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ABSTRACT

4 general temperate latitude cyclonic rainstorm model 1is pre-

serted which describes the eoffects of washout and runotff on conse-

guences of atmospheric releases of radioactive material from

potential nuclear reactor accidents. The model treats the temporal

and spatial variability of ptecipitation processes. Predicted air
and ground concentrations of radioactive materia. and resultant

health consequences for the new model are compared to those of the

original WA31H=1400 model ander invariant meteorological conditions
and for realistic weather events using observed meteorological
sequences., For a specific accident under a particular set of
meteorolojical conditions, the new model can give significantly

Aifferent results from those predicted by the WASH-1400 model.

However, the agJgregate consejuences oroduced for a large number

of meteorological conditions are similar oetween the two models.
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I. Introduction

The conseguence wmodel, CRAC, developed for the seactor Safety
Study (WASH~1400) {1], was developed ton assess the ri1ak to society
from major accidents at commercial nuclear power plants, The CRAC
model consists of four basic components: relzass and atnospaeric
dlupersion, dosimetry, health effects, and propecty danage ([Z,3].

Ia CRAC, the atmospheric dispersion of released radioactive
material is modeled using a Gaussian pluae Jispersion model. The
Jaussian nodel is utilized 1n a manner different from usaal appli=-
cations 10 that the plame may change characteristics throughout
its lifetime., The meteorological data used by the madel consists
ot hourly observations from a single weather station located at

the reactor site, The hourly readings of thermal stability, wind

spead, and precipitation vccurrence asasured at the site are assune:

to avply at all downwind locations. The model i35 used to calculate
jround level alr conceatrations and ground concentrations of radio-
active paterial out to 8JU kilometers from the reactor. when pre=-
cipitation occurs at the reactor site during any portion of an
aour, 1t 15 assumed to occur for exactly one half of that aour at
all locations downwind of the site at a rate of 1 am/hr. In addi-
tion, no runoff is assumed to occur. Thus, tae temporal and
spatial variability of raiastoras and runoff 1s neglected,

In order to assess the ilampact of this simple precipitation
nodel on the accuracy of CRAC's consequence calculations, a more
cealistic model of rvainstorms, precipitation scavenjing, and
surtace runotf was developed., This modified rainstoram/runoff

wodel (4,5 incorporated the spatial/temporal variation in rain
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2lement., The meteorological conditions encountered by a plume as
it traverses a grid element are representad by the average of the
meteorological data for tne time the plume is in that grid element. . |

The variation in grid element sizes presents a special oroblem
tor modeling rain activity because at close ranges the dimensions
of the grid elements are small compared to the scalss associated
with rain rate variapbility, whereas at long ranges the grid elements
are large compared to these scales. In addition, the time required
for the plume to traverse the small grid elements at close range is
dmall comparsd to the observed duration of time for rainfall vari-
avility., At long ranges, the time required for the plume to traverse
the large grid elements permits observation of these variations but
it is too long to allow the different areas of rainfall activity
to be considered as stationary. The division of each jrid element
into areas corresponding to the various levels of rainstorm %ctivity
15 therefore not realistic when the grid 2lements are either very
small or very large. Thus, another approach was adopted for the
new precipitation model with different techniques for handling
the etfects of rain at distances from the reactor site corresponding
to small, medium, and large grid elements.

Finally, it must be recoygnized that rainstorms should not be
modeled in too great detail in the CRAC computer code, Improve-
ments and refinements that reduce uncertainties in CRAC and repre-
| sent the present state of knowledge of storms and other metooro-
logical phenomena must be consistent with the overall detail of

the CRAC model. This has been the objective in the design and

implementation of the new rain/runoff model.
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To determine the impact of the new rain/runoff model on the
air and ground concentrations and tne consegquences predicted for
individual meteorological sequences involving rain, and on the
risk estimates presented in WASH-1400, a series of calculations
was performed using CRAC with the new and original rain models.,

The results of these calculations are presented in this report.

13-14
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II. Rainstorm Model

The new model uses the polar coordinate grid of CRAC to
represent a general temperate latitude cyclonic storm. A storm
is characterized by the nourly rain rate at the reactor site,
the average nourly rain r..: for the entire storm, and the
starting and ending times of the storm. The model partitions
the region downwind of the reactor site into three areas and
uses different models in each of these areas. In the neighbor-
nood of the reactor site, out to a maximum distance of 10 km,
the hou.ly rain rate measured at the reactor site is taken
a3 the rainfall rate. For distances from 10 km to 240 km,
a structured rain model is utilized. In this region, five levels
of rain activity are derived from the averaje rain rate of the
entire storm. #Beyond distances of 240 km, the storui average
nourly rain rate is used without structuring. Representative
rain data for th2 individual reactor sites is reguired for this
model, In the neighborhood of the reactor actual hourly rainfall
rates are sufficient, but at all greater distances, storm average
hourly rain rates derived from regional data are reguired. This
rejional information was acquired by inspecting the records of
weather stations at and surrounding each site,

e rain storm data was collected from the tables of
hour ly precicitation data published by JOAA [(7]. The storm
averaje nhourly rates were assembled for eacn of three individual
reactor sites. The hourly weather data was examined for each

site and for a minimum of six weather stations in the region
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surrounding the reactor site, For each observed storm, the
hourly rain rates from the regional data, representing all of

the selected weather stations, were averaged to represent the
storm average rain rate, R. The beginning time and duration of
the storm were estimated. Rain rate data representing this infor-
mation was incorporated into the CRAC weather data files for

each site, The average characteristics of each storm are thus
represented in the rain data in addition to the hourly rain rates
at the reactor site. Although considerable care was taken to
represent the storm data accurately, estimates of starting time,
and of storm duration and extent, and calculations of R involved
analysis and interpretation of the precipitation data.

A structured rain model similar to the model described in
reference [4] 1s the heart of the new rain model. The struc-
tured model 15 applied in the region extending from 10 km to
240 km from the reactor. wWwithin this region, grid elemnents are
of the appropriate size to realistically allow one to assume
that proportionate areas are covered by different intensities
of precipitation and that traversal times for the storm across
4 grid element are of the order of the lifetime of cellular or
samall mesoscale rain area-s.

The structured model is similar to the general model
developed for flood forecasting by Grayman and Baglesor [8].

The general model is based primarily on the studies by Austin
and douze [10] and by Houze [9] of storm characteristics deter-
mined from radar soundings. Zawadski, et al., [11,12] used a

statistical approach based on rain data from Canada to =xtend the



work bequn at MIT by Austin and her students [6,10,13]. From

tne studies of diverse storms, Youze [10] and Austin [13,6]
identified the distinct levels of rain activity snown in Figure
2: synoptic, banded structure, large mesoscale, small mesoscale,
and cellular. Eacn is distinguished by its duration, scale

size, and rainfall intensity. Duration is directly correlated
with scale size, and rainfall intensity is inversely correlated
with scale size, 3everal smaller scale areas are usually embedded
in the next larger scale size area. Table 1 lists tae charac-
teristics of the five levels of rainstorms as they apnear in
Austin's (6] revision of the general model. A comparison with
the results of the studies of Austin and Houze [10] can be

made by consulting Grayman and Eagleson [8].

Units of each scale size are randomly located within each
unit of the next larger scale size at the average density shown
in Table 1., The rain intensity in each cell is exponentially
distributed, as is the cell duration. The average value of a

rainfall rate throughout the storm is

l l
);"2 - - + > - \RP 4

|

where R is the rainfall rate in the synoptic area [6]. The
synoptic level has the largest area followed by the banded

structure lavel, In the mesoscale area, first identified by
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Austin [13], there are two distinct levels of i1ntensity. Houze
called these the large mesoscale area, LM3A, and the smnall
nesoscale area, SMSA, These areas are not fixed but instead
undergo continuous periods of jrowth ani decay. The mesoscale
areas range from about 45 to 13,000 sz; this si1z2e 13 the same
order of magnitude as dense population centers. Areas of high
precipitation i1ntensities a few kilometers wide are contained
within the 5M5A. These areas are the intense c2lls within
storms that were fairst studied 1n detail in the Thunderstorn
Project [14]. Houze [9] has shown that the statistical
characteristics within the mesoscale and cellular levels are
ralativaly honojeneous. The statistical characteristics of
synootic levels, however, can be diverse,

In the spatial intervals i1mmediately surrounding the reactor
31te, the area of the yria element 13 small, The plume 1tself 1s
normally small, and the tine of i1nteraction between the rainstorm
and plum= 1n any grid element (s short, only a few minutes, There-
fore, 1t 15 not appropriata to assume proportionate areas are
covered by different intensities of precipitation. It 1s more
likely that the jrid element 13 covered by rain of a single
intensaty (6], Studies by Rogers and Zawadzki »f one hour point
rainfall records show trat the dominant tendency 1s for rain over
small distances to be uniform [15]. The rates utilized in this
nodel tor grid o2lements close to the reactor coincide with the
hourly rawnfall ratss recorded at the reactor site. This treat-

aent 15 aoplied out to the lownwind distance where the width




of the radioactive plume first becomes egual to twice the charac-
teristic diameter of a rain cell, or to a maximum distance of 10 km

For downwind distances greater than 24C km, the area of the
grid elements is large. The plume itself is large and is greatly
di.vted and depleted. The time of interaction between the rain-
storm and plume is long, several hours or more. Even though
proportionate distribution of precipitation intensities is appro-
priate, the assumption that the distribution is stationary is
1nappropriate for the long time periods involved. Therefore,
for those hours in which rainfall occurs it is assumed to occur
at the hourly average rate for the entire storm. .. _..ence with
the structured rain model has shown this adaptation to give the
model great economy without degrading the quality ¢f the dosi-
metry and health effects results.

The application of the new rain model is directed at tem-
perate latitude regions. Because of the great variety of geo-
graphic locations and the subseguent effects of these locations
m types ol rainstorms, more detailed models may be reqguired for
better estimates ot specific effects, such as formation of "hot
spots"™ t.om cellular rain or modeling of specific meteorological
events, The information obtained by inspecting the records of
regional weather stations has helped to characterize each storm,
but some storm types have not been treated.* Preliminary inves-
tigations [16] also suggest that for convective storms, even

where no rain 1s involved, there exists the potential for the

*Scattered showers, thunderstorms, snowstorms, or sguall line
storms have not specifically been addressed.
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tadioactive plume to be widely dispersed Ly entrainment into the
storm. These storms can occur freguently during the late spring
and summer, and tne occurrence of this dispersion would alter

the health conseguence predictions.




III. Wwashout Model

The CRAC model includes precipitation scavenging as a mecha-
nismi for depleting the plume. Washout is the assumed mechanism
for all precipitation scavenging. A simple exponential formula-
ticn is used. The material in the plume is depleted exponentially
according to exp(-At), where t is the tine since the onset of
precipitation and A is the wet removal! rate or washout coefficient,

The washout coefficient, A, is the fraction of material
removed from a contaminated plume by washout in unit time and is

jefined as

sSec ¢ (1)

~where X is the local particle concentration and -dXx/dt is the rate

of decrease of the particle concentration resulting from orecipitation
scavenging. Theoretical calculations and experimental measurements

of A nave large uncertainties. The value of the washout coefficient
increases with increasing rainfall rate, R. The dependence of the J

washout coefficient on R is expressed by 1

A = CrY, (2)

Experimental data and theoretical considerations indicate that @

|
\
ranges from about 3/4 to 1. Both theoretically calculated and \
|
experimentally measured values of the washout coefficient A range i

\

|
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from about 1072 to 1072 ver second [17). This large range

values is oartly a result of the numerous conditions under which o
washout can occur, It also reflects the uncertainty in oredicting
orecioitation scavenging., Slinn cautions that order of magnitude
uncer _2inties are to be expected in predictions of orecioitation
scavenging [(18).

In the new model it is assumed that the washout coefficient

15 linearly dependent on rainfall rate [17]:

AX,t) = CR(X,t), (3)
wnere ‘ 10”4 gpc~! (mm/ht)'1 for stable atmosoneric conditions
(wara frontal stora)
i ( 10°3 gec”! (mm/hr)'1 for unstable atmospheric conditions
(convective storms).
R(¥,t) is tne rainfall rate in mm/hr predicted by the aybrid rain

mouel, at a location ¥ relative to the reactor and at time t;

25 mm/hr € R(K,t) < 25.0 mm/hr. |

'ne rate of change of air concentration, X, at (X,t) is given
l:n:;
aX(ht) = ~C|R(X,t)] ¥(F,t) - L(F, ) (4)
ot
whore L(X,t) i3 the rate of decrease of concentration for reasons

other than washout, The ground deposition resulting from washout is
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readily calculated from a knowledge of the air concentration and
tne rainfall rate, The rainstorm simulation of the new rainstorm
model produces representative values for R(X,t), but uncertainties

in washout predictions still remain.






IV. Runoff Model

runoff is that excess of precipitation which does not remain
in the area receiving the rainfall, Inasmuch as CRAC assumes no
runoff, its predictions of external radiation exposure levels are
higher than would be the case i1f runoff were modeled. The realistic
evaluation of tne amount of runoff depends on characterization of
the surface on which the rain falls and predictions of rainfall
amounts and washout.

Depending on the characteristics of the area, the total runoff
can consist of surface runoff, subsurface runoff, and groundwater
runoff. For a full understanding of all aspects of each component,
knowledge 1s required of the state and of the physical parameters,
both past and present, governing the flow of water over or through
the media of the affected area. The effect of past rainfall is
one of the most difficult phenomenon to estimate. Another pheno-
menon that has a great impact on the runoff is the removal of the
contaminating material from the runoff because of chemical and
physical action with the soil and other surface materials. A full
treatment of the runoff problem is inconsistent with the accuracy
constraints ard time limitation~ of the consequence model. A viable
alternative is to estimate the runoff in terms of accumulated storm
rainfall on rural and urban areas. This approach is described
pelow,

All storm precipitation is treated as rain in this model.
Total rainfall for each storm is divided into three categories,

precedent rain, contaminated rain, and successive rain. This model

27



makes no attempt to approximate soil moisture conditions, but
total accumulated rainfall immediately preceeding contaminated
rainfall is used as a measure of surface wetness in each grid
element., The surface rain retention potential or propensity
for runoff is represented by this precedent rain.

Contaminated rainfall can only occur in a grid element when
a rainstorm and plume overlap in that grid element. The overlap
time i1s the duration of this interaction. Contaminated runoff
15 that portion of the rainfall which occurs during the overlap
' time but which is not retained. Accumulated contaminated rain
for a rainstorm is calculated for each grid element.

Wwashotf and wet removal mechanisms are poorly understood and
parameterizations are crude [18], 1It is therefore assumed that
washoff of previously deposited radioactive nuclides by subsequent

rainstorms does not occur. Radioactive material deposited by dry

deposition is also assumed to be bound to the surface on which it
is deposited and not to be subject to removal by subseguent rain-
fall. Since successive rain is assumed to have no effect in
removing previously deposited radionuclides, it is not calculated,
Two classes of surfaces are very crucial in modelina runoff.

one 15 the man-made surfaces that dominate urban areas. The

second is the natural and agricultural surfaces that dominate
rural areas. It 15 necessary to characterize these two surfaces
in a reasonable way even though the characterization may not be
very refined,

The natural and agricultural surfaces that constitute rural

areas are certainly subject to runoff. In a rainstorm, the rain

B e e ey - T i e e



which is necessary to replace the soil moisture deficit and the
rainfall which enters the surface layer of the soil determine
how much runoff will occur. wWide variations in runoff occur du-»
to soil type and ground cover conditions [19]. Maximum runoff
will occur with bare soils, minimum runoff will occur with forested
land or good pasture,

In this model no attempt has been made to characterize
the ground cover and soil type in each gri element, but rather
to generalize rural lands. Calculations with this model have
shown that runoff from rural surfaces is minimal and that runoff
from rural land has little impact on health consequences. Even
for rainfall rates on bare soils as large as 25 mm/hr, conse-
quences are little altered by the maximum runoff that can occur.
Ahen it is assumed that no runoff of contaminated rain occurs,
conservative estimates of the magnitude of consequences resulting
from rainfall over rural areas are produced. The option to assume
no runoff has been included in the model.

The man-made materials that constitute surfaces in cities
and suburban areas ire sufficiently impervious to prevent infil-
tration. In a rainstorm a thin film of water is rapidly formed
on these man-made surfaces. After the surface is completely
covered by this film, any additional rainfall runs off. The maxi-
num amount of water that can be retained per unit area of flat
surface is called the liquid holdup. For most surfaces the
liquid holdup is approximately 300HM l/cm2 (3 mm) [20]. Thus,
when the accumulated rainfall exceeds about 3 mm, runoff from

city surfaces will occur. Contaminated rainfall that does not



exceed the 3 mm surface retention capacity is assumed to be bound

to the surface. 1If there has been precedent rain, runoff will

occur when the sum of the precedent rain and contaminated rain

15 in excess of 3 mm, Runoff of the remaining contaminated rain

% not complete, however. A modest reduction in the runoff occurs

due to the processes of evaporation, detention, and recession [21].*
Since people live principally in cities and impact on popu-

lation is of prime importance in evaluating health effects, the

runoff model represents runoff to be characteristic of urban areas.

Runoff into sewers is assumed, and all radioactive material carried

by the runoff is removed from further consideration.

*The fraction of the excess contaminated rain retained due to the
processes of evaporation, detention and recession is modeled by

the function ‘ 3r
/ . :
P, max )exp(-rl’z) JR—— .

r ’

where P, 18 the excess contaminated rain, r is the modeled rain
vate and r,;, is the minimum modeled rain rate.



V. Results for Simple Weather Events

It 1s difficult to understand the relationship between the
spatial and temporal structures of rainstorms «und the air and
ground concentrations of radioactive material that result from
interaction with a radioactive plume. 1In order to clarify this
relationship, a simplified rainstorm with invariant meteorolojical
conditions 1s considered 1n this section. Following the onset
of rain in this simplified storm, the rain rate is constant in
time. In the new rain model, actual recorded rain, structured
rain in terms of the five levels of rain activity, and average
rain are maintained for the regions described in Section I1I.
The effects of i1ncorporating the runoff into the new model are
investigated for simple weather events., All the examples consi-
dered i1n this section are for a reactor loca‘ed geojraphically so
that the meteorology 1s typical of the northeastern part of the
country. Interventions by man, such as evacuation, are disre-
jarded so that the effects produced by thae weather will not be
obscured.*

he simplified storm represents conditions that are typical
for the month of August in the northeastern part of the country.
The windspeed 15 assumed to be constant at 5 m/s everywhere, and
the Pasquill stability class 1s fixed at E, corresponding to
stable conditions. The inversion height 1s constant at 650 m,
and the coefficient in the wet removal rate 1s C = 104 5-1
(mm/hr)'l. The reactor accident release category 1s chosen to

P e e ——

*rherefore, as assumed in the consequence model (3], affected
persons are effectively exposed to ground contamination for

periods of either 1 day or 7 days, depending on the contamina-
tion level.
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be PWR-1A [(3]. All %54 1sotopes 1ncluded 1n WASH-1400 are con-
sidered 1n the calculation of health effects. For graphical
representations of air and ground concentration as a function
of distance from the reactor, only the 1sotope 1344 15 shown.
For PWR-1A, 3 x 10*® curies of 134c5 are released from a height
of 25 m.

Figures 3 through 6 display the ground and time integrated
alr concentrations for the case where the simplified rainstorm
L3 1n progress at the time of release and continues throughout
the dispersion of the plume. These figures assume no runof f,
Figure 3 presents the predictions of the original CRAC model with
rain. The ground concentration corresponding to rain in Figure 3
decreases with increasing distance from the reactor and 1s primarily
the resalt of wet deposition.

Figures 4 through 6 contrast the predictions of the original
CRAC rain model with those of the new rain moael for the simplified
storm with values of the average rain rate (R) of 0.25, 2.5 and
25 mm/hr, respectively, The corresponding effective rain rates* 1n
the rejions of structured rain, which essentially determine the air
concentrations in these rejions, are essentially identical to the
average rain rates. In the uew model, the average ground concen-

tration over a sector with structured rain is approximately the

-

exp(~CRe) a gi; fnexp (=CR,t],

where the rain rates corresponding to the five levels of rain
intensity are designated by R,(n=1,2,3,4,5) and fn 1s the frac-
ti1on of the storm with rain rate R,. The time "for the plume to
traverse the spatial interval is designated by t. Note that a
tapid remixing of the plume is assumed.
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same as the ground concentration corresponding to the banded structur
area rain in that sector. In comparing the ground concentrations of
the new model with the ground concentrations of the original model,
1t 13 important to be aware of the different average rain rates for
the two models.

In Figure 4, R = 0.25 mm/hr. The air concentration for the
new model is larger than that predicted by the old CRAC model
for ranges greater than about 20 kilometers, and the ground concen-
trations for the old model are lower than the ground concentrations
of the new model beyond 100 km. These differences in the air and
ground concentrations between the two models are readily understood
in terms of the different average rain rates. The hourly averaged
rain rate for the old model 13 always 0.5 mm/hr, whereas the average
ratn rate for the new model 1s 0.25 mam/hr, about half tha*t of the
y1d model. The air concentration for the new model 1s therefore
iepleted less rapidly than that for the old model.

The average rain rate corresponding to Fijure 5, R = 2.5 mm/hr,
15 about five times that of the original model. For ranges greater
than a few kilometers the air concentration from the new model 1in
Pigure 5 decreases more rapidly than does the air concentration of
the old model., This 1s a result of the larger washout levels pro-
juced by the higher rain rate. The ground concentrations corres-
pondiny to the new model are all higher than the ground concen-
trations representing the original model for ranges of less than
10 kilometers. At somewhat larger distances the ground concentra-
tions of the new model decrease to values less than the ground con-

sentration of the old model. These smaller ground concentrations
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at larger distances are the result of the more severely depleted
plume.

The very heavy rain corresponding to Figure 6, R = 25 mm/hr,
results in the washout of almost all of the radiocactive material
within 40 kilometers of the reactor. The ground concentrations
at distances close to the reactor are higher than for the old
model pecause of the large washout coefficient corresponding to
the high rain rate. For larger distances, the ground concentra-
tions shown for the new model decrease rapidly to values much
lower than those predicted by the old model because of the much
smaller amount of radioactivity remaining in the plume. At a
distance of 50 kilometers downwind from the reactor, essentially
all of the radioactive material has been removed from the plume.
In general then, the ground concentrations for the new rain
model with R = 25 mm/hr are higher than the predictions of CRAC
during the first stages of heavy rain. As the plume is depleted
at larjer distances, however, these ground concentrations decrease
below the results of CRAC.

The uncertainty in the washout coefficient, A= CR, largely
reflects the great uncertainty of the constant cf propertionality,
v. This uncertainty is illustrated by two calculations that were
pertormed in which the rainfall occurred continuously from the
time of the reactor accident at the rate of 2.5 mm/hr with the
constant ot proportionality multiplied and divided by ten. Multi-
plying or dividing the constant of proportionality by ten produces
the same ground and air concentrations as increasing or decreasing

the rainfall by the same factor.



Figures 7 through 9, generated using the hybrid rain model
and an average rain rate of 2.5 mm/hr, display the effects of
various degrees of runoff on the ground concentrations. 1In the
case of the very intense ceollular rainfall, substantial runoff
can occur even when the average rain rate 1s relatively low and
there has been no precedent rain (Figure 7). Notice that the
jround concentrations have been reduced, especially in the
cellular rainfall areas. 1In the region where the retention
capacity has not bheen exceeded, the ground concentrations are
identical to the case of no runoff., If there has been a on-
si1derable amount of rainfall before washout of the plume, there
15 very little retention by the saturated surface areas. These
eftfects are 1llustrated 1n Figure 8 for 1.5 mm of precedent rain.
In the case of precedent rainfall exceeding 3 mm, the retention
could be as low as 0.1 mn (Figure 9),

variations in the air and ground concentrations produce changes
in health effects and property damage. Two sensitive indicators
£ changes in health effects are early fatalities (those which
Qccur within one year) and cancer fatalities resulting from latent
effects. Early fatalities are the result of exposures to M13h radia-
tion levels, and are a consequence of the inhalation of radioactive
material, external exposure to the passing plume, and external expo-
sare to radioactive material deposited on the jround., For most
wrideats characterized i1n the RSS, early fatalities are limited
to areas within 50 kilometers of the accident lucation (in most
cases, to areas consjyderably closer). Latent cancer fatalities
result from all exporsure modes, with a strong contribution from

persistent exposure to ground concentrations.
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Figures 10 through 13 display the conditional probability

of early fatality for an i1ndividual as a function of distance
from the reactor, The probability 1s conditional upon the occur-
rence of the reactor accident and rainfall. As 1in the case of
Figqures 3 through 6, the simplified rainstorm 1s assumed. Curves
in Figures 10, 11, and 12 are based on predictions of the original
model and the new rain model with urban runoff and without runoff,
In the case of runoff, much of the ground contamination resulting
from wet deposition 1s removed. Figures 10, 11, and 12 show rain
rates of .25, 2.5, 25 mm/hr, respectively, for the new model.
Recall that the hourly averaged rain rate for CRAC 1s always 0.5
mm/hr. Figure 13 shows, for an average rain rate of .25 mm/hr,
the contribution to the probabilities of early fatalities of each
of the five levels of rain activity in the structured rain.

The curve 1n Figure 10 corresponding to the new rain model
without runotf has a knee extending between downwind distances
»f about 20 and 30 kilometers. This knee 1s caused by the
intense rainfall occurring in individual rain cells as shown in
Figure 13. A comparison of Figures 10 and 11 shows that increasing
the average rain rate from .25 to 2.5 mm/hr does not greatly alter
the tatality probabilities. 1In both cases of no runoff, the early
dose exceeds the lethality threshold downwind of the release point
to a distance of about 20 km. As 1llustrated in Figure 12, increasing
the average rain rate to 25 mm/hr results in a reduced radius for
early fatalities; 1.2., the new model without runoff predict: that
the conditional probability of early fatality occurring beyond about

10 ki1lometers for this particular rainfall rate 1s less than 1076,
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The very low probability of early fatalities occurring beyond this
distance 15 a result of the large wet removal rate that restricts
high air and ground concentrations to small distances from the -eacto
as shown in Figure 6. For the case of runoff in Figure 12, the con-
ditional probability of early fatalities 1s small, since the small
amount of ground contamination reduces the exposure level to less
than the early fatality threshold. For the three cases of no runoff,
the conditional probability at distance less than a few Klilometers
13 1ndependent of the rain rate. This 1s a conseguence of exposures
that ar. above the lethality level for early fatalities. The spatial
structure of rainstorms produces significant influences in the prob-
ability curves for low rain rates. At high rain rates, the structure
of the storm 1s not so 1mportant because of the larage washout.

The conditional probability of cancer fatalities resulting
from latent effects for an individual are displayed in Figures 14
through 17. Figures 14, 15, and 16 correspond to average rain rates
of .25, 2.5 and 25 mm/hr, respectively, for the new model. Figure 17
shows, for an average rain rate of .25 mm/hr, the contributions to
the conditional probability of cancer fatalities from latent effects
of each of the five levels of rain intensity for structured rain.
Latent cancer fatalities become dominant when early fatalities
decline., As shown 1n Figure 14, there 1s no major difference be-
tween the predictions of the original model and the new rain model
for low rain i1ntensities. If much of the ground contamination pro-
duced by wet deposition runs off, there 15 no longer a large prob-
ability for early fatalities. The resulting increased numbers of

survivors at close distances, however, receive an exposure that may
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produce latent cancer fatalities. As the average rainfall inten-
sSity 1ncreases, the decreased air and ground concentrations beyond
the distances where early fatalities occur are less likely to produc
latent effects than the original model predicted; see Figures 15 and
16. For runoff, the conditional probability of latent cancer fata-
lities at distances less than a few kilometers remains large at the
high rain rates. Notice, however, that the conditional probabilitv
for latent cancer fatalities at these close distances 1s less than
the conditional probability for early fatalities by a factor of
about five.
The predictions of the original CRAC model and of the new
rain model with urban runoff and without runoff have been presented
and compared for cases of simplified storms. The following are
some of the important features of the results from the new model
for individual storms when rain occurs at the time of release and
significant runoff occurs:
l. As the average rain rate increases, larger amounts of
radioactivity are deposited closer to the reactor and
the air concentration decreases more rapidly with
increasing downwind distance. This restricting of the
high levels of radioactivity to smaller distances from
the reactor can result in a reduced radius for early
fatalities and, correspondingly, a larger area over
which latent effects dominate.
2. Close to the reactor, where the concentrations of
radioactive material are high, the ground concentra-

tions coiresponding to the structured rain activity
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vary significantly between activity levels, The larger
ground concentrations are associated with the levels
that have the higher rain rates. As a result, the
levels of higher rain rate can contribute more to the
production of early fatalities. For example, rain cells
can sometimes lead to hct spots that produce early
fatalities 1n regions where storm average rain rates
would produce no early fatalities,

At distances sufficiently close to the reactor (usually
less than a few kilometers) and for the assumed exposure
duration, the conditional probability for early fatality
for an i1ndividual may be independent of rain rate
necause the exposure levels are above the early fatality
lethality level.

Runoff reduces the ground concentration of radioactivity.
As a result, runoff can decrease the conditional prob-
ability for early fatality. For example, runoff can
ameliorate, or even eliminate the effects of hot spots
formed by rain cells.

Although runoff reduces the conditional probability for
early fatality, 1t may increase the conditional prob-
ability for latent cancer fatalities i1n the same region.
As the number of early fatalities 1s reduced, a larger
number of people remain to become victims of latent

effects,



VI. Results for Observed Weather Events
In a real-accident scenario, rain intensity and atmos-

pheric dispersion characteristics (stability and windspeed) will

vary with time. A postulated release that occurs during a selected

rainstorm has been chosen to illustrate the effects of an actual
storm., The reactor accident release category is chosen to be
PWR-1A. The charactericstics of the rainstorm were obtained

from the meteorological data file in CRAC. The rain, which was
of B-hour duration, occurred during unstable conditions at and
downwind from the reactor site. One hour before the time of

the accident, the measured rainfall at the reactor began at an
intensity of 0.25 mm/hr and increased to 3.8 mm/hr at the start
of the release., Two hours after the release the rain rate at
the reactor site decreased to 0.25 mm/hr. The average rain rate
for this storm was 1 mm/hr. The resulting air and ground concen-
trations as predicted by CRAC and the new rain model are shown
in Figures 18 and 19, respectiveiy. The ground concentration
for the first kilometer of plume travel calculated by means »f
the new model is larger than that calculated with CRAC because
of the larger rain rate (3.8 mm/hr for the new model; 0.5 mm/hr
tor CRAC). The air concentration predicted by the new model
beyond the first kilometer of plume travel is lower than the
CRAC result because of the large washout produced by the

fiigh rain intensity during the release.

The differences in the air and ground concentrations pre-

dicted by the two models are reflected in the concditional proba-

bilities of early fatality and of latent effects as displayed
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in Figures 20 and 21. The hybrid rain model predicts a range

of only 2 kilometers for early fatalities compared to 5 kilo-
meters predicted by CRAC. The range beyond which latent effects
ire predicted extends from 1 kilometer according to the hybrid
model and 5 kilometers according to CRAC. The hybrid rain

nodel predicts lower conditional probabilities for latent
etfects beyond 5 kilometers because of the large washout
produced by the higher rainfall intensity at the reactor site.

The effects of runoff are observable in Figure 19, because
the rainfall was sufficiently intense to produce some runoff
itter the first hour.

Many of the rainstorms that occur in the vicinity of
reactors located in the United States have higher rain rates
than the storm considered for Figqures 19 through 21. Numerous
computer calculations comparing the conditional probabilities
tor early fatalities and latent effects predicted by the
hiybrid rain model and by CRAC have been performed for a variety
't rainstorms, The results of these calculations are consistent
with the general trends established in analyzing simplified storms

Rather than examining results for additional individual
storms, results for runs with stratified* meteorological con-
fitions, as described in Appendix VI of WASH-1400 [3], are now
considered, These results represent stratified meteorological
*The stratified sampling method selects starting times for

weather sequences evetry four days. The starting hours for
uccessive sample days differ by 13 hours. This technique
was selected for the CRAC model to ensure complete coverage

of the diurnal, seasonal, and four day meteorological cycles
without the statistical noise from random numbers.
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sequences for three sites: a northeast river valley site, Site
X; a great lakes shore site, Site Y; and a southeast river
valley site, Site Z. Since a stratified run represents 91
separate meteorological sequences obtained from a full year

of weather data, 1t 1s of considerable interest to examine the
frequency of the occurrence of rain at each of the sites during
a stratified run. For each of these sites, Table 2 shows the
percentage of hours per year during which there is precipitation
exceeding .25 mm/hr, and the frequency from 91 stratified weather
samples for which rain intersected the plume at some point 1in
1ts development within 50, 100, 160, 240 and 800 kilometers

of the reactor site.

For the stratified runs, the reactor accident release cate-
gory 158 chosen to be PWR-1A [3], in which all isotopes are re-
leased as specified 1n Appendix VI of WASH-1400 [(2]. The resulting
conditional probabilities per capita for early fatality and com-
plementary cumulative distribution functions, CCDF's, for total
early fatalities are similar for all three sites. Results for
these three sites are shown 1in Figures 22, 23, and 24. The con-
ditional probability per capita for latent cancer fatalities and
CCDF's for total latent cancer fatalities are also very similar
for all three sites., Figure 25 1llustrates these results. Uni-
form population densities of 100 people per square mile are
assumed for these calculations. Each figure displays the predic-
tions of the original CRAC model, and the new rain model without
runoff and with urban runoff. For the three sites, results

show no major differences 1n the predictions of the two models,

6l
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TABLE 2

Plume Rai Interaction Freguencies for a
Stratified Set of 91 Weather Samples

SITE 3 Y 2
Percentage of Hours
with Measurable 9«5 9.9 a5
Precipitation
Frequency from 91
weather Samples for
which Rain Intersected
the Plume at Some
Point in its Development
Within 50 km of Reactor . ite 9 15 19
within 100 km of Reactor Site 14 20 26
within 160 km of Reactor Site 20 23 32
within 240 km of Reactor 35i‘te 25 36 35
within 800 km of Reactor Site 49 68 55
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even though the predictions of the new rain model and of CRAC

are very different for many individual storms. There are several

reasons for this apparent paradox:

la.

Rain 1s not a frequent event. Rain intercepts the
plume within 50 km of the reactor site in not more
than 19 of the 91 sequences for these three sites,
and 1n only 9 of the 91 sequences for site A.

The differences in predictions of the CRAC rain
model and the new rain model tend to dissipate when
considered over a number of different rainstorms
and accident starting times.

For most of the cases in which the plume encountered
rain, the interaction was at large distances from
the reactor (160 km or more) where the air concen-
tration of the radionuclides was small. At these
large distances, few health consequences are pre-

dicted by either model.

There 15 very little variability in the results depicting

latent effects., However, 1t should be observed that comparisons

of the results from the new rain model and CRAC show that the

most serious accidents are more serious in terms of total early

fatalities when the spatial/temporal variations in rain are con-

sidered.

Although released plumes may encounter rain infrequently,

peak accident consequences 1in terms of total early fatalities

are more serious by a factor of approximately two when rainstorm
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variability 1s takzn i1nto consideration. Runoff acts to reduce
the differences in peak consequences between the two models.
when actual population densities are used instead of uniform
population censities, the predictions by CRAC and the new

rain model again show no major differences. An example of these
predictions are shown as CCDF's in Figure 26 for total early
fatalities for one of the sites. Peak accident consejuence
predictions are certainly dependent on population densities, but
temporal /spatial variations in rain still result i1n predictions
of more serious peak accidents relative to early fatalities,

even with runoff considered.



DITICFL PRC2ABILITY

-~
.

ce

A ot} g e { S, .

Fa ..

3

10"

A A Aaazxat

~

a_= 2 28
-

A _p & s 281"

A

i‘

o

4

-

1

4

10

F

-

o~

o

o

4
10 (R I e e e b s R e
10 10 10 10 10

10
EARLY FATALITIES

FIGURE 26. Comparison of CCDF's for total early fatalities
using the site population data at Site X for CRAC and the
new model. A - CRAC; B - new model without runoff; and

C - new model with urkan runoff.

69-70






VII. Observations and Conclusions

The basic features of the new rain/runoff model have
been presented. The new model differs from the original CRAC

model in three main respects:

l. The average rain rate in the new model is determined
from regional rain gage data for each storm, rather
than being fixed at 0.5 mm/hr.

Z. The rair structure in the new model is represented
by actual rain, structured rain in terms of five
levels of rain activity, and average rain. 1In the
original model, rain is uniform without any spatial
structure.

J. Urban runoff is modeled in the new model and depends
on surface retention. No runoff is assumed to occur in

the original CRAC.

In addition, the assumptions that have been made in constructing
the new model have been described. To summarize, the new model

155UMS 3

l. Storm average rainfall rates for one year and hourly
rainfall rates at the reactor for one year are
available.

2. The storm average rainfall rate in any grid element
1s constant for each storm.

3. In the neighborhood of the reactor (out to 10 km), rain
rates are uniform and correspond to the int .ity of the

hourly rain rate measured at the reactor site.

71



B R R R R R R RO R R R R IS - o

N —

4. Beyond 240 km, rain rates are uniform and equal to
the storm average rain rate,

5. In the region from 10 km to 240 km rainstorm rates
vary spatially and are structured. There are five
levels of rainstorm activity in each arid element.

6. Air concentrations of radionuclides are uniform in a
grid element.

7. Ground concentrations of deposited radionuclides depend
on the level of rainstorm activity.

8, Runoff is dependent on surface retention and 1s a
function of the contaminated rainfall and the precedent

rain.

The predictions of the original CRAC model and of the new model
with urban runoff and without runoff were presented and compared
for cases of sumplified storms and for actual storms. One of
the most important results of this study has been the indication
of the strong interrelationships in the rainstorm/washout/runoff
process. For specific accidents, changes in the rainfall rate,
washout ccefficient, and amount of precedent precipitation can
significantly change the accident consequences. A gen~ral conclu-
sion of this study is tha*, when considering specific accidents,
the spatial/temporal structure of rainstorms and runoff can have
large effects on predictions of consequences of nuclear accidents

as compared to predictions usinag uniform rain without runof€.



Predictions of the original CRAC model and of the new model
were presented and compared for cases of stratified meteorological
conditions for three sites. Three features of these results should
be emphasized. The number of meteorological sequences during which
rain encounters the plume close to the reactor 1s small. Therefore,
the conditional probabilities for early fatalities and latent can-
cer fatalities predicted by the new rain model are close to those
predicted by CRAC. Peak health consequences in terms of early
fatalities are larger when spatial and temporal variations in
rainstorms are considered, but runoff acts to reduce the dif-
ferences 1n the peak early fatalities between the two models.

The new rain/runoff model 1s more representative of the
phenomena associated with actual rainstorms and runoff than CRAC
and 1s thus more defensible, However, three observations should

be made for the case of stratified sampling:

l. Average health conseguences calculated with the new
model do not differ significantly from those computed
with the original CRAC.

2. The new rain/runoff model requires nearly twice as
much computer time = the original CRAC rain model.

3. The rain model in the original CRAC model works
extremely well for caiculating aggregate health

risks,
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