ; )  * (1) 
(exp((z - hef/20Z) + e=p ((z + h e r /  2.9) 

where the plume centerline is located at lateral position yo 
and release height he. The wind speed, u, should be 
representative of the release height. The dispersion 
parameters, oy and o,, are assumed to be given by the 
Briggs rural and urban formulas, as listed in Table 4.5 of 
Hanna et al.' In general, the rural curves are used in this 
exercise. The oy and o, parameters are given as functions 
of stability class, which can be estimated using the Pasquili 
method (based on wind speed and insolation - see Table 4.1 
of Hanna et a].),' the dT/dz method, the o, method (see 
Table 4.3 of Hanna et al.),' or as a function of 1/L and z, 
(the Golder method, shown in Figure 4.3 of Hanna et al.).' 
These tables and figures are reproduced at the end of this 
brief discussion. The Briggs cy and a, curves are valid for 
averaging times in the range from about 10 minutes to one 
hour. For smaller averaging times, T,, a one-fifth power 
law correction is applied to oy: 

where T, should not be allowed to drop below 1/3 minutes. 
This lower limit prevents oY from decreasing below the 
known ay for instantaneous puffs. 

The Briggs oy curves are assumed to be valid to downwind 
distances of 10 km. At distances in the range from 10 km 
to 100 km, oy grows linearly with x, at a rate equal to the 
leading constant in the Briggs formulas. However, at very 
large distances (e.g., x = 80 km, 200 km, and lo00 km in 
Question E), it is assumed that oy = 0.1 x for all stabilities, 
in agreement with extensive regional scale field data.' 

The mixing height, h, will act as a barrier to upward 
dispersion as a, approaches h. We do not allow o, to 
exceed 0.8 h, in agreement with recommendations in the 
EPA's Turner Workbook?' 

Assumptions for Uncertainty Estimates 
1 

Recent comparkohs' of the predictions of short-range air 
quality models with observations (Hanna, 1993)3 
demonstrate that, even in the best of circumstances, the 
root-mean-square-error (rmse) is about 30 or 40% of the 
mean. In routine applications, the rmse is in the range from 
50% to a factor of two of the mean, similar to estimates 
made 15 years ago by a panel of experts." In the current 
study, we assume a factor of four uncertainty for 
concentrations at locations not too far from the plume 
centerline (i.e., (z - hJo, 5 1.5 and (y - yJoy I 1.5). This 
range of uncertainties covers the 5th to 95th percentile of 
the distributions. At greater distances from the centerline, 
this uncertainty is assumed to increase to a factor of eight. 

The uncertainty in normalized concentration predictions, 
xlQ, is assumed to be due solely and equally to 
uncertainties in oY and 0,. It fpllows that the individual 
dispersion parameters each have an uncertainty of a factor 
of 2. Because the stability class is not well-defined in a 
few of the elicitation questions, in those cases the 
predictions are made over the range of possible stability 
classes, adding to the total uncertainty. 

We were also asked to provide minimum and maximum 
bounds on the elicitation variables. These bounds are 
assumed to be about a factor of four on o,, and a,. Near 
the plume centerline, the minimum x/Q is assumed to be a 
factor of 20 below the median, and the maximum x/Q is 
assumed to be a factor of 8 above the median. In most 
cases, the minimum x/Q at distances of one by or one o, or 
more from the plume centerline is assumed to be 0.0, on the 
grounds that the plume could completely miss the monitor. 
At these off-centerline distances the maximum x/Q is 
assumed to be four times the calculated centerline 
concentration. 
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Downwind 
distance 

Dispersion Tables 

Quantile chiUQ chi(y)/cbiC chilz)/chiC 6 g - Y  

0% 

5% 

50% 

NIA NIA NIA NIA 

8.5OE-06 1.20E-02 1.77E-01 3.9OE+Ol 

3.4OE-05 9.30E-02 7.10E-01 7.80E+O 1 0.5km 

95% 

100% 

1.36E-04 7.40E-01 2.84E+oo 1.56E+02 

NIA NIA NIA NIA 

0% 

5% 

NIA NIA NIA NIA 

2.17E-06 1.83E-02 1.15E-01 7.60E+01 

1.Okm 

1 I I I /I 95 % I 3.46E-05 I 8.OOE-01 I 1.84E+OO I 3.06E+02 

50 z 8.66E-06 1.46E-0 1 4.6OE-01 1.53E+02 
I I I I I 

I 100% I NIA I NIA I NIA I NIA II 

95 % 

1o.okm 50 % 1.76E-07 8.70s-02 NIA 1.13E+03 I 
7.04E-07 7.OOE-01 NIA 2.26E+03 

I I I I 
I 100% I NIA I NIA I NIA I NIA II 

I 
0% 

5% 

30.0km I 50% I 4.59E-08 I 3.01E-01 I NIA I 4.33E+03 II 

NIA NIA NIA NIA 

1.1 5E-08 3.8OE-02 NIA 2.17Ei-03 

95 % 1.84E-07 9.ooE-01 NIA 8.66E+03 
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A-2: -1.6 W100m Temp Lapse Rate Urban & Rural Surface Roughness ' ll - 
Downwind 
distance 

3.0km 

- 
1o.okm 

- 
30.0km 

Quantile chiUQ chi(y)/chiC chi(z)/chiC Sig-Y 

0% NIA NIA NIA NIA 

5 %  9.15E-06 2.26E-02 1.05E-0 I 2.70E+O1 

50 % 3.9OE-05 1.81E-01 4.18E-01 5.40E+0 1 

95 % 1.56E-04 9.OOE-01 9.5OE-01 1.08Ei-02 

100 9i NIA NIA NIA NIA 

0%' NIA NIA NIA NIA 

5% 2.6OE-06 2.OOE-02 9.8OE-02 5.30E+01 
1 

50 % 1.04E-05 1.64E-0 1 3.9 1 E-01 1.05E+02 

95 % 4.16E-05 9.oOE-01 9.5OE-01 i 2.10E-142 

100% 1 NIA I NIA I NIA 

0% I NIA 1 NIA I NIA I NIA 

5 %  3.65E-07 2.8OE-02 I .05E-01 1.45E42 

50 % 1.46E-06 2.24E-01 4. I 8E-0 1 2.89E+02 

95 % 5.84E-06 9.5OE-0 1 9.5OE-01 5.78Eh02 

100% NIA NIA NIA NIA 

0% NIA NIA NIA NIA 

5% 5 S8E-08 1.94E-02 NIA 3.89E+02 

50 % 2.23E-07 1.55E-01 NIA 7.78E+02 

95 % 8.92E-07 9.00E-01 NIA 1.56E+03 

100 % NIA NIA NIA NIA 

0% NIA NIA NIA NIA 

5% 8.4OE-09 1.01E-01 NIA 1.49E-143 

I I I I II 
~~ ~ ~ ~~ 

50 % 3.36E-08 4.07501 NIA 2.98E43 

95 % 1.34E-07 9.5OE-01 NIA 5.96E+03 

100% NIA NIA NIA NIA 
- 
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A-3: -1.0 WlOOm Temp Lapse Rate Urban & Rural Surface Roughness II 
Downwind 
distance 

Quantile I chiUQ chi(y)/chiC chi(z)/chiC 

I t 

NIA NIA NIA N/A 

1 SOE-05 I 4.7OE-03 I 1.1OE-02 2.00E+O 1 

3.90E+01 05km 50% 

95 % 

100% 

6.0 1 E-05 3.8OE-02 8.7OE-02 

2.4OE-04 3.04E-01 6.9OE-01 7.80E+01 

NIA 

NIA 

3.80E+01 

7.60E+01 l.0km 

100% 

7.36E-05 I 7.5OE-01 I 2.48E-01 
~~ 

1.52E+02 

NIA I NIA I N/A NIA 

1 0 %  NIA 
I 

l.O5E+02 

2.10E+02 3.0km 

4.20E+02 
I 

I 100% NIA NIA 
I 

0% NIA NIA N/A NIA 

5% 1.56E-07 2.60E-02 N/A 1.42E+02 

1o.okm 

- 
30.0km 

2.1oE-01 6.248-01 

2.50E-06 

100% 

9.00E-01 

NIA NIA 
I 

0% I NIA NIA NIA 1 NIA 

5% I 2.31B08 6.50E-02 N/A I 1.08E43 

5.2OE-01 9.23E-08 

a 3.69E-07 

1 100% 

9.5OE-01 

NIA NIA 
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~~ 

A-4: 2.5 WlOOm Temp Lapse Rate Urban & Rural Surface Roughness - 1 1  
Downwind Quantile chiUQ chi(y)lchiC chi(z)/chiC &!-Y 
distance 

, 
0 %  NIA NIA NIA NIA 

5 %  7.58E-05 2.1OE-01 9.OOE-02 2.50E+01 

0.Skm SO% 3.03E-04 8.4OE-01 3.6OE-01 5.OOE41 

9s % 1.21E-03 9.9OE-0 1 9.OOE-01 1 .OOE+02 

100% NIA N/A N/A NIA 

l.0km 

0% N/A NIA NIA NIA 

5 %  2.28E-05 1.02E-0 1 6.4OE-03 4.75E-I-01 
I 

so % 9.1OE-05 8.2OE-0 1 5.1 OE-02 9.50E+Ol 

95 % 3.64E-04 1 .OOE+OO 4.1 OE-0 1 1.90E-I-02 

100% NIA N/A NIA NIA 

0 %  NIA NIA NIA NIA 

5% 4.OOE-06 2.13E-01 5.1OE-05 1.30E+02 

3.0km 1 50% I 1.6OE-05 I 8.5OE-01 I 4.1OE-04 II 
9s % 6.4OE-05 9.9OE-01 3.28E-03 5.20E42 

100% N/A NIA NIA NIA 

0% NIA NIA NIA NIA 

5 %  9.35E-07 1 .OOE-O 1 4.1OE-10 3.55E42 

1o.okm LO% 1 3.74E-06 7 7.8OE-01 I 3.3OE-09 

9s % 1 SOE-05 1 .OOE+oo 2.64E-08 1.42E+03 

100% NIA NIA NIA NIA 

0 %  NIA N/A N/A NIA 

5% 2.05E-07 2.23501 1.OOE-12 1.36E+03 

30.0km so % 8.2OE-07 8.9OE-01 1.OOE-11 2.71Ei-03 

9s % 3.28E-06 1 .OOE+OO 1.OOE-10 5.42E+03 

100% NIA NIA NIA NIA 
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0% 

11 B-1: Unknown Lapse Rate 6.0 m/s Aver. Wind Speed 11 

N/A 

chiUQ(groud level) 
distance 

5.2OE-06 

I 

4.14E-05 

3.32E-04 

100% 

I 
315. m 

0% 

5% 

N/A 

1.72E-05 

1.27E-05 

5.07E-05 

2.03E-04 

50 % 

I 100% II 

6.88E-05 

I1 B-2: Unknown Lapse Rate 5.0 m l s  Aver. Wind Speed 

0 70 

5% 

Downwind 
distance 

N/A 

1.338-05 

220. m 

Quantile I II chiUQ(ground level) I 

I 95% I 2.758-04 II 
I 100% I N/A II 

315. m 5.138-05 

2.05E.-04 

I 100% II 
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~ ~~ 

Downwind 
distance 

300. m 

11 B-3: Unknown Lapse Rate 8.0 mls Aver. Wind Speed 11 
~~~~ ~~ 

Quantile chiUQ(ground level) 

0% NIA 

5% 9.53E-06 

50 % 3.81E-05 

95 % 1.52E-04 

6% 

I1 I I II 

N/A 

II 

5% 

50% 

I 100% 

1.52E-05 

6.1OE-05 

I N/A 

95 % 

100% 

II 

s 2.44E-04 

NIA 

100 % 

11 B-4: -1.0 WlOOm Temp Lapse Rate Flat Surface Roughness 11 
Downwind 
distance 

300. m 

Quantile chiUQ(ground level) 

5% 2.53B05 

1.01E-04 

4.04E-04 

100% 

600. m 
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B-5: 3.0 KllOOm Temp Lapse Rate Flat Surface Roughness 1 1  

0% N/A N/A N/A N/A 

5% 8.4OE-02 5.9OE-02 2.80Ei-O 1 4.00E+OO 

600. m 50 % 6.7OE-01 4.7OE-01 5.6OE+O1 8.1OE+00 

95 % 5.36E+OO 9.70501 1.12Ei-02 1.62Ei-Ol 
I 

100% NIA N/A N/A N/A 

11 C: Stable Conditions Urban & Rural Surface Roughness II 
11 Downwind 1 Quantile I 120min 

5% II 
ll 970* 1 50% 

I 

I 95% 

I 100% 

1 0 %  

1970. m 

1100% 

7.00E-07 8.OOE-07 8.00E-07 

5.4OE-06 6.2OE-06 6.00506 

4.4OE-05 I 4.8OE-05 I 4.8OE-05 II 

N/A I N/A I NIA II 

N/A I NIA II 
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5% 6.60B03 1.14E+OO 8.9OE-01 

60. m 50 % 2.64B02 2.27E+OO 1.77E+00 

95 % 1.06E-0 1 4.54E+00 3.54E+OO 

100% NIA NIA NIA 
i 

II D: Stable Conditions Flat Surface Roughness II 

0% 

5% 

sig-z I Gg-Y I chiC/Q I Downwind Quantile 11 distance I 

NIA 

2.00E+04 

II 

95 % 

100% 

1 0 %  

1.60E+o6 

NIA 

I NIA I NIA I NIA -11 

E: Length of Arc Crossed By 90% of the Material 

90% arc I Downwind Quantile 
distance I 

10% I NIA II 
1 5 %  I 8.00E+03 II 

8 0 . h  

100% 

8.00E+04 

3.20E+05 

200.km 

100% 

1 II 0% NIA 

It 
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Expert M 

Introduction 

The objective of this work is to assess the uncertainties 
associated with estimations of the concentrations expected 
at selected sites situated downwind from a hypothetical 
release point during a variety of meteorological conditions. 
The uncertainties are expressed as expected concentration 
distributions listing the median, the .05, and .95 quantiles. 
The approach used for deriving these distributions is based 
on (1) the variability of experimental data acquired from 
tracer studies, (2) uncertainties associated with estimating 
stability classification, (3) uncertainties due to non- 
representative meteorological measurements acquired at a 
single location, and (4) our model development and 
evaluation experience. Two different types of models were 
used for this work a three-dimensional diagnostic wind 
field model coupled with a Lagrangian dispersion model 
and a standard sequential puff model. For the problems 
concerning dispersion over rural and urban areas the 
diagnostic wind fieldnagrangian dispersion models were 
used to derive the best estimates of the median 
concentrations (except for Problem 10) while the fast 
running sequential puff code was used to define the 
concentration distribution around the median values. 
However, only the sequential puff model was used for the 
flat terrain problems. 

Model Description 

The diagnostic wind field model interpolates wind 
observations over a three-dimensional numerical grid to 
calculate a mass-consistent wind field over flat and spatially 
varying terrain surfaces. A11 calculations performed in this 
work were over flat terrain surfaces. The Lagrangian 
particle model advects the marker particles downwind by 
using these wind fields while at the same time it diffuses 
the material due to atmospheric turbulence. The rate of 
diffusion was calculated by a statistical method based on 
the Langevin equation. The model input requires estimates 
of o, and ow, which may be derived from values of o, and 
In. The lapse rate was not used directly except as another 
indicator of atmospheric stability. 

The sequential puff model simulated the dispersion of a 
series of individual puffs within a spatially homogeneous 
wind field over flat terrain. The downwind concentrations 
were acquired by integrating the individual puffs over the 
specified sampling times and locations. The meteorological 
input data required for this model consist of an average 

wind speed and the horizontal and vertical diffusion 
coefficients (oy and o,, respectively). Typically, 500 puffs 
were released over the sampling times of interest. The code 
was run 100 times for each sampling location using input 
data statistically chosen within a prescribed range of 
uncertainty associated with each model input parameter. 

Source of Uncertainty 

The primary sources of uncertainty considered in this work 
were (1) natural variations of boundary layer dispersion 
characteristics for supposedly similar meteorological and 
terrain situations, (2) the variability associated with 
estimating the stability classification, and (3) the uncertainty 
of measurements due to instrument error or non- 
representivity. An assessment of the first source of 
uncertainty can be achieved by a review of the data 
acquired from some of the field experiments conducted over 
the past four decades in both the US. and Europe. These 
include tracer releases coordinated with extensive sampling 
arrays extending out to several tens of kilometers over 
terrain surfaces that range from flat to complex and over 
rural and urban areas. Reviews by Gifford' and Draxlei! 
are most useful. The data consistently show considerable 
scatter in the estimates of oy and 0, values as a function of 
distance for a particular stability category. Typically, one 
observes scatter of the individual data within a factor of 2 - 
3 or more of the best least squares fit to the data. 

The uncertainties inherent in determining the dispersion 
characteristics of a particular meteorological situation (as 
usually defined by discrete stability categories) are due to 
a whole array of factors that are mainly associated with our 
lack of understanding of boundary layer behavior and our 
inability to measure the critical parameters accurately over 
the entire spatial and temporal domains of interest. 
Typically, we only have a single point of measurement such 
as an instrumented tower, where winds and temperature 
observations are made. Measurement uncertainties certainly 
include instrument error but often more importantly are due 
to the non-representativeness of the measurement location. 
For instance, the use of lapse rate measurements, acquired 
from a meteorological tower, has been found to be a 
generally p r  indicator of atmospheric stability since it is 
not spatially representative of the vertical stability within 
the boundary layer. It is interesting to note that individual 
investigators may derive quite different stability frequency 
distributions for the same meteorological data sets as a 
result of our ignorance of boundary layer behavior. These 
distributions may differ by as much as a factor of two for 
the number of cases within a particular stability category? 
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Model Results 

Problems 1-4. 

These problems are very similar in nature with the main 
difference being varying stability categories, starting with 
very unstable (Problem 1) and proceeding to very stable 
(Problem 4). The Lagrangian dispersion model was used 
to calculate a best estimate of the median concentration for 
each sampling location. These values are given in the 
attached tables for each problem. The .05 and the .95 
quantiles associated with the median concentrations were 
derived from multiple runs of the sequential puff model 
using wind speed, cy, and 0, values stochastically chosen 
within their respective range of uncertainty. The resulting 
concentration distributions were normalized to the 
Lagrangian model-generated median concentrations. 

The input to the diagnostic wind fielaagrangian dispersion 
models included the reported 0, values for estimating 
horizontal diffusion, a 1/L value derived from the surface 
roughness and the stability category (as determined by the 
reported lapse rate) and the Golder4 curves for estimating 
vertical diffusion, and the wind, speed. The sequential puff 
model requires values of wind speed, cy, and 0, as a 
function of distance. Since the terrain and surface 
roughness involve a mixture of both rural and urban areas, 
it seemed appropriate to use a combination of cy and 0, 
values acquired from experiments conducted over both 
types of areas. Thus, values intermediate between those 
relevant to flat terrain (Pasquill-Gifford curves) and those 
related to urban dispersion were derived (Briggs’ urban 
values). The uncertainty associated with stability category 
estimation was assumed to be 2 1 stability category on 
either side (for example, a C category has an uncertainty 
range that includes B and D categories). The reported wind 
speeds were assumed to have an uncertainty of k 1 m/s due 
to both instrument krror and non-representivity over 
distances of tens of kilometers. Using these uncertainty 
bands, the sequential puff model was run 100 times to 
derive the .05 and the .95 quantiles associated with the 
median concentrations listed in the tables, as well as the 
medians and the quantiles associated with the ratios of off- 
center concentrations to plume centerline concentrations. 
The 0, values given in the tables were derived from the 
distributions used by the model. The estimated stability 
category for each is: Problem 1 (greatly unstable), Problem 
2 (unstable), Problem 3 (neutral), and Problem 4 (stable). 

Problems 5-9 

Since these problems involve flat terrain surfaces with short 
grass over very short distances, the concentration estimates 

were derived directly from the sequential puff model. This 
set of problems involve varying the stability categories for 
the same source configuration and in some cases even using 
different stability, categories in the horizontal and vertical 
directions. The model calculations are based on using 
standard Pasquill-Gifford diffusion curves for flat terrain, an 
uncertainty of f 1 stability category of the best estimate for 
both the vertical and horizontal directions, and a wind speed 
uncertainty of d . 5  m / s  (for flat terrain and short distance). 
Sampling the model input values within this range of 
uncertainty in a statistical fashion for 100 model 
calculations, the concentration distributions or the ratios are 
given in the attached tables for each sampling location. The 
stability classifications for each problem are: hoblem 5 
(horizontal - neutral to slightly stable; vertical - slightly 
unstable); Problem 6 (horizontal - neutral; vertical - neutral 
to slightly unstable); Problem 7 (horizontal - unstable; 
vertical - unstable); Problem 8 (horizontal - neutral; 
vertical-neutral); Problem 9 (horizontal - stable; vertical - 
stable). Since the Pasquill-Gifford curves were derived 
from 10 minute concentrations and Problems 5-9 specify 60 
min sampling, the cy and oZ values were adjusted by the 
factor (60/10)0.2 to account for plume meander. 

Problem 10 

The sequential puff model was used in a manner similar to 
that for Problems 5-9 with 0, and 0, values derived from 
the Pasquill-Gifford and the Briggs curves as in Problems 
1-4. The stability uncertainty was assumed to be -t 1 
stability category. The wind speed uncertainty was assumed 
to be k 0.5 m/s. 

Problem 11 

This problem represents a stable meteorological situation 
based on very little information. A Pasquill-Gifford E 
stability category was assumed. However, since one minute 
sample averaging is required the stability was increased to 
the F category to minimize plume meander. 

Problem 12 

No calculations were performed for this problem. Instead 
we utilized the data from the Australian experiments at Mt. 
Isa and Kalgoorlie6 as well as the ANATEX’ experiments 
carried out across the U.S. to estimate the arc lengths at 
various downwind distances. 

Consistency Checks 

After all the calculations were completed, a review was 
undertaken of all the results to ensure that the estimated 
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concentrations and their uncertainties agreed with our 
modeling experience and were consistent within the 
respective problem sets. This review led to a number of 
adjustments; mainly to tighten or broaden the range of 
uncertainties associated with specific problems. To assist 
in this process a number of model calculations were 
performed to evaluate the sensitivity of various model input 
parameter assumptions on the concentration frequency 
distributions. 
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Quantile I chiUQ 

Dispersion Tables 

II chi(y)/chiC chi( z)/chiC Sig-Y 

N/A = not provided by expert 

A-1: -2.0 WlOOm Temp Lapse Rate Urban & Rural Surface Roughness 

0% 

5% 

50% 

95 % 

- 
Downwind 
distance 

~ 7 ~~ 

NIA NIA NIA N/A 

2.4OE-06 1 .00E-O1 2.SOE-01 7.OOEeo1 

8,30E-06 S.4OE-01 7.7OE-01 I l.lOEi-02 

2.50E-05 9.OOE-01 8.SOE-01 1.50Ei-02 

~ 

0.5km 

- 
l . O h  

- 
3.0km 

- 
1o.okm 

- 
30.0km 

0% 

5 %  

NIA NIA NIA NIA 

1.2oE-06 1.00E-01 1 SOE-0 1 1.30Ei-02 

95 % 

100 % 

100% I NIA I NIA I NIA I NIA II 

1.1 OE-05 4.8OE-0 1 8.2OE-01 2.70E+02 

NIA NIA NIA NIA 

0% 

5% 

50 % 

NtA NIA NIA NIA 

3.lOE-07 5.00E-02 1.SOE-01 3.60E+02 

8.00E-07 2.50E-01 4.SOE-01 5.1 OE+02 

95 % 

100% 

2.50E-06 4.OOE-01 9.00E-01 * 6.50Ei-02 

NIA NIA NIA NIA 

0% I NIA I NIA I NIA I NIA ll 
5% 

50 % 

1 .OOE+03 2.50808 5.OOE-02 NIA 

1 SOE-07 1.4OE-0 1 NIA 1.30Ei-03 

95 % 

100% 

3.1OE-07 2.60E-01 NIA 1 hOEi-03 

NIA NIA NIA NIA 

II 
~ _ _ _ _  

100% I NIA I NIA I NIA I NIA 

~- 

0% 

5% 

50 % 

95 % 

NUREGfCR-6244 

NIA NIA NIA NIA 

9.1OE-10 8.oOE-03 NIA 2.00Ei-03 

1.90E-08 4.00E-02 N/A 2.70E43 

6.00E-08 2.5OE-0 1 NIA 4.20Ei-03 
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A-2 -1.6 WlOOm Temp Lapse Rate Urban & Rural Surface Roughness 1 
~~ ~~~ 

Downwind Quantile chiUQ chi(y)/chiC chi(z)/chiC dg-Y 
distance 

T 

I 0% I I NIA I NIA I NIA I NIA II 
~~~~~ 

5% 5.8oE-06 1.ooE-01 3.00E-02 5.00E+o1 

0.5km 50 % 1 SOE-05 3.8OE-0 1 6.7OE-01 1 .oOE+O2 

95% 6.2OE-05 7.3OE-01 8.3OE-01 1 S O W 2  

100% NIA NIA NIA NIA 

1.okm 

0% NIA NIA NIA NIA 

5% 2.1oE-06 8.OOE-02 2.OOE-02 8.OOE+O 1 

50 % 5.6OE-06 3.6OE-01 3.8OE-01 1 SOB02 

95% 2.3OE-05 7.oOE-01 8.4OE-01 2.6OE+02 
II I '  II 

100% NIA NIA NIA NIA 

0% NIA NIA NIA NIA 
II c II 

5% 2.8OE-07 7.oOE-02 2.ooE-02 i 2.10E+02 

j.okm 50 % 1.2oE-06 3.8OE-01 7.5OE-01 3.70Ei-02 

95% 4.408-06 6.9OE-01 9.OOE-01 6.00E9-02 

II I 100% I NIA I NIA I NIA I NIA II 
0 Yo NIA NIA NIA NIA 

5% 5.oOE-08 I .  1 OE-0 1 NIA 6.50E+02 

1o.okm 50 % 1 SOE-07 4.7OE-01 NIA 9.50E+02 

95 % 6.70507 8.8OE-0 1 NIA 1.40E+03 

100 % NIA NIA NIA NIA 

I 

NIA NIA NIA NIA 1 5.OOE-09 3 .OOE-02 NIA 1.50E43 
I1 I II 

30.0km 50 % 2.80E-08 1.4OE-01 NIA 2.OOW3 

95 % 1.2OE-07 3.7OE-01 NIA 3.00E43 

100% NIA NIA NIA NIA 
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Quantile 

0% 

5 % 

50 % 

95 % 

100 % 

A-3: -1.0 WlOOm Temp Lapse Rate Urban & Rural Surface Roughness 1 
chiUQ chiQ)/chiC chi(z)/chiC sig-y 

NIA NIA NIA N/A 

7.30E-06 8.OOE-02 4.OOE-02 3.OOEM1 

2.6OE-01 6.00E+01 3.808-05 2.4OE-01 

1 .OOE+O2 6.5OE-05 5.8OE-01 7.8OE-01 

N/A N/A NIA NIA 

- 
Downwind 
distance 

5 %  

50 % 

95 % 

100% 

0.5km 

~ 

4.OOE-06 8.00E-02 1.00E-02 5.00E+O1 

1.90E-05 3.2OE-01 2.5OE-01 , 1.OOE+02 

6.30E-05 6.7OE-01 9.OOE-01 I .70E+02 

N/A N/A NIA N/A 

1.okm 

- 
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ChiUQ 

NIA 

2.1OE-05 

7.8OE-05 

A-4: 2.5 W100m Temp Lapse Rate Urban & Rural Surface Roughness ~ 7 1  
~ 

chiQ)/chiC chi(z)/chiC S4z-Y 

NIA NIA NIA 

2.6OE-01 5.3OE-01 2.00E41 

6.4OE-0 1 7.WE-01 4.WE41 

distance 

5% 

NIA 

4.308-06 

0.5km I 50% 

NIA NIA NIA 

1.30E-0 1 2.oOE-02 1 .WE42 

1.50EO5 

8.00E-05 

NIA 

I 0% 

4.00E-01 2.8OE-01 2.00E+02 

6.50E-0 1 9.20E-01 3.10Ei-02 

NIA N/A NIA 

I 

1O.Okm 

1 5 %  

0% NIA NIA NIA NIA 

5% 5.20E-07 1 . WE-0 1 3.OOE-03 2.70E+02 

50 % 2.208-06 4.5OE-01 2.9OE-01 5.20Ei-02 

95 % 9.1 OE-06 6.2OE-01 9.OOE-01 7.WE+O2 

30.0km 

3-0km I= 100% 

0% NIA NIA NIA NfA 

5 %  1 SOE-07 1.1oE-01 1.00E-04 7.50E+02 

50 % 5.20E-07 2.7OE-01 I .WE-02 l.lOE43 

95% 

100% 

~~ 

3.90E-06 4.5OE-01 1.WE-01 1.50E43 

NIA N/A NIA NIA 

I 100% I NIA 1 NIA 1 NIA I NIA 11 
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chiUQ(ground level) 

A 

L 
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Downwind 
distance 

300. m 

B-3: Unknown Lapse Rate 8.0 mls Aver. Wind Speed 

Quantile chiUQ(ground level) 

0% NIA 

5% 1.2OE-05 

50 % 3.7OE-05 

chiUQ(ground level) I Downwind Quantile 
d W c e  I 

95% 

100% 

I 0% I NIA 

7.50E-05 

NIA 

300. m 

~~ 

95 % 

100% 

6.1 OB06 

1.20505 

3.00505 

100% 

6.50505 

NIA 

2.1oE-06 

600. m 50 % 5.5OE-06 

1.3OE-05 

I 100% I NIA 

B-4: -1.0 WlOOm Temp Lapse Rate Flat Surface Roughness 

600. m 

I II 0% NIA 

II 5% I 1.20E45 
I 50% I 2.708-05 II 
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970. m 

I\ B-5: 3.0 WlOOm Temp Lapse Rate Flat Surface Roughness II 

50 % 1.40E-05 1.70E-05 1.70E05 

95 % 3.408-05 4.20E-05 4.4OE-05 

100% NJA NIA NIA 

C: Stable Conditions Urban & Rural Surface Roughness rl 

0% ' 

5% 

NIA NIA NIA 

2.7OE-06 3.40E.06 3.60E-06 

95 % 

100% 

r -  I I I II 

1.90E.05 3.60&05 3.6OE-05 

NIA NIA NIA 

1970.m 150% I 5.4OE-06 I 9.OOE-06 I 8.8OE-06 II 
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60. m 

~ - -11 ~~ 

D: Stable Conditions Flat Surface Roughness 

0% NIA NIA NIA 

5% 8.00E-05 3.00E+OO 2.00E+OO 

50 % 3.00E-03 4.00E+OO 4.00E+OO 

ll sig-z I Downwind Quantile I ChiUQ 
distance I 

95 % 

100 % 

8.00E-03 I.OOE+Ol l.OOE+Ol 

NIA NIA NIA 

E: Length of Arc Crossed By 90% of the Material II 
90% arc I Downwind Quantile 

distance I 
I O %  1 NIA ll 

I 95% II 
I 100% I NIA II 

2 0 0 . h  

- 
1000.km 

95 % 

100% 1 NIA 

0% 

5% II 

1 .00E+O6 

100% 
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Expert N 

Introduction 

The problem is to determine, for 11 given sets of 
meteorological conditions (called Case Structures), the 
dohnwind, centerline concentration and various other plume 
attributes, and to specify 5 and 95%, as well as 0 and 
loo%, quantiles of the uncertainty distributions of these 
quantities. The Case Structures refer to a non-depositing 
plume with negligible initial buoyancy and momentum, 
emitted from point sources at elevations of 10 to 45 m. 
Time-of-day of the releases is not specified as such. For the 
purpose of calculating diffusion, the surface roughness is 
essentially of the rural type. The surface is flat to gently 
rolling, and the given meteorological conditions are steady 
during the sampling time period. Sampling is assumed to 
begin at the time material is first observed at the sampling 
point, except in Case Structure #lo, in which sampling 
starts at the time of release of material. 

Diffusion Model 

The diffusion model used, called GAUSl, is of the so- 
called "simple, straight-line, Gaussian" type. It evaluates 
over 70 of the most widely used Gaussian plume and puff 
equations and provides programs for evaluating indoor- 
outdoor concentration, explosion-cloud size, long-range 
diffusion, urban pollution, effective dosage and risk, 
buoyant rise, wet and dry deposition, and resuspension 
calculations. GAUS 1 is implemented on a Hewlett-Packard 
48SX pocket calculator, making it ideal for the present 
study. 

Some Properties of GAUSl 

The general technical backg ound of GAUSl is that of 

found in that document. The following GAUSl properties 
are relevant to the present application. 

Hanna et al.,' and most of tK e formulas it evaluates are 

Atmospheric stability is defined in terms of the widely-used 
A,B, ... F turbulence types as presented, for instance, in 
Table 4.5 of Hanna et a].,' the formulas recommended by 
Briggs? When, as in the Case Structures, the stability is 
provided as vertical temperature lapse-rate and/or the 
horizontal wind standard deviation, sigma-theta, Tables V, 
VI, and VII of Briggs' provide the necessary conversions to 
the A...F types. (See also Hanna et al.,' p. 28, and Gifford4 
for useful conversions). Table 4.3 of Hanna et al.' enables 
the Monin-Obukhov stability length, L, to be converted to 

the corresponding letter-stability type. In some of the given 
case structures, enough data are provided to determine 
stability type in several alternate ways. In borderline cases 
this might produce two different stability classes. The 
procedure adopted here is to calculate the concentration and 
other end points using each stability class and then, in case 
there is a difference of a stability class, to average the 
resulting values. Mixing depth is handled as an input 
variable by GAUSl. The given Case Structures do not 
specify mixing depth, but we are asked to indicate the 
height of its possible influence. The default mixing depths 
of the model described during the Capelle meeting provide 
some guidance on this point, and have been used here. 
Wind Profile Adjustment: GAUSl uses a power law to 
adjust the observed wind speed to that at the effective 
release height. Powers are those of Table 4.6, Hanna et al.,' 
which account for stability and surface roughness effects. 
Sampling Time: A power-law exponent equal to 0.2 is used 
to adjust the standard, 10-minute averaging period of 
diffusion lengths to times from 3 to 60 minutes, as 
recommended in Hanna et al.' 

Estimates of Median Values of Concentrations and Standard 
Deviations 

Case Structures 1-4: 

These are evaluated on the BIVARIATE program of 
GAUS1, the standard bivariate Gaussian plume equation. 
For each of these cases we are asked to indicate the height 
at which the mixing depth is expected to be present. 
Lacking other guidance, I have used the default mixing 
depths discussed during the Capelle meeting, which ranged 
from 15OOm for type A conditions to 400m for type F. In 
any cases for which the sum of the release height and o, 
exceeded these mixing depth defaults, GAUSI's program 
LIMITD MXG has been employed to calculate the uniform 
mixing concentration through the default depth. This occurs 
only at the lOkm and 30km distances for Case Structure #1 
and at 30km for #2. The difference at lOkm is small, but at 
30km for Case #I the limited mixing concentration is 7 
times higher than the ordinary (unlimited) result. Since we 
are given no information that might indicate the actual 
mixing depth (it could be several times 15OOm), the 
uncertainty estimate will have to reflect this. 

Case Structure #4 has been treated as a borderline case 
between F and E conditions, following the guideline 
discussed above. It is an F-case under both the lapse-rate 
and 0, criteria, but the 3 mls wind makes it a borderline E- 
condition based on Pasquill's original scheme. 
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Case Structure #5: 

This is a D-type bordering on E, judging by the small 0 0  

value. Thus the results were calculated by each type and 
averaged. 

Case Structure #6: 

Similar to 5,  with averaging between types C and D. 

Case Structures #7 and 8: 

Case Structure #7 is borderline between C and D; it was 
assigned to C on the basis of the consideratile degree of 
instability indicated by the values of 1/L and 0 0 .  Case 
Structure #8 is the classical "near-neutral" type D. 

Case Structure #9: 

Under the same ground-rule as for case #4, this case is 
treated as a borderline F-E type, and the results are 
averaged. 

Case Structure #lo: 

This is an E-type according to the given O, value. By the 
release duration and the averaged wind speed, the resulting 
cloud is almost 7 km long and will take about (slightly 
more than) an hour to pass overhead. By making the 
commonly used assumption that ox = oy, equating the 
cloud's border to 2 x CT at each downwind distance, it is 
found that the elongation of the cloud along the axis of the 
wind adds about .5, 1.5, an 2.5 minutes to the passage 
time at the three downwind distances, respectively. 
Consequently the cloud elongation along the x-axis for the 
60, 120, and 240 minutes' sampling time is accounted for 
by assuming that the sampler "sees" the cloud for the 
appropriate number of minutes, and the ground-level 
concentrations are calculated on that basis. That is, the 
cloud was assumed to be present at the sampler for those 
times, and absent for the remainder of the sampling 
interval. 

dJ 

Case Structure #11 (first part): 

The turbulence type can only be approximately determined 
by Pasquill's rules as :either D or E, depending on the cloud 
cover. Both were calculated and the average taken. It 
should be noted here that the l-minute sampling time is 
quite an awkward one. It was found by Ekman, from plume 
observations made at Riso, that a low-level plume tends to 
behave like a Taylor time-averaged plume for as little as a 
1-minute averaging. The same effect can be noticed in a 

1-minute time-exposure photograph of a plume. There is, 
however, little data to support the time-averaging 
adjustment of concentrations and sigmas below about 3 
minutes. It is interesting to compare the median values of 
the above calculation with those produced by a similar 
calculation on GAUS 1 ' s instantaneous source program, 
INST POINT. The results (averages of types D and E) are: 
x/Q = .14; oy = 1.32m, 0, = .83m. The relative 
concentration agrees quite well, but the instantaneous 
sigmas are appropriately somewhat smaller than the 1- 
minute values. 

Case Structure #I 1 (second part): 

At the distances in question, 80km, 200km, and lo00 km, 
the simple Gaussian plume model doesn't, in my opinion, 
apply. This was shown in the analysis of the Kinkaid' data 
to,  be true even at 50 h i .  At 80 km the cloud "age", 
assuming the given transport wind speed, is 7.4 hours. The 
cloud has passed well into the transition region between 
fully 3-D, planetary boundary layer turbulence and the 
essentially 2-D turbulent motions of the larger scales of 
motion, above several hundred km, as discussed in Gifford.6 
The time-scale defining the outer limit of the cloud- 
diffusing (3-D) range of atmospheric turbulence, the 
Lagrangian integral time-scale, is shown in the references 
to equal about 104 seconds (about 2.7 hours). Therefore the 
approach to calculating the cloud width (arc length) at these 
great distances uses the GAUSl program LONG RANG, 
which implements the long-range cloud-spreading theory 
presented in Gifford.6 The parameters required as inputs to 
this model are latitude, initial cloud width, transport wind 
speed, and a measure of the large-scale atmospheric mixing 
motions such as K, m2/s, the troppspheric eddy diffusivity. 
The latitude has been assumed to equal 45 degrees, and the 
value of K to be 5x104, guided by the results described in 
Barr and Gifford,' which shows many applications to long- 
range cloud-spreading data. Further comparisons of this 
theory with more recent data, up to the Kuwait cloud, 
appear in Figure N-I. The given transport-wind speed of 
3m/s is extremely unlikely to have applied during these 
long-range transports. A more reasonable value was 
calculated by using GAUS 1 's wind-profile program to 
extrapolate the given wind speed to 100 m. This should 
give a more appropriate value of the long-range transport 
wind. The required arc-length crossed by 90% of the cloud 
material was found by multiplying the calculated value of 
oy at a given distance by 1.3, to approximate the width 
corresponding to 90% of the plume material (90% of the 
area under a Gaussian distribution curve). 
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Figure N-1. Comparisons of transport data. 
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Percentile Estimates 

In keeping with the approach of calculating the median 
values using the Gaussian equation, whose parameters are 
based on large amounts of experimental data, the 
determination of the 5th and 95th percentile points also 
relies heavily on the available data on plume model 
variability. Relevant data on the uncertainty of 
concentration estimates are contained in the summaries by 
Crawford' and Little and Miller? (More recent data 
compilations, such as the EPRI Plume Model Validation 
data, are concerned with strongly buoyant plumes and hence 
do not apply here). The large body of experimentally- 
determined values of plume standard deviations has been 
summarized by Draxler," for the near field of diffusion. 
Long-range diffusion studies were summarized by Barr and 
Gifford.' This body of information has been used to 
estimate approximate 5th and 95th percentile values. 
Generally speaking, the near-field concentrations have been 
judged to have a 5 to 95% variation of factors of .2 to 5 for 
B through F stability conditions, and 0.1 to 10 for type A, 
from the observed data. In th same distance range, sigma 

median values. Little distinction between oY and O, 

variation can be made based on current knowledge, since O, 
is generally based on measurements of cross-wind 
concentration distributions. Thus the range of variation of 
O, is usually taken to be over the same factors as o,,. At 

values are observed to vary ! etween 0.5 and 2 times the 

larger downwind distances, 30km and beyond, Figure N-1 
shows that the 5 to 95% range of oY is about a factor of 
0.33 to 3. Where a mixing layer, if present, could be a 
factor (only for A-C conditions and distances of 10 and 30 
km), slight adjustments to the above ranges of sigma-values 
have been made. Sigma-values at 10 and 30km were usually 
assigned a range intermediate between the near- and far- 
field values. 

The concentration-ratios corresponding to the 5 and 95% 
distribution points of sigma-values determined as above 
have been evaluated from the following equation, 

using 5 and 95% sigma-values obtained by applying the 
range factors discussed above to the previously-calculated, 
median sigma values. This result is exact for oy and a close 
approximation for 0,. The 0% and 100% points were 
evaluated as follows. For concentrations, the 5 and 95% 
values were multiplied by .1 and 10 for B-F and by .05 and 
20 for A-type stability conditions. The sigma-values were 
similarly multiplied by .5 and 2 (except by .25 and 4 for A 
conditions. These values were selected arbitrarily as being 
reasonable. They should probably be reconsidered as time 
permits. 
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Dispersion Tables 

N/A = not provided by expert 

A-24 1 NuREG/CR-6244 



Appendix A 

A-2: -1.6 K/100m Temp Lapse Rate Urban & Rural Surface Roughness il 
Downwind Quantile chiUQ chi(y)/chiC chi(z)/chiC @-Y 
distance 

0% 4.OOE-07 1 .OOE-03 2.OOE-02 1 .OOE+O 1 

5 %  3.8OE-06 2.1OE-02 2.OOE-01 3.60E*o1 

0.5h 50% 1.9OE-05 4.3OE-01 6.6OE-01 7.70E+01 

I 1.54Ei-02 95 % 9.50E-05 8.1 OE-0 1 9.oOE-01 

100% 9.ooE-04 9.9OE-01 9.9OE-01 3.10E+02 

I 3.80E+01 1 0 %  I 1.OOE-05 I 1.OOE-02 I 3.OOE-04 --I1 
~ 

5% 1 .WE06 3.OOE-02 6.1 OB04 7.50E+01 

1 . O h  50 % 5.OOE-06 4.1 OE-0 1 6.4OE-01 1.50E+02 

95 % 2.5OE-05 8.OOE-01 9.7OE-01 3.OOE+02 

100% 2.50E-04 9.9OE-01 9.9OE-01 6.OOE+02 

~~ 

5% 7.1OE-08 1.10E-02 7.OOE-02 1.70E+02 

3.0h 50 % 7.10E-07 4.80E-01 6.60E-01 4.15E+02 

95 % 7.10E-06 9.2OE-01 9.4OE-01 1.24E+03 

100% 7.OOE-05 9.90E-0 1 9.9OE-01 2.50E+03 

0% 1 .OOE-09 3.OOE-05 N/A 1.80E+02 

5% 1. I OE-08 2.7OE-04 N/A 3.70E+02 

10.0km 50 % l.lOE-07 4.OOE-01 N/A 1,10E+03 

95 % l.lOE-06 9.5OE-01 N/A 4.45E+03 

I 

I 100% I 1.OOE-05 I 9.9OE-01 I N/A I 9.00E+03 II 
I O %  I 4.OOE-10 I 3.OOE-07 I NIA I 3.90E+02 II 

I 3.80E-09 I 2.5OE-06 II 

I I I I 
30.0km 50 % 3.8OE-08 2.4OE-01 N/A 2.40E+03 

95 % 3.8OE-07 9.1OE-01 N/A 9.45E+03 

100 % 4.OOE-06 9.9OE-01 N/A 1.90E+04 
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Quantile 

1 
0% 

5% 

50 % 

95% 

100% 

A-3 -1.0 WlOOm Temp Lapse Rate Urban & Rural Surface Roughness 

chiC/Q chi(y)/chiC chi(z)/chiC a - Y  

5.00E-07 2.OOE-04 8.OOE-04 1.40E.I-o 1 

5.40E-06 2.OOE-03 8.OOE-03 2.80E+01 

2.7OE-05 2.00501 3.00E-01 5.60E+01 

1.30E-04 6.7OE-01 7.4OE-01 l.l2E+O2 

1.3OE-03 9.9OE-0 1 9.90501 2.30E+02 

Downwind 
distance 

1 . O h  

0.5km 

0% 9.00508 2.OOE-03 1 .OOE-o4 2.70E+01 

5 %  9.WE-07 2.00E-02 l.lOE-03 5.50E+01 

1.1 OE42 50 % 8.7OE-06 3.9OE-0 1 1.8OE-01 

95% 

100% 

2.20E+02 

9.00E-04 9.9OE-01 9.9OE-01 4.40E+02 

9.00E-05 7.9OE-0 1 6.5OE-01 

0% 

5% 

50 % 

95 % 

3.0km 

I .60E-08 ].WE-03 1.3OE-O9 6.OOE+01 

1.6OE-07 1.4OE-01 1.3OE-08 ' 1.20E+02 

1.6OE-06 5. I OE-01 7.60502 3.00E+02 

1.6OE-05 9.3OE-01 7.5OE-0 1 9.OOE+02 

50 % 

95 % 

100% 

10.0km 

I 100% 1 1  1.60E-04 I 9.90E-01 I 9.9OE-01 I 1.80E+03 II 

3. WE-07 4.7OE-01 N/A 8.10E+02 

3.00E-06 9.5OE-01 N/A 3.24E+03 

3.00E-05 9.90E-01 N/A 6.50E+03 

1 0 %  I 3.00E-09 I 1.00E-04 I N/A I 1.40E+02 

30.0km 

1 5 %  I 3.OOE-08 I 1.00E-03 I N/A I 2.70E+02 

5% 8.1 OE-09 7.4OE-05 N/A 5.73E+02 

50 % 8.1 0508 3.5OE-01 N/A 1.72E+O3 

95 % 8.1OE-07 9.4OE-01 N/A 6.88E+03 

100% 8.00E-06 9.9OE-01 N/A 1.20E+04 

I 0% I 8.OOE-10 I 7.00E-06 I N/A I 2.80E+02 II 
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Downwind 
distance 

A& 2.5 WlOOm Temp Lapse Rate Urban & Rural Surface Roughness II 

Quantile chiUQ chi0l)lChiC chi(z)/chiC sig-Y 

\ 

I O %  I 3.2OE-06 I 2.5OE-02 I 4.OOE-02 I 1.OOE+01 II 

0.5km 

II 
~~ 

1 5 %  I 3.2OE-05 I 2.5OE-01 I 3.6OE-01 I 1.8OE+01 

50% 1.60E-04 6.9OE-01 7.7OE-01 3.50E+O1 

95 % 8.OOE-04 9.1oE-01 9.4OE-01 7.OOE+O1 

8.OOE-03 9.90E-01 9.9OE-01 1.40E+02 100% 

1.okm 

0% 1 .WE07 2.00E-02 7.OOE-03 

5 %  1.2oE-06 2.1 OE-0 1 7.OOE-02 

50 % 6.OOE-05 6.8OE-0 1 4.9OE-01 

~ I 3.OOE-04 I 9.10E-01 I 8.4OE-01 

0% 

5% ’ 
50 % 

95 % 

I 100% I 3.OOE-03 1 9.90E-01 I 9.90E-01 

1.20E-05 4.OOE-03 1.2oE-06 

1.2oE-06 4.4QE-02 1.20E-05 

1.2OE-05 7.3OE-01 1.6OE-0 1 

1.2oE-04 9.70E-0 1 8.1 OE-0 1 

3.0km 

1o.okm 50 % 3.OOE-06 6.2OE-01 1 .OOE-02 

95 % 3.OOE-05 9.7OE-01 7.5OE-01 

100% 3.OOE-04 9.9OE-01 . 9.9OE-01 

1.70E4 1 

3.4OE+01 

6.8OE+Ol 

1.36E+02 

0% 

5% 

30.0km 50 % 

95 % 

2.80&02 II 

~ ~ ~ ~ ~~ 

1.2OE-08 1.4OE-04 O.OOE+OO 1.80E+02 

1.2OE-07 1.4OE-03 1.00E-12 3.60E+O2 

1.20506 4.8OE-01 3.1OE-06 1.08E+03 

1.2OE-05 9.6oE-01 4.5OE-01 4.30E43 

3.8OE+O 1 

7.60E41 

I 100% I 1.20E-03 I 9.9OE-01 I 9.9OE-01 I 1.15E43 II 

1 5 %  I 3.OOE-07 I 1.4OE-02 I 1.00E-12 I 1.70E+02 II 

I 100% I 1.2OE-04 I 9.9OE-01 I 9.OOE-01 II 
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Downwind 
distance 

t B-1: Unknown Lapse Rate 6.0 m l s  Aver. Wind Smed 1 
Quantile chiUQ(ground level) 

0% 6.80507 

0% 

5% 

50 % 

95 % 

I 1  L 11 

1,lOE-06 

1.10505 

5.70505 

2.90504 

II I 5% I 6.80506 II 

7.4OE-07 

7.4OE-06 

100 % 1 .NE-03 

B-2 Unknown Lapse Rate 5.0 m/s Aver. Wind Speed ll 
cbiUQ(ground level) I Downwind Quantile 11 distance I 

220. m 

II I 100% I 2.9OE-03 ll 

315. m 

I 0% I 8.OOE-07 II 
8.OOE-06 

4.00E-05 

95 % 2.ooE-04 
II I 

II I 100% I 2.00503 II 
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11 B-3: Unknown Lapse Rate 8.0 m/s Aver. Wind Speed 11 
Downwind 
distance 

I Quantile 

0% 4.20E-07 

5% 4.2OE-06 

50% 2.1OE-05 

95 % 1 .ooE-o4 

300. m 

I 100% I 1.OOE-03 II 
~~ 

600. m 

0% 1.30507 

5% 1.30E-06 

50 % 6.30E-06 

95 % 3.2OE-05 

100 % 3.OOE-04 

11 B-4: -1.0 WlOOm Temp Lapse Rate Flat Surface Roughness 11 
~ 

Downwind 
distance 

chiUQ(ground level) I Quantile I 
I I 
I I II 
0% 1.3OE-06 

5% 1.3OE-05 

300. m I 50% I 8.6OE-05 II 
95 % 6.9OE-04 

100% 7.OOE-03 

5.4OE-07 

5.4OE-06 

600. m 1 z; I 3.60E-05 I I 
100% 3.00E03 

2.9OE-04 
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B-5: 3.0 W100m Temp Lapse Rate Flat Surface Roughness i 
5ig-2 i Downwind Quantile I chi(y)/chiC chi(z)/chiC &g-Y I 11 distance 1 

600. m 

0% 6.OOE-03 5.OOE-02 1 .OOE+O 1 4.OOE+OO 

5% 6.OOE-02 4.6OE-01 2.10E+01 8.OOE+OO 

50% 4.9OE-01 8.4OE-01 4.2OE+O 1 1.70Eh-01 

95 76 8.4OE-01 9.6OE-01 8.40E+O1 3.40E+01 

100% 9.9OE-01 9.9OE-01 1.8OEi-02 7.OOE+01 

C: Stable Conditions Urban & Rural Surface Roughness II 
Downwind Quantile 60 min 120 min 240 min 
distance 

0% 2.80~-08 1.OOE-08 5.40E-09 

5 70 2.1 OE-07 2.2OE-07 2.2OE-07 

360. m I 50% I 2.1OE-06 I 2.20E06 I 2.2OE-06 11 
95 % 2.1OE-05 2.208-05 2.20E-05 

100% 2.10E-04 1 .OOE-04 5.40E-05 

0% 2.OOE-07 1.3OE-07 6.4OE-08 

5 %  2.1OE-06 2.60E-06 2.60E-06 

II 
~~ ~ ~~ 

970. m I 50% ~ 1-GOE-05 1 2.6OE-05 I 2.6OE-05 

95 % 2.1 OE-04 2.60E-04 2.6oE-04 

100% 2.OOE-03 1 .OOE-03 6.4OE-04 

I O %  I 1.OOE-07 

1970. m 1 .OOE-05 

95 % 

I 100% I 1.OOE-03 

I 7.4OE-08 

1 SOE-06 

1 SOE-05 
~ 

1.5OE-04 

7.40E-w 

3.7OE-08 

1 SOE-06 

1.5OE-05 

1 S O E - 0 4  

3.7OE-04 
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II D: Stable Conditions Fiat Surface Roughness II 
~ ~ ~ _ _ _ _ _ _ _ ~  

Downwind Quantile ChiUQ Sg-Y Sig-2 

distance 

0% 1 SOE-05 2.ooE-01 5.00Ero1 

5 %  1 S0E-M 1.30E+OO 5.ooE01 
II I I I I  

11 60. m I 50% I 1.5OE-02 I 2.60E+OO I 1.7OE+OO II 
I I  I I I  

1 95% I 5.OOE-02 I 1.50Etol I 3.00E+oo II 
I 100% I 5.ooE-01 I l.OOE+Ol I 3.00Eh01 II 

11 E: Length of Arc Crossed By W% of the Material 11 
Downwind Quantile II distance I 90% arc I II 
8 0 . h  

8.00E+03 

1.60E+04 

50 % 4.70E+04 

1 95% I 1.41E+05 II 
I 100% I 2.8OEi-05 II 

200.km 

3.5 lE+05 

1100% II 
I II 

~~ 

0% 6.00E+W 

5% ' 1.14E+05 

50% 3.42E+O5 

95 % I .03E+06 

100% 2.05E+06 
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Expert 0 

Introduction 

The elicitation requires the simulation of a very large 
number of "realizations" of dispersion episodes to provide 
the 5th, 50th and 95th quantiles of the probability 
distribution for each exercise. For this reason, it has been 
decided to use a simple model, i.e., a Gaussian plume 
model, which is fast and is controlled by a limited number 
of input variables. The effects not specified in the initial 
conditions listed in the exercise have been considered 
assuming an uncertainty distribution of the horizontal and 
vertical plume standard deviation oy and O,, and of the 
mixing layer height h. In order to generate a distribution of 
oy, o, and h values (v(i), i=1,3) representative of the 
"realizations" under the conditions specified in each 
exercise, the following procedure has been adopted. Firstly, 
the extreme values vmin and v,, (minimum and maximum) 
have been defined, based on literature values and on 
physical considerations, as described in some detail below. 
Then, 40 values of each variable have been randomly 
generated, assuming a normal probability distribution 
centered at v,(i) = [v,,(i) + vmin(i)]/2, and a standard 
deviation o( i ) = [v,,(i) - vmin(i)]/2. The generated values 
v(i)<vmin(i) or v(i)>vma(i) have been discarded. Finally, the 
plume model has been executed 40x40~40 = 64000 times 
by combining independently the input values. The 5th, 50th, 
and 95th quantiles of the computed concentration values 
were found. 

In this process, two "strong" and, in some way, arbitrary, 
assumptions have been made. The first concerns the shape 
of the probability distribution of the varying input variables. 
The chosen shape gives prefTrence to the central values of 
the distribution, which should represent typical or average 
empirical values under the stated initial conditions, but is 
still flat enough to enable the presence of a significant 
number of cases with values close to the extremes. A test 
with different shapes has been made (for example, with o(i) 
= [vm,(i) - vmin(i)J/4, which resulted in a more peaked 
distribution of the concentration values), which has been 
considered less realistic. Secondly, the input variables have 
been assumed to vary independently. This was done mainly 
due to the difficulty of defining any criteria for coupling the 
values of different variables. However, it is worth it to 
outline that several studies show that, for example, the 
horizontal and vertical components of the turbulence can be 
very well decoupled tsee, for example, Desiato and Lange'), 
and the same can happen between the turbulence and the 

mixing height, which can be influenced by geographical and 
synoptic features other than those influencing the turbulence 
(think, for example, of the LBL at coastal sites). 

In the following paragraphs the assumptions made for each 
exercise are commented on, and the results obtained with 
this simple method are compared, where possible, with 
experimental results. 

Exercise 1 

The meteorological conditions fixed in this exercise are 
characteristic of an extremely unstable situation 
(temperature lapse rate= -2.0 WlOOm, and standard 
deviation of wind direction at 10 m measured over 10 
minutes = 25). 

The first question regards the sampling time (60 minutes). 
As the common values of oy are related to sampling times 
of about 10 minutes, we must find a way to extrapolate 
such values to 1 hour. If the wind during this time is steady 
and constant in the mean direction, it is well known that the 
dependence on the sampling time will follow a law like 
(T/T)a, where a is very close to the unity if the time T 1 
hour, due to the fact that the turbulence spectrum presents 
a minimum in that interval of time. However different 
a ~ t h o r s ~ . ~  suggest a = 0.5. 

In our case we have supposed that the minimum value 
(v,,,,(i), see Q 1) for oy will be that corresponding to a 
Pasquill category B: in fact, at the presence of breeze effect 
the wind lateral dispersion is very A mean value 
(the v&) of the $1 = [v,,(i) + vmJi)]/2) for oy has been 
then fixed as a category A value multiplied by the factor 
(T/T) -05  = (60/10) O 5  = 2.5. After the choice of vo(i) and 
vmin(i), vm&) is automatically defined, due to the symmetry 
of the distribution assumed in 51. 

The second question is about the evaluation of the vertical 
standard deviation o, of the plume at a given distance from 
the source: it is a function of the atmospheric stability, the 
downwind distance from the source and the average 
roughness of the ground over the distance of travel. 
Adopting a scheme proposed by Smith,' a working group in 
the U.K.6 suggested that the values of 0, in the required 
category can be modified for other ground roughness 
lengths using the ratios of o, at a range of roughness 
lengths to that at 0.1 m shown in Figure 0-1. 

I 
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no 

10m 

l m  

1 Ocm 
Contours of az(x;z&(x;~=O.l m) 

1 .o- 

1 cm 

lmm 
0.1 0.4 1 4 10 40 100 

Distance from source, km 

Figure 0-1. Ratio of vertical dispersion standard deviation 0, at any ground roughness length to that at 0.1 m. 
The ratio is virtually independent of the atmospheric stability parameter? 
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I Supposing that the experimental data of o, refers to a 
roughness length of = 10 cm, the data of Figure 0-1 can be 
directly used to find out some range of values for the 
vertical dispersion 0,. 

A maximum value (the v,,(i) of Q 1) for o, has been fixed 
as a category A with a roughness length of f m, while the 
minimum value was chosen as for a category B with a 
roughness length of 1 cm. After the choice of vmin(i) and 
v,,(i), v,(i) is automatically defined, due to the symmetry 
of the distribution assumed in Q 1. For the numerical values 
of oy and o, versus downwind distance from the source, we 
utilized the Pasquill estimates for his turbulence types: the 
use of different values from other authors will not 
significantly affect the final results. 

A last assumption, which is important mainly for this 
particular exercise 1, is the variability of the boundary layer 
depth H,,,. Taking into account that in the first part of the 
trajectory it is possible to have a stable layer aloft due to 
the last effects of the morning stability, we have chosen 

200 m at xa.5, km from the source up to 500 m to 30 km 
from the source for the minimum value of Hmh. The 
maximum has been fixed to 2000 m, independently of the 
distance, because when a situation of high pressure is 
present there is also the presence of an inversion aloft due 
to the subsidence of air masses. 

Our assumptions are also in agreement with the work of 
Smith: who produced nomograms for the estimation of this 
depth based on values of the time, date, cloud cover and 
windspeed, suggesting for category A a mean value of 
1300 m. For the evaluation of the air concentrations, the 
value of the boundary layer H,, is utilized up to about two 
reflections in a fumigation model, considering a 
homogeneous vertical distribution of the air concentration 
after a distance for which 0, = Hmix. On the basis of the 
criteria fixed above, the data in Table 0-1 were chosen for 
the run of the program based on the specifications of Q 1, 
(three values, vmh, vo and v,, are shown for oy and o, , 
and two for KiX , i.e., vmin and v,~): 

Table 0-1. Input data for Exercise 1 

0.5 

1 .o 
3.0 

10.0 

30.0 

80, 275, 480 40, 105, 170 200-2000 

140, 500, 860 100,360,620 250-2000 

400, 1400, 2400 560, 1550, 2540 350-2000 

1200, 4300, 7400 - 500-2000 

3300, 10000, 16700 - 500-2000 

magnitude difference between the maximum and the 
minimum centerline air concentration values: it is obvious 
that this is the result of the methodology followed in the 
present exercise. 

In general, if actual field experiments were carried out, 
lower values could be experienced. However, if the results 
of these exercises must be utilized for risk analysis in 
accident consequence codes, it will be important to adopt an 
approach which, in a realistic way, must take into account 
the upper levels of every situation, for safety's sake. What 
must be said as a comment, if we take into account the 
experience coming from field tests, is that the distribution 

As can be seen from the results shown in the tables for the 
expert-elicitor communication, there is generally an order of 

will be skewed and not symmetrical, depending on the local 
situation, and the minimum values will be lower than those 
chosen here, but the maximum values will not be higher 
than the maximum found here. 

Exercise 2 

The meteorological conditions fixed in this exercise are 
characteristic of a slightly unstable situation (temperature 
lapse rate= L1.6 K/100m, and standard deviation of wind 
direction at 10 m measured over 10 minutes = 15). 

Concerning lateral dispersion in this case we supposed that 
the minimum value vmi,(i) for oy will be that 
corresponding to a Pasquill category D: in fact the wind 
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speed of 4 m / s  is elevated enough to allow a well defined 
plume direction, so that a category D might be 
representative of the minimum lateral dispersion. The mean 
value for oY has been fixed as one characteristic of a 
category C, multiplied by the factor (T/T) - 0 5  = (60/10) Os = 
2.5. After the choice of v,(i) and vmh(i), vma(i) is 
automatically defined, due to the symmetry of the 
distribution assumed in Pl. 

For the vertical dispersion a maximum value (the vma(i) 
of 0 1) for IS, has been fixed as a category C with a 
roughness length of 1 m (for the methodology see $ 2), 
while the minimum value was chosen as for a category D 
with a roughness length of 1 cm. After the choice of vm,"(i) 
and vma(i), v,(i) is automatically defined, due to the 
symmetry of the distribution assumed in $ 1. 

As concerns the variability of the boundary layer depth 
Hmixr taking into account that in the first part of the 
trajectory it will be possible /to have a stable layer aloft to 
the last effects of the morning stability (even more 

pronounced than in exercise l), we have chosen 100 m at 
x=OS km from the source up to 500 m to 30 km from the 
source for the minimum value of Hm& The maximum has 
been fixed to 2000 m, independently of the distance, for the 
same reasons described in the previous paragraph. The 
mean evaluation suggested by Smith for the depth H,,,k at 
the presence of category C is 850 m. 

As can be seen, the boundary layer height has no significant 
influence because the values of the vertical dispersion are 
in most cases lower than Hmk. 

If we look at the data obtained from the application of the 
data in Table 0-2 and shown in the expert-elicitor tables, 
we see that the values of the concentration ratio above 
centerline are low, the 95 percentile being about 0.5: the 
presence of buildings would undoubtedly enhance the values 
of a, , and in field experiments it would be possible to find 
higher values for the vertical dispersion than those shown 
in Table 0-2. 

Table 0-2. Input data for Exercise 2 

______ ~ ~~ ~~ ~~ ~~~~~ _ _ ~  

Distance x (km) oy (m> 0, (m> H m i x  (m) 

0.5 40, 140, 240 13, 30, 47 100-2000 

1 .o 70,250, 330 22, 56, 90 150-2000 

3 .O 200,750, 1300 55, 138,221 250-2000 

10.0 600, 2250, 3900 - 350-2000 

30.0 1500, 6000, 10500 - 500-2000 

Exercise 3 

The meteorological conditions fixed in this exercise are 
characteristic of a neutral situation (temperature lapse rate= 
-1.0 ,K/lOom, and standard deviation of wind direction at 
10 m measured over 10 minutes = 10). 

Concerning lateral dispersion in this case we supposed that 
the minimum value (the vmin(i) of 9 1) for o,, will be that 
corresponding to a Pasquiil category E: in fact, the wind 
speed of 6 m / s  is elevated enough to allow a well defined 
plume direction, so that a category E might be represent- 
ative of the minimum lateral disp-rsion. The mean value r 

for cy has been fixed as that single characteristic of a 
category D, multiplied by the factor (TR) 4' = (60/10) 0.5 = 
2.5. After the choice of v,(i) and vmin(i), v,(i) is 
automatically defined, due to the symmetry of the 
distribution assumed in $1. 

For the vertical dispersion a maximum value (the vma(i) of 
0 1) for IS, has been fixed as a category C with a roughness 
length of 1 m (for the methodology see 0 2), while the 
minimum value was chosen as for a category E with a 
roughness length of 1 cm. After the choice of vmin(i) and 
vma(i), vo(i) is automatically defined, due to the symmetry 
of the distribution assumed in 0 1. 
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As concerns the variability of the boundary layer depth 
H,,,, taking into account the high wind velocity (6 m l s ) ,  for 
the minimum value of H,,, we have chosen 400 m at every 
distance from the source. The maximum value has been 

fixed at 1200 m, independently of the distance. The mean 
evaluation suggested by Smith' for the depth H,,, at the 
presence of the category D is 800 m. 

Table 0-3. Input data for Exercise 3 

0.5 

1 .o 
3.0 

10.0 

30.0 

30,95, 160 10, 30, 50 400-1200 

50, 175,300 16, 53, 90 400-2000 

130, 500, 870 34, 127, 220 400-2000 

400, 1450, 2500 65, 285, 505 400-2000 

1000, 3750, 6500 102, 626, 1150 400-2000 

I 

As can be seen, the presence of the boundary layer height 
has no significant influence because at short distances the 
values of the vertical dispersion are lower than Hmix. 

If we look at the data obtained from the application of the 
above input data and shown in the expert-elicitor tables, we 
see that here, as in the previous exercise, the values of the 
concentration ratio ' above centerline are low, the 95 
percentile being about 0.5: the presence of buildings would 
enhance the values of o,, and in field experiments it would 
be possible to find higher values for the vertical dispersion 
than those shown in Table 0-3. 

As said in the previous case, the maximum values of the 
lateral dispersion actually could be higher than the 
maximum fixed in Table 0-3, but we think that the values 
proposed are more acceptable for a risk analysis because a 
situation of variation of the mean direction of the wind 
every ten minutes is very unusual when the surface mean 
wind speed is 6 mls.  

Exercise 4 

The meteorological conditions fixed in this exercise are 
characteristic of a moderately stable situation (temperature 
lapse rate= 2.5 W100m, and standard deviation of wind 
direction at 10 m measured over 10 minutes = 2.5). 

Concerning lateral dispersion in this case we supposed that 
the minimum value vmin(i) for oy will be that corresponding 
to a Pasquill category F: in fact the wind speed of 3 m / s  is 
low enough to allow an uncertainty in the plume direction, 

1 

so that while a category F might be representative of the 
minimum lateral dispersion, a category D, multiplied by the 
factor (Tn) -'-' = (60110) = 2.5, should be fixed for the 
mean value of oy. After the choice of vo(i) and vmin(i), 
vmm(i) is automatically defined, due to the symmetry of the 
distribution assumed in 0 1. 

For the vertical dispersion a maximum value (the v,,(i) of 
$ 1) for 0, has been then fixed as a category D with a 
roughness length of 1 m (for the methodology see 0 2), 
while the minimum value was chosen as for a category F 
with a roughness length of 1 cm. After the choice of vmi,(i) 
and vmax(i), v,(i) is automatkally defined, due to the 
symmetry of the distribution assumed in $1. 

As concerns the variability of the boundary layer depth 
Hmi,, no assumption has been made because the diffusivity 
is very much reduced in stable conditions, and the mixing 
layer has no further effect in limiting the dispersion. 

If we look at the data obtained from the application of the 
above input data and shown in the expert-elicitor tables, we 
see that here, contrary to the previous exercise, the values 
of the concentration ratio above centerline are high for short 
distances, the mean value being = 0.8. They decrease 
rapidly for greater distances, reaching = 0.2 for the 95. The 
presence of buildings would enhance the values of o,, and 
in field experiments it would be possible to find higher 
values for the vertical dispersion than those shown in Table 
0-3, when the plume reaches urban areas. 
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Table 0-4. Input data for Exercise 4 

0.5 

1 .o 
3.0 

10.0 

30.0 

20,95, 160 6, 16, 26 - 

35, 175, 315 10, 27, 44 - 

90, 500, 910 22, 40, 58 - 

270, 1450, 2630 42, 111, 180 - 

700, 3750, 6800 50, 170, 290 - 

I 

Concerning the lateral dispersion we think that, if the mean 
wind speed is 3 d s  all over the sampling time of 60 
minutes, the values suggested for o,, would be realistic: for 
lower wind velocities they would be too low because of the 
great uncertainty of the wind direction. 

Exercise 5 

The meteorological conditions fixed in this exercise are 
characteristic of a neutral situation (wind speed = 6 d s ,  
and an inverse Monin-Obukhov length negative but near 
zero give a category neutral to lightly unstable [see Figure 
0-21; the standard deviation of wind direction at 10 m 
measured over 10 minutes = 5 is, however, characteristic of 
lightly stable conditions). 

- o m  

- os 

t -  - 2  

-ai4 -0.12 -ai0 -om -OM -0.04 -ow o om om ow 0.a 0.10 

Figure 0-2. Relation of Monin-Obukhov length to 
Pasquill class and roughness length! 

Concerning lateral dispersion in this case we supposed that 
the minimum value vmin(i) for oy will be that corresponding 
to a Pasquill category E: in fact the wind speed of 6 d s  is 
too high to allow the establishment of a stability situation, 
but the lateral dispersion of 5 induces us to think that there 
is a strong plume direction, probably due to local effects 
(breeze, valley channelling, etc.). 

A category E, multiplied by the factor (Tm) -O.' = (60/10) O.' 

= 2.5, should be fixed for the mean value of oy. After the 
choice of v,(i) and vmin(i), vma(i) is automatically defined, 
due to the symmetry of the distribution assumed in $1. 

For the vertical dispersion a maximum value (the vma(i) of 
8 1) for o, has been fixed as a category C with a roughness 
length of 1 m, while the minimum value was chosen as for 
a category D with a roughness length of 1 cm; these 
assumptions are made by considering the extreme values 
suggested by the graph of Figure 0-2. After the choice of 
vmin(i) and vma(i), v,(i) is automatically defined, due to the 
symmetry of the distribution assumed in 0 1. 

As concerns the variability of the boundary layer depth 
Hmixr taking into account the high wind velocity (6 d s ) ,  for 
the minimum value of kiX we have chosen 400 m at every 
distance from the source. The maximum value has been 
fixed at 1200 m, independently of the distance. The mean 
evaluation suggested by Smith for the depth kiX at the 
presence of category D is 800 m. 
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Table 0-5. Input data for Exercise 5 

220 11, 28,45 6, 15,24 400-1200 

315 17,45, 73 9, 21, 33 400-1200 

If we look at the data obtained from the application of the 
above input data and shown in the expert-elicitor tables, we 
see that there is a rat,io of only one sixth among the 0.05 
and the 0.95 percentiles of the ground level concentrations: 
this is because the lateral standard deviation is very low and 
the wind speed high, so that the plume mean direction will 
be very steady. But at short distances like those of Table 
0-5 the effect of the presence of buildings would be very 
strong, so that during field experiments the vertical and 
lateral dispersion would be higher than those shown here. 

As said in previous cases, the maximum values of the 
lateral dispersion actually could be higher than the 
maximum fixed in Table 0-5: the values proposed are 
acceptable for a risk analysis because a situation of 
variation of the mean direction of the wind every ten 
minutes is very unusual when the surface mean wind speed 
is as high as 6 m/s. Consequently, as concerns the 
minimum values for the ground level concentration, 
experimental values could be significantly lower than those 
shown in the expert-elicitor document in the present report. 

Exercise 6 

The meteorological conditions fixed in this exercise are 
characteristic of a neutral to lightly unstable situation 
(Monin-Obukhov length = -O.Ol/m gives a category neutral 
to lightly unstable, see Figure 0-2; the standard deviation 
of wind direction at 10 m measured over 10 minutes = 10 
and wind speed = 5 m/s are generally characteristic of 
neutral conditions). 

Concerning the lateral dispersion in this case we supposed 
that the mean value v,(i) for oy will be that corresponding 
to a Pasquill category D, multiplied by the factor (TR) -Os 
= (60/10) O 5  = 2.5. A category C, multiplied by the factor 
(T/T) - 0 5  = (60/10) O 5  = 2.5, should be fixed for the 
maximum value of Q,. After the choice of v,(i) and vmax(i), 
vmin(i) is automatically defined, due to the symmetry of the 
distribution assumed in Q 1. 

For the vertical dispersion a maximum value (the vmax(i) of 
8 1) for Q, has been then fixed as a category C with a 
roughness length of 1 m, while the minimum value was 
chosen as for a category D with’ a roughness length of 1 
cm; these assumptions are made by considering the extreme 
values suggested by the graph of Figure 0-2. After the 
choice of vmi,,(i) and vmax(i), v,(i) is automatically defined, 
due to the symmetry of the distribution assumed in Q 1. 

As concerns the variability of the boundary layer depth 
HmiX, taking into account the high wind velocity (5 d s ) ,  for 
the minimum value of H,, we have chosen 400 m at every 
distance from the source. The maximum value has been 
fixed at 1200 m, independently of the distance. The mean 
evaluation suggested by Smith for the depth H,, at the 
presence of category D is 800 m. 

Table 0-6. Input data for Exercise 6 

Distance . a, (m) o,(m) hix (m) 
X ( b )  

220 20,40, 60 6, 15, 24 400-1200 

315 30,60,90 9,21, 33 400-1200 

If we look at the data obtained from the application of the 
above input data and shown in the expert-elicitor tables, we 
see that there is only a rather light difference within these 
data and those obtained in the previous exercise 5:  this is 
due to the fact that, while the vertical dispersion does not 
vary, the lateral dispersion increases 50% against a 
decreasing of the wind speed of 20%. 

As said in previous cases, the maximum values of the 
lateral dispersion actually could be higher than the 
maximum fixed in Table 0-5: the values proposed are 
acceptable for a risk analysis, because a situation of 
variation of the mean direction of the wind every ten 
minutes is very unusual when the surface mean wind speed 
is as high as 5 ds. Consequently, as concerns the 
minimum values for the ground level concentration, 
experimental values could be significantly lower than those 
shown in the expert-elicitor document in the present report. 
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Exercise 7 

The meteorological conditions fixed in this exercise are 
characteristic of a neutral to lightly unstable situation (the 
Monin-Obukhov length = -O.O2/m gives a category neutral 
to moderately unstable, depending on the roughness length, 
see Figure 0-2; the standard deviation of wind direction at 
10 m measured over 10 minutes = 15 corresponds to a 
situation slightly unstable, but a wind speed = 8 m/s is 
generally characteristic of neutral conditions). 

Concerning the lateral dispersion in this case we supposed 
that the mean value v,(i) for oy will be that corresponding 
to a Pasquill category C, multiplied by the factor (TR) -0.5 

= (60/10) = 2.5. A category D should be fixed for the 
minimum value of o,,. After the choice of v,(i) and vmi,(i), 
v,,(i) is automatically defined, due to the symmetry of the 
distribution assumed in 0 1 .  

Table 0-7. Input data for Exercise 7 

Distance or (rn) o,(m) k m ( m )  
X ( h )  

300 24, 83, 15, 30,45 200-1600 
142 

600 44, 163, 28,62, 96 200-1600 
282 

For the vertical dispersion a minimum value (the vmin(i) of 
$ 1) for O, has been fixed as for a category C with a 
roughness length of 1 cm, while the maximum value was 
chosen as for a category B with a roughness length of 1 m; 
these assumptions are made by considering the extreme 
values suggested by the graph of Figure 0-2. After the 
choice of vmi,(i) and vmax(i), v,(i) is automatically defined, 
due to the symmetry of the distribution assumed in $1. 

As concerns the variability of the boundary layer depth 
Hmi,, taking into account the high wind velocity (8 m/s), for 
the minimum value of kiX we have chosen 200 m at every 
distance from the source. The maximum value has been 
fixed at 1600 m, independent of the distance. The mean 
evaluation suggested by Smith for the depth H,, at the 
presence of category D is 800 m. 

NUREGlCR-6244 

If we look at the data obtained from the application of the 
above input data and shown in the expert-elicitor tables, we 
see that there is almost an order of magnitude of difference 
among these data and those obtained in the previous two 
exercises (5 and 6), the distances involved being about 
doubled (300 and 600 m against 220 and 315 m). This is 
due to the fact that, although the wind speed is increased, 
the vertical and lateral dispersion are also increased 
-- 200'37, due to the greater distance and the more unstable 
conditions. As concerns the minimum values for the 
ground level concentration, experimental values would be 
not significantly lower than those shown in the 
expert-elicitor document in the present report. 

Exercise 8 

The meteorological conditions fixed in this exercise are 
characteristic of a neutral situation (thermal lapse rate = 
-1.0 WlOO m and standard deviation of wind direction at 10 
m measured over 10 minutes = 10 are generally 
characteristic of neutral conditions). 

Concerning the lateral dispersion in this case we supposed 
that the mean value v&) for o,, will be that corresponding 
to a Pasquill category D, multiplied by the factor (T/T) -0.5 

= (6040) = 2.5. A category E has been fixed for the 
minimum value of o,,. After the choice of v,(i) and vmi,,(i), 
vm,(i) is automatically defined, due to the symmetry of the 
distribution assumed in 5 1. 

For the vertical dispersion a maximum value (the vmm(i) of 
$ 1) for o, has been fixed as a category C with a roughness 
length of 1 m, while the minimum value was chosen as for 
a category E with a roughness length of 1 cm: this is 
possible because of the low value for the wind speed, 3 
m/s. After the choice of vmin(i) and vmm(i), v,(i) is 
automatically defined, due to the symmetry of the 
distribution assumed in $1. 

As concerns the variability of the boundary layer depth 
Hmi,, for the minimum value of H,, we have chosen 400 m 
at every distance from the source. The maximum value has 
been fixed at 1200 m, independently of the distance. The 
mean evaluation suggested by Smith for the depth at 
the presence of category D is 800 m. 

From the meteorological point of view this situation might 
also be characteristic of the presence of fog, with an 
inversion layer based at 100 or 200 m: in this case there 
will be fumigation, but up to 600 m of distance the value of 
vertical dispersion 0, is lower than the value of 
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Table 0-8. Input data for Exercise 8 

300 16, 58, 6, 19, 32 400-1200 
100 

600 . 30, 110, 9, 34, 59 400-1200 
190 

If we look at the data obtained from the application of the 
above input data and shown in the expert-elicitor tables, we 
see there is a great difference between these data and those 
obtained in the previous exercise 7: this is due to the fact 
that the vertical and the lateral dispersion are both 
decreased here about 50%, and also the wind speed is 
decreased from 8 to 3 m / s .  

As said in previous cases, the maximum values of the 
lateral and vertical dispersion actually could be higher than 
the maximum values fixed in Table 0-8; thus, as concerns 
the ground level concentration, experimental values could 
be significantly lower than the minimum shown in the 
expert-elicitor document, while the maximum are unlikely 
to exceed the values of the 0.95 percentiles shown in the 
same document. 

Exercise 9 

The meteorological conditions fixed in this exercise are 
characteristic of a stable situation (thermal lapse rate = +3.0 
W100 m and standard deviation of wind direction at 10 m 
measured over 10 minutes = 2.5 are generally characteristic 
of moderately stable conditions). 

Concerning the lateral dispersion in this case we supposed 
that the mean value v,(i) for oy will be that corresponding 
to a Pasquill category D, multiplied by the factor (T/T) - 0 5  

= (60/10) O 5  = 2.5. A category F has been fixed for the 
minimum value of oy. After the choice of v,(i) and vmln(i), 
v,,(i) is automatically defined, due to the symmetry of the 
distribution assumed in $1. The justification of such a 
spread of values is due to the fact that the wind speed is 
low (3 m / s )  and then the plume direction might be very 
undefined. 

For the vertical dispersion a maximum value (the vma(i) 
of $ 1) for 0, has been fixed as a category D with a 
roughness length of 1 m, while the minimum value was 

chosen as for a category F with a roughness length of 1 cm. 
After the choice of vmin(i) and vma(i), v,(i) is automatically 
defined, due to the symmetry of the distribution assumed in 
01. 

As concerns the variability of the boundary layer depth 
Hmix, no assumption has been made, as in exercise 4, due to 
the reduced diffusivity in stable conditions, and the mixing 
layer has no further effect in limiting the dispersion. 

Table 0-9. Input data for Exercise 9 

600 21, 108, 195 6, 19, 32 - 

If we look at the data obtained from the application of the 
above input data and shown in the expert-elicitor tables, we 
see that the median of the ratio of the air concentration (at 
y=50 m and z=12 m) over the centerline concentration 
value is close to one, so that the points considered in this 
exercise are at a distance from the centerline which is lower 
than the horizontal and vertical standard deviations cy and 
cr,, as it can be seen from the data shown in Table 0-9. 

Exercise 10 

The meteorological conditions fixed in this exercise are 
characteristic of a moderately stable situation (standard 
deviation of wind direction measured over 10 minutes = 6, 
average wind speed 1.9 d s  are generally characteristic of 
stable conditions). 

Concerning lateral dispersion in this case we supposed that 
the minimum value vmm(i) for cy will be that corresponding 
to a Pasquill category F, multiplied by the factor (TR) -05  

= (60/10) O5 = 2.5 for a sampling time of 60 minutes (= 3.5 
for a sampling time of 120 minutes and = 4.9 for a 
sampling time of 240 minutes). Due to very low wind speed 
(1.9 d s  ), there will be a strong uncertainty in the plume 
direction, so that while a category F might be representative 
of the minimum lateral dispersion, a category C, multiplied 
by the factor (T/T) O.’, should be fixed for the mean value 
of oy. After the choice of v,(i) and vmm(i), v,,,=(i) is 
automatically defined, due to the symmetry of the 
distribution assumed in $ 1. 
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For the vertical dispersion a maximum value (the vma(i) 
of Q 1) for o, has been then fixed considering a category D 
with a roughness length of 1 m (for the methodology see 
Q 2), while the minimum value was chosen as for a 
category F with a roughness length of 1 cm. After the 
choice of vmi,(i) and vm&, v,(i) is automatically defined, 
due to the symmetry of the distribution assumed in Q 1. 

As concerns the variability of the boundary layer depth 
Hmi,, no assumption has been made because the diffusivity 
is very much reduced in stable conditions, and the mixing 
layer has no further effect in limiting the dispersion. 

If we look at the data obtained from the application of the 
above input data, and shown in the expert-elicitor tables, we 
see that the values of the ground concentration increase 
rapidly when passing from a distance x = 360 m to x = 
970 m: this effect is due to the release height (45 m). 

The variability with the sampling time is very low because 
we adopted the law of the square of the sampling time. 
With such a low wind speed (1.9 d s )  it could be possible 
to find higher values for the lateral dispersion so that the 
maximum values for the oy might be higher than those 
shown in Table 0-10. 

Table 0-10. Input data for Exercise 10 

Distance x (m> 0, (m) 
(sampling time, h) 

360 (1 h) 

360 (2h) 

360 (4h) 

970 (1 h) 

970 (2h) 

970 (4h) 

1970 (lh) 

1970 (2h) 

1970 (4h) 

32, 100, 168 

46, 140, 234 

64, 196, 328 

83, 250, 417 

J 

116, 350, 584 

162, 490, 818 

150,475, 800 

210, 665, 1120 

290, 931, 1570 

6, 13, 20 

6, 13, 20 

6, 13, 20 

10, 27, 44  

0, 27, 44 

0, 27, 44 

5, 43, 71 

15, 43, 71 

15, 43, 71 

Also in this case we can say that the maximum values for 
ground concentration are probably well predicted, while the 
actual minimum values might be lower than those predicted 
by a factor of 2-3 (horizontal spread over 360, instead of 
about 180 as can be deduced from the data of oy shown in 
Table 0-10). 

Exercise 1 1  

The meteorological conditions are not fixed in this exercise, 
apbt from the wind speed (3.0 d s ) .  The wind speed is 
sufficiently high to suppose a constant direction during the 
sampling time of one minute. We supposed two situations, 
one moderately stable and another neutral to slightly 
unstable, considering the data of oy given by the literature 
(extrapolated for such a low distance) as valid for a 

sampling time of 10 minutes and applying the coefficient of 
(Tfl)-05 = (1/10)-05 = 3.3 to obtain the values for one 
minute. However, it must be emphasized that the data are 
very subjective. 

If we look at the data obtained from the application of the 
above input data and shown in the expert-elicitor tables, we 
see a difference of a factor of 4 between the median 
values of the centerline concentration in the two cases. 
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Table 0-11. Input data for Exercise 11 

Case I (stable situation) 60 0.5, 2.5, 4.5 0.5, 1.3, 2 

Case II (neutral - slightly 
unstable situation) 

60 2, 6, 10 1, 2, 3 

Exercise 12 

The meteorological conditions are not fixed in this exercise. 
We assume that if we know the ay, 90% of the material 
will be contained in an arc of about 3.3 cry. The minimum 

value for oy is obtained from Cagnetti and Ferrara? while 
the mean value is evaluated with the formula or= 0.5 T 
from Heffter and Ferber." 

Table 0-12. Input data for Exercise 12 

Distance X (km) (km) 3.3 6, (km) arc length (radians) 

80 

200 

lo00 

6, 20, 36 

14, 50, 86 

100, 250, 400 

13, 33, 53 

46, 165, 284 

330, 825, 1320 

0.16, 0.41, 0.66 

0.23, 0.82, 1.42 

0.33, 0.83, 1.32 

The last column shows the 0.05,0.5, and 0.95 percentile of 
the length of arc crossed by 90% of the material. The 
evaluations of the lateral dispersion refer to a short release 
(sampling time Slh) and take into account that the distance 
is meant along the trajectory. 

In general, if actual field experiments were carried out, 
lower values could be experienced. However, if the results 
of these exercises must be utilized for risk analysis in 
accident consequence codes, it will be important to adopt an 
approach which, in a realistic way, must take into account 
the upper levels of every situation, for safety's sake. What 
must be said as a comment, taking into account the 
experience coming from field tests, is that the minimum 

values will be certainly lower than those chosen here, but 
the maximum values will not be higher than the maximum 
found here. If, for example, we suppose the trajectory is 
twice the value of the distance reached from the source, all 
the data shown in the Table 0-12 will be about doubled; in 
particular cases, not so unusual, the ratio trajectoryidistance 
might be more than two. 

As a conclusion, all the evaluations made in  the different 
exercises are valid as regards the maximum values of air 
concentration, but in most cases the minimum values may 
be not well predicted. Does it matter in the case where such 
data will be handled for a code of risk evaluations? 
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Dispersion Tables 

N/A = not provided by expert 

0% 

5% 

50 % 

A-1: -2.0 WlOOm Temp Lapse Rate Urban & Rural Surface Roughness II 

2.ooE-06 I .20E-01 4.7OE-01 8.00E+01 

2.7OE-06 2.6oE-01 6.OOE-01 1.56M2 

6.OOE-06 8.7OE-01 8.7OE-01 2.63J3-02 

Downwind 
distance 

95% 

100% 

0% 

Appendix A 

NUREG/CR-6244 

1.91E-05 9.4OE-01 9.5OE-01 3.97E+O2 

4.7OE-05 9.4OE-01 9.50E-01 4.80E+02 

3.1 OE-07 1.2OE-01 3.4OE-01 1.40E+02 

0.5km 

- 
95 % 

Quantile I chiClQ I chi(y)/chiC I chi(z)/cttic I II 

3.60E-06 9.4OE-01 1 .OOE+OO 

5% 6.60E-08 2.6OE-0 1 8.OOE-01 7.80E+02 

5 %  I 4.50E-07 I 2.60E-01 I 5.4OE-01 I 2.77E+02 II 

3.0km 

l.0km I 50% I I.OOE-06 I 8.7OE-01 I 9.OOE-01 I 4.69E+02 II 

50 % 1.5OE-07 8.7OE-01 9.9OE-01 1.3 1 E+03 

95 % 5,OOE-07 9.40E-01 1 .OOE+OO 2.00E+03 

1o.okm 

I 100% I 1.07E-05 I 9.4OE-01 I l.OOE+OO I 8.60E+02 II 

5% 1.9OE-08 2.8OE-01 NIA 2.38E43 

50 % 4.2OE-08 8.8OE-01 NfA 4.03E+03 

95 % 1.30E-07 9.4OE-01 NIA 6.12E+03 

100% 2.6OE-07 9.4OE-01 NIA 7.40E+03 

I 0% I 4.2OE-08 I 1.2oE-01 I 6.8OE-01 I 4.OOE+02 II 

~~ 

5% 

50 % 

8.5OE-09 2.6OE-01 NIA 5.86E+03 

1.8OE-08 8.4OE-01 NIA 9.42E+03 

95 % 

1-1ooa I 1.OOE-06 I 9.4OE-01 I I.OOE+OO I 2.40E+03 II 

5.3OE-08 9.2OE-01 NIA 1.39E+04 

~ 

~~ ~- -11 
~-~ - 

0% 1.30E-08 I 1.4OE-01 1 NIA ~ 1 1.20E+03 

100% 9.5OE-08 9.2OE-01 NIA I .67E+04 

30.0km 
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O S k m  

A-2: -1.6 W100m Temp Lapse Rate Urban & Rural Surface Roughness II 

0% 7.2OE-06 6.OOE-02 0.7OE-03 4.00E41 

5 %  9.30E-06 1.4OE-01 5.OOE-03 7.8OE+O 1 

2.OOE-05 8.3OE-01 1.9OE-01 1.34E+O2 50% 

6.4OE-05 9.2OE-01 5.4OE-01 2.05Ei-02 95 % 

100% 1.45E-04 9.2OE-01 5.5OE-01 2.40E42 

S k - Y  I chi(z)/chiC I chi(y)/chiC I Downwind Quantile I chic/Q 
distance I 

0% 

5 %  

2.7OE-06 2.00E-02 4.ooE-04 7.00E+01 

3.8OE-06 6.OOE-02 1 .WE03 I .  18E+02 

3.0km 

l.0km I 50% I 8.1OE-06 r 6.7OE-01 -[ 1.40E-01 1 1.84Ei-02 ~ 11 ~~ 

1 

5% 3.80E-07 1.7OE-01 8.OOE-04 4.10E+02 

50 % 8.4OE-07 I 8.50E-01 1.3OE-01 7.OOE+02 

95 % 2.15E-06 9.3OE-01 5.oOE-01 1.07E+03 

I 95% I 2.20E-05 I 8.2OE-01 I 5.00E-01 I 2.68E+02 II 

5% 

50% 

95 % 

100% 

I 100% I 4.90E-05 I 8.30E-01 I 5.2OE-01 I 3.30E+02 . II 

5.80E-08 1.7OE-01 N/A 1.23E+O3 

1.20E-07 8.5OE-01 NIA 2.11E+O3 

4.00E-07 9.3OE-01 NIA 3.22Ei-03 

1 .OOE-06 9.3OE-0 1 N/A 3.90E+03 

I 0% 1 2.8OE-07 I 6.OOE-02 I 4.OOE-04 I 2.00E+02 II 

3O.Okm 50 % 2.4OE-08 8.5OE-01 NIA 5.60E+03 

95 % 8.4OE-08 9.3OE-01 NIA 8.64E+03 

100% 2.3OE-07 9.3OE-0 1 NIA 1.05E+04 

I 100% 1-6.80806 I 9.3OE-01 I 5.7OE-01 I 1.30E+03 II 

10.0km 

4.OOE-02 NIA -r 1.50E+03 II 
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A-3: -1.0 WlOOm Temr, Laps1 Rate Urban & Rural Surface Roughness - 
Downwind 
distance 

Quantife I ChiUQ chi(y)/chiC chi(z)/chiC 
~ 

0.5km 

- 
1.0km 

- 
3.0km 

- 
1o.okm 

- 
30.0km 

0% ~ I 6.8OE-06 

5.40E+01 ll 9.70E-06 

2.2OE-05 

7.3OE-05 

100% 1.68E-04 

2.00E-06 

2.8OE-06 

50 % 6.7OE-06 

95 % ~ I 2.26E-05 8.8OE-01 1 4.9OE-01 2.48E42 II 
100% I 6.20E-05 8.8OE-01 I 5.20501 3.00Ei-02 II 
0 % I 2.9OE-07 4.WE-02 I O.OOE+OO 1.30E+02 II 

4.00E-07 

9.6OE-07 

95 % 3.408-06 

100% I 1.12E-05 9.2OE-02 1 5.1OE-01 8.70E+02 ~ II 

-11 0% 4.30E-08 6.00E-02 NIA 
~ 

5% ~ I 6.3OE-08 1.7OE-0 1 I N/A 

1.36E+03 ~ ll 8.4OE-01 

9.20501 

9.2OE-01 NIA 

1.52E-07 

5.4OE-07 

100% 1.90E-06 

0% I 9.OOE-09 6.00E-02 1 NIA 

1.7OE-01 I N/A 

3.50E+03 It 8.50501 

9.3OE-01 

9.3OE-01 

3.2OE-08 

1.16E-07 

100% 4.8OE-07 
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Downwind 
distance 

' 0.skm 

A 4  2.5 WlOOm Temp Lame Rate Urban 8z Rural Surface Rouehness 
~ -11 

~ ~~ ~ 

Quantile chiClQ chi(y)/chiC chi(z)/chiC &!-Y 

2.OOE+o1 0% 2.6OE-05 3.6OE-01 2.6OE-01 

5% 3.4oE-05 5.4oE-01 4.OOE-01 4.7OEi-01 

50 % 7.7OE-05 9.6OE-01 7.8OE-01 8.80E+01 

95 % 

100 % 

3.OOE-04 9.80501 9.20501 1.4oE*o2 

8.20E-04 9.8OE-01 9.2OE-0 1 1.60E+02 

1.okm 

0% 8.OOE-06 2.7OE-01 1.2OE-02 3.50E+01 

5 YO 1.1OEO5 5 .oOE-O 1 5 .OOE-02 8.80E+O1 

2.50E-05 , 9.6OE-01 4.5OE-01 1.63E+02 50 % 

95 % 9.80E-05 9.8OE-01 7.60E-01 2.6OE+02 

100% 2.8OE-04 9.8OE-01 7.8OE-01 3.15E+02 

0% 2.OOE-06 3.OOE-01 O.OOE+OO 9.OOE+01 

3.0km 1 5% 2.80E-06 5.6OE-01 1 .ooE-06 2.40E+02 

so % 5.4OE-06 9.70E-0 1 2.OOE-02 4.60E+02 

1o.okm 

A-265 

9s % 2.20E-05 9.9OE-0 1 1.8OE-01 7.40E+02 

100% 4.9OE-05 9.9OE-0 1 2.ooE-01 9.10E+02 

0% 1.10E-07 2.2OE-0 1 O.OOE+OO 2.70E+02 

5 %  1.8OE-07 4.8OE-0 1 I .WE-% 7.20E+02 

so % 3.5OE-07 9.6OE-01 4.OOE-02 1.35E+03 

NUMG/CR4244 

9s % 

100% 

1.4OE-06 9.8OE-01 3.4OE-01 2.14E+03 

3.508-06 9.8OE-0 1 3.6OE-0 1 2.63E+03 

30.0km 

0% 5.6OE-08 2.2OE-01 O.OOE+OO 7.OOE+02 

S% 7.8OE-08 4.80E-01 1 .WE46 1.86E+03 

so % 1.9OE-07 9.60501 4.OOE-03 3.48E+03 
__ 

9s % 

100% 

7.7OE-07 9.8OE-01 1.9OE-01 5.54E+03 

2.77E-06 9.8OE-01 2.1OE-01 6.80E+03 
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220. m 

I B-1: Unknown Lapse Rate 6.0 m / s  Aver. Wind Speed 

5% 6.70505 

50% 1.40504 

95 % 3.60504 

100% 1.7OE-04 

(I Downwind Quantile chiUQ(ground level) I( distance I 

0% 

5% 

I 0% I 5.OOE-05 II 

2.2OE-05 

3.1OE-05 

95 % 

100 % 

1.64E-04 

3.30804 

~~ 

315.m I 50% 

5 %  

I 6.3OE-05 II 

3.OOE-05 

1 B-2: Unknown Lapse Rate 5.0 d s  Aver. Wind Speed 

Downwind Quantile 
distance I 

220. m 

chiUQ(ground level) 

I O %  4.5OE-05 

5% 

50 % 

95 % 

6.OOE-05 

1.18E-04 

2.66804 

I 100% 5.1 OE-04 

I-IOW- 1 2.1OE-05 II 
I I  L JI 

II 1 315. m 1 zz I 5.90E-05 1 
1.3OE-04 

100% 2.2OE-04 

NUREGiCR-6244 
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11 €5-3: Unknown Lapse Rate 8.0 d s  Aver. Wind Speed 11 

0% 

5% 

50% 

95 % 

distance 

300. m 

1 .50506 

2.ooE-06 

4.2OE-06 

1.36E-05 

Quantile chiUQ(ground level) 

6.408-06 

50 % 

95 % 

15% I 8.5OE-06 II 

1.26E-05 

4.30E-05 

1.7OE-05 

5.2OE-05 

100 % 1.05E-04 

600. m 

I 100% I 3.OOE-05 II 

B-4: -1.0 K/lOOm Temp Lapse Rate Flat Surface Roughness 

chiUQ(ground level) I Downwind Quantile 11 distance I 

W. m 

1.30E-05 

1.8OE-05 

4.20505 

1.45E-04 

I 100% I 3.8OE-04 II 
II c 

600. m 

I 5% I 5.20E06 II 

I 100% I 1.38504 -11 
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Quantile 

B-5: 3.0 K/lOOm TemD Lame Rate Flat Surface Rou~hness 

chiQ)/chiC , 

50% 

95 % 

100% 

chi(z)/chiC I 

9.3OE-01 8.4OE-01 1 .00E+o2 1.80M1 

9.7OE-01 9.5OE-01 1.59Ei-02 2.70E41 

9.7OE-01 9.5OE-01 1.95E42 3.20Ei-01 

sig-z I 

Quantile 

0% 

5% 

50 % 

0% 

60 min 120 min 240 min 

O.OOE+OO O.OOE+OO O.OOE+OO 

1 .WE- 12 1 .OOE-12 1.OOE-12 

4.80E-08 3.4OE-08 2.4OE-08 

I 8.OOE-,02 

95 % 

100 % 

I 2.6OE-01 

4.9OE-06 3.5OE-06 2.5OE-06 

1.8OE-05 1.2OE-05 9.10E106 

I 2.10E+01 

970. m 

5% I 2.8OE-01 I 4.4OE-01 I 5.40E+01 I l.lOE*Ol 

0% O.OOE+OO 1.20E-08 1 .OoE-08 

5% 3.7OE-08 2.6OE-08 1.9OE-08 

50 % 4.2OE-06 3.1OE-06 2.1 OE-06 

t 

1970. m 

C: Stable Conditions Urban & Rural Surface Roughness II 

5% 8.4OE-07 6.1OE-07 4.3OE-07 

50 % 3.608-06 2.6OE-06 1.8OE-06 

95 % 1 .OOE-o5 7.5OE-06 5.4OE-06 

Downwind 
distance 

360. m 

I 95% I 1.5OE-05 I l.lOE-05 I 7.6OE-06 II 
I 100% I 4.5OE-05 I 1.9OE-05 I 1.35E-05 II 
I O %  I 2.OOE-07 I 1.30E-07 I 9.OOE-08 II 

I 100% I 1.5OE-05 I 1.04E-05 I 7.5OE-06 II 
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0% 

5% 

II D: Stable Conditions Flat Surface Roughness II 

1.2oE-02 5.OOE-01 5.OOE-01 

1.9OE-02 1.20E+OO 8.OOE-01 

Downwind Quautile &iUQ sig-2 
distance 

50 % 

95 % 

ll 
4.1OE-02 2.10E+OO 1.20E+OO 

1.50E-03 3.30E+OO 1 . 7 0 W  

II 

5% 

50 % 

95 % 

100 % 

1.30E+O4 

3.30E+04 

5.30E+04 

NIA 

0% 

5% 

II I 100% I 3.3OE-03 I 4.50E+OO I 2.OOE+OO II 

N/A 

4.60E+04 

E: Length of Arc Crossed By 90% of the Material 

0% 

5 %  

90% arc I Downwind Quantile 
distance I 

N/A 

3.30E+05 

II 

95 % 

100% 

80.h 

1.32E+06 

N/A 

I 0% I N/A 

2 0 0 . h  

2.84Ei-05 

100% 

1000.km 150% It 
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3. 

4. 

5. 
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Expert P 

1.  Characterisation of the Dispersion 

1.1 Horizontal advection 

Horizontal uniformity and quasi stationarity is assumed for 
most of the questions. Th vertical wind profile was 
assumed to be according t 1 a power law. The wind 
velocity at release height was taken to be the representative 
transport velocity. 

1.2 Boundary layer characteristics 

As far as possible modem parameterisations for the 
atmospheric boundary layer (ABL) were used, such as 
Monin-Obukhov (M-0) surface-layer characterisation and 
convective and stable boundary-layer parameterisations. The 
horizontal velocity variance can be derived from the derived 
ABL characteristics and compared with the velocity 
variance inferred from the wind direction fluctuation 
measurements. This may serve as a consistency check. 

1.3 Terrain features 

The characterisation (of the roughness) of the terrain is very 
important for the dispersion. The available data are 
marginal and contribute significantly to the uncertainty of 
the estimates. For flat terrain a roughness of .05 m was 
assumed. For urban and rural, 0.50 m was assumed. 

1.4 Averaging time (short range, long range) 

Where necessary, averages taken over specified averaging 
times were converted to averages over e.g., one hour by 
simple power law relationships. 

2. Dispersion Model 

For vertical plume dimensions smaller than the ABL height, 
a Gaussian distribution was assumed. When the vertical 
plume dimension exceeds the boundary-layer thickness, a 
uniform concentration distribution was assumed. 

Appendix A 

3.2 The boundary layer height h 

No data on doundary-layer height were available. In 
unstable to near neutral conditions, the boundary-layer 
height was therefore estimated, depending on stability in the 
range of 1200-600 m. In stable conditions the boundary- 
Iayer height was estimated from: 

with f = 1.2E - 4 s-', the Coriolis parameter at mid-latitude. 

3.3 The horizontal velocity variance, 0, 

a,, = 2u, (1 - 0 . 9 ~ ~ / h ) ~ / ~  (stuble) 

a,, = 214, T, (neutral) 

with a, = ( 0 . 3 ~ :  + 4T;u:)'n (unstable) 

T, = 1 - 0.8zS/h 

3.4 The vertical velocity variance ow 

U, = 1 . 3 ~ ,  (1 - O . g ~ , / h ) ~ ' ~  (&Le) 

a, = 1.3u,TW (near neutral) 

a, = 1.3u,T, (near neutral) 

a, = W ,  ( 0 . 4 c  + (1.3T,u, / w,)')'~ (unstable) 

16 

Tw=2.1(:)  T ,  

3. A Summary of Used Formula 

3.1 Land ut 

The M - 0  parameters L and u. were determined from the 
temperature lapse rate and the wind velocity at 10 m by an 
iterative procedure. The lapse rate was assumed to be 
derived from measurements at 2 and I00 m respectively. 
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3.5 The lateral dispersion coefficient a,, 

0.t 

with 

t=x /u  

and 

x21Okm:  T = 1 5 0 0 0 s  

x < l O k m :  T=100Os 

I 
the uniform concentration: 

and the relative lateral concentration 

qtr 
X,IX,,  = e  

3.8 The Wind Velocity 
3.6 The vertical dispersion coefficient 0, 

It is unclear at what height the wind velocity is measured. 
If the height of the source is different from this height the 
conversion is made through 

u, I u,o = (2, / lO)P, 

T = 60 s (stable) 

T = 600 s (neutral and unstable) 

3.7 Concentration Estimates 

These were based on the general conservation formula 

For small distances (az 5 h), dispersion was assumed to be 
Gaussian in lateral and vertical directions. For larger 
distances the vertical distribution was assumed to be 
uniform in the layer 0-h. 

Hence, the centerline concentration: 

the ground level concentration 

The concentration in the vertical plane through the source: 

where p is a function of stability. From the 10-minute wind 
direction fluctuation at release height G,, the horizontal 
velocity variance can be inferred through 

0" = oeu(t I 10)s , 

where t is the sampling time (in minutes) and s is a weak 
function of stability, here taken constant and equal to 0.19. 
The wind velocity u is at release height. 

4. Case by Case Comments 

4.1 Very unstable conditions, good consistency in 
horizontal variance. Based on (among others) the 
examples of uncertainties in cross-wind, relative 
values were estimated to be low (90% within a factor 
of +/- 5 to 6; the uncertainty in the cross-wind 
standard deviation was +I- 1.5 to 2.5 and in 
concentrations 2.5 to 3 depending on consistency). 
Mixed layer height is 1500 m. Concentrations at 10 
and 30 km downwind were assumed to be vertically 
uniform. 

4.2 Unstable, good consistency, mixed-layer height 
lo00 m. 

4.3 Near neutral, medium consistency, mixed-layer 
height lo00 m. 
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4.4 

4.5 

4.6 

4.7 

4.8 

4.9 

4.10 

Stable, medium consistency, mixed-layer height 
150 m. 

4.1 

Near neutral, medium consistency, mixed-layer 
height 400 m. 

Near neutral, medium consistency, mixed-layer 
height 400 m. 

Unstable, poor consistency, mixed-layer height 
1500 m. 

Near neutral; medium consistency, mixed-layer 
height 500 m. 

Stable, good consistency, mixed-layer height 60 m. 

Stable, good consistency, mixed-layer height 170 
m. Questions not understood, also not after receipt 
of fax. 

Appendix A 

Stable, mixed-layer height 110 m. The effect of 
meandering in the 1 minute samples was not taken 
into account (it was assumed that the sampler was 
always located at the plume centerline). Standard 
deviations in plume widths were reduced by 
approximately 50%; consequently concentrations 
increased by a factor of 4. 

At 80, 200, and loo0 km, downwind travel times were 
assumed to be respectively 8, 19, and 93 h. Stationary and 
homogeneous conditions are highly improbable over these 
times and distances. Estimates are based on the experience 
and model calculations associated with the Chernobyl 
reactor accident. 
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Downwind 
distance 

Dispersion Tables 

N/A = not urovided b y  emert 

Quantile chiCYQ chi(y)/chiC chi(z)/chiC a - Y  

0% NIA NIA NIA NIA 

5 %  4.OOE-06 2.OOE-01 4.OOE-01 , 1.4OE+O2 

A-1: -2.0 WlOOm Temp Lapse Rate Urban & Rural Surface Roughness II 

0.5km 50 % 8.OOE-06 7.OOE-01 8.OOE-01 2.05W2 

95 % 2.5OE-05 2.5OE+OO 2.OOE+OO 3.OOEc02 

100% NIA NIA NIA NIA 

0% 

5 %  

NIA NIA NIA NIA 

1 .WE46 2.OOE-01 2.OOE-0 1 2.50E+02 

l.Okm I 50% I 2.708-06 I 7.OOE-01 I 6.OOE-01 I 3.65E+02 II 
95 % 

100% 

6.OOE-06 2.OOE+OO 2.OOE+OO 5.50E+02 

NIA NIA NIA NIA 

3.0km 

0% 

5 %  

50 % 

95 % 

100 % 

NIA NIA NIA NIA 

2.OOE-07 1 SOE-01 1.5OE-01 5.50E+02 

8.50E+02 5.20E-07 6.OOE-0 1 3.OOE-01 

1.3OE-06 3.OOE+OO 1.50E+OO 1.3OEh03 

NIA NIA NIA NIA 

1o.okm 

0% NIA NIA NIA NIA 

5% 1.5OE-08 2.OOE-01 O.OOE+OO lSOE+03 

SO % 3.4OE-08 8.2OE-01 O.OOE+OO 3.90E+03 

95 % 

100 % 

NUREG/CRd244 

1 .OOE-07 S.OOE+OO O.OOE+OO 9.OOE+03 

NIA NIA NIA NIA 

A-214 

0% 

5% 

30.0km SO % 

95 % 

100% 

NIA NIA NIA NIA 

4.OOE-09 1 .OOE-O 1 O.OOE+OO 6.OOE+O3 

1.4OE-08 7.7OE-01 O.OOE+OO 9.40E+O3 

4.OOE-08 5.00E+OO O.OOE+OO 1.50E*o4 

NIA NIA NIA NIA 
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II A - 2  -1. i W100m Temp Lapa Rate Urban & Rural Surface Roughness 

Quantile 1 chiClQ chi(y)/chiC Downwind 
distance 

0.5km 

chi(z)/chiC 

0% NIA NIA NIA 

5% 3.5OE-06 2.OOE-01 2.OOE-01 7.OOE+01 

1.25E+02 

1.75E+02 

NIA 

50% 
~~ 

9.OOE-06 7.OOE-01 7.OOE-01 

95% 2.5OE-05 2.OOE+OO 
~ 

2.OOE+00 

100% NIA NfA NIA 

0% NIA NIA NIA 

1 .ME46 1.7OE-01 1.7OE-01 1 SOB02 ~ II 5 %  

6.7OE-01 6.70E-0 1 F= 100% 

3.OOE-06 

7.OOE-06 2.50E+OO 2.50E+OO 

NIA NIA NIA 

II NIA NIA NIAI NIA 

1.50E-01 3.00E-07 I SOE-01 
~ 

5.OOE-07 6.6OE-01 6.6OE-01 3.0h 50% 

P- 100% 

1.3OE-06 2.50E+OO 2.50E+OO 

NIA NIA NIA p-- 
50 % 

NIA NIA NIA 

O.OOE+OO 3.OOE-08 2.OOE-01 

7.4OE-08 5.4OE-0 1 O.OOE+OO 10.0km 

I 95% 1.7OE-07 3.OOE+OO O.OOE+OO 2.OOE+03 II 
NIA NIA NIA NIA II II I 100% ' 

II 
~ 

50 % 

N/A NIA NIA N/Al 
1.5OE-08 1 .OOE-OI O.OOE4-00 

3.50E-08 3.7OE-01 O.OOE+OO 30.0km 

I 95% 9.OOE-08 3.OOE*oo O.OOE+OO 4.OOE+03 II 
I 100% NIA NIA NIA NIA II 
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0% 

5% 

50% 

A-3: -1.0 WlOOm Temp Lapse Rate Urban & Rural Surface Roughness II 

NIA NIA NIA NIA 

3.WE-06 1.5OE-01 1.50E-01 4.WE+01 

7.9OE-06 6.4OE-01 6.5OE-01 1.05Ei-02 

- 
Downwind 
distance 

0.flUn 

- 
l.0km 

- 
3.0km 

0% 

5% 

50% 

95% 

1o.okm 

- 
30.0h 

NIA NIA NIA NIA 

1 .OOE+02 8.OOE-07 1.5OE-01 1.OOE-01 

2.40E-06 7.4OE-01 6.30EO I 1.93E+O2 

7.5OE-06 2.50E+00 2.50E+OO 4.OOE+02 

5% 

50 % 

95 % 

100 % 

95 % I 2.4OE-05 I 2.OOE+OO I 2.OOE+OO I 2.50Et02 II 

1.50E-07 1.5OE-01 1.2OE-01 2.50E+02 

4. IOE-07 7.7OE-01 6.30E-0 1 4.85E+02 

1.2OE-06 3.OOE+OO 3.OOE+00 1 .OOE+03 

NIA NIA NIA NIA 

100% I NIA I NIA I NIA I NIA I t  

0% 

5% 

NIA NIA NIA NIA 

1.00E-08 2.OOE-01 NIA 1 .OOE+03 

100% I NIA I NIA I NJA I NIA II 

95 % 

100% 

1- N/A -11 

1 .OOE-07 4.OOE+OO NIA 4.OOE+03 

NIA NIA N/A NIA 

0% 

5% 

50 % 

NIA NIA NIA NIA 

5.OOE-09 1 . WE-0 1 NIA 2.60E43 

1.3OE-08 8.9OE-0 1 NIA 5.20E+03 

50 % 1 3.3OE-08 8.9OE-01 I NIA 

95 % 

100% 

I -205E+03 

4.OOE-08 4.OOE+OO NJA 1 .WE+O4 

NIA NIA NJA NIA 

NUREGICR- 244 A-276 
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A& 2.5 WlOOm Temp Lapse Rate Urban & Rural Surface Roughness 

0% NIA NIA NIA NIA 

5% 1.7OE-05 2.ooE-01 2.00E-01 3.50E41 

50 % 5.2OE-05 9.2OE-01 8.1OE-01 7.20E41 

95 % 1 S O E - 0 4  5.00E+OO 4.00E+OO 1 . 4 0 m  

100% NIA NIA NIA NIA 

0% NIA NIA NIA NIA 

5% 7.00506 2.00E-01 1.2oE-01 6.00E41 

I 2.00E-05 I 9.00E-01 I 6.20501 I 1.30E42 

I 95% I 6.00E-05 I 2.00E4-02 

I 100% I NIA I NIA I NIA 

I NIA I NIA 1 NIA I NIA 

5% 1 .WE46 2.ooE-01 7.00E-02 1.50E42 

3.0km 50 % 2.9OE-06 8.9OE-01 3.6OE-01 3.10E4-02 

95 % 9.00E-06 5.00E+00 5 . 0 0 m  4.50E42 

100% NIA NIA NIA NIA 

5% 2.00E-07 2.00E-01 1 .WE02 7.00E42 

1o.okm 50% 6.60507 9.40501 1 .00E-O1 1.38E+O3 

95% 2.00E-06 6.00E+OO 6.00E+OO 2.00E43 

5 %  7.00E-08 2.00E-0 1 1 .WE03 1.70E43 

30.0km 50 % 2.7OE-07 9.3OE-01 1 .00E-02 3.40EM3 

95 % 9.00E-07 6.00E+Oo 6.00E+OO 5.oOEi.03 
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~ 220.m 

11 B-1: Unknown Lapse Rate 6.0 4 s  Aver. Wind S g l I  

95 % 

Downwind 
distance 

220. rn 

1.20E-04 

Quantile chiC/Q(ground level) I 

50 % 4.8OE-05 

1 95% I 1.00E-04 II 
I 100% I NIA II 

315. rn 

1 0 %  I NIA II 
1 5 %  I 1.7OE-05 II 

3.7OE-05 

1 .00E-O4 

100% 

Downwind 
distance 

Quantife II chiClQ(gr0und level) 

1 0 %  I N/A II 
I 5% I 2.00E-05 II 

5.8OE-05 

1.8OE-04 

100% 

II 11 315. rn so % I 4.4OE-05 

II I 100% I NIA II 
I’ IJ 

A-278 



I B-3: Unknown Lame Rate 8.0 mls Aver. Wind Speed 

Downwind Quantile chiUQ(ground level) 
distance 

II I 0% I NIA 
I t  I 

5.OOE-06 

300. m 1 .#E-OS 

It 95 % 4.OOE-05 
I 

II 1100% I NIA 

609. m 50% 4.6OE-06 

95 % 1.3OE-05 

II I 100% I NIA 

B-4: -1.0 KllOOm Temp Lapse Rate Flat Surface Roughness 

Downwind 
distance 

300. m 

Quantile chiUQ(ground level) 

0 %  NIA 

5% 2.80E-05 

50% 8.4OE-05 

95% 2.5OE-04 

100% ' NIA 

0% NIA 

5% 1.3OE-05 

600. m 50% 3.8OE-05 

95 % 1.lOE-04 

100% NIA 
If 

A-279 
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I 

C: Stable Conditions Urban & Rural Surface Roughness II 
Downwind Quantile 60 min 120 min 240 min 
distance 

0% NIA NIA NIA 

1 5 %  I 1.OOE-06 I 8.70E-07 I 8.OOE-07 II 
360. m 50 % 4.00E-06 3.48E-06 3.2OE-06 

95 % 1.2OE-05 1.04E-05 9.6OE-06 

100% NIA NIA NIA 

0% N/A NIA N/A 

5% 6.OOE-C$ 5.22E-06 4.80E-06 

970. m 50 % 1.7OE-05 1.48E-05 1.36E-05 

95 % 5.00E-05 4.35E-05 4.OOE-05 

100% NIA NIA NIA 

I I I 

0% NIA N/A NIA 

I 4.00E-06 I 3.48B06 I 3.2OE-06 II 
1970.m I 150% I 1.2OE-05 I 1.ME-05 II 

95 % 4.OOE-05 3.48E-05 3.2OE-05 

100% N/A NIA NIA 
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Downwind 
distance 

D: Stable Conditions Flat Surface Roughness 1 
~ 

Quantile chiUQ sig-y sig-z 

0% NIA NIA NIA 

5% 6.00E-03 1 .OOE+OO 5.00E-01 

60. m 50% j 1.2oE-02 3.00E+OO 2.00E+OO 

95 % 2.5OE-02 8.00E+Oo 6.OOE+OO 

100 % NIA NIA NIA 

~ ~~~ ~~ ~ ~~ 

I[ -E: Length of Arc Crossed By 90% of the Material 11 

2 O O . h  

90% arc I 

5 %  5.24E+04 

50 % 2.09E+05 
I 

8 O . h  

95% 

100% 

I 
0% NIA 

3.14E+05 

NIA 

5 %  1.40E+04 

50 % 2.09E+04 

I 95% I 8.37E+04 ll 
I 100% I NIA II 

I II 0% NIA 

I 

0% NIA 

1000.km 

100% 
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B. Short Biographies of Dispersion and Deposition Experts 

Dispersion Experts 

Pietro Cagnetti, Italy 

Dr. Cagnetti earned a Ph.D. in Physics (1961) and a Ph.D. 
in Applied Nuclear Physic& (1963) from Rome University, 
Italy. Since 1967, he has worked in the field of atmospheric 
diffusion, with the aim of studying mathematical models of 
diffusion-deposition to evaluate the dose to a population 
after a release of airborne radioactive material. He is the 
Italian expert in the field of atmospheric diffusion for the 
Commission of European Experts (CEE) and charged with 
the application of Article 37 of the EURATOM Treaty. 
Since 1970, Dr. Cagnetti has been involved in modeling 
and experiments in the fluid diffusion field (liquid wastes 
and related environmental issues). He has also been 
involved in atmospheric tracer experiments, and was in 
charge (under the EURATOM Treaty) of elaborating 
models of diffusion-deposition on regional and continental 
scales to establish the worst consequences of an accidental 
airborne release of radioactive material. In 1982, he 
produced the RAMIC code (Reference Accident Maximum 
Integrated Concentrations). He carried out several 
experimental studies for the International Atomic Energy 
Agency (IAEA, Vienna) and the CEE (such as the 1980 
Risoe meeting on radioactive releases and their deposition 
from the atmosphere). Dr. Cagnetti has been a member of 
several CEE Working Groups: the Reference Accident 
Group, the Meteo Group, and the Reactor Safety Research 
Program. Since 1990 he has been responsible for 
coordinating the environmental impact evaluations of the 
Italian Nuclear Energy Committee. 

Franklin A. Gifford, U.S.A. 

Dr. Gifford is a graduate of New York University, New 
York, NY (B.S. 1947), and Pennsylvania State University, 
University Park, PA (M.S. 1954, Ph.D. 1955, Meteorology). 
He was chief meteorologist at Northwest Airlines until 
joining the National Oceanic and Atmospheric 
Administration (NOAA, 1950) as research meteorologist for 
the US. Weather Bureau in its Washington, D.C. office. 
Dr. Gifford is former director of the NOAA Atmospheric 
Turbulence and Diffusion Laboratory in Oak Ridge, TN 
(1955-80). Currently, Dr. Gifford serves as meteorological 
consultant on atmospheric diffusion and environmental 
pollution to various clients, including Los Alamos National 
Laboratory, NOAA, the U.S. Environmental Protection 

Agency (EPA), National Academy of Engineering (NAE), 
National Council on Radiation Protection, International 
Atomic Energy Agency (IAEA), and Sandia National 
Laboratories. Dr. Gifford received the American 
Meteorological Society Award for Outstanding Contribution 
to the Advance of Applied Meteorology, the U.S. 
Department of Commerce Gold Medal, and other awards; 
he is the author of over 140 technical publications. 

Paul Gudiksen, U.S.A. 

Paul Gudiksen is presently Group Leader, Atmospheric and 
Geophysical Sciences Division, Lawrence Livermore 
National Laboratory, Livermore, CA. Mr. Gudiksen 
supervised the development of the AR4C (atmospheric 
release advisory capability) emergency response service 
(U.S. Department of Energy-DOE-system for real-time 
prediction of trajectories of accidental releases and for 
directing evacuation that is currently in place at all DOE 
facilities). 

Steve Hanna, U.S.A. 

Dr. Hanna received his Ph.D. in Meteorology from 
Pennsylvania State University, University Park, PA. He 
worked for NOAA’s Atmospheric Turbulence and Diffusion 
Laboratory in Oak Ridge, TN for 14 years. He was a 
research meteorologist for Environmental Research & 
Technology in Concord, MA, for four years, and since 1985 
has been chief scientist for Sigma Research Corporation, 
also of Concord, MA. He is the Chief Editor of the 
Journal of Applied Meteorology, a position he has held 
since 1988. Dr. Hanna has served as former chairman, 
Atmospheric Turbulence and Diffusion Committee of the 
American Meteorological Society. He pioneered the use of 
Monte Carlo models to simulate diffusion. Dr. Hanna has 
over 80 peer-reviewed publications. 

J. G. Kretzschmar, Belgium 

Dr. Kretzschmar was graduated in 1965 as an electronic 
engineer at the Catholic University, Leuven, Belgium, 
where he went on to receive his certificate (M.S. 1966). and 
a Ph.D. in Nuclear Physics in 1969. Dr. Kretzschmar was 
given honorary research associate status at University 
College, London and then the Esro-NASA post-doctoral 
research fellowship at the University of California, 
Berkeley. In 1972, Dr. Kretzschmar joined the Belgian 
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Nuclear Energy Research Center to begin research on air 
pollution monitoring, evaluation and modeling (of both 
nuclear and non-nuclear pollutants). By 1985, Dr. 
Kretzschmar had shifted his research to artificial 

I intelligence and management information systems. Since 
1992, he has chaired the Division of Energy Department of 
the Flemish Institute for Technological Research (WTO) in 
Mol. Dr. Kretzschmar is the author of more than 150 peer- 
reviewed publications, as well as a member of the Royal 
Society of Flemish Engineers, Institute of Electrical and 
Electronics Engineers (IEEE), the European Association for 
the Science of Air Pollution (EURASAP), and the 
International Microwave Power Institute (IMPI). Dr. 
Kretzschmar has served as a consultant on air pollution 
issues to the World Health Organization (WHO), United 
Nations Environmental Program (UNEP), and other 
international organizations. 

Klaus Nester, Germany 

Dr. Nester has a degree in Meteorology from the Technical 
University of Darnstadt, Germany (1966). After 
employment at the Swiss Meteorological Service, he 
worked (1 970- 1983) in the Environmental Meteorology 
group of the Safety Department of the Karlsruhe Nuclear 
Research Centre (KfK), on dispersion experiments carried 
out at KfK. More than 70 experiments with different tracers 
have been performed by Dr. Nester, from which came the 
dispersion parameters that are currently being used in the 
German Regulatory Guides on atmospheric dispersion. 
Apart from experiments, Dr. Nester has done dispersion 
modeling (three dimensional cooling tower plume models). 
Since 1984, he has been head of the Institute of 
Meteorology and Climatic Research at KfK, which has 
since developed the DRAIS model (three dimensional 
Eulerian grid model for atmospheric dispersion over 
complex terrain) and TRAVELING model (Lagrangian 
particle dispersion model). Dr. Nester was also involved in 
the performance of the mesoscale dispersion experiment 
with tracers in the TULLA experiment. 

Shankar Rao, U.S.A. 

Dr. Rao earned his Ph.D. in geophysical fluid mechanics 
from the University of Notre Dame, Notre Dame, IN 
(1972), and did post-doctoral work in meteorology at the 
Air Force Cambridge Research Laboratories (1972-74). Dr. 
Rao was employed as Senior Scientist at Environmental 
Research and Technology, Inc. of Concord, MA from 1974 
to 1976. Since 1976, Dr. Rao has been Senior Physical 
Scientist at the Atmospheric Turbulence and Diffusion 
Division of the NOAA, Oak Ridge, TN. Dr. Rao has been 

a consultant for the past 22 years on atmospheric boundary 
layer and turbulence studies, as well as on air pollution 
modeling. Dr. Rao participated in the DOE U.S. 
Atmospheric Studies in Complex Terrain program (1979) 
and developed advanced boundary layer models and several 
dispersion models which were tested with data from field 
studies. Dr. Rao has also worked on modeling urban air 
quality standards for the U.S. EPA, and atmospheric 
dispersion of UF, releases for the U.S. Nuclear Regulatory 
Agency (NRC). Dr. Rao’s current work includes air toxic 
sampling and data analyses, air pollution model evaluation 
and uncertainty studies, stochastic dispersion modeling, and 
parametrization of surface processes for atmospheric 
models. 

Han van Dop, Netherlands 

Dr. van Dop received his Ph.D. at the University of Leiden, 
where he wrote his dissertation on high-energy molecular 
collisions. From 1974 to 1989, Dr. van Dop was a 
researcher with the Department of Meteorology of the 
Netherlands, where he did research primarily on 
atmospheric turbulence, boundary-layer meteorology, and 
air pollution diffusion. Dr. van Dop has worked with the 
University of Cambridge (1983-84) and the World 
Meteorological Organization ( 1989-9 I ). Since 199 1, Dr. van 
Dop has been associate professor and researcher with the 
Institute for Marine and Atmospheric Sciences of the 
University of Utrecht, conducting research on global 
modeling of transport and chemistry of atmospheric 
constituents and atmospheric remote sensing. Among his 
professional affiliations, Dr. van Dop serves as associate 
editor of Atmospheric Environment and is active as a 
consultant and peer reviewer. 

Deposition Experts 

John Brockmann, U.S.A. 

John Brockmann is Sandia National Laboratories’ premier 
aerosol scientist, specializing in aerosol source terms arising 
from severe nuclear reactor accidents. He is chairman of the 
Nuclear and Radioactive Aerosols Working Group of the 
American Association for Aerosol Research. He has 
authored over 65 peer-reviewed publications. 

Sheldon Friedlander, U.S.A. 

Sheldon Friedlander is Director, Engineering Research 
Center, Hazardous Substance Control, University of 
California at Los Angeles (UCLA), and former Chair, 
Chemical Engineering Department, UCLA. He has received 
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the Fuchs Memorial Award (International Award for 
Aerosol Research), the Walker Award from the Amtrican 
Institute of Chemical Engineers (AIChE) for contributions 
to chemical engineering literature, and many others. He has 
served on more than 15 national advisory committees, and 
was chairman of several, including the Subcommittee on 
Photochemical Oxidants and Ozone (NAS[National 
Academy of Sciences]/NRC) and the Panel on Particulate 
Emissions, Committee on Air Quality Management 
(NRUNAE). He is the author of Smoke, Dust, and Haze: 
Fundamentals of Aerosol Behavior, and of over 150 peer- 
reviewed publications. 

John Garland, U. K. 
John Garland was graduated in Physics at Bristol University 
in 1960 and joined the United Kingdom Atomic Energy 
Authority (AEA) in the same year. His research career has 
included aspects of health physics and occupational 
hygiene, but since the mid-1960s his work has focused on 
the environmental behavior of radionuclides and pollutants 
discharged into the atmosphere. The process of deposition 
from the atmosphere to the surface of the earth differs for 
each pollutant-surface combination, and Mr. Garland helped 
develop an understanding of the deposition of gaseous and 
particulate pollutants, including 1-131, tritium, Cs-137, 
sulphur dioxide, ozone, and sulphate particles, to various 
land and aquatic surfaces. He has also quantified the 
process of resuspension of material deposited on the 
ground. An additional interest of his has been the influence 
of pollution on visibility. He is currently Chief Technical 
Consultant in the National Environmental Technology 
Centre, AEA Technology, with responsibility for the 
Environmental Radioactivity Programme, and participates 
in projects involving sampling, measurement, modeling, and 
assessment of non-radioactive pollutants in the environment. 

Jozef M. Pacyna, Norway 
Dr. Pacyna received his M.S. in Chemical Engineering, and 
did his doctoral work on migration of radionuclides through 
the environment. Dr. Pacyna has also researched fluxes and 
transport of air pollutants, and the chemical and physical 
transformation of particles within air masses and in removal 
processes. He is working on UV-B impact on human 
health. Dr. Pacyna is a senior scientist at the Norwegian 
Institute for Air Research (NILU) in Lillestroem, Norway 
and an adjunct professor at the School of Public Health, the 
University of Michigan, Ann Arbor, MI. 

Jorn Roed, Denmark 
Dr. Jorn Roed is the head of the Contamination Physics 
Group at Riso National Laboratory in Denmark. One of the 
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tasks of this group for the past few years has been the 
identification of important parameters concerning deposition 
of radioactive matter under different conditions. During the 
last five years, Dr. Roed has participated in the following 
projects, which have been funded in part or fully by the 
European Economic Community (EEC) or NKA (Northern 
Liaison Committee): Recl (NKA), AKTU ( N U ) ,  RAD 
(NKA), Collaboration between Nordic and SNG Countries 
(NKA), MARIA (EEC), Contamination (EEC), 
Decontamination (EEC), Ressac (EEC), Deposition and 
Run-Off (EEC), Reduction in Inhalation Dose (EEC), 
Indoor Deposition (EEC) and CHECIR (EEC). 

Richard Scorer, U. K. 

Dr. Scorer lectured in meteorology at Imperial College, 
London, and became Professor of Theoretical Mechanics in 
1962 at this institution, where he served with distinction 
until retirement. He was awarded title of Senior Research 
Fellow in Environmental Technology and became one of 
the founders of the International Journal on Air Pollution, 
which later changed its name to The International Journal 
of Atmospheric Environment. Dr. Scorer has done research 
and published on the topics of atmospheric waves, 
convection, and physical and mechanical mechanisms in 
clouds. Dr. Scorer is past president of the Royal 
Meteorological Society. His present research deals with the 
use of satellite pictures to study the physics and mechanics 
of clouds, as well as pollutant effects on the environment. 

George Sehmel, U.S.A. 
George Sehmel, presently of Pacific Northwest 
Laboratories, has 30 years of experience in the field of 
aerosol deposition related to smoke/obscurant theory, testing 
in the field and in wind tunnels, pollutant plume depletion 
by dry deposition removal, and wind resuspension of 
surface contaminants into the air. He is the author of over 
290 peer-reviewed publications. 

Sean Twomey, U.S.A. 

Presently a consultant, Mr. Twomey is a retired professor 
of Atmospheric Sciences, University of Arizona, Tucson, 
AZ. He has received a citation from the U.S. Secretary of 
Commerce for his contribution to the satellite remote 
sensing program for the U. S. Weather Service, and the 
Rossby Medal of the American Meteorological Society. He 
is the author of Amspher ic  Aerosols, and over 100 peer- 
reviewed publications. 
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