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ABSTRACT 

The literature on fumigation at inland and coastal sites has been 
reviewed, and the NRC Regulatory Positions on the treatment of fumigation in 
assessment of potential accident consequences at nuclear power plant sites 
have been examined in the light of the results of the literature review. This 
report discusses: the mechanisms that can lead to inland and coastal 
fumigation, their frequencies of occurrence, and the potential duration of 
each type of fumigation. It also contains suggestions for minor changes in 
the Regulatory Positions contained in Regulatory Guide 1.145 • 
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INTRODUCTION 

Fumigation occurs when a plume, initially embedded in an elevated 
relatively non-turbulent layer of the atmosphere, encounters a turbulent 
mixing layer. The term fumigation was originally introduced by Hewson and 
Gill (1944) in reference to air pollution near Trail, British Columbia. The 
fumigation process is of interest to the u.s. Nuclear Regulatory Commission 
(NRC) because it can lead to ground-level concentrations, when and where the 
plume comes to the ground, that are higher than the concentrations before or 
after the fumigation episode. 

Fumigation is discussed in texts on atmospheric diffusion (e.g . Slade 
1968, Csanady 1973, Pasquill 1974, and Hanna, Briggs and Hosker 1982) . In 
general, these discussions describe the fumigation phenomenon qualitatively 
and provide basic equations for use in estimating concentrations during 
fumigation episodes. 

The U. S. Nuclear Regulatory Commission provides guidance on the 
treatment of fumigation to licensees and applicants through Regulatory Guide 
1.145 (USNRC 1983). In this guide, the NRC outlines a simple deterministic 
procedure that follows from the standard textbook approach. The procedure is 
thought to be highly conservative (i.e., overestimates concentrations) when 
applied to estimation of long-term concentrations. The conservatism results 
from two factors: the failure to consider the frequency and duration of the 
conditions responsible for fumigation, and the failure to consider the 
correlation between fumigation conditions and the wind directions. 

The objectives of this report are to present a compilation and synthesis 
of the recent developments related to fumigation modeling and to suggest 
possible revisions to the NRC guidance on the treatment of fumigation . 
Specifically, it discusses the mechanisms that are responsible for fumigation 
at inland and coastal sites, it discusses the frequency and duratio~ of 
fumigation for the two types of sites, and it describes schemes for 
forecasting and identifying potential fumigation conditions using 
meteorological data that are likely to be available at nuclear facilities or 
readily obtainable from public information sources such as the National 
Weather Service. Finally, potential alternatives to the current NRC guidance 
are offered. 
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BACKGROUND 

Fumigation is an atmospheric transition process. The onset of a fumiga­
tion episode occurs 11hen a pllllle in a stable layer aloft comes into contact 
with a relatively unstable turbulent lower layer. The contact may be the 
result of an increase in thickness of the lower layer with time such as accom­
panies the warming of the ground during the day, or it may be the result of an 
increase in thickness of the lower layer in space along the path of the plume 
as occurs near coasts. At the point or time of the encounter between the plume 
and the lower layer, material in the pllllle begins to mix downward to the 
ground. If the time required for the mixing to occur is small compared with , 
the time required for the effluent to travel from the source to the receptor, 
the concentrations at the receptor during the transition may be higher than the 
steady state concentrations either before or after the transition. 

When fumigation results from a temporal increase in the thickness of the 
turbulent boundary layer, the duration of the episode depends upon the distance 
from the source. Near the source, the episode will be short-lived because the 
time required for material to travel the distance between the source and recep­
tor is short. Material initially released into the unstable layer is not sub­
ject to fumigation, although it may be trapped below the elevated stable layer, 
which would limit the extent of vertical mixing in the plume. The greater the 
distance between the source and the receptor, the longer it will take for the 
last of the material initially released into the stable layer to reach the 
receptor. 

When fumigation results from a spatial change in the height of the bound­
ary between the layers, the duration of the fumigation episode has two defini­
tions. The first definition is related to duration of an episode at a specific 
location on the ground, and the other is related to the duration of the condi­
tions tht result in fumigation potential. The distinction between the cases is 
that in the first case, not only are the precursor conditions for fumigation 
required, but the wind direction must also remain essentially constant. Hence, 
the duration of fumigation at a specific location will likely be of shorter 
duration than the existence of the fumigation conditions. In no case can the 
duration of fumigation at a point exceed the duration of the precursor 
conditions. 

Qualitatively, the effluent concentration at a ground-level receptor might 
appear to follow the solid line in Figure 1 as a function of time during a 
fumigation episode. Material is initially released into an elevated stable 
layer. At time to the top of the boundary layer reaches the bottom of the 
plume and the material begins a rapid mixing process. This marks the onset of 
the fumigation episode. A short time later, at time t 1, the concentration at · 
ground-level reaches a maximum. The period between t 0 and t 1 is the time that 
it takes the material in the plume to become uniformly mixed within the lower 
unstable layer. After reaching a maximum, the concentration decreases until, 
at time t 2, it approaches a value that is representative of the turbulence in 
the unstable surface layer. The decrease in the concentration between t 1 and 
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t 2 is associated with increasing horizontal diffusion and a continued increase 
in the height of the boundary between the layers. The duration of the 
fumigation episode is t 2 - t 0 • 

The fumigation process, as depicted by the solid line in Figure 1, is 
difficult to represent in the Gaussian plume models that are generally used to 
evaluate the potential consequences of releases from nuclear power plants. A 
common alternative has been to treat the process as a sequence of three 
separate steady state conditions. Prior to the onset of fumigation the 
ground-level concentration is assumed to be zero or to be described by the 
normal elevated plume diffusion equation. During the fumigation episode, the 
concentration is assumed to be constant at a maximum level, which is primarily 
associated with the release conditions. After a suitable time, diffusion is 
again assumed to be in a steady state condition that is a function of the 
existing atmospheric conditions. This approximation is shown in Figure 1 by 
the dashed line. 

I 
z I 0 
i= I MODEL <t: 
a: v ._. 
z 
w 
u I z 
0 I u 
w 
> I t= 
:5 
w 
a: ---
....J 
w 
> w 
....J 

0 

Q 
z 
:::> 
0 
a: 
(.!) 

to 
TIME 

FIGURE 1. Comparison of Ground-Level Relative Concentrations 
in Actual and M:>del Fumigation Episodes. 
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Moving toward a more quantitative definition of the concentration during 
fumigation, the Gaussian model for the ground-level air concentration in a 
plume from an elevated point source where both the earth•s surface and the top 
of the atmospheric mixing layer are assumed to reflect material can be used 
for illustration. That model is: 

X (x,o,o) 
q• 

1 =-----
rrUcry(x)crz(x} 

00 

n=-oo 
1

1 [2nH(x) - he (x)] 
2
) exp - -

2 crz(x) 
(1) 

where x (x,O,O) is the concentration at ground-level under the center of the 
plume at a distance x from the source, q• is the rate at which material is 
released, U is the wind speed at release height, o (x) and oz(x) are the 
horizontal and vertical diffusion coefficients, re~pectively, H(x) is the 
height of the top of the mixing layer, and he(x) is the effective release 
height of the plume (Csanady 1973). The release rate and wind speed can be 
assumed to be functions only of time without significant impact on the result, 
but in general the remaining variables must be considered to be functions of 
both time and space. 

The three regions in the normal treatment of fumigation shown by the 
dashed line in Figure 1 correspond to different relationships between H(x) and 
he(x). Prior to the onset of fumigation, he(x) > H(x). If H(x) is assumed to 
be zero during this period, the summation in (1) reduces to a single term. 
During the fumigation episode, H(x) is assumed to be equal to he(x). If the 
vertical concentration profile during the fumigat i on episode is also assumed to 
be uniform, then the summation in (1) must give 

2 
crz(x) = (2rr)1/2 H(x) 

where 2/(2 n) 112 = 0.8. Then (1) becomes 

X {x,o,o) 

o· 
= 1 

(2) 

(3) 

It follows from (2) that the oz(x) is limited to 0.8 H(x) when there is an 
elevated stable layer that lim1ts vertical diffus ion. The horizontal diffusion 
coefficient used during the fumigation episode should be the coefficient that 
corresponds to diffusion in the stable upper layer to ensure that the ground­
level concentration during the fumigation episode is conservative. 

Finally, after the fumigation episode, H(x) is greater than or equal to 
he(x) and either (1) or (3) may be used to estimate the normalized ground-level 
concentration, depending on the relative magnitudes of oz(x) and H(x). If 
o (x) is less than 0.8 H(x) , (1) may be used, otherwise (3) is appropriate. 
After the fumigation episode, the o (x) used should correspond to diffusion in 
the turbulent surface layer becauseythe effluent was initially released in the 
unstable lower layer of the atmosphere. 
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A figure similar to Figure 1 could be drawn for fumigation resulting from 
the intersection of an elevated plume with an inclined boundary between the 
turbulent mixing layer and an upper stable layer by making the abscissa a 
function of distance rather than time. In this case, the decrease in ground­
level concentration following the maximum could be attributed to changing · 
azimuth of the plume as well as to increasing thickness of the turbulent 
boundary layer. 

A general scheme for determining the appropriate diffusion model at a 
given time on the basis of past and current meteorological conditions is shown 
in Figure 2. A fumigation potential flag is used to keep track of the 
meteorological conditions from one observation period to the next. If the flag 
is on, the precursor conditions to fumigation have been met, and the plume will 
either remain aloft or fumigation will begin during the current time period. 
If the fumigation potential flag is off, diffusion during the current time 
interval will be normal with the effluent being either in the mixing layer or 
above it. Determination of which of the two alternative conditions exists is 
based on the surface-level atmospheric stability and the estimated turbulence 
conditions at plume height. 

Diffusion estimates for nuclear power plants made with current Nuclear 
Regulatory Commission models, i.e., XOQDOQ (Sagendorf, Goll and Sandusky 1982), 
and PAVAN (Bander 1982) make use of winds that are specified as functions of 
time and effective release height and diffusion coefficients that are functions 
of both time and distance. Thus, the only additional information required to 
use the scheme to estimate fumigation conditions at inland locations is a 
method for estimating the turbulence conditions at plume height or, 
equivalently, the thickness of the surface mixing layer. Use of the scheme to 
estimate fumigation conditions at coastal sites will require more detailed 
estimates of the spatial variation of the diffusion coefficients and the 
estimation of the temporal and spatial variation of the mixing layer thickness. 

The next section considers fumigation at inland sites, or more 
specifically, sites characterized by relatively simple terrain where spatial 
variations in the characteristics of the atmosphere can be ignored in relation 
to the temporal variations. It is followed by a section that considers 
fumigation at coastal sites where both spatial and temporal variations of the 
atmosphere are important factors. It is assumed that the dominant topographic 
feature is the change in surface conditions that is associated with the 
coastline. The last section of the report contains alternative methods for 
treating fumigation that might be included in Regulatory Guide 1.145 (USNRC 
1983}. 
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FIGURE 2. A General Scheme For Determining Fumigation Potential and Choosing 
Choosing the Normal and Fumigation Diffusion M::>dels at Inland Sites. 
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FUMIGATION AT INLAND SITES 

Evaluation of the fumigation potential for a specific site and forecasting 
the likelihood of fumigation under a specific sequence of meteorological 
conditions requires the identification of the precursor conditions and a method 
for determining the potential onset of an episode. At an inland site in 
relatively simple terrain, the atmosphere can be assumed to be horizontally 
homogeneous over spatial scales of a few kilometers. That is, the atmospheric 
conditions .at a fixed height above the ground are assumed to be independent of 
the horizontal position. Thus, estimates of winds, stability, turbulence and 
the thickness of the turbulent mixing layer for one position are appropriate 
for use at other nearby positions. With this assumption,the precursor 
condition for fumigation near power plants at inland sites is that the 
effective release height for power plant effluents is above the top of the 
turbulent layer. Similarly, the only way that a fumigation episode can begin 
is for the height of the top of the turbulent mixing layer to increase to the 
effective release height. 

FUMIGATION MECHANISMS 

Within the basic assumption of horizontal homogeneity, three mechanisms 
can lead to an increase in the thickness of the turbulent layer. The first is 
surface heating. As the surface air is warmed, it becomes less stable and 
buoyancy forces that tend to damp turbulence are reduced. As a result, 
friction-induced turbulence is propagated farther in the vertical. The second 
mechanism is an increase in surface level winds. As the surface winds 
increase, the kinetic energy in the turbulence will increase, resulting in a 
gradual increase in the thickness of the turbulent layer. The third mechanism 
is an increase in upper level wind speeds during stable atmospheric 
conditions. In this case, if the wind speed gradient becomes sufficient, the 
flow may become unstable resulting in shear-induced turbulence despite the 
stability of the atmosphere. 

Throughout this discussion atmospheric stability refers to hydrostatic 
stability as determined by the potential temperature lapse rate. Increasing 
potential temperature with height corresponds to a hydrostatically stable 
situation in which buoyancy forces tend to damp vertical motions and 
turbulence. Various stability classification schemes have been developed for 
use in estimating atmospheric diffusion. Their use is primarily a matter of 
convenience. 

The Richardson Number and the Monin-Obukhov length are more fundamental 
indicators of the atmosphere's ability to diffuse matter than the hydrostatic 
stability, because they are directly related to the turbulence that is 
responsible for diffusion. The Richardson Number (Ri) is the ratio between 
the buoyancy forces that tend to suppress turbulence and the wind shear that 
tends to generate it. The Mbnin-Obukhov length (L) is a length scale related 
to the thickness of the turbulent surface layer that is based on the surface 
shear stress and heat flux. The ratio between the height above the ground and 
the Monin-Obukhov length (z/L) is an indicator of the ability of the atmosphere 
to sustain turbulence. Ri and z/L, which are discussed in diffusion and 
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boundary layer meteorology texts (e.g . Haugen 1973, Hanna, Briggs and Hosker 
1982}, are both positive when the atmospheric hydrostatic stability tends to 
suppress turbulence and negative when it enhances turbulence. Further, math­
ematical relationships have been developed between the Ri and z/L. 

Either of these two dimensionless ~umbers could be used in the evaluation 
of fumigation potential and onset, however, Ri is easier to compute from 
readily available data. There are several forms of the Richardson Number. The 
gradient Richardson Number is defined as 

Ri = ~ ae;az 
T ('dU/az) 2 ( 4) 

where g is the gravitational constant, T is the ambient air temperature in °K, 
ae;ez is the potential temperature gradient and au;az is the wind shear. 

As the hydrostatic forces in the atmosphere that suppress turbulence 
become larger, the Richardson Number becomes more positive. Ultimately, a 
limiting value is reached where the hydrostatic forces effectively bring the 
turbulence to a halt. This limiting Ri appears to be somewhat larger than 0.20 
(Businger 1973}. The existence of a limit is important because it makes it 
possible to use the Richardson Number to indicate the low turbulence levels 
associated with elevated stable layers and potential fumigation conditions. 
The Richardson Number is implicitly a function of height. The height depen­
dence of z/L is explicit. 

Each of the mechanisms associated with the onset of fumigation episodes 
can be related to changes in the Richardson Number. Heating the lower portion 
of the atmosphere reduces the potential temperature gradient, thereby reducing 
the Richardson Number. This process starts at the surface and works its way 
toward the top of the mixing layer. Ultimately, the increase in the lower­
level temperatures causes the Richardson Number at the top of the mixing layer 
to fall below the critical value and the mixing layer thickness increases. 
Similarly, an increase in wind speed within the mixing layer will cause the 
potential temperature gradient to approach zero, which will reduce the forces 
that suppress turbulence. 

If the potential temperature gradient is large and turbulence is minimal, 
the upper-level winds can become decoupled from the lower winds and the retard­
ing effects of surface friction. When decoupling occurs, the upper winds are 
free to accelerate to the geostrophic or gradient speed. At the same time, the 
lower-level winds lose a source of energy that has been helping to sustain 
them. The net result of decoupling is an increase in wind shear across the 
boundary between the layers. This increase may be large enough to drive the 
Richardson Number below the critical value, thus increasing the level of turbu­
lence. The turbulence eventually reduces the wind shear, which results in an 
increase in Ri and reduced turbulence . 
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FORECASTING FUMIGATION 

The turbulence conditions between the effective plume release height and 
the ground-level determine if the atmospheric conditions at any specific time 
could lead to a fumigation episode. If the effective release height is suffi­
ciently low, the wind measurements made at the upper levels of a tower can be 
used to evaluate turbulence at plume height. Similarly, a remote sensing 
device, such as a Doppler acoustic sounder can be used to evaluate both the 
turbulence at plume height and the thickness of the mixing layer. Finally, the 
low-level meteorological measurements coupled with several mathematical rela­
tionships that have been derived from atmospheric boundary layer experiments 
can be used to make the evaluation. This last case is the one of primary 
interest because it is most generally applicable and the needed meteorological 
measurements are already being made at nuclear power plant sites. 

The nighttime behavior of the atmosphere near the earth•s surface has been 
studied in detail at a number of locations including Wangara in Australia 
(Clarke et al. 1971, Melgarejo and Deardorff 1974, Yu 1978, Mahrt, Andre and 
Heald 1982) and Minnesota (Readings et al. 1974, and Kaimal et al. 1976}, 
Kansas (Kaimal 1973, Caughey, Wyngaard and Kaimal 1979) and Nebraska (Lettau 
and Davidson 1957, and Caughey, Wyngaard and Kaimal 1979) in the United 
States. These studies have shown that the cooling of the earth 1 s surface 
establishes a stable boundary layer that may extend to heights approaching 400 
meters, and that only the lower portion of the nocturnal boundary layer remains 
turbulent. The thickness of the turbulent layer varied from 5 to 120 meters, 
and is a function of the surface roughness and low-level wind speed. 

Benkley and Schulman (1979} have proposed a very simple method of esti­
mating the thickness of the nocturnal turbulence layer on the basis of the 
Nebraska data. That relationship is: 

(5) 

where U* is the surface friction velocity, and f is the Cori~lis Pjrameter, 
which is a function of latitude and has a value of about 10- sec- for the 
latitude band covered by the United States. This relationship agrees function­
ally with other models including those suggested by Yu (1978) and Wetzel 
(1982). 

If the wind speed variation in the bottom 10 meters of the atmsophere can 
be adequately represented by the logarithmic wind profile under all atmospheric 
conditions, then substituting the logarithmic profile into (5) gives 

H = 0.185 k U(10) 
f tn(10/z

0
) 

(6) 

where k is the Von Karman constant which has a value of about 0.4, U(10) is the 
wind speed at 10 meters in meters per second and z0 is the surface roughness 
length in meters. The surface roughness length is related to the roughness of 
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the ground near the wind measurement location and can be determined from wind 
measurements on cloudy days during high wind speeds . It may be a function of 
wind direction, but in other respects it should be constant . Values of z0 for 
typical nuclear power plant sites should range between 0.01 and 1 meters . 
Counihan (1975) presents an extended discussion that can be used to estimate z

0 directly from site characteristics . His concl~sions are summarized in the 
following table: 

Terrain Tt~e Exam~ 1 es Roughness Length (z0 m} 

Smooth Sea, Ice, Mud 10-~ to 2x1o-3 
1-bd . Rough Grass, Crops 10- to 0 .2 
Rough Ru ra 1, Suburbs 0.2 to 1.5 
Very Rough Urban 1.5 to 4 .0 

Of the factors in (6) only z0 and the wind speed are variables, therefore (6) 
can be rewritten as 

H = c (e) u (lo) (7) 

where C(0) is a function only of wind direction, and contains the effects of 
the variation of upwind surface on z • Thus, using the Benkley and Schulman 
model, the thickness of the nocturna? turbulent mixing layer at a site can be 
estimated from wind speed and direction observations . Figure 3 shows the 
variation of C(0) with z0 for a 10 meter wind measurenent height using the 
constant 0.185 given by ~enkley and Schulman. 

Benkley and Schulman indicate that the mixing layer thicknesses comput ed 
from (7) may be somewhat too large. Therefore, it may be appropriate to reduce 
the thickness estimated from (7) as a conservative measure to increase the 
frequency of fumigation conditions. Benkley and Schulman suggest that a 
reduction of the estimated thickness by about one third gives thicknesses that 
agree with observed values on the average . 

A climatological frequency of mixing layer thicknesses during stable 
atmospheric conditions provides part of the information needed to estimate the 
frequency of fumigation precursor conditions at a site. The remaining 
information is the effective release height for the pl ume under each 
combination of wind speed and stability . The frequency of occurrence of 
fumigation precursor conditions is the sum of the frequencies of those classes 
of combinations of wi nd speed, direction and stability for wh i ch the effective 
release height exceeds the turbulent mixing layer height . The average number 
of fumigation episodes annually can be estimated by converting the frequency of 
occurrence of fumigation precursor conditions to hours and dividing the result 
by the average duration that precursor conditions exist prior to fumigation . 

Hanna {1969) and Mahrt (1981) have suggested models for the turbulent 
mixing layer thickness based on a bulk Richardson Number that uses the 
temperature difference across the boundary layer and the wind speed at the top 
of the boundary layer. This information is not likely to be availabl e at 
nuclear power plants. However, if meteorological data are available from two 
levels on a tower that are both within the nocturnal boundary layer, it may be 
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possible to estimate the boundary layer thickness from the gradient Richardson 
Number using estimates of the potential temperature and wind speed gradients at 
the height of the plume. 

Wetzel (1982) shows that the potential temperature gradient within the 
nocturnal boundary layer remains approximately constant with height. There­
fore, at least as a first approximation, a potential temperature gradient can 
be estimated from the difference in temperatures between two levels on a tower 
if the levels are both within the mixing layer. Similarly, wind data from the 
two levels can be used to estimate a wind speed gradient. 

The variation of wind speed with height in the atmosphere's surface layer 
is frequently modeled using a power law relationship: 

U{z) = U{z )(---z )a 
r zr 

(8) 

where the subscript r indicates a reference height and the exponent a is a 
function of atmospheric stability and surface roughness. The general relation­
ship between a and surface roughness in neutral stability is discussed by 
Counihan (1975); and the relationship between and stability is discussed by 
Touma (1977). When wind measurements are available for two levels in the same 
layer of the atmosphere, they can be used to determine a directly, thereby 
incorporating the effects of both surface roughness and stability. 

Once a is known, the wind shear at plume height can be estimated from 

(9) 

Equation (9) is just the derivative of (8) with respect to height evaluated at 
the effective release height. 

The gradient Richardson Number may now be computed for the plume height. 
If it is greater than the critical value, the precursor conditions for fumiga­
tion exist. Once the precursor conditions exist, the onset of a fumigation 
episode is indicated by the Richardson Number dropping below the critical 
value. 

The gradient Richardson Number approach to estimating fumigation potential 
uses more meteorological data than the approach using estimates of the thick­
ness of the turbulent mixing layer. As a result, its use should be considered 
when sufficient data are available. 

In the event of an accidental release at a nuclear power plant, it is more 
important to know if fumigation precursor conditions existed at the time of 
release than it is to know the frequency of occurrence of fumigation. In this 
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event, the aspects of fumigation that are important include: the time of its 
onset, the position of the fumigation, its duration and the ground-level 
concentrations. Only the first three items are of concern here. 

Clear skies and low wind speeds, which favor fumigation, are associated 
with high pressure systems. Under these conditions, the nocturnal temperature 
inversion becomes strongest, which facilitates the development of the 
fumigation precursor conditions. Surface heating during the morning hours is 
accompanied by rapid growth of the turbulent mixing layer and fumigation. 
Routine forecasts of the National Weather Service can provide useful 
information related to fumigation potential. Predicting the time of fumigation 
in advance requires an estimate of the rate at which the boundary layer will 
grow following sunrise. 

Methods for predicting the thickness of the growth of the daytime boundary 
layer have been developed. For example, Benkley and Schulman (1979) describe a 
graphical procedure for estimating the thickness of the daytime mixing layer 
that uses temperatures at the surface and at the 700mb pressure level. 

Figure 2 outlines a simple yet realistic procedure that provides continous 
information on fumigation conditions for use in the event of an emergency. It 
can also be used with climatological records to determine the frequency of 
fumigation. The procedure is initiated by assuming that fumigation precursor 
conditions exist or don't exist. The assumption may be based on existing 
meteorological conditions, but it is not particularly critical because it only 
affects the procedure during the first time interval. The assumption is 
entered in the procedure by setting the status of the fumigation potential flag 
shown at the top of Figure 2. If the flag is set to on, the precursor condi­
tions for fumigation are assumed to exist. While if it is set to off, they are 
assumed not to exist. 

As meteorological data become available, the surface layer hydrostatic 
stability and an effective plume release height are estimated using the guide­
lines in Regulatory Guides 1.23 and 1.111. Then an indicator of turbulence at 
the effective release height is computed. The indicator may be either the 
Richardson Number or an estimate of the mixing layer thickness. This indicator 
and the fumigation potential flag are used to determine the current fumigation 
status and select the proper diffusion model for use during the current period. 

Three atmospheric conditions are possible: normal diffusion without fumi­
gation, precursor conditions for fumigation exist, and fumigation is occuring 
or has occurred since the previous meteorological observation. 

When the fumigation potential flag is on and the current meteorological 
data indicate that there isn't a likelihood of turbulence at plume height, 
fumigation probably did not occur during the previous period. If it is likely 
that there is turbulence at the effective release height, it is reasonable to 
assume that fumigation has occurred or is occurring. The diffusion computa­
tions made for the last time period should be redone using a fumigation model 
instead of an elevated plume model, because effluent released in the period 
between the observations is involved in the fumigation. The wind direction at 
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plume height during fumigation precursor conditions determines the receptors 
that are exposed to high concentrations when fumigation occurs. Diffusion 
computations for the period for which the current observation is representative 
should be made using the normal model for diffusion within the turbulent bound­
ary layer, because during this period effluents will not be released into the 
stable upper layer. After the diffusion computat ions are completed, the fumi­
gation potential flag is set to off, and the procedure returns to the point at 
which meteorological data are input. If the fumigation flag is off on the 
basis of the previous hour's meteorological observation, diffusion computations 
can be made using the boundary layer diffusion model, and the flag can be reset 
as appropriate on the basis of the current observations. 

EPISODE DURATION 

The time history of ground-level concentration of an effluent during a 
fumigation episode was shown in Figure 1. The duration of the episode is the 
period between the onset of the rapid downward mixing of the effluent and the 
time when the ground-level concentration decreases to a value that is asso­
ciated with diffusion entirely within the boundary layer. It is a function of 
the wind speed at the plume height and distance. The duration decreases with 
increasing wind speed and increases with increasing distance. The variation of 
duration with distance and wind speed can be neglected if a sufficiently long 
duration is assumed so that the time-integrated concentrations at distant 
receptors are not underestimated. The 30 minute duration assumed in Regulatory 
Guide 1.145 should be conservative for use in routine evaluations. In emer­
gency response situations, the duration of the episode should be estimated for 
important receptors using the observed wind speed and the distance to each 
receptor, i.e., 

tr = xr/U 

where tr and xr are the episode duration for and distance to receptor r, 
respect 1 ve ly. 

( 1 O) 

Assuming that the thickness of the m1x1ng layer increases only up to the 
effective release height of the plume, the changes in ground-level concentra­
tion during the episode are caused only by changes in the diffusion coeffi­
cients. The increase in concentration in the initial portion of the episode is 
caused by an increase in the vertical diffusion coefficient. The decrease in 
concentration after the plume become uniformly mixed in the vertical results 
from increase in the horizontal diffusion coefficient. 

Figure 4 shows the changes in the diffusion coefficients' magnitudes at 
two distances downwind as a function of time for this scenario. Prior to the 
onset of fumigation, the diffusion coefficients are assumed to have values 
associated with stability class F, and following the onset they are assumed to 
increase to values associated with stability class B. The diffusion coeffi­
cient parameterizations used in the example are those used in XOQDOQ (Sagen­
dorf, Goll and Sandusky 1982), PAVAN (Bander 1982), and other NRC diffusion 
models that are attributed to Eimutis and Konicek (1972). An effective release 
height of 100 m and a wind speed of 2 m/s have been assumed. 
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At one kilometer, it takes about 300 seconds for sigma z to increase to 80 
meters (0.8 H). This is indicated in Figure 4 by the point marked t 1(1 km). 
Shortly thereafter at 400 seconds, sigma y reaches its steady-state B stability 
value of 140 meters. When this occurs, the fumigation episode at one kilometer 
has come to an end. The duration of the episode at one kilometer is 400 sec­
onds, or less than seven minutes. 

At ten kilometers, sigma z reaches its final value in about 150 seconds 
(marked t 1(10 km)). The more rapid accomodation of sigma z to the change in 
turbulence conditions at ten kilometers is due to the growth in sigma z between 
1 and 10 km. During the 150 seconds that are required for sigma z to reach its 
equilibrium value, there is little change in sigma y. Ultimately, it takes 
about 4000 seconds for the episode at ten kilometers to come to an end (marked 
t 2(1o km)). 
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FUMIGATION AT COASTAL SITES 

The same mechanisms that are responsible for fumigation at inland sites 
may cause fumigation at coastal sites, however most of the fumigation episodes 
at coastal sites are caused by a different mechanism. That mechanism is asso­
ciated with the variation of turbulence along the path of the plume. When the 
characteristics of the surface change, the characteristics of the atmospheric 
layer adjacent to the surface will gradually adjust to the new surface. The 
adjustment process starts at the surface and propagates upward. The layer 
having the new internal boundary layer may be formed following either a change 
in surface roughness or a change in the surface temperature. At a coastline 
the surface roughness will change and temperature is likely to change. 

THE INTERNAL BOUNDARY LAYER 

Figure 5 shows a schematic diagram of some of the physical relationships 
in coastal fumigation. The distance from the coast, x0 , to the release point 
is x

0
• The precursor condition for a coastal fumigation episode is an elevated 

release into a stable layer. This condition corresponds to he> H;(x ) where 
H;(x0) is the thickness of the internal boundary layer at the releaseppoint. 
The episode starts at the point where the plume intersects the internal bound­
ary layer. Fumigation does not take place along the entire length of the 
plume. It starts at the point x; where he= Hi(x). The receptor is located at 
point xr. Different distances may be required for estimating the diffusion 
coeffic1ents and the thickness of the internal boundary layer. The distance 
needed for estimating diffusion coefficients is xr- xp, while the distance 
needed for estimating the thickness of the boundary layer is xr - x0 • 

Vander Hoven (1967), Collins (1971), Meroney, Cermak and Yang (1975), 
Venkatram (1977), Raynor et al. (1975) and Misra (1980) have all studied the 
onshore internal boundary layer that forms downwind of a coastline. In 
general, the thickness of the boundary layer increases in proportion to the 
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FIGURE 5. Schematic Representation of a Coastal Fumigation Episode, 
Showing Important Distances 
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square root of the distance from the coast. Other factors that affect the 
growth of the internal boundary layer include: the temperature difference 
between the water and land, the wind speed and friction velocity within the 
internal boundary layer, and the potential temperature lapse over the water. 

The model of Raynor, et al (1975) provides a starting point for the 
development of an operationl method for estimating the thickness of the 
internal boundary layer. That model is: 

1/2 . 

u [ x JeL - e51] H. (x) = ~ 
1 u JaT/azl 

(11) 

where 0L and 05 are the potential temperatures of the air at the surface over 
the lana and water, respectively, and aT/az is the temperature gradient in the 
air over the water. The remaining terms remain as previously defined. Other 
models could have been selected, but this model was selected because it 
explicitly treats the factors that are most important in internal boundary 
growth. 

The model in (11) requires information that is not readily available at 
power plants. However, it can be simplified, as necessary, by assuning 
reasonable values for the terms for which data are not available. Van Oop, 
Steenkist amd Nieuwstadt (1979) used a simplified model 

1/2 Hi(x) =ax 

in which all of the physics was contained in the constant a. 

(12) 

Counihan (1975) gives a range of 0.02 to 0.03 for U*/U for smooth 
surfaces in neutral atmospheric conditions. Using a value of 0.025 for this 
ratio and assuming an overwater lapse rate, the rate of growth of the internal 
boundary layer becomes a function only of the land-water termperature 
difference and the distance. In general, water temperatures change slowly 
compared to land temperatures and don't vary much from seasonal averages on a 
year-to-year basis. As a result, the water temperature may be replaced by a 
climatological average that is a function of time of year if better information 
is not available. With this substitution,the model only requires specification 
of the land temperature on a real time basis. 

I Figure 6 shows the growth of the internal boundary layer with three 
different assumptions for the overwater stability and a 10 °C land-water 
temperature difference. A 10 °C temperature difference is realistic for summer 
afternoons along the United States East Coast. The lapse rates assuned are for 
G, F and E over-water stabilities, 0.06 °C/m, 0.03 °C/m and 0.01 °C/m. These 
values are within the ranges given in Regulatory Guide 1.23. · The valuf!2f the 
constant a assuned by Van Oop, Steenkist and Nieuwstadt (1979) was 4 m • 
This value gives more rapid growth of the internal boundary layer than shown in 
Figure 6. 
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Two important conclusions can be drawn from Figure 6. The first is that 
coastal fumigation may occur well inland from a power plant located at a 
coast. The other conclusion is that a power plant located well inland from a 
coast could still have a release above the internal boundary layer so that the 
plume would be subject to coastal-type fumigation. These conclusions are sup­
ported by the observations of Portelli (1982) who found coastal fumigation 
zones that were 7 to 20 km inland. 

DURATION 

The inland-type of fum igation is brought about by a temporal change in the 
layered structure of the atmosphere. The change destroys the necessary precur­
sor conditions for a fumigation episode. As a result, the maximum duration of 
an episode is limited to the time required for the plume to transit from the 
source to the receptor. Unlike inland fumigation, coastal fumigation is 
brought about by a spatial change in the layered structure. Fumigation can 
continue as long as the precursor conditions are maintained. Extended periods 
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of fumigation occur frequently along the shores of the Great Lakes (e. g. Lyons 
and Cole 1973, Keen and Lyons 1978, Portelli 1982). Portelli {1982) observed 
coastal fumigation episodes extending to 8 hours in duration during a two-week 
period. This should not be interpreted to mean that a single receptor will 
necessarily experience abnormally high concentrations for the duration of the 
episode. 

When coastal fumigation is asociated with onshore flow during a sea or 
lake breeze circulation, the wind direction can .be expected to vary as a 
function of time of day. The variation of the wind direction was explained by 
Haurwitz (194 7) and has been discussed more recently by Neumann (1977) and Burk 
and Staley (1979). In general, at the onset of a sea breeze the wind direction 
is parallel to the coast. As the day progresses, it rotates to the right (in 
the Northern Hemisphere), until it is again parallel to the coast at about 
sunset. The rate of rotation is related to the pressure gradient, surface 
roughness, and surface heating, and may not be constant throughout the day. 

The rotation of the wind direction has a second effect that should be 
considered. If a release occurs at about the time of the onset of the sea 
breeze circulation, the effluent may be brought onshore as the circulation 
develops resulting in a fumigation episode at a receptor that was not downwind 
of the plant at the time of release. 

While the primary fumigation concern at coastal sites is with onshore 
flow, fumigation can also occur during offshore flow if the water is wanner 
than the land. When this occurs, the next onshore flow may produce higher 
concentrations than otherwise expected at the coast. Recirculation of 
effluents has been observed by several groups including Lyons and Cole (1976), 
Lamb, Lorenzen and Shair (1978), and McRae, Shair and Seinfeld (1982). Coastal 
concentrations under these conditins may also be higher than expected because 
the growth of the internal boundary 1 ayer over water is not expected to be as 
rapid as the growth over land. However, this expectation has not been 
confinned by experimental data. 

ESTIMATING COASTAL FUMIGATION CONCENTRATIONS 

Models for estimating concentrations during coastal fumigation episodes 
have been developed by many groups, including: Lyons and Cole (1973), · 
Venkatram (1977), van Oop, Steenkist and Nieuwstadt (1979), and Misra (1980). 
In general they require stability data that may not be readily available. 
Raynor, Michael and SethuRaman (1980) discuss the problems associated with 
estimating stability during onshore flow. Specifically, temperature 
differences do not provide a reliable indication of stability if the sensors 
are not in the same atmospheric layer. Figure 6 indicates that temperature 
difference measurements may have to be made well inland, if they are to be 
useful. 

Assuming that the problem of estimating stability during onshore flow has 
been resolved adequately, the following method of treating coastal fumigation 
is offered as a compromise between realism and simplicity. Assume that the 
possibility for coastal fumigtion exists whenever there is onshore flow and 
that Class E stability exists over water. Oetennine if the precursor condi-
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tions are met by estimating the effective release height for the existing wind 
speed at release height and E stability, and the height of the internal boun­
dary layer at the release point using (11) or (12) . The precursor conditions 
exist if he exceeds Hi(xp). 

If fumigation precursor conditions exist, the distances from coast and 
plant to the point at which fumigation starts must be estimated. The distance 
from the coast at which fumigation starts is computed first by setting Hi(x;) = 
he and solving for x1• The distance from the plant to the point of fumigation 
is determined from x; by subtracting x

0
• The distance from the power plant to 

the receptor (x - x ) is then computeo. If this distance is less than the 
distance from the po~er plant to the point of fumigation, the concentration at 
the receptor should be estimated using the normal elevated release diffusion 
equation with coefficients appropriate toE stability . If the comparison of 
distances indicates that the receptor is in the fumigation zone, diffusion 
computations should be made using a model that treats both the diffusion 
between the plant and the point of fumigation and that following the onset of 
fumigation. This can be accomplished relatively easily within the framework of 
the Gaussian continous plume model. 

To estimate the concentration at the receptor, the diffusion coefficients, 
sigma y and sigma z, are computed for the fumigation distance using the upwind 
stability. Distances to virtual point sources are then computed from the 
coefficients assuming the stability within the internal boundary layer . 
Finally, concentrations within the internal boundary layer are computed using 
the distances between the receptor and the virtual point source to estimate the 
diffusion coefficients . When sigma z grows to 0.8 Hi(x) the form of the model 
used should be changed to that with a uniform vertical concentration profile . 
The change in model fonns could be made at the fumigation point, thereby 
eliminating the need to compute a virtual distance for sigma z. 

Again it should be noted that there is more than one distance involved in 
these computations. The thickness of the internal boundary layer must be 
computed using the distance from the coast, while the diffusion coefficients 
must be computed using the distances from the actual or virtual release points. 

For offshore flow , fumigation should be anticipated ony when the water 
temperature exceeds the land temperature. In this case, the problems assoc­
iated with determining stability from tower measurements should be minimal, and 
the computational approach outlined above can be followed . The estimates of 
the thickness of the internal boundary layer for offshore flow may be somewhat 
low because the transition is from a relatively rough to a smooth surface. 
However, if the temperature difference is large, the underestimate should be 
minimal because the effects of instability due to the warm surface will 
dominate. 
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FUMIGATION CRITERIA FOR REGULATORY GUIDE 1.145 

The methods of treating fumigation outlined in Regulatory Guide 1.145 
(USNRC 1983) provide a reasonable approach to estimation of relative concentra­
tions for use in evaluation of the consequences of potential accidents at 
nuclear power plants. This section discusses a number of minor modifications 
to the current Regulatory Guide criteria that could improve the realism in the 
criteria. 

REGULATORY POSITION 1. 

The diffusion models represented by Equations (4) and (5) in Regulatory 
Guide 1.145 are appropriate for estimating ground-level relative concentrations 
during normal and fumigation diffusion conditions, respectively. They can be 
derived directly from (1) by truncating the summation and making appropriate 
assumptions. However, Equation (5) of the Regulatory Guide could be clarified 
if the effective stack height were replaced by the mixing layer thickness. The 
basic assumption in derivation of the fumigation model is that material is 
uniformly mixed throughout the mixing layer. The onset of fumigation corre­
sponds with an increase in mixing layer thickness to the effective stack 
height. After the onset of fumigation the effective stack height is not longer 
relevant. 

The procedure discussed in the last paragraph of Section 1.3 is misleading 
and may not be conservative in all instances. The problem with the discussion 
is caused by the .use of the effective release height in the Regulatory Guide 
Equation 5 in place of the mixing layer thickness. Although equality of the 
two values is assumed at the onset of fumigation, the two parameters do not 
represent the same physical entities. It may be reasonable to allow the plume 
to impact terrain by decreasing the effective release height along the plume 
path, but it is not reasonable to allow the mixing layer thickness to go to 
zero. 

Similarly, it is not reasonable to assume that at some point along the 
path of the plume the mixing layer thickness makes a step increase to a value 
so large that the vertical growth of the plume is no longer restricted by the 
top of the mixing layer. This is the assumption that must be made when revert­
ing to the use of Equation 4 of the Regulatory Guide during fumigation condi­
tions. It would be more appropriate to define an effective mixing layer thick­
ness along the lines of the definition of the effective release height in 
Regulatory Guide 1.111, with the condition that it have a minimum value greater 
than zero. The minimum value could be made a function of the wind speed. 
Defining a mixing layer thickness as a function of distance is appropriate for 
coastal nuclear power plant sites, as well as for sites in valleys and near 
hills. 

REGULATORY POSITION 2. 

In Regulatory Position 2, the NRC distinguishes between the inland and 
coastal sites entirely on the basis of distance from the shoreline. The dis­
tance selected as the boundary is 3.2 km. This distance may not be adequate. 
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A coastal-type fumigation situation is conceivable for power plants located 
somewhat farther inland. A more realistic approach to differentiating between 
inland and coastal sites might include consideration of effective stack height 
under stable atmospheric conditions as well as the minimum distance to the 
coastline . 

Inland Sites 

At inland sites, the precursor conditions for fumigation require that the 
effective stack height be greater than the thickness of turbulent boundary 
layer . Simple models are available to estimate the effective release height 
and the mixing layer thickness . 

Inland fumigation is a transient phenomenon . This transient nature is 
recognized in the Regulatory Position . However, the duration of fumigation 
episodes depends on the distance between the source and receptor. Assuming a 
one-half hour fumigation episode duration, as is done in the current Regulatory 
Position , is generally conservative near the source. It may not be 
conservative as the distance from the source increases . An alternative 
position, which would be conservative at all distances , would be to assume that 
the duration of fumigation episodes is one-half hour or the time required to 
reach the receptor at the release height wind speed, whichever is longer . 

The precursor conditions for inland fumigation imply moderately or 
extremely stable conditions in the layer of the atmosphere into which the plume 
is released . Following the onset of fumigation, the plume will be in a neutral 
or unstable layer . It is conservative to use diffusion coefficients for the 
stable atmospheric conditions with the fumigation model during the course of 
the fumigation episode . After the fumigation episode, the use of stable dif­
fusion coefficients may be excessively conservative . Use of neutral atmo­
spheric diffusion coefficients for the period following the fumigation episode 
is more appropriate and should still provide conservative estimates of time­
integrated concentrations . 

Coastal Sites 

Onsite definition of precursor conditions for coastal fumigation is more 
difficult than it is for inland fumigation . As a result , precursor conditions 
for coastal fum i gation should be assumed to exist at all t imes during onshore 
flow, unless the data are available to pe rmit reliabl e estimation of the inter­
nal boundary height and the effective stack height at the source is known to be 
less than the internal boundary layer thickness . During offshore flow, fumiga­
tion precursor conditions should be assumed to exist when the water temperature 
is greater than the land temperature. Climatological average temperatures may 
be adequate for making this detennination for potential accidents. 

Coastal fumigation is caused by a spatial transition in the structure of 
the atmosphere. As a result, the duration of a coastal fumigation episode is 
not well defined. Available data indicate that fumigation over lana can con­
tinue essentially as long as there is onshore flow . The Regulatory Position 
that coastal fumigation be assumed to occur for two hours at the exclusion area 
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boundaries and four hours at the low population zone boundaries of power plants 
may not be conservative for coastal sites, even when applied to specific sec­
tors. However, rotation of the wind direction with time during onshore flow 
reduces the likelihood that fumigation will continue in a single sector for 
more than two hours. 

APPLICATION TO EMERGENCY RESPONSE 

Conceptually, the diffusion models described in Section 1.3.2 of Regula­
tory Guide 1.145 are appropriate for use in estimating time-integrated concen­
trations near a nuclear power plant in the event of an emergency. However, if 
they are to be used under these conditions, the mixing layer thickness in Equa­
tion 5 should be defined independent of the effective release height. If the 
power plant site is near a coast or in a location where terrain impaction is 
possible, it should be given as a function of distance and direction from the 
site. If sufficient data are available, the mixing layer thickness may also be 
related to environmental variables such as wind speed, atmospheric stability 
and water-land temperature differences. 

When applying the mode 1 s in an emergency response situation, the assump­
tions in Regulatory Guide 1.145 with respect to the existence of fumigation 
conditions may be too conservative. The procedure outlined earlier in this 
report provides a method for evaluating fumigation potential on a continuous 
basis. Following the procedure should result in more realistic time-integrated 
concentration estimates than would result from making the assumptions contained 
in the Regulatory Guide. 
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