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ABSTRACT

latitude cyclonic rainstarm model is pre-A general temperate

and runoff on conse-serted which describes the effects of washout
fromquences of atmospheric releases of radioactive material

potential nuclear reactor accidents. The model treats the temporal

Predicted airand spatial variability of precipitation processes.
and ground concentrations of radioactive materia. and resultant
health consequences for the new model are compared to those of the

o r iginal W ASil-14 00 model unde r invariant meteorological conditions

realistic weather events using observed meteorologicaland for

Soquences. For a specific accident under a particular set of
im7 teor olo ji cal conditions , the new model can give significantly

different results froia those predicted by the WASil-1400 model.

tne aggregate consequences produced for a large numberIlowever,

meteorological conditions are similar oetween the two models.of

.

4
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I. Introduction

Tne consequence model, CitAC , deve loped for the :leactor Safety

*

Study (NASil-1400) [1], was developed to assess the risk to society

from major accidents at commercial nuclear power plant.;. rhe C.<AC
,

model con.iists of four basic components: relcase and atnospneric

Jispersion, don ime t r y , hea lth e f f ec t s, an:1 proper t / damage [2,3].

In CRAC, the atmospheric dispersion of released caJioactive

material is modeled u s i n.J a Gaussian pluiae lisperaion model. The

"aussian node l is utilizeil in a manner different from usual appli-, ,

eationa ia tnat tne plume .nay change character istica throughout

its lifetime. The meteorological da ta used oy the model consists

at hourly obaervations f ron a single weather station loca'ed at

tne reactor uite. The hourly readings of thernal stability, sind

speed, and precipitation occurrence .neasured at the site are aasumed

to apply at all townwind I t> c a t i o n s . The model is used to calculate

.jr aun i level air concentrations and ground concentrations of radio-

active uatorial out to 600 kilometers from the reactor. When pre-

eipitation occurs at the reactor site during any portion of an

nour, tt is assutaed to occur for exactly one half of that hour at

all locations downwind of the aite at a rate of 1 mm/hr. In addi-

tion, no runoif is aasumed to occur. Thus, the temporal and

spatial variability of rainstorias and runoff is neglected.

In arder to assesa the impact of this simple precipitation

nadel on tae accuracy of CRAC's consequence calculations, a more-

realistic model of rainstorms, precipitation scavenging, and
.

surtace runotC was developed. rhis modiCied rainstot n/runof f

.nade l [4,5) incorporated the spatial / temporal variation in rain

9
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I

rates, the correlation between rain rate and depletion rate
I

and the differences between rural and urban runoff. Four levels |

of storm intensity were modeled, wita eac!. level occurring over

a fixed portion of the total storm area. This model continued *

single-station meteorology to describe both the occur-to uae

rence of precipitation and the hourly rain rates associated

with different intensity storm systems.

Criticisms [6] of the orijinal CRAC model and of the struc-

t u t o<l rain model described in reference 14] , have primarily been
litocted a t. the use at all downwind aistances of rain occurrence

an! rain rates measured by a aingle rain gauge at the reactor

;ite. Tne modeling of the interaction of the model geometry

and the bobavior of too expanding plume as it move 3 downwind

(tom tne accident site was also criticized.

Bacause rainstorms are exceedingly complex and variable in

str ucture, realistic characterization of a storm requires con-

;id >rably nare data than a single me teo r olog ic a l station can

suppl /. Estimates of the distribution of precipitation require

infarnation on the storm character and the average rainfall rate

of the entire storm. The new structured rain model requires the
:

iv 3 rw rainfall rate for the entire storm to provide a distri-

bution of rain activity and spatial / temporal variability that
spor o x i ma t es an actual storm [6].

The geometry utilized in the consequence model is illustrated

in Piqure l. A polar coordinate grid is used with sixteen sectors -

centered on the compass directions and thirty-four unequal radial
intervals. Each division of the radial interval is called a grid

10
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element. The meteorological conditions encountered by a plume as
'

it traverses a grid element are represented by the average of the
i

j meteorological data for toe time the plume is in that grid element.

The variation in grid element sizes presents a special problem
for modeling rain activity because at close ranges the dimensions

of the grid elements are small compared to the scales associated

with rain rate variability, whereas at long ranges the grid elements
f

; are large compared to these scales. In addition, the time required
,

!

for the plume to traverse the small grid elements at close range is
amall compared to the observed duration of time for rainfall vari-

ability. At long ranges, the time required for the plume to traverse
i 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 grid element
1

into areas corresponding to the various levels of rainstorm activity
/

is therefore not realistic when the grid elements are either very
I

amall or very large. Thus, another approach was adopted for the
'

new precipitation model with different techniques for handling

the effects of rain at distances from the reactor site corresponding
to small, mediun, and large grid elements.

Finally, it must be recognized 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 meteoro- ~

logical phenomena must be consistent with the overall detail of
t -

the CRAC model. This has been the objective in the design and
implementation of the new rain / runoff model.

12
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To determine the impact of the new rain / runoff model on the

air and ground concentrations and tne consequences predicted for
.

individual meteorological sequences involving rain, and on the

r isk estimates presented in UASH-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

__ . . _ _



.

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 hourly 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

as 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 average rain rate of the
1

entire storm. Beyond distances of 240 km, the stora, average l
1

l

nourly rain rate is used without structuring. Representative

rain data for the individual reactor sites is required 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 der ived from regional data are required. This

regional information was acquired by inspecting the records of

seather stations at and surrounding each site.

The rain starm data was collected from the tables of

hourly precipitation data published by NOAA [7]. The storm
.

average hourly rates were assembled for each of three ind iv idua l

reactor sites. The hourly weather data was examined for each-

site and for a minimum of six weather stations in the region

15
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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, E. The beginning time and dcration of *

the storm were estimated. Rain rate data repr' senti'ng this infor-e

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 E involved

analysis and interpretation of the precipitation data.

A structured rain model similar to the model described in

reference [4] is the heart of the new rain model. The struc-

tured model is applied in the region extending from 10 km to

240 km from the reactor. Within this region, grid elements 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

a grid element are of the order of the lifetime of cellular or

small mesoscale rain arear,.

The structured model is similar to the general model

developed for flood forecasting by Grayman and Eagleson [8] .
.

The general model is based primarily on the studies by Austin

and Houze [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 extend the

16
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work begun at MIT by Austin and her students [ 6,10,13] . From

tne studies of diverse storms, Ilouze (10] and Austin [13,6]
.

identified the distinct levels of rain activity shown 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. Several smaller scale areas are usually embedded

in the next larger scale size area. Table 1 lists tne charac-

teristics of the five levels of rainstorms as they appear in

Austin's [6] revision of the general model. A comparison with

the results of the studies of Austin and Ilouze [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

distr ibute 3, as is the cell duration. The average value of a

rainfall rate throughout the storm is

(,f - )4R + (f6 ~ l S (l ~5' "2'II " R ' ( - )29+ +
'*

.

where n is the rainfall rate in the synoptic area [6] . The

synoptic level has the largest area followed by the banded

structure level. In the mesoscale area, first identified by

17
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i
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1

T
, n.' rage Fraction ofRain Area 3ize of .v.nfall Storm Covered

1 Average Densit/Desi nation Eacn Area intensity At Ang_One Tine Duration ____of Units
-

.

5 ,
-

! Synoptic 10 Cn" R Entire Storm 1-3 days!
1
i

4 2; 3anded Struc- 2.3 x 10 km
,

3.3 pgrture ( t3 S ) (70 x 400 k.n ) R3= 2R 1/2 4 hours 1.6 x 210 km ,

i

a }

Large Mesoscale
2Area (LMSA) 4000 km Rg= 4R 1/4 2 hours 3.3 per band

,

Small Mesoscale
2Area (SMSA) 250 km R LR 1/16 1 hour 4 per LMSA

=

Cell 10 km2 I
d

gC= 32R 1/128 t - 1/2 I 3 Per SMSA |e c
i

!
;

__________________
i

l

| * t - duration of rain in minutasc

; I - rainfall rate in cell in m.n/hrc

:

i

!

I"
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Austin [13], there are two distinct levels of intensity. Houze

called these the large mesoscale area, LMSA, and the small

.nesoscale ar e a , SMSA. These areas are not fixed but instead
.

undergo continuous periods of growth and decay. The mesoscale

areas range from about 65 to 13,000 km2; this size is the same
i

order of magnitude as dense population centers. Areas of high

pr ec ipit at ion intensities a few kilometers wide are contained

within the SMSA. These areas are the intense cells within

stor.as that were first studied in detail in the Thunderatorn

Project [14). Houze [9] has shown that the statistical

characteristics within the mesoscale and cellular levels are

relat ively ho nojeneous. The statistical characteristics of

synoptic levels, however, can be diverse.

In the spatial intetvals immediately surrounding the r eactor

site, the area of the gr io element is sna11. The plume itself is

narmally small, and the time of interaction between the rainstorm

anl plume in any grid element is short, only a few minutes. There-

fore, it is not appropr iate to assume proportionate areas are

covered by different intensities of precipitation. It is more

Itkely that the grid element ts covered by rain of a single

intensity [61 Studies by Rogers and Zawarlzki of one ho2r point

rainfall records show that the dominant tendency is for rain over

small dist ances to be unifor.n [15]. The rates utilized in this

-nod e l for grid elements close to the reactor coincide with the

hourly rainfall rates recorded at the reactor site. This trear-

ment is aoplied out to the downwind distance where the width

20
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c

of the radioactive plume first becomes equal to twice the charac-

teristic diameter of a rain cell, or to a maximum distance of 10 km.
.

For downwind distances greater than 240 km, the area of the

grid elements is large. The plume itself is large and is greatly

d iit'.ted and deple ted . 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
.

inappropriate 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. _ ience withu

the structured rain model has shown this adaptation to give the

model great economy without degrading the quality of 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 subsequent effects of these locations

on types of rainstorms, more detailed models may be required for

better estimates of specific effects, such as formation of " hot

spots" tram 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 is involved, there exists the potential for the-

* Scattered showers, thunderstorms, snowstorms, or squall line
storms have not specifically been addressed.

21
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radioactive plume to be widely dispersed by entrainment into the
storm. These storms can occur frequently during the late spring
and summer, and the occurrence of this dispersion would alter
the health consequence predictions.

|

a

n

.

9

J

l

22

.. _ _ ._ -. .



III. Washout Model

The CRAC model includes precipitation scavenging as a mecha-
.

nisms for depleting the plume. Washout is the assumed mechanism

for all precipitation scavenging. A simple exponential formula-

t ie n is used. The material in the plume is depleted exponentially
according to exp(-At), where t is the ti,ne since the onset of

precipitation and A is the wet removal rate or washout coef ficient.

The washout coefficient, A, is the fraction of material

removed from a contaminated plume by washout in unit time and is

Jefined as

1 dY -1A= ~1 c
X d+. (1),

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

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

of A aave large uncertainties. The value of the washout coef ficient
increanes with increasing rainfall rate, R. The dependence of the

wasnout coefficient on R is expressed by

A = CR (2).

.

Experimental data and theoretical considerations indicate that o
.

ranges from about 3/4 to 1. Both theoretically calculated and

exper imentally measured values of the washout coef ficient A range |
|
|

||

23
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from about 10-5 to 10-2 per second [17]. This large range of

values is partly a result of the numerous conditions under which
.

washout can occur. It also reflects the uncertainty in predicting

precipitation scavenging. Slinn cautions that order of magnitude

unceritinties are to be expected in predictions of precipitation

scavenging [18].

In the new model it is assumed that the washout coefficient

is linearly dependent on rainfall rate [17]:

A(Y,t) C R(E, t ) , (3)=

10-4 -1 (mm/hr)-1 for stable atmospneric conditionswaere sec
\
'

(wara frontal stor.n)
C=

f10-3
-1 (ma/hr)-1 for unstable atmospheric conditionsggg

(convective storms).
,

R ( i', t ) is tno r1inf111 rate in mm/hr predicted by the hybrid rain
~

.aaae l , at a location ? relative to the reactor and at time t;

. 2 ') an /h r g *1(T, t ) g 25.0 mm/hr.

The rate of change of air concentration, X, at (I,t) is given
i

ny

B X( k~, t ) = -C f R(Y, t)| x(Y,t) - L(Y,t) (4)
at

where L (i', t ) is the rate of decrease of concentration for reasons

other than washout. The ground deposition resulting from washout is

1
i



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.

.

'4
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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 if runoff were modeled. The realistic

evaluation of the 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 is 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-

.nenon 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 othet surface materials. A full

treatment of the runoff problem is inconsistent with the accuracy

constraints ar:d 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

aelow.

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
1 1

| |
|
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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 gr id *

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 is the duration of this interaction. Contaminated runoff

is 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.

Washotf and wet removal mechanisms are poorly understood and

parameter izations are crude (18]. It 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 subsequent 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 modeling runoff.

One is the man-made sur f aces that dominate urban areas. The

second is the natural and agricultural surf aces that dominate

rural areas. It is 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
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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. Wide variations in runoff occur du1

to soil type and ground cover conditions [19]. Maximum runoff

will occur with bare soils, minimum runof f 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.

When 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 sur f aces in cities

and suburban areas are 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-

mum amount of water that can be retained per unit area of flat

surface is called the liquid holdup. For most surfaces the

2
| liquid holdup is approximately 300# 1/cm (3 mm) [20]. Thus,

.

- when the accumulated rainfall exceeds about 3 mm, runoff from

city surfaces will occur. Contaminated rainf all that does not
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exceed the 3 mm surface retention capacity is assumed to be bound

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

occur when the sum of the precedent rain and contaminated rain

is in excess of 3 mm. Runoff of the remaining contaminated rain

ss 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.

l

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

1 *I"P max exp rg , ,

where P is the excess contaminated rain, r is the modeled rain
rate an3 c is the minimum modeled rain rate.min
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V. Results for Simple Weather Events

It is difficult to understand the relationship between the
spatial and temporal structures of rainstorms and the air and,

ground concentrations of radioactive material that result from
.

interaction with a radioactive plume. In order to clarify this

relationship, a simplified rainstorm with i.nvariant meteorological
conditions is considered in 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 II.

The ef fects of incorporating the runof f into the new model are
i nve s t ig a t ed for simple weather events. All the examples consi-

dered in this section are for a reactor located geographically so
that the meteorology is typical of the northeastern part of the
country. Interventions by man, such as evacuation, are disre-

garded so that the ef fects produced by the weather will not be
{

obscured.*
!
l

The simplified storm represents conditions that are typical

for the month of August in the northeastern part of the count ry.
The windspeed is assumed to be constant at 5 m/s everywhere, and

the Pasquill stability class is fixed at E, corresponding to

stable conditions. The inversion height is constant at 650 m, l

and the coefficient in the wet removal rate is C = 10-4 -1s

(mm/hr)-1 The reactor accident release category is chosen to

~ ~fh FFECa r e , 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 isotopes included in WASH-1400 are con-

sidered in the calculation of health effects. For graphical
.

representations of air and ground concentration as a function

of distance from the reactor, only the isotope 134Cs is shown.
For PWR-1A, 3x 10+6 curies of 134 Cs are released from a height

of 25 m.

Figures 3 through 6 display the ground and time integrated

air concentrations for the case where the simplified rainstorm

is in progress at the time of release and continues throughout
the dtspersion of the plume. These figures assume no runof f.

Figure 3 presents the predictions of the original CRAC model with

The ground concentration corresponding to rain in Figure 3rain.

decreases with increasing distance from the reactor and is primarily
the result of wet deposition.

Figures 4 through 6 contrast the predictions of the original

CRAC rain model with those of the new rain model for the simplified

storm with values of the average rain rate ( R) o f 0.25, 2.5 and
25 mm/hr, respectively. The corresponding ef fective rain rates * in

t he r egions of structur ed rain, which essentially determine the air

concentrations in these regions, are essentially identical to the
average rain rates. In the new model, the average ground concen-

tration over a sector with structured rain is approximately the
*The effective rain rate, R is defined by the relatione,

,

exp(-CRg) f exp (-CR tl,=
n n

n=
where the rain rates corresponding to the five levels of rain
intensity are designated by Rn(n=1,2,3,4,5) and f is the frac-

-

ntion of the storm with rain rate R The t ime 'for the plume ton.traverse the spatial interval is designated by t. Note that ar apid remixing of the plume is assumed.

31



__ _

10'j

'..
.

10')
.

:
.

/ AIR'

10"] /

c :

| 10''1
/

-

GROUNI)

:
.

1.

5 10'']e
'

: '

g :
-

10"] 3

.

,

10']
i \

\.

.

0
10*1

:

:
.

.

10'' . . . . . . . . . , . . . . . . , ' , , , , , , , '. . . . , , , , , , , ,

10., 10 10 10 10'
DISTANCE FROM RELEASE POINT IKlLOMETERSI

FIGURE 3. Air concentration (Ci-s/m ) and ground
2concentration (Ci/m ) or 134Cs versus downwind distance

from release point according to CRAC, for a constant
1 mm/hr rain.

.

|

33

|



1

,

| 10',
:
:
.

10')'
n 4

.

: AIR
- C

b,\ +

10", \
5 : : N

-

p : T
-

k GRO'UilD
5 10.,'

1

/y :
U8 ! /c

!E 10''1
'

c :
.

10"]
:
.

.

10*]
; A - Cellular Rain

B- SMSA Rain.

C- IRSA Rain*

10*]
o - Banded Structure Rain
E- Synoptic Rain

:
.

.

t o.7 . . . . . . .

10"
. . . . . . , ' . . . . . . , ' . . . . . . , ' . ... ~ ,

10 10 10 10
DISTANCE FROM RELEASE POINT (KILOMETERS)

FIGURE 4. Air concentratg (Ci-s/m ) and ground2concentration (Ci/m ) of Cs for synoptic, banded
structure, LMSA, SMSA, and cellular levels of rain
activiti versus downwind distance from release point *

according to the new rain model where average rain
rate is .25 mm/hr.

,

34

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



|
.

i

10' ,
:
:.

.

.

10 1 !R
.

:
. A,
- / 810", GR0tJND

b .

p :

@ - /

(,/H

3 10's, /
DW :

18 -

E
.

$ 10",
C i

.

10",
9 i
8 :
x
LO

-

10 ',
i

A- Cellular Rain
- B - SMSA Rain

10 *]
C- I^:S 7. Rain
D- Banded Structure Rain

: E- Synoptic Rain
.

.

10 P , , , , , , , , , , , . . , , , , , , , ,

10"
, , , , , , , ' , , , , , '

10 10 l O' ' 10' ;
DISTANCE FROM RELEASE POINT (K LOMETERS) j

3PIGURE 5. Air conegntrat g (Ci-s/m ) and ground
concentration (Ci/m ) of Cs for synoptic, banded
structure, LMSA, SMSA and cellular levels of rain
activity versus downwind distance from release point
according to the new rain model where average rain

i rate is 2.5 mm/hr.
i

(

!

35



_ _ _ - _

10'3-
:

| .

.

10*]
t

' :
.

.

10", AIR
6 / /.

GROUND-

,

5 10''1

,

55 10''i
| c i

.

10"1
:
:
.

8 -

10'1
:
:

I -

.

10*1
:
:
.

.

10'' . .

10"
. . . . . . , ' , . . . . . , ' . . . . . . , ', . . . . . . . . . .

10 10 10 10'
OISTANCE FROM RELEASE POINT (KILOMETERS)

|

3FIGURE 6. Air concqntration (Ci-s/m ' and ground
concentration (Ci/m') of 134Cs for synoptic, banded
structure, LMSA, SMSA, and cellular levels of rain
activity versus downwind distance fro n release point -

according to the new rain model where average rain
rate is 25 mm/hr.

36

__ _ __ __



_ _ _ _ _ _ _ _

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,

it is important to be aware of the different average rain rates for

the two models.

In Figure 4, W = 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 aver age r ain rates. The hourly averaged

rain rate for the old model is always 0.5 mm/hr, whereas the average

rain rate for the new model is 0.25 mm/hr, about half that of the

old model. The air concentration for the new model is therefore

depleted less rapidly than that for the old model.

The average rain rate corresponding to Figure 5, W = 2.5 mm/hr,

tu about five times that of the original model. For ranges greater

than a few kilometers the air concentration from the new model in

Ptgure 5 decreases more rapidly than does the air concentration of

the old model. This is a result of the larger washout levels pro-

Juced by the higher rain rate. The ground concentrations corres-

ponding 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-

centration of the old model. These smaller ground concentrations
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l

at larger distances are the result of the more severely depleted |
|

plume.

'

| The very heavy rain corresponding to Figure 6, R= 25 mm/hr,
4

results in the washout of almost all of the radioactive material
within 40 kilometers of the reactor. The ground concentrations

at distances close to the reactor are higher than for the old

model Decause 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

amaller 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 larger distances, however, these ground concentrations decrease,

below the results of CRAC.

The uncertainty in the washout coef ficient, A = CR, largely

reflects the great uncertainty of the constant c f propertionality,
C. This uncertainty is illustrated by two calculations that were

.

in which the rainfall occurred continuously from theperformed

time of the reactor accident at the rate of 2.5 mm/hr with the
constant of propor tionality 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.

.
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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 runof f on the ground concentrations. In the
.

case of the very intense cellular rainfall, substantial runoff

can occur even when the average rain rate is relatively low and

there has been no precedent rain (Figure 7). Notice that the

ground concentrations have been reduced, especially in the

cellular rainfall areas. In the region where the retention

capacity has not been exceeded, the ground concentrations are

identical to the case of no runoff. If there has been a on-

3rderable amount of rainfall before washout of the plume, there

is very little retention by the saturated surface areas. These

effects are illustrated in 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 mm (Figure 9).

Variations in the air and ground concentrations produce changes

in health effects and property damage. Two sensitive indicators

of changes in health effects are early fatalities (those which

occur within one year) and cancer fataltties resulting from latent

effects. Early f atalities are the result of exposures to high radia-

tion levels, and are a consequence of the inhalation of radioactive

material, external exposure to the passing plume, and external expo-

sore to radioactive material deposited on the ground. For most

accidents characterized in the RSS, early fatalities are limited

to areas within 50 kilometers of the accident location (in most
cases, to areas considerably closer). Latent cancer fatalities

result from all expasure modes, with a strong contribution from

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

of early fatality for an individual as a f unction of distance
.

from the reactor. The probability is conditional upon the occur-

rence of the reactor accident and rainfall. As in the case of

Figures 3 through 6, the simplified rainstorm is 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 is removed. Figures 10, 11, and 12 show rain

r ates of .25, 2.5, 25 mm/hr, respectively, for the new model.

Recall that the hourly averaged rain rate for CRAC is 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 in Figure 10 cor responding to the new rain model

without runoff has a knee extending between downwind distances

of about 20 and 30 kilometers. This knee is 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 fatality probabilities. In both cases of no runoff, the early

dose exceeds the lethality threshold downwind of the release point

to a dtstance of about 20 km. As illustrated in Figure 12, increasing

the average rain rate to 25 mm/hr results in a reduced radius for

! ear ly f atalit ies; i.e., the new model without runoff predict, that
|
| the conditional probability of early fatality occurring beyond about

10 kilometers for this particular rainfall rate is less than 10-6, '
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The very low probability of early fatalities occurring beyond this

distance is a result of the large wet removal rate that restricts

high air and ground concentrations to small distances from the reacto

as shown in Figure 6. For the case of runoff in Figure 12, the con- -

ditional probability of early fatalities is 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 kilometers

is independent of the rain rate. This is a consequence of exposures

that a r ._ 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 is not so important because of the large washout.

The conditional probability of cancer fatalities resulting

from latent effects for an individual are' displayed in Figures 14

through 17. Figur es 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 in Figure 14, there is no aiajor dif ference be-

tween the predictions of the original model and the new rain model

for low rain intensities. If much of the ground contamination pro-

duced by wet deposition runs off, there is 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-

! sity increases, the decreased air and ground concentrations beyond

j the distances where early fatalities occur are less likely to produc
)
j 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 probability

j for latent cancer fatalities at these close distances is less than
i

the conditional probability for early fatalities by a factor of
,,

about five.,

i

| The predictions of the original CRAC model and of the new

rain model with urban runoff and without runoff have been presented
i

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:

1. As the average rain rate increases, larger amounts of4

j radioactivity are deposited closer to the reactor and
t

the air concentration decreases more rapidly with

increasing downwind distance. This restricting of the

high levels of radioactivity to smaller distances from

f 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 corresponding 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 hot spots that produce early

fatalities in regions where storm average rain rates

would produce no early f atalities.

3. At distances sufficiently close to the reactor (usually

less than a few kilometers) and for the assumed exposure

dur ation, the conditional probability for early fatality

for an individual may be independent of rain rate

because the exposure levels are above the early fatality

lethality level.

4. 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.

5. Although runoff reduces the conditional probability for

early fatality, it may increase the conditional prob-

ability for latent cancer f atalities in the same region.

As the number of early fatalities is reduced, a larger

number of people remain to become victims of latent

effects.

i
|
|
l
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VI. Results for Observed Weather Events

In a real-accident scenario, rain intensity and a tmos-

!
~ pheric dispersion characteristics (stability and windspeed) will

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

j rainstorm has been chosen to illustrate the effects of an actual
storm. The reactor accident release category is chosen to be

; PWR-1A. The characteristics of the rainstorm were obtained
from the meteorological data file in CRAC. The rain, which was

of 8-hour duration, occurred during unstable conditions at and

j downwind f rom the reactor site. One hour before the time of

i 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

1

i 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
4

in Figures 18 and 19, respectively. The ground concentration

for the first kilometer of plume travel calculated by means of
: 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

| f or CRAC) . The air concentration predicted by the new model
i

j beyond the first kilometer of plume travel is lower than the
!

CRAC result because of the large washout produced by the

high rain intensity during the release.-

The differences in the air and ground concentrations pre-
.

dicted by-the two models are reflected in the conditional proba-
.

bilities of early fatality and of latent effects as displayed*

I

,

55,

'

t

. . . , . - -. -. .. _ . - . . . - . - . . . _ , - . . - . ... , _ . _ -



-

10'
]

i -

10']
:

10'']
:

5 10*l~

I 10']
:

10*]

t a: :

10*]c
;

10*f
AIR-

10*[ /

J GROUND '
10 ]

10*i

:

101
'

.

I C'"
,,

. . . . . . . . , . . . . . . . , . . . . . . . , ,
. . . . . . . . .

DISTfWCE FROM RELCftSE POINT IKILONETERS)

FIGURE 18. Agr congntration (Ci-s/m ) and ground concen-
tration (Ci/m') of 4Cs according to CRAC for the sample
rainstorm.

56

_ __ __ _ _ _ .



.
. .._

10'] x

i

10*] x
- :

10'']
:
~

6 10''l ',-

I 10*]
:

10*]
: i

10*

10*] ,

10*]
: /

10*) GROUND
:

10*]
:

10'"

: i
IC'" . " . . . . . . , '. . . . . . , ' . . . . . . , '. . . . , .

10'' 10 10 10 .......fI
DISTANCE FROM RELEASE POINT IKILONETERSI

'

FIGURE 19. AigconcgCsration (Ci-s/m ) and ground concen-trations (Ci/m') of for synoptic, banded structure,
LMS A , SMSA and cellular levels of rain activity versus
downwind distance from release point according to the new
rain model for the sample rainstorm.

57

__ _ _ _ _ _ _ _ . .



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

are predicted extends from 1 kilometer according to the hybrid *

model and 5 kilometers according to CRAC. The hybr id rain

model predicts lower conditional probabilities for latent

offects 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
r

the rainfall was sufficiently intense to produce some runoff |

after 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 Figures 19 through 21. Numerous

computer calculations comparing the conditional probabilities

for early fatalities and latent effects predicted by the

hybrid rain model and by CRAC have been per formed for a variety

of rainstorms. The results of these calculations are consistent
with the general trends established in analyzing simplified storms

Rather than examining results for additional individual

stormq, rosults for runs with stratified * meteorological con-

ditione, as described in Appendix VI of WASH-1400 [3], are now

concidered. These results represent stratified meteorological
.

U'h e ~strdtif[si sampling method selects starting times fori
~ ~

weather sequences every four days. The starting hours fo r
quece s s ive 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, it is 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 in

it s development within 50, 100, 160, 240 and 800 kilometers

of the reactor site.

For the stratified runs, the reactor accident release cate-

gory is chosen to be PWR-1A [ 3] , in which all isotopes are re-

leased as specified in Appendix VI of WASH-1400 (3]. The resulting

conditional probabilities per capita for early fatality and com-

plementary cumulative distribution f unctions, CCDF's, for total

early fatalities are similar for all three sites. Results for

these three sites are shown in 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 illustrates 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 in the predictions of the two models,
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TABLE 2

Plume Rai1 Interaction Frequencies for a
Stratified Set of 91 Weather Samples

SITE X Y Z

Percentage of flours
with Measurable 5.5 9.9 7.5
Precipitation

Frequency from 91
Weather Samples for
Which Rain Intersected
the Plume at Some
Point in its Development

Within 50 km of Reactor m'ite 9 15 19

Within 100 km of Reactor Site 14 20 26

Within 160 km of Reactor Site 20 28 32

Within 240 km of Reactor Si*e 25 36 35

Within 800 km of Reactor Site 49 68 55

.

1
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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 is 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 in only 9 of the 91 sequences for site A.

b. The dif ferereces in predictions of the CRAC rain
-

model and the new rain model tend to dissipate when

considered over a number of different tainstorms
and accident starting times.

2. 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 is very little variability in the results depicting
latent effects. Ilowever, it 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 in terms of total early fatalities

are more serious by a factor of approximately two when rainstorm

67



variability is tak0n into consideration. Runoff acts to reduce

the differences in peak consequences between the two models.

When actual population densities are used instead of uniform
'

population c ensities, 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 consequence

predictions are certainly dependent on population densities, but

temporal / spatial variations in rain still result in predictions

of more serious peak accidents relative to early fatalities,

even with runoff considered.

.
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VII. Observations and Conclusions

The basic features of the new rain / runoff model have
.

been presented. The new model differs from the or iginal CRAC

model in three main respects:-

1. 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.

2. The rain structure in the new model is represented

by actual rain, structured rain in terms of five

levels of rain activity, and average rain. In the

original model, rain is uniform without any spatial

structure.

3. Urban runoff is modeled in the new model and depends

on surface retention. No runoff i s a s s u.ned to occur in

the or ig inal CRAC.

In addition, the assumptions that have been made in constructing

the new model have been described. To summarize, the new model

assumes:

1. 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
,

is 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.
|
1
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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 grid 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 is a

function of the contaminated rainfall and the precedent

rain.

The predictions of the original CRAC model and of the new model

with urban runof f and without runof f were presented and compared

for cases of simplified 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,

sashout coefficient, and amount of precedent precipitation can

significantly change the accident consequences. A general conclu-

sion of this study is that, when consider ing 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 using uniform rain without runof f. ,
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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 is 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 in the peak early fatalities between the two models.

The new rain / runoff model is more representative of the

phenomena associated with actual rainstorms and runoff than CRAC

and is thus more defensible. However, three observations should

be made for the case of stratified sampling:

1. Average health consequences 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 i the original CRAC rain model.

3. The rain model in the original CRAC model works

extremely well for calculating aggregate health

risks.
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