




Dose Projection Considerations 
for Emergency Conditions 
at Nuclear Power Plants 

Manuscript Completed: January 1983 
Date Published: May 1983 

Prepared by 
G. A. Stoettal, J. V. Ramsdell, A. W. Poeton, 
D. C. Powell, A. E. Desrosiers 

Pacific Northwest Laboratory 
Richland, WA 99352 

Prepared for 
Division of Emergency Preparedness and Engineering Response 
Office of Inspection and Enforcement 
U.S. Nuclear Regulatory Commission 
Washington, D.C. 20665 
NRC FIN 82311 

NUREG/CR-3011 
PNL-4491 





ABST~ACT 

The purpose of this report is to review the problems and issues asso
ciated with making environmental radiation dose projections during emergencies 
at nuclear power plants. The review is divided into three areas: source term 
development. characterization of atmospheric dispersion and selection of 
appropriate dispersion models, and development of dosimetry calculat1ons for 
determining thyroid dose and whole body dose for ground level and elevated 
releases. A discussion of uncertainties associated with these areas is also 
providerl.. 
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SUMMARY 

This report reviews the problems and issues associated with the prepara
tion of environmental radiation dose projections during emergencies at nuclear 
power plants. This dose assessment process differs considerably from pro
spective assessments made during siting and licensing studies and from retro
spective assessments made after a release. 

The major differences among these three processes are straightforward and 
qualitative. Prospective analyses must rely upon assumed (i.e., "design 
basis") source tenns, estimated or average meteorological conditions, and 
postulated dosimetry parameters. The timeliness of the analysis is not a con
straint. Assessments during emergencies, however, must reflect the source 
term of the actual accident, the existing or forecast meteorological condi
tions, and the true demographic and dosimetric parameters that apply to the 
exact situation. Timeliness is essential. Retrospective studies may rely 
strictly upon the entire history of applicable physical measurements, employ
ing analytical techniques without regard to timeliness. 

The differences in the type of information available in each case affects 
the type of analysis appropriate to each case. In particular, the uncertain
ties associated with predicting the course of a complicated reactor evolution 
and the stochastic nature of atmospheric transport and dispersion limits the 
accuracy of emergency dose assessments. 

The accuracy of the source term assessment depends upon uncertainties in 
the quantity and type of radioactivity released. In the case of the worst 
feasible accidents (e.g., PWR 2 and BWR 1, as developed in the NRC 1 S Reactor 
safety Study), the halogens and volatile solids (e.g., cesium) in the release 
could deliver from 90 to 98% of the total absorbed dose to the whole body as 
well as virtually all of the radiation dose to the thyroid. Environmental 
release fractions for noble gases, iodines, and cesium following releases of 
these radioelements from the void space and fuel matrix of a nuclear power 
reactor will vary widely depending on the status of reactor safety systems and 
containment barriers. Clearly, the 90 to 98% of the potential radiation dose 
to the whole body delivered by iodines and volatile solids is, a priori, quite 
uncertain. A source term developed generically and applied to a specific 
accident would introduce an uncertainty of at least a factor of 100 to 10,000 
in whole body dose and a factor of 10,000 to 1,000,000 in thyroid dose. Note 
that these estimates of source term uncertainty do not incorporate the effects 
of agglomeration, plateout, deposition, or water solubility. Therefore, the 
stated uncertainties are not upper limit values. 

Obviously, the "source term" should not be developed prior to the acci
dent. Methods and procedures implemented during an emergency should allow the 
known state of major fission product barriers and engineered safety features 
to influence the estimate or calculation of the source term. In addition, 
methods and procedures should be considered for both monitored and unmonitored 
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releases. For a monitored release, the following concepts need to he con
sidered in estimating the source term: radionucl ide mix of nohl e gases and 
iodines, corrections for time ilfter reactor shutdown, limitations of monitors, 
and methodology for estimating particulate releases. For an unmonitored 
release, initial source term estimates should be based on available plant 
parameters, plant-specific information, and data from previously calculated 
accident scenarios. 

With respect to atfllospheric dispersion (diff1JSion ilnd transport) of 
released radioactivity, calculations performed under emergency conditions must 
estimate dispersion during relatively brief periods of time. The usual 
Gaussian formulas are relatively accurate when the diffusion estimates refer
ence time intervals of months or years, hut the accuracy of estimates for 
short time periods (minutes or fractions of an hour) are inherently 1 imited 
because diffusion of effluents in the atmosphere is a stochastic process. The 
upper 1 imit of diffusion morlel accuracy is estima-f:ed to be about a factor of 
two to three under conditions where the meteorological parameters controlling 
diffusion are measured near the point of release dnd topographic relief is 
minimal. Under exceptional circumstances, which include rough terrain, wake 
flows, over water trajectories, extremes of atmospheric stahility or instabil
ity and ranges of more than 10 km, uncertainties may be as great as one to two 
orders-of-magnitude if standard models are used. 

These uncertainty estimates refer, in genera ·r , to maximum ground-1 evel 
concentrations, considering only diffusion. They do not consider other 
atmospheric process that affect concentrations, such as radioactive decay, dry 
deposition and washout by precipitation. It is a" so important to note that 
these are estimates of the uncertainty on the pluMe centerline; they are not 
estimates of uncertainty at specific points in space. This difference is sig
nificant. Estimates of uncertainty at a point in space must include uncer
tainty in plume position, a source of uncertainty not included in the 
estimates given. 

Recommendations for protective action are pr·incipally determined hy dif
fusion (i.e., magnitude of concentration) rather than by transport (i.e., 
location of effluent). Tt"lis is fortunate l)ecause the maximum ground level 
concentration is the least uncertain estimator of atmospheric diffusion and an 
excellent estimator of maximum environmental radiation rlose rate. Therefore, 
efforts to provide accurate emergency dose assessnents should characterize the 
diffusion characteristics of the reactor slte. These characteristics include 
type of diffusion equation (i.e., generally tt"le basic haussian equation is 
used), vertical constraints on diffusion, buildinq w~ke effects, and deposi
tion and washout. 

No single set of procedures for estimating tt·ansport and diffusion of 
airborne material is appropriate for all nuclear facilities. Each facility 
must consider its specific topographic setting and potential release points to 
create an adequate model for atmospheric dispersion. 

Compared to estimates of the source term and atmospheric dispersion, 
dosimetry calculations are relatively insensitive to the problems of 
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projecting from a partial data base and the need for timeliness. Two cnveats 
are necessary, however: the dosimetry code must be adequate for the various 
radioelements potentially in a release; and the method of plume shine calcula
tion must coincide with the spatial model of atmospheric plume dispersion. 
Otherwise, the uncertainties associated with rad1ation transport and the pre
accident composition and distribution of the offsite population should not 
cause uncertainties of the maximum offsite impact to exceed a factor of two. 

In summary, the priorities for emergency dose assessment are: 

• a capability to develop an accident-specific source term 

• a c haracteri zat ion of atmospheric transport and diffusion and selection 
of appropriate models 

• a development of dosimetry calculations for determining thyroid <1ose and 
whole body dose for ground 1 evel and/or el evat~d releases 

• a verification that the ensemble of models for determining source term, 
atmospheric dispersion, and dosimetry calculations are coordinated and 
producP. reasonable results. 
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1.0 INTROOUCTION 

Offsite dose assessment during nuclear power plant emergencies is 
required of all facilities hy Title 10 Code of Federal Regulations, 
Part 50.47(b)(9), which states tl1at 11 adequate methods, systems and equipment 
for assessment and monitoring actual or potential offsite consequences of a 
radiological emergency are in use." 

This document reviews problems and issues associated with offsite dose 
assessment in emergency situations. Currently, there is no federal guidance 
on real-time dose assessment for use in emergency response facilities (ERFs) 
during emergency situations. The only available federal guidance is specific 
to pre-operational {1 icensing) review or routine effluent releases. 

Dose assessment methodologies generally are divicterl into two time frames: 
those used in the control room during the initial hour or two of the emer
gency, and those userl in the emergency operations facility (EOF) or technical 
support center (TSC) for the duration of the emergency. The control room 
methodologies are generally less sop~isticated than those used in the EOF, 
where the highest level of expertise in evaluating the consequences of envi
ronmental releases is expecterl to be found. 

This review is divided into three major sections: source term, atmo
spheric dispersion and dosimetry. 

1.1 SOURCE TER~ 

This section discusses methods for estimating both the quantity and iso
topic composition of accidental radioactive material releases. Models avail
able for estimating release fractions from a reactor are reviewed with respect 
to application in emergency situations. In addition, potential sources of 
error involved in source term estimates are reviewed, including data input 
assumptions and calculation methods. 

1.2 ATMOSPHERIC DISPERSION 

This section covers several areas. It summarizes the problems in eval
uating consequences of airborne releases, discusses atmospheric processes 
(transport, diffusion and deposition) in relatively simple topographic 
settings, and includes examples of atmospheric dispersion 111odels. Also con
tained in this section is an overview of the difficulties encountered during 
the decision-making process, and sufficient background to make the literature 
readily useable. 

While no single set of procedures for estimating transport and diffusion 
of airborne material is appropriate for all nuclear facilities, a list of pub-
1 icly available models developed under federally funded programs is providPd 
as a starting point in developing site specific procedures. Also given is a 
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table 1 isting potential model features and rating the importance of the fea
tures in relation to site topography and release height. 

I. 3 OOI!METRY 

This section reviews the models availahle for calculating dose to indivi
rluals offsite during an emergency situation, emphasizing methods for calculat
ing external gamma dose to the whole body and inhalation dose to the thyroid 
from the plume. 

Modifications to rapid dose calculations, such as radioctive decay and 
daughter ingrowth during plume transit, also are discussed. A listing of pos
sible computer codes to perform dose calculations 'l.re reviewed for application 
in emergency situations. 
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2.0 SOURCE TERM 

2.1 INTROOIJCTION 

The first step in assessing the radiological consequences of an accident 
is to determine the actual or potential source term. This includes the quan
tity and radionuclide makeup of the radioactive material releilsed to the envi
ronment as well as its temporal variation. Once the source term is measured 
or estimated, meteorological and dosimetry models may be applied to the 
assessment. Decisions can then be made regarding appropriate emergency 
actions {such as sheltering and evacuation) and where to apply them. Ouring 
the initial and intermediate phases of an accident, involving hours rather 
than days, most important are the releases of radioactive material to the 
atmosphere. Noble gases and halogens dominate the initial assessments of the 
radiological impacts, although other radionucl ides may be important for 
intermed1ate or long-term considerations, depending on the severity of the 
accident. 

Ideally, monitoring of releases during an accident would provide im~edi
ate direct information on the quantities, forms and identities of radionu
clides being released. Some effluent monitors incorporate gamma ray spectro
meters. However, in general, the information available is more limited. 
Typically, monitored systems are capable of providing measurements of total 
noble gas, radioiodine and particulate releases. In other cases only gross 
dose rate measurements of atmospheric releases are availahle. For unmonitored 
releases, even this information is lacking. 

When the information is limited, the analyst must make assumptions 
regarding the nature of the radionuclides in the release, until onsite or off
site sample analysis can provide more exact data. Uncertainties may range 
over several orders of magnitude, and the challenge facing the staff of the 
Emergency Response Facilities is in making interim assessments hasert on par
tial information, which are reasonably conservative but still prevent unneces
sary responses. 

2.2 CLARIFICATION OF TMI ACTION PLAN ITEMS 

A number of the requirements and commitments for improvement resulting 
from lessons learned at Three Mile Island (TMI) relate to post accident sam
pling capability, improved effluent monitoring, ilnd effluent analysis. Com
mitments for improvement are included in NUREG-0737 (U.S. NRC 1980), and 
relate directly to the efforts at source term determination. They include: 

1) The capability to promptly obtain reactor coolant and containment atmo
sphere samples. The combined time allotted for sampling and analysis 
should be 3 hours or less from the time a decision is made to take a 
sample. 
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2) fhe performance of continuous monitoring of high-1 evel, environmental 
accident releases of radioactive noble gases from effluent release 
points. Monitoring shall be provided for the total range of concentra
tions extending from normal condition concentrations to a maximum of 
105 11Cijcc (l33Xe). "1ultiple monitors are usually necessary to cover the 
ranges of interest. Specific accident release pathways shall be moni
tored. Different maximum ranges are specified for various release paths, 
examples of which include containment exhaust 
(los 11 Ci/cc), pressurized water reactor (PI4R) condenser air removal sys
tem exhaust (104 11Ci/cc), buildings with systems containing primary cool
ant or offgases, PWR steam safety valve discharge and atmospheric ste~m 
dump valve discharge {103 11Ci/cc), and radwaste buildings and fuel 
handling/storage buildings (102 11 ~i/cc). 

3) The capabilHy to collect ~nd analyze representative samples of radio
active iodines and particulates in plant gaseous effluents during and 
following an accident. This capability is not required for PWR secondary 
main steam safety valve anrl cleanup valve discharge lines. 

nesign criteria for the reactor coolant and containment atmosphere 
sampling capability include the assumption of fission product releases as 
described in Regulatory Guides 1.3 (U.S. AEC 1974a) and 1.4 (U.S. AEC 1g74b). 
These design basis conditions may necessitate shielding or design features to 
reduce personnel exposure and permit analysis of samples with high initial 
activities. The designs are not required to consider thermal deposition of 
particulates, loading of detectors and sampling equipment with water vapor or 
condensed water, condensation with sampling, or accumulation of water in 
sampling lines or detection equipment. 

During the accident at Three Mile Island, the large quantities of radio
active noble gases being released caused erroneously high readings on the 
radioiodine effluent monitoring systems. The NRC report (NUREG-0737} subse
quently concluded that iodine gaseous monitors for accident conditions were 
impractical at that time, therefore necessitating collection and analysis of 
radioiodine samples. Analysis using gross gamma measurements should include 
provisions to minimize noble gas interference. 

2.3 MODELS 

This section describes available models for characterizing releases to 
the environment from reactor accidents. The purpose is to examine methods for 
making initial assessments of source terms for input into atmospheric disper
sion and dosimetric calculations. 

2.3.1 Regulatory Guides 1.3 and 1.4 

The simplest and most commonly referenced model for source term activi
ties released under accident conditions is found in Regulatory Guides 1.3 and 
1.4 (u.s. AEC lg74a,b). These guides are used in licensing and are not useful 
for emergency response situations. 
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These guides specify releases of fission product inventory to containment 
for a design basis 1 ass of cool ant ace ident (LOCA). nne hundred percent of 
the radioactive noble gas inventory and 25% of the radioiodines are assumed to 
be immediately available for leakage from the reactor containment to the envi
ronment. These source term assumptions are similar to those in TI0-14844 
(DiNunno et al. lq62), which is referenced in the siting criteria of 
10 CFR 100. The major difference is that Ttn-14844 also includes a particu
late release from fuel consisting of 1% of the remaining fission products. 

According to Regulatory Guirles 1.3 and 1.4, the primary containment 
should be assumed to leak at the technical specifications' leak rate. The 
reduction 1n the amount of radioactive material available for leakage 
(achieved by engineered safety features such as containment sprays) is to be 
considered on an individual-case basis. kcording to TT0-14844, reductions of 
several orders of magnitude may be possible. For the rlesign basis accidents 
addressed 1n Regulatory Guides 1.3 and 1,4, the containment is assumed to 
remain intact. 

1\ccording to the present position of the ~RC staff (U.S. NRC 1981a), the 
design hasis accidents (ORAs) are intended to conservatively describe accident 
conditions. They serve as the bases for enqineering design and licensing 
evaluations. The OAAs adopted for use are non-mechanistic, hypnthetical 
events with accident scenarios only broadly sketched; they are not intenderl to 
substitute for realistic assessments of actual accident consequences. While 
tile large uncertainties involved in accident fission product source terms sup
port the use of OBA conditions in assessing design limitations, it is also 
clear that their unmodified application to actual accident conditions may 
result in erroneous consequence estimates, such as the incorrect assumption 
that accident consequences will always be dominated by radioiodine releases. 
Therefore, Regulatory Guides 1.3 and 1.4 (U.S. AEC 1974 a, b) should not be 
used in emergency response situations. 

2.3.2 Reactor Safety Study (RSS} 

The Reactor Safety Study (WASH-1400) (I!.S. NRC 1975) approach to accident 
analysis is a mechanistic one. Specific accident sequences are analyzed in an 
effort to calculate radionuclide release fractions and assess the accident 
consequences. Fission prorlucts released are grouped into seven classes, of 
which two are the noble gases and the halogens. Estimates of radioactivity 
released to containment in the RSS are based on a review of applicable data on 
radioactive release, transport, and deposition within the reactor systems. 
Four core release terms are identified for each of the seven radionuclide 
classes: gap release, core melt release, vaporization release, and core steam 
explosion release. Cumulative fractional releases from containment are cal
culated for each accident sequence and for each of the radionuclide classes. 

The specific accident sequences are grouped into nine PWR and five hail
ing water reactor (BWR) release categories. The physical processes that 
define each release category are described. The cateqories generally are 
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characterized by core status (meltdown or no meltdown), cont~inment integrity 
and operability of engineered safety features such as containment sprays and 
heat-rei'Tloval systems. 

Table 2.1 shows the Reactor Safety Study summary of release categories 
and release fractions for accidents involvinq fission product releases from 
the core. The RSS SlJITlmary for accidents not involving the core is shown in 
Table 2.2. 

The difficulty with using source terms arrived at by mechanistic analyses 
is that they require a clear and complete unders~anding of the specific acci
dent processes. During an actual accident, the sequence of events ~nd even 
the status of important plant systems may not be completely understood. Pro
jection of source terms from release fractions assumed on a mechanistic basis 
thus becomes very difficult, and lead to large uncertainties. Environmental 
release fractions for noble gases, iodines, and cesium following releases of 
these radioelements from the void space and fuel matrix of a reactor will vary 
widely dependent on the status of reactor safety systems and containment bar
riers (see Table 2.1}. For core melt accidents, noble gas release fractions 
varied over two orders of magnitude while iodine release fractions varied over 
approximately four orders of magnitude. Therefore, a source term developed 
generically and applied to a specific accident can be expected to introduce an 
uncertainty of at least a factor of 100 to 10,000 in whole body dose. The 
corresponding uncertainty in absorbed dose to the thyroid is approximately a 
factor of 10,000 to 1,000,000. Recent work by Oak Ridge (Niemczyk and 
McDowell-Royer 19.8~) to estimate accidental releases has concluded that the 
overall results regarding source terms do not differ siqnificantly from the 
Reactor Safety Study results. 

/)ne method of simplifying Table ?..1 for use based on limited information 
would be to further group the release categories for fuel melt accidents (i.e. 
accidents more serious than PWR 8 and q or BWR 5) on mode of containment fail
ure. On this basis, a PI~R fuel melt accident with massive containment failure 
would be represented by RSS categories PWR 1 through 3, PWR fuel melt with 
large containment leakage or isolation failure by PWR 4 and 5, and PWR fuel 
melt with basemat melt-through by PWR 6 and 7. 

For BWRs there would he two cases: fuel melt with containment failure 
(BWR I through 3) and fuel melt with isolation failure (BWR 4). Categories 
PWR 8-9 and BWR 5 are not included since they do not involve fuel melt. 

Taking the geometric mean of the release fractions to the environment in 
each such grouping from Table 2.1 produces the results in Table 2.3. The geo
metric mean more accurately reflects the release fraction in each category 
than the arithmetic mean. 

The actual ranges of release fractions, as shown in Table 2.1, are 
generally less than an order of magnitude for any particular radionuclide 
group within the five release categories above. The major exception is the 
PWR 6-7 category, representing basemat melt-throu9h accidents. The ranges of 
RSS release fractions in this category are typically one to two orders of 
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TABLE 2.1. Core Accident Summary (Table V 2-l from U.S. NRC 1975) 
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TABLE 2.2. Non-Core Accident Summary (Table V 2-2 from U.S. NRC 1975)(a) 
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TABLE 2. 3. Core Melt kcidents: Fraction of Core Inventory Released 

Xe-Kr Org. I Cs-Rh Te-Sb P;a-Sr Ru La - ---
PWR I-3 0.9 0 ' 10-3 0.5 n. 1 o. 1 0.04 n.nn 3 ' 1 o-3 

PWR 4-5 0.4 1 ' 10-3 0.05 0.01 0,01 1 ' 10-3 I ' 10-3 1 ' lf)-lt 

PWR o-7 0.04 2 ' 1 o- 4 I ' 1 n- '• g ' 1 n- s I ' 1 o- ... 9 ' 1 n-o R ' un:. I ' 10-6 

RWR I -3 7 ' lQ-3 0.3 0,3 o. 4 0.04 0.07 4 ' 10-3 

RWR 4 0.6 7 ' 1 0-4 g X 1 !)-. 5 X 1 rr3 4 ' 1'1-3 6 1 ()- .. 6 1 8-,, I 1 Q-4 X X ' 

magnitude for any particular radionucl ide group. The effectivness of contain
ment sprays is a primary determinant of release fractions for these types of 
accidents. 

The advantage of Table 2.3 over Table 2.1 is that it provides a ready 
means for making preliminary estimates of release fractions and source terms 
for severe accidents, based on minimal information regarding containment 
integrity. The release fraction should be modified in any specific accident 
according to the expected performance of the ~ngineered safety features. 

2. 3. 3 NUREG-0771 and ~IJREG-0772 

NUREG-0771 (U. S. NRC 1982) presents a five-group classification of fuel 
melt accidents based on degrees of core and containment safety feature integ
rity as follows: 

Group 1- Complete core melt. Early contain111ent failure. Engineered Safety 
Features (ESF) are ineffective. 

Group 2- Complete core melt. Late containment failure, or early failure with 
operational ESFs. 

Group 3 -Complete core melt. 
systems function as 

Group 4 - Partial core melt. 
tion as designed. 
sphere. 

Group 5 - Partial core melt. 
tion as designed. 
through water. 

Cant a i nment 
designed. 

fails hy basemat melt-through. cSF 

Containment system functions. ESF systems func
Dominant release pathway is via containment atmo-

Containment system functions. ESF systems func
nominant fission product release pathway is 

ESF in this case means Engineered Safety Features used for mitigation 
{rather than prevention) of fission product releases. These groupings repre
sent serious reactor accidents in a generalized manner and provide a manage
able means of categorizing accidents based on limited information. 
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Groups 4 and 5 represent n~A-equivalent accidents in which the contain
ment maintains its integrity, and in this respect differ from groups 1, 2 and 
3. Containment integrity wlll have significant impact on releases of fission 
products to the environment. NLIREG-0771 (U.S. ~RC 1982) presents alternate 
source terms developed for accidents in Groups 4 and 5. These source terms 
and their associated minimum design parameters are shown in Tables 2.4 and 
2.5. The Table 2.4 source terms represent acci:lents less severe than those 
for the core melt accidents in Table 2.3. The six fission product categories 
used in Table 2.4 are based primarily on volatility considerations described 
in Table 2.6. 

Similar estimates for accidents more serlO'JS than ORA-equivalent 
sequences are not provided in NlJREG-0771 (U.S. NRr: 1q82). Reactor Safety 
Study release fractions to the environment are discussed with regard to their 
potentially large overpredictions of severe accident source terms. At this 
time, sufficient information is not available to provide a basis for more 
realistic estimates. Studies now underway should provide better information 
on the magnitude of the uncertainties in the Reactor Safety Study. In the 
interim, Table 2.3 provides estimates for qenernlized fuel melt cases. 

TARLE 2.4. Source Terms for Group 4 and 5 Accidents 
(Table 3.8, U.S. NRC 19H2) 

Fraction of Core Inventory Released 

RWR PWR PWR - Ice Condenser 

Source Term, 2-hr Duration 

Noble gases 

Halogens 
Cesium 
Soft metals 
Strong metals 
Refractory oxides 

Source Term, 24-hr nuration 

Noble gases 

Halogens 
Ces i urn 
Soft metals 
Strang metals 
Refractory oxides 

4 X 10-s 

1 X J0-6 
4 X 1Q-7 

2 X ro-? 
2 X 10-a 
4 X 10-ro 

1 X 10-3 

3 X lo-s 
2 X 1o-s 

7 X 10-6 
5 X IQ-7 

1 x 1 o-s 

2.8 

2 ' 1o-s 8 X 10-s 
I X J0-6 I X 10-? 
5 X 10-7 4 x lo-s 
3 X 10-7 2 X w-a 
2 X 1 o-s 2 X 1 o-, 
4 x lo-ra 4 X J0-11 

3 X I0-4 I X 10-3 
9 X [Q-6 1 X [Q-5 
6 X 10-6 I x 10-s 
2 X J0-6 3 X J0-6 
2 X JQ-7 4 X 10-7 
3 X J0-9 5 X w-, 



TABLE 2.5. Minimum Oesign Parameters for Altern ate Source Terms 
(Table 3.9, U.S. NRC 1982) 

8WR 

• Mark III containment, leakage <0.5%/day 
• By-pass leakage <1% of containment leakage 
• Positive Main Steam Isolation Valve leakage control system required 
• Emergency Core Cooling System (ECCS) recirculation leakage <1 gpm, and 

filtered exhaust 

PWR, Large Containment 

• Containment leakage <0.1%/day 
• Ratio of spray flow to containment volume >I0-3 gpm/ft3 
• By-pass leakage <1% of containment leakage 
• ECCS recirculation leakage <1 gpm, and filtered exhaust 

PWR, Ice Condenser 

• Containment leakage <0.5%/day 
• Ratio of spray flow to upper containment volume >10-3 gpm/ft3 
• By-pass leakage <1% of containment leakage 
• Deck fan flow >2 lower volumes per hour 
• ECCS recirculation leakage <1 gpm, and filtered exhaust 

1n NUREG-0772 (U.S. NRC 1981), fission product release fractions from 
fuel were developed and compared with Reactor Safety Study figures for some 
specific accident sequences. Good agreement was found for Cs and I releases, 
but significantly higher releases from fuel were estimated forTe, Sb, Ba and 
Sr than in the Reactor Safety Study. Because of its volatility, the iodine 
precursor Te could be important to overall iodine releases. Consequently, 
daughter product ingrowth should be included in dosimetry models. 

For RSS risk-dominant accidents, NUREG-0772 concludes that sensitivity 
studies have shown I, Cs, Te and Ru are responsible for most of the conse
quences of severe reactor accidents. The report also concludes that the 
reduction factor of all fission products except noble gases would be greater 
than 100,000 in cases of severe core damage accidents (50% fuel melt) where 
there is no loss of containment integrity and containment safety features 
remain operable (see Table 2.4). NUREG-0772 focuses on low probability-high 
consequence core melt accidents but it could be expected that similar reduc
tion factors would apply to less severe accidents where the containment was 
not damaged or bypassed. 
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TABLE 2.6. Fission Product Grouping (Tab·e 3.5, U.S. NRC 19B2) 

I. NOBLE GASES--Elements which are chemically inert and exist as gases 
under normal environmental conditions. KRYPTON, XENON.* 

II. HALOGENS.--Elements which are extremely labile, do not form oxides, 
exist in water as soluble anlons, and dissociate readily. bromine, 
IODINE. 

III. CESIUM.--Unique because of its relatively high volatility and copious 
quantity. 

IV. SOFT METALS--AT though not necessarily present in that form within a 
reactor core, these elements possess comparatively soft, low density 
metallic states. This is due to the presence of few electronic states 
capable of forming chemical bonds. These elements possess comparatively 
reactive oxides. zinc, gallium, germanium, arsenic, selenium, silver, 
cadmium, indium, tin, ANTIMONY, TELLURIUM, RUBIDIUM, STRONTIUM, BARIUM. 

V. STRONG METALS--Although not necessarily present in that form, these ele
ments have comparatively hard, high density metallic states. In common 
with the last group, below, they have many available bonding electronic 
states and possess a diversity of stable oxides and oxyanions. 
ZIRCONIUM, NIOBIUM, MOLYBDENUM, TECHNETIUM, RUTHENIUM, RHODIUM, 
palladium. 

VI. REFRACTORY OXIOES.--These elements have many bonding electronic states, 
but their metallic states are of only moderate density and very easily 
oxidized. They have very stable ionic oxides which are soluble in 
uranium oxide, and they form highly charged (:ations which have generally 
low water solubility. YTTRIUM, LANTHANUM, CERIUM, PRASEODYMIUM, 
NEODYMIUM, promethium, samarium, europium, gadolinium, terbium, 
dysprosium, thorium, protactinium, uranium, NEPTUNIUM, PLUTONIUM, 
americium, CURIUM. 

*Elements listed in capitals are those identified as risk dominant in the 
Reactor Safety Study (U.S. NRC 1975), 

2.4 POTENTIAL SOURCES OF ERROR 

One of the major conclusions of the Technical Bases Report {NUREG-0772, 
U.S. NRC 198lb) is that the uncertainties in predicting atmospheric release 
source terms are very large (i.e •• at least an order of magnitude}. This 
refers to source term estimates made on a mechanistic basis with specific 
sequences and conditions known. Uncertainties in predictions made during the 
actual course of an accident will necessarily be even greater. Training of 
plant staff during exercises is an important means of improving the management 
of uncertainties during accidents. Prior thought should be given to the use 
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of control data in assessing the st~tus of engine~red safety features (e.q., 
actual filter efficiency, containment spray operability). 

Various sources of errors are discusser! in EPA-520/l-75-001 (ll.S. EPA 
1975) associated with dose calculation methods, and are divided into input 
data errors (e.g. release rate, release characteristics, environmental infor
mation) and calculational assumption errors (e.g. "whole body dose ri'lte equals 
exposure rate"). While the magnitude of rotential errors from the calcula
tional assumptions are all less than a factor of two, the potential errors 
from input data are in some cases as hiqh as a factor of 100 or more. Of 
these, the error factor associated with release characteristics input (e.g., 
iodine to noble gas ratio) is dominant. Consequently the first problem 
addressed with regard to dose calculations should he the types and quantities 
of radionuclides to be input. 

2.4.1 Radioiodine Release Fractions 

Given that the release is monitored in some manner (e.g. gaseous release 
dose rate measurements), the greatest source of error in estimating the 
release impact is the estimation of the radioiodine quantity included in the 
release. When noble gas and radioiodine release fractions are of the same 
order of magnitude, as is the case with nBA releases to containment, radio
iodine doses to the thyroid will dominate the radial ogical consequences. This 
determines the scope of necessary protective actions and the area over which 
they will be applied. Using dose conversion tables from EPA-520/1-75-001 
(U.S. EPA 1975) it can be seen that, at one hour after shutdown, 1 Cijm3 of 
radioiodine will produce a dose to the limiting organ (child's thyroid) which 
is 1000 times the gamma dose from 1 Cifm3 of nohle gas. ~ince the thyroid 
Protective Action Guides are five times higher than those for whole body expo
sure, thyroid doses would dominate the protective action decisions for any 
release to the environment where the ratio of iodine to noble gas release 
fractions is greater than 1:200. For ratios lower than this, the consequences 
of errors in estimates of iodine release fractions would be minimal with 
regard to protective actions required, since the primary dosimetric impact 
would be from whole body rather than thyroid exposures. 

From a protective-action standpoint, the dividing line between conditions 
dominated by noble gases and those dominated by radioiodines can be found when 
the ratio of thyroid dose to external dose (from noble gases and radioiodines) 
equals five. Using the computer code WRAITH (Scherpelz, Rorst and Hoenes 
1980) 50-year dose commitments from airborne releases can be calculated for 
different mixtures of noble gases and radioiodines. Using the core inven
tories specified in the RSS (U.S. NRC 1975) and assuming ground level release 
conditions and release fractions given in Regulatory Guides 1.3 and 1.4 (U.S. 
AEC 1974a,b), WRAITH calculations show that the ratio of thyroid to external 
doses from noble gases varies between 300 and 460 in the interval between 1000 
and 171 500 m from the release. Figure 2.1 shows the effects of reducing the 
iodine release fractions by factors of 10, 100, and 1000 relative to the 
design basis accident conditions. Such reductions might be accomplished by 
Engineered Safety Features (ESFs) such as sprays and filters. It is clear 
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from Figure 2.1 that such systems must reduce iodine releases to 10-2 to 10-3 
of Regulatory Guide 1.3 or 1.4 levels before thyroid dose is no longer the 
cantrall ing factor for protective action considerations. Regulatory Guides 
1.3 and 1.4 are used here for illustration only and are not appropriate for 
use in emergency response situations. The curved nature of the plots results 
from the fact that at relatively small distances, the thyroid dose will 
increase faster than the external dose. The thyroid dose is directly 
proportional to the ground level concentration at a given point, but the 
external dose from a finite cJoud is the sum of contributions from all points 
in the cloud. 

As already noted, high noble gas to iodine ratios at Three Mile Island 
resulted in erroneously high indications on the radioiodine monitors. The 
post-accident sampling and analysis capability stipulated in NUREG-0737 (lJ.c;. 
NRC 1qso) can help establish actual conditions and limit unnecessary actions. 

2.4.2 Fission Product Groups 

Significant errors may be introduced by failure to consider important 
groups of radionuclides in accident assessments. Noble gases and radioiodines 
may be the only significant concerns for some specific situations, hut in 
~thers the effects of other categories of fission products (such as particu
lates) need to be addressed. 

To illustrate this point, whole body and organ doses have been calculated 
for the 2 hour PWR source terms in Table 2.4 for the case of a ground level 
release, stability class D, a 2 m/s windspeed and a distance of 5000 meters. 
Internal doses resulting from the inhalation of radioactive particles and 
external doses received from the passing radioactive plume were calculated 
using the computer code WRAITH (Scherpelz, Borst and Hoenes 1980). The exter
nal doses received during residence on contaminated ground were calculated 
assuming a three hour residence time (Moeller, Scherpelz and Oesrosiers 1q81). 
The results of these calculat1ons are shown in Tables 2.7 and 2.8. 

From Table 2.7 it can be seen that fission products other than noble 
gases and iodines can contribute significantly to whole body exposure, 
particularly from internally deposited soft metals and cesium. Table 2.A 
percentages show that soft metals are the primary contributors to organ doses 
to the marrow and lungs under the circumstances stated. Although the release 
fractions in Table 2.4 represent significant reductions in radioiodine 
releases relative to previous estimates, the relative magnitudes of the 
thyroid and whole body doses in this case make it clear that protective 
actions would continue to be dictated by anticipated thyroid exposures for 
cases where only iodine and noble gases are released. It is also apparent 
that should iodine releases be reduced, organ doses to the lungs might he 
important if particulate releases were not reduced. 

2.4.3 Isotopic Makeup of Radioiodine and Noble Gas Fractions 

A potential source of error in calculations involving either nohle gases 
or radioiodines is the group of assumptions made regarding the isotopic mix 
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TABLE 2.7. Effective Whole Body Dose Commitment: Total Rems and Percent 
of Total Rems by Fission Product rlroup 

Percentage of Dose 
Internai External Deeosition iota 1 

Noble Gases <D.! 78.6 0 39.9 

Halogens 12.1 19.5 99.1 36.2 

Cesium 27 .I 0.2 0 .I 7 .I 

Soft l'etal s 48.6 1.5 0.7 13.5 

Strong Metals 11.8 0.2 <D.! 3.2 

Refractory Oxides 0.3 <D .I <D.! <0.1 

Total Rem 1.4 X 10-3 2. 7 X Jo-3 1.2 X Jo-3 5.3 X 10-3 

TABLE 2.8. Organ Doses from Inhaled Radioactivity: Total Rems and Percent 
of Total Rems by Fission Product Group 

Percentage of Dose 
Marrow [ungs Thyroid 

Nob 1 e Gases 0.2 D. 2 

Halogens I.! D. 5 !DO 

Ces i urn 4.6 0.1 

Soft Metals 93.7 96. 5 <0. I 

Strong l'etals 0.3 2 .;l 

Refractory Oxides <D.! <D. l 

Total Rem 1.6 X 10-2 3.0 X 10-I 2.0 X 10-1 

within each group. For instance, graphic method·; presented in EPA-520/ 
1-75-001 (U.S. EPA 1975) for determining radioiodine doses assume a mix of 
isotopes present at 4.5 hours after shutdown. This assumption results in an 
overestimation of thyroid doses for times shorter than 4 hours after shutdown 
and an underestimation for longer times. The error is relatively small 
(±33%), however, and correction factors are prov·ded. In the case of a gap 
(rather than core melt) release, the higher relative concentration of 131J 
would cause an overestimation of thyroid dose projections, but the maximum 
error would be 30%. 

Some dosimetrists assume that all observed roble gas activity is due to 
133Xe and interpret the results as equivalent curies of 133Xe rather than a 
mixture of noble gas isotopes. Using data from L.S. NRC Regulatory Guide 
1.109 (U.S. NRC 1977), the whole body dose conversion factor for I33Xe is 
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2.94 x 10-4 mrem-m'/pCi-yr (equal to 33.56 rem/hr per Ci(m3). cPA 520/1-75-
001 (U.S. EPA 1q75) contains dose conversion factors for noble gas mixtures at 
various times after shutdown. Comparison of these factors shows that noble 
gas dose rates will be underestimated if all noble gas activity is assumerl to 
be 133Xe. The factor by which the dose rates are underestimated decreases 
from approximately 15 to less than 5 in the first 12 hours following shutdown. 

Similarly, measurements of iodine activity (e.g. on a sample canister) 
will misrepresent projected thyroid doses if all the observed activity is 
assumed to be due to 131J. In the absence of a spectrum analysis showing 
peaks for all the iodine isotopes, an assumption must be made regarding the 
iodine isotopic makeup. Single-channel analyses which see only the 1311 con
tribution must factor in assumed fractions of other radioiorlines in order to 
avoid underestimating thyroid doses. Using the in hal at ion dose factor for a 
child provided in U.S. NRC Regulatory Guide 1.109 and assuming the radioiodine 
mixture specified in the RSS (U.S. NRC 1975), the dose factor for the iodine 
mixture at shutdown can be calculated to be R.3 x 10- 4 mrem/pC:i inhaled. The 
factors at 12 and 24 hours post shutdown are 2.0 x 10-3 and 2.5 x 10-3 mrem/ 
pCi inhaled. Therefore, interpreting all iodine as l31J will overestimate 
thyroid dose by a factor that decreases from 5.3 to 1.8 over the first 24 
hours after shutdown. 

A simple and direct method for reducing errors resulting frofll changes in 
the isotopic makeup of the noble gas and iodine fractions is to provide charts 
or graphs of correction factors as a function of time after shutdown. Mea
surements made assuming all 133Xe or all 131I could be correcterl using these 
factors to accurately represent the isotopic mix at a specific time. Figures 
2.2 and 2.3 show correction factors calculated using the rlose conversion 
factors from Regulatory Guide 1.109 (U.S. NRC 1977). Initial isotopic mixes 
were taken from the RSS (IJ.S. NRC 1975) core inventories. 

2.5 CONCLUSIONS 

The following sections summarize the principal factors that should he 
addressed in evaluating source terms for monitored releases, unmonitored 
releases, and environmental measurements. 

2.5.1 Monitored Releases 

The ideal system for monitoring releases during emergencies should 
provide realtime measurements of the concentrations of individual 
radionuclides. In practice, some compromise must be obtained between the need 
to monitor the releases in realtime and the need for detailed isotopic 
information on the release. Monitoring methods used during accidents should 
be employed with an awareness of their uncertainties and implicit assumptions. 

Many facilities use monitoring systems that provide individual measure
ments of iodine, noble gases and particulates. Separate absorbers or filters 
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FIGURE 2.2. Correction Factor for Noble Gas Measurements Assuming 
All A:::tivity is 133Xe 

are used to remove the radloiodlnes and particulates, and the noble gases are 
monitored in realtime. Typically, such a system might be found in the facil
ity1s main exhaust stack. The following points need to be considered in 
evaluating such a system for estimating accident source terms: 

• Assumptions about the mix of radionuclides i1 each of the separate frac
tions, particularly iodines and noble gases, should be stated explicitly 
(e.g., time-dependent changes due to differe~tial decay or ingrowth 
should be accounted for). 

• Any necessary corrections for radionucl ide mixes, other than those for 
which the system is calibrated, should be provided. Corrections may be 
needed for time after shutdown and for the type of accident {e.g., gap 
release vs. core meltdown). All radionuclides need to be considered, 
including the effects of particulates on noble gas and radioiodine mea
surements. 

• Criteria for judging the response 1 imitations of iodine monitors in high 
noble gas concentrations should be provided. Procedures could provide 
estimates of the sensitivity of iodine monitors to noble gases in the 
sampling stream. 
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• Particulate activity has the potential for considerable impact on whole 
body exposures. This effect may be relatively more important when 
releases of radioiodines are reduced, and is particularly sensitive to 
assumed residence time of individuals in contaminated areas (Moeller, 
Scherpelz and Desrosiers 1981). 

• For major releases, consideration should be given to assessment of 
deposition by models or measurements. 

2.5.2 Unmonitored Releases 

Unmonitored releases should be estimated on the basis of previously cal
culated accidents, plant specific 'information, and known plant conditions. 
For instance, in the case of release of coolant without fuel damage, the most 
recent coolant analysis could be used to estimate the release. In some cases, 
direct in-plant surveys (e.g. effluent lines or containment entrances) may 
provide information on which to base release estimates. Shielding assessments 
and other information necessary for the application of such methods should be 
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anticipated and made available in emergency procedures. Computer-based sys
tei'Tl<;, SIJCh ns the Interactive Rapid Dose AssessmE>nt Model (IRJ)AM) (Poeton et 
al. 198?) can be used to provide timely estimates based on available informa
tion. As a first estimate for core rlamage accidents, tables or references 
should be available for the possible source terms (as in Section 2.3.3) and 
core and system data should be used to categorize the release. 

Sampling and analysis capability should be in place to provide radionu
clide data for input into source term estimates within 3 hours following the 
decision to take a sample. Methods should he provided for modifying source 
term estimates based on radionuclirle mix information from sample analysis. 

2.5.3 Field Measurements 

Initial release estimates should be based on available plant parameter 
information. Field measurements provide important feedback relative to these 
estimates, but must be used with caution. Field measurements are subject to 
errors in sampling techniques, and even measurements propPrly made can be 
affected by spatial and temporal variations in concentrations. Integraterl, 
rather than instantaneous, radiation measurements should be used wherever pos
sible. Field measurement data should be examinerl for internal consistency and 
compared with known atmospheric conditions before being used to modify release 
estimates. Procedures for field r1easurements should provide methods for 
distinguishing between ground contamination and plume exposures and for locat
ing the center of the plume. 
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3.0 ATMOSPHERIC DISPERSION (METEOROLOGY) 

3.1 INTRODUCTION 

Many meteorological aspects of the emergency response decision-making 
process at nuclear facilities involve estimating the transport, diffusion, 
transformation and depletion of material released, or projected to he released 
to the atmosphere. Problems associated with making these estimates have been 
outlined by Vander Hoven (1981) and discussed at length in Nuclear Regulatory 
Commission sponsored workshops (Dabberdt et al. 19B2 and Watson et al. 1982). 
In addition, various NRC documents, e.g., NUREG-0737 (IJ.S. NRC 19ROc), NUREh-
0696 (U.S. NRf. 198lb), NUREG-0814 (U.S. NRf. 1981c), and Regulatory Guides 1.23 
(U.S. AEC 1972 and U.S. NRC 1981a), 1.97 (U.S, NRC 1980b) and 1.101 (NIIREG-
0654, IJ.S. NRC 1980a) provide facility operators guirlance in the development 
of acceptable emergency response plans, facilities, and dose assessment tech
niques. 

This section consolidates current information on and provides discussion 
of the atmospheric processes important in evaluating the consequences of air
borne releases during emergencies. It provides guidance in identification of 
available/practical procedures for evaluating the problems of airborne 
releases. No single set of procedures for estimating transport and diffusion 
of airborne material is appropriate for all nuclear facilities. However, a 
list of publ ical ly available models developed under federally funded programs 
is included that may provide starting points for the development of site 
specific procedures for a nuclear facility. Potential model features and the 
importance of the features as a function of site topography and release height 
are also discussed. 

The discussion is limited to the responsibilities of nuclear facilities 
and does not extend to offsite response organizations. Independent evalua
tions of such organizations should be consistent with evaluations of nuclear 
facilities. Other meteorological aspects related to the emergency such as the 
general weather condition that affect decisions, for example, snow or ice 
covered roads and blizzard conditions that may make evacuation a less desir
able option than sheltering, are not discussed here. 

The logical scenario associated with a radiological emergency at a 
nuclear facil it.Y consists of a staged response on the part of facility opera
tors. At the onset of an abnormal event, the control room staff initiates 
response activities. If conditions warrant, the additional staff is called in 
to handle those aspects of the problem that go beyond the immediate operation 
of the facility. Staff with the highest level of expertise in the evaluation 
of the consequences of releases eventually will reside in the EOF. Therefore, 
the background information provided here is meant to be used in the evaluation 
of the response capability of the EOF. The expertise to be expected of the 
control room staff in the evaluation of the potential consequences of airborne 
releases is a 1 imited subset of that expected in the EOF. However, given 
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1 imited meteorological information, interpretation by the control room staff 
should be consistent with interpretation by the EOF staff. The TSC staff is 
expected to have an intermediate 1 evel of expertise in these matters. 

3.2 BASIC PRORLEMS IN EVALUATING AIRBORNE RELEASES 

The atmospheric processes that describe the transport, diffusion, trans
formation and depletion of material are represented mathematically by a set of 
nonlinear partial differential equations. These equations include the equa
tions of motion, the thermodynamic equations, the turbulent kinetic energy 
equations, etc. While the discussion does not delve into these equations in 
detail, it is necessary to highlight two particular problems in their sol u-
ti on. 

The problems generally are referred to as cl,sure and boundary condition 
specification. Closure means specifying as many independent equations as 
there are unknowns. Simplifying assumptions are required to obtain closure. 
If closure is not achiever:!, there will be more un'r<nowns than equations, and 
finding a unique solution will not be possible. The problem in specifying 
boundary conditions is that the solution is four dimensional, having three 
spatial dimensions and time. With appropriate sirnpl ifications, the set of 
equations can be solved most easily when the boundary conditions are uniform 
in space (homogeneous) and unvarying in time (stationary). Sol uti on of the 
equations becomes difficult (and time consuming) if the boundary conditions 
are either nonstationary or inhomogeneous. These two problems make estimation 
of temporal and spatial concentration distrihutions following release of 
material to the atmosphere significantly more difficult than estimating dose 
from concentration distributions. 

In reality, particularly in coastal settings and complex topography, the 
atmosphere tends to be both non stationary and inhomogeneous. Even the solu
tion of a simplified but complete set of equations is unlikely to produce 
timely results for emergency response decisions. As a result, decisions will 
have to be based on a simpl Hied subset of the equations. It is therefore 
incumbent upon the individual providing the atmospheric assessment to have a 
basic understanding of the processes involved, and to understand and convey 
information on both the relevance and limitations of the assessment. 

Atmospheric models based on stationarity and homogeneity should provide 
acceptable results for assessing the short range consequences of current 
releases. By assuming stationarity and homogeneity it is possible to treat 
atmospheric transport implicitly while treating diffusion explicitly. When 
these assumptions are discarded, implicit treatment of transport heco111es more 
difficult and 1 ess realistic. 

The term "model" is used in general sense and may consist of one or more 
well defined mathematical algorithms. It may also consist of a set of tai-Jles, 
graphs or plume plot overlays that are usP.:d to estimate the concentrations or 
doses at a point in space. 
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3.3 ATMOSPHERIC DISPERSION MODELS 

Sections 1!.1.4, 11.1.8 and Appendix 2 of Regulatory Guide 1.101 (NUREG-
0654) discuss assessment of potential and actual e~posures and doses. Two 
types of atmospheric models are defined for making these estimates. Class A 
models are intended for initial, rapid dose estimates. These estimates are 
expected to be available within 15 minutes of the determination that an 
emergency condition exists, and are for use within the plume exposure 
Emergency Planning Zone (EPZ). Class B models are intended for use in the 
larger ingestion EPZ. Both Class A and B models are to be site specific in 
that they should use local meteorological data and account for the effects of 
topography in making diffusion estimates. 

Other than the difference in areal extent of the EPZs to be covered, the 
primary distinction between the model classes is in treatment of the time 
variations of atmospheric conditions. Class A models generally treat time 
variations by assuming a sequence of steaQy state conditions without 
considering the transition from one state to the next. By contrast, Class B 
models represent nonstationary and inhomogeneous conditions explicitly. 

In addition to the basic difference between model types, there are 
differences in the features that can be expected to be included in the 
models. Fewer atmospheric processes will be represented in Class A than in 
Class B models. Specifically, Class B models must treat deposition processes 
and forecast meteorological conditions. However, merely including these 
factors in a model will not qualify it as a Class B model. Regulatory 
Guide 1.101 (NUREG-0654) provides for use of Class A models for the entire 
ingestion EPZ until emergency response facilities are fully operational, if 
compensating measures are taken to account for potential errors at longer 
transport distances. Similarly, compensating measures are required in other 
elements of the response recommendations. 

Extensive lists of general atmospheric transport and diffusion models are 
contained in reviews by Drake and Barrager (1979) and Liu (1982), and an 
Atomic Industrial Forum (AJF) task force (Bass and Smith 1981) has reviewed a 
number of models for emergency response applications. Although many of the 
models in these lists could serve as bases for Class A and B models at nuclear 
facilities, they all would require some degree of modification to make them 
site specific. The time required to modify models for Class A use is 
estimated to be "modest" by the AIF task force, and the time required to 
upgrade candidate models to Class B status is estimated to be six to 
24 months. 

The AIF task force recognized the existence of a group of models that had 
both Class A and Class B features. These models, labeled B*, could use all 
available data or could operate with data from a single site. The B* models 
are logical starting points for developing an emergency response model because 
of this flexibility. Initially a Class A model could be implemented, then as 
features were added it would gradually achieve Class B status. By using the 
same model as a basis for both Class A and Class B models, a large measure of 
consistency between the models could be ensured. 
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3.3.1 Availil:ble Models 

Many B* mod~ls are available for use as a starting point in Class A and R 
model development. Some of the B* models have been developed in publicly 
sponsored work and are therefore in the public domain. Other B* models have 
been developed by private organizations and are available for a fee or as a 
service. There are no inherent differences in mo:lel quality because of the 
source, public or private, but the cost of obtaining a model developed with 
public funds is likely to be significantly less t~an obtaining an equivalent 
model developed by a private organization. 

Table 3.1 lists nine atmospheric transport and diffusion models in the 
public domain that might serve as convenient starting points for Class A and R 
model development. The basic model features at the time of model 
documentation are listed in the table. The list in Table 3.1 is not 
comprehensive, but it does represent a reasonable cross-section of models. 

The model capabilities and features listed may not represent the current 
state of the models because many of the models are in a continuing state of 
development. For instance, since the publication of the MESO I documentation 
(Ramsdell and Athey 1981), the following features and capabilities have been 
added to the model: elevated sources, multiple sources, and wet and dry 
deposition. In addition, the model has been exterded to include three 1 ayers 
in the vertical, thus permitting some of the effects of wind shear to he 
incorporated in the model. 

and 
Selection of 

Smith 1981). 
a B* model is discussed in the ftiF 
Suggested evaluation criteria are: 

• model availability 
• model documentation adequacy 
• representation of physical processes 
• meteorological input data requirements 
• modeled terrain influences 
• model transferability 
• model transfer technology 
• model portability 
• human factors engineering 
• model validation. 

task force report (Bass 

The task force report should be consulted for a detailed discussion of 
each of the criteria. It also contains an eval uat·ion of seven of the models 
listed above using these criteria. 

When a starting point has been established, it is necessary to select 
capabilities and features to be incorporated in the ultimate Class A and R 
models. Clearly. feature and capability importance are a function of the 
specific design of the facility and its topographic setting. For example, 
treatment of transport and diffusion from an elevated source may not be 
important if a facility does not have an elevated release pathway. Similarly, 
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TABLE 3.1. Some Public nomain B* Models and Their Capabilities and Features 

Meteoro-
Release logical Trans- lli ffu- "'1ixing Recep- nther 

Model .!l'E Sources lluration nata eort sian La,ter tors Features Reference 
ATA.D A A,O A-E R,I"J,E A-n A A, C, D R 0, E Heffter 1980 

HITTM A A,D A-E R,D,E A-0 A A,C,D B 0, E Benkovi tz and 
Heffter 1980 

MESOD IF B A-r. A-E A ,11, E A,R, 0 A,C A,R A-n R-n Start and Wendell 
1974 

MESOOIF-1! c w 
A,R,D B-E A,n,E A,B A,r: ,n A,B A,C,D A-n Powel1 et a1. 1979 

~ MESO! B A A-E A,D,E A,B A,C A,C B,C Ramsdell and !\they 
19Bl; Athey et al. 
1981 

MESOPLUME c A-n C-E A,B,D,E A,R,E A,C c B, C s,n Renkley and Rass 
1979a 

MESOPUFF R A-0 A-E A,R,n,E A,A,E A,C ,n c,n s-n R-n Renkley and Rass 
l979b 

MESOSCALE R,o A,B A-E A,8,E A,c,n A A c n,E Draxler 1979 

PFPL B,C A,C A-C A,C,E A A,B A,C c B-E Garrett and Murphy 
1981 
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KEY 

TYPE 
r.-Gaussian plume 

B. Lagrangian puff 

C. Segmented plume 

D. K-theory 

SOURCE 
A. Ground level 

TARLE 3.!. (contd) 

METEOROLOGICAL DATA 
A. Requ1 res surface data 

B. Requires upper air data 

c. Limited to single station 

n, Used multiple station data if available. 

E. Accomodates arbitrary station 
coordinates 

B. Elevated in mixed layer TRANSPORT 

C. Elevated above mixing layer 

n. Multiple sources 

RELEASE OURATION 
A. <3 m1 nutes 

8. 3 minutes to 1 hour 

c. 1 hour to 24 hours 

D. >24 hours 

E. intermittent or variable 
emission 

A. Interpolated or weighted wind field 

B. Wind field module separable from 
diffusion model 

c. Explicit terrain 

D. Terrain following wind 

E. Flow around obstacles 

DIFFUSUJN 
A. Use stability (turbulence) typing scheme 

A. Can use liirect turbulance measurements 

C. Temporally varying diffusion rates 

n, Terrain included 

MIXING LAYER 
A. Uniform in space 

A. IJni form in time 

c. Externally specified in time/space 

0. t.oupled with stability 

RECEPTORS 
A. Polar grid 

A. Rectangular grid 

C. Arbitrary receptor coordinates 

n, Elevated receptors permitted 

OTHER FACTORS 
A. Bulld1ng wakes 

B. Plume rise 

C. Radioactive decay 

n. nry lieposition 

E. Wet deposition 



explicit terrain representation is not important if the topography within the 
ingestion pathway EPZ is essentially flat and there are no major features that 
could affect air flow. 

Table 3.2 lists a number of potential model capabilities and features and 
suggests a relative importance for each as a function of general topographic 
setting and release height. However, the table should not be interpreted as 
setting Class A or Class B model requirements. Given an adaptable starting 
point, it should be possible to incorporate most of the features and 
capabilities listed in Table 3.2 within the current state-of-the-art in 
transport and diffusion modeling. In many cases the mathematical algorithms 
required are standard model components that have been used for years. 

One notable and important exception to this general rule is the explicit 
treatment of local circulations in transport and diffusion. Appendix A 
discusses information available for use in developing explicit treatments for 
transport and diffusion in local circulations. Appendix A (section A.l) is 
specifically concerned with the coastal environment, while Appendix A 
(section A.2) deals with complex terrain and obstacles. 

3.3.2 Model Evaluation 

Atmospheric process models are limited approximations of actual 
processes. The large number of possible assumptions that can be made in 
simplifying the governing equations to develop the models and the variety of 
topographic settings where the models are to be applied make it impractical to 
define a single model that is appropriate for use in emergency response 
applications at all sites. Consequently, evaluating an emergency response 
capability requires assessment of the applicability and appropriateness of the 
selected atmospheric process models without the aid of a predefined 
standard. This discussion provides some guidance in that task, although a 
consensus does not exist on what constitutes a complete evaluation of models 
or on objective techniques for overall model evaluation. 

Two recent workshops have concentrated on evaluation of atmospheric model 
performance (Fox 1981 and Buckner 1981). Fox distinguishes between two types 
of performance measures. The first called .. scientific'', is associated with 
cause and effect relationships, and requires extensive and detailed data. The 
second type of performance measure 1 s 11 operational ... It is more concerned 
with comparison of predictions with observed data in a specific application 
without undue concern for the details of the prediction. Both types of 
performance measures are important for evaluation of emergency response 
models. 
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TABLE 3.2. Capabilities and Features for Emergency Response Atmospheric 
Transport and Diffusion Models 

Topographic Setting 
Pla1ns Loas{ Val1 ey 

Release Reign{ 
Model Feature ~rounCl El eval:ea Grouna t1 eva tea Grouna t'l eva~ea 

Transport 

Output initial transport A A A A A A 
direction 

Output initial transport A A A A A A 
speed 

Temporally varying wind B B A A A A 
field 

Horizontally varying wind c c B B B B 
field 

Vertically varying wind c B c B c B 
field 

Mass-consistent wind D D 0 0 D D 
field 

Implicit terrain repre- D D D 0 c c 
sentation 

Explicit terrain repre- D D c c B B 
sentation 

Explicit representation o(a) D (a) c(al c(a) c(a) C (a) 
of local circulations 

Use all appropriate wind B B B B B B 
data 

Use observed or forecast c c B B B B 
data 

Diffusion 

Appropriate release A A A A A A 
height 
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TABLE 3.2. (contd) 

Topographic Setting 
P1ains l:oast Valley 

Re1 ease Hei gnt 
Model Feature GrounCJ t1 evateCJ GrounCJ El evateCJ GrounCJ El evateCJ 

Diffusion (contd) 

Appropriate diffusion A A A A A A 
coefficients 

Mixing layer depth A A A A A A 

Plume rise E c E c E c 

Building wakes D E D E D E 

Fumigation E B E B E B 

Explicit terrain repre- E A E A E A 
sentation 

Temporally varying dif- B B B B B B 
fusion coefficients 

Spatially varying dif- c c c c c c 
fusion coefficients 

Temporally varying mix- B B B B B B 
ing layer depth 

Spatially varying mix- c c c c c c 
ing layer depth 

Temporally varying source c c c c c c 
term 

Multiple isotopes c c c c c c 

Other 

Dry/wet deposition B(b) c(b) B(b) c(b) B(b) c(b) 

Output compatible with A A A A A A 
dose model 
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TABLE 3.2. (contd) 

Topographic Setting 
Plains Coast Valley 

Release Ae1ght 
Model Feature Ground Elevated Ground Elevated Ground Elevated 

Other (contd) 

Graphics output 

Automatic entry of 
onsite data 

Easy entry of supple
mentary offsite data 

Resuspension 

c 

B 

c 

E 

Key Level of Importance 
A Should be in all models 

c 

B 

c 

E 

B Should be in models for EOF use 
C Nice to have 
D May be of moderate value 
E Limited value 

c 

B 

c 

E 

c 

B 

c 

E 

c 

B 

c 

E 

(a) May be beyond state-of-the-art for emergency response models. 
(b) Should be in Class B models. 

When evaluating atmospheric process models for emergency response 
applications, among the more important of the scientific aspects are: 

• scientific basis for model assumptions 

c 

B 

c 

E 

• suitability of algorithms and parameters to the specific application 
• accuracy of the computational techniques 
• consistency of computer codes with documentation 
• consistency of models within a suite 
• climatological applicability and potentially available data 
• utilization of available and potentially available data 
• sensitivity of models to variations in input parameters 
• quality assurance applied to the codes 

In addition, three areas of operational performance evaluation that are 
practical are: 

• timeliness of model output, 
• accuracy of plume transport estimates, 
• accuracy of plume concentration estimates. 
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Several levels of models are likely to be included within an emergency 
response capability. The most sophisticated models would be used by the EOF 
staff when the EOF and all supporting instrumentation are operative. The 
control room and TSC staff would use less sophisticated models for their 
assessments. Similarly, the EOF staff should have a capability to make 
assessments when the facilities and instrumentation are less than fully opera
tive. These model subsets should be consistent with the models used when all 
expected data are available. Model consistency can be checked by evaluating 
the underlying assumptions and can be demonstrated by comparing model esti
mates for test cases where predictions should be identical. In some cases, 
such as loss of meteorological data, changes in model parameterizations that 
result in model inconsistency may be necessary. 

No set of practital atmospheric process models is or will be applicable 
for all meteorological conditions. The state-of-the-art in transport and dif
fusion modeling is not developed to the point where practical models can ade
quately treat transport and diffusion during periods of frontal passage, 
thunder storms, etc. As a result, there are periods when transport and dif
fusion estimates become the subjective responsibility of the nuclear facil
ity's staff. The climatological frequency and duration of these periods 
should be estimated. 

3.3.3 Model Uncertainty 

Basically, atmospheric models predict averages. A range of variability 
around model estimates must be accepted as a natural consequence of our 
inability to completely define the state of the atmosphere at any time and to 
solve the full set of governing equations. 

The source term is the initial source of uncertainty in estimating con
centrations of material released to the atmosphere. Errors in the source term 
are propagated throughout all diffusion and deposition estimates. Next comes 
the uncertainties related to the random nature of the atmosphere. As time and 
spatial resolution increase, there is a corresponding increase in the uncer
tainty associated with any diffusion or deposition estimate. In this respect 
an analogy might be drawn with the Heisenberg Uncertainty Principle. The 
uncertainties become large when time resolution increases to averages of less 
than 10 or 15 minutes. 

The diffusion models to be used in emergency response application must 
meet criteria related to timeliness of output. As a result, the models them
selves are a source of uncertainty. Is the form of the model selected ade
quate? The basic form assumed for the discussion has been Gaussian. A 
Gaussian model may not be appropriate for some releases or facilities. 

Assuming that the source term is known exactly and the selected model is 
adequate, and ignoring problems associated with temporal and spatial resolu
tion, the remaining uncertainties can be divided into those associated with 
estimates at positions relative to the plume and those associated with esti
mates for specific geographic positions. 
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Sources of uncertainty in relative diffusion are: 

• diffusion parameter estimates 
• mixing height estimates 
• release height 
• wind speed. 

The sources of uncertainty in diffusion parameters estimate are: 

• representativeness of the turbulence characterization and measurements if 
Lagrangian similarity and statistical parameter models are used 

• selection of a diffusion (stability) classi f ication scheme, if used 

• representativeness of data used to select a diffusion class 

• accuracy of the measurement. 

The sources of uncertainty in concentrations at specific positions 
relative to the ground are: 

• uncertainty in transport 
• uncertainty in relative diffusion 
• uncertainty in deposition and washout. 

Table 3.3 summarizes confidence intervals for most of the factors 
entering into transport, diffusion and deposition estimates using typical 
instrumentation. 

In 1977, the American Meteorological Society Committee on Atmospheric 
Turbulence and Diffusion (American Meteorological Society 1978) estimated the 
upper limit of accuracy for diffusion models to be about a factor of two under 
conditions where the meteorological parameters controlling diffusion are 
measured near the point of release and where topographic relief is minimal. 
Under exceptional circumstances, which include rough terrain, wake flows, over 
water trajectories, extremes of atmospheric stabi l ity or instability and 
ranges of more than 10 km, uncertainties may be as great as an order-of
magnitude if standard models are used. 

Use of site specific models may decrease the uncertainty. Working 
Group C at an NRC sponsored Workshop (Oabberdt 1982) estimated the uncertainty 
of site specific models to be about a factor of three under optimum daytime 
conditions with relatively strong winds. Greater uncertainty, approaching a 
factor of 10, was estimated for conditions when the wind speed decreases 
toward calm. A similar range of uncertainty (factor of 3 to 10) was given for 
nighttime, ground-level releases. The uncertainty range was extended to a 
factor of 100 for complex terrain. No level of uncertainty was estimated for 
nonstationary meteorological conditions such as sea breezes. 
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TABLE 3.3. Confidence Ranges for Parameter Estimates in Atmospheric Models 

Wind Direction 

Wind Speed 

Horizontal Diffusion Parameter 

Vertical Diffusion Parameter 

Dry Deposition Velocity 

Washout Ratio 

Precipitation Rate 

Temperature 

Temperature Difference 

±5° for measured values, 40° rms error in 
interpolated or forecast directions 

tO.S m/s for measured values, t2 to 3 m/s rms 
error for interpolated or forecast speeds 

Factor of 2 or more depending on topography 
and technique used to estimate parameter 

Factor of 2 or more depending on topography, 
stability, and technique used to estimate 
parameter 

No better than an order of magnitude estimate 
if constant value asslJTied 

No better than an order of magnitude estimate 

Factor of 2 for steady-state precipitation, 
more for convective prec i pit at ion 

t0.5°C if properly exposed 

±0.1°C if properly exposed and matched 
sensors are used. 

These uncertainty estimates are generally for maximum ground-level 
concentrations and consider only diffusion. They do not consider other 
atmospheric processes affecting concentrations, such as radioactive decay, dry 
deposition and washout by precipitation. It is also important to note that 
they are estimates of the uncertainty at the plume centerline; they are not 
estimates of uncertainty at specific points in space. This difference is 
significant. Estimates of uncertainty at a point in space must include 
uncertainty in plume position, a source of uncertainty not included in the 
estimates given. 

The uncertainty associated with model estimates is also a function of 
averaging time. In general, uncertainty decreases with increasing averaging 
time. Estimates given above are associated with hourly averages. If the 
averaging interval is reduced to 5 or 10 minutes an additional factor of two 
can he added to the uncertainty (Ramsdell and Hinds 1q11). Uncertainties 
associated with instantaneous spot estimates and observations are even larger. 

3.4 ATMOSPHERIC TRANSPORT 

Atmospheric dispersion is a collective term encompassing both the 
transport of material in the atmosphere and the diffusion of material during 
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transport. The two phenomena are closely related, and are considered 
separately as a matter of convenience. Historica 1 ly the division is related 
to the division of fluid flow into a mean component and deviations from the 
mean. Generally, atmospheric transport is associated with the mean flow, 
while diffusion is associated with the deviations from the mean (turbulence). 

Recent reviews of mathematical models of atmospheric dispersion (e.g., 
Drake and Barrager 1979, Hanna 1981, Bass and Smi t h 1981, and Liu et al. 1982) 
classify models in many ways. For the current application the models likely 
to be encountered can be generally placed into one of three groups: 
1) straight-line Gaussian models, 2) variable trajectory Gaussian models, and 
3) particle-in-cell models. These models differ in their treatment of the 
division between transport and diffusion. Straight-line Gaussian models con
centrate on the diffusion of material; transport is treated implicitly by 
assuming infinite temporal and spatial persistence of the wind direction, wind 
speed and diffusion conditions existing at the time of release. The variable 
trajectory models treat the transport and diffusion separately and explicitly. 
Finally, the particle-in-cell models concentrate on the treatment of trans
port; diffusion is treated implicitly by random variations of the transporting 
winds for individual particles. 

Straight-line Gaussian models are most appropriate for use in those 
aspects of facility licensing where statistical treatment of meteorological 
conditions is reasonable. They are also of value in making the initial trans
port and diffusion estimates within the plume exposure EPZ. However, their 
utility in this application diminishes as the distance from the facility 
increases. The primary deficiency of these models is their implicit treatment 
of transport. This treatment is not acceptable, prima facie, for making emer
gency response estimates beyond a few miles unless additional compensating 
measures are incorporated in the assessment methodology. 

Variable trajectory Gaussian and particle-in-cell models require a wind 
field in their explicit treatments of transport. In general, wind fields used 
in variable trajectory Gaussian models tend to be two-dimensional, while 
three-dimensional wind fields are used in particle-in-cell models. Two
dimensional wind fields can be derived from surface wind data and adjusted to 
the height of release using standard meteorological relationships that are a 
function of surface roughness and stability. They normally assume a constant 
wind speed and direction throughout the vertical extent of the boundary layer. 
Three-dimensional wind fields require some information on upper level flow in 
addition to surface wind data. The remainder of the wind field is then esti
mated by interpolation. It also may be adjusted to fulfill physical con
straints such as mass continuity. Given a suitable set of wind fields, the 
trajectory models assume that the position of the center-of-mass of a group of 
particles moves with the mean wind and that diffusion occurs as a result of 
fluctuations about the mean. 

The accuracy of transport estimates is directly related to the accuracy 
of the modeled wind field. It is also a function of the accuracy of estima
tion of the effective release height. 
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3.4.1 Wind Field Models 

Wind field models assume a more important role as dispersion model 
sophistication increases from Gaussian plume models to particle-in-cell 
models. Wind field models range in sophistication from the single straight
line transport models used in most nuclear facility licensing studies to 
approximate solutions of the full set of Navier-Stokes equations in three 
dimensions. Although there is essentially a continuum of models on the 
sophistication scale, the basic types are: 

• uniform wind field 
• area of influence 
• empirical interpolation 
• objective analysis 
• simplified physics 
• full physics (primitive equation) 

Sophistication increases from top to bottom of the list as do computer 
memory, computational time and data input requirements. 

Uniform wind field ~UW) models are common and are used in the NRC 
licensing process to est1mate effects of routine releases. They are described 
in detail by Gifford (1968) and in several regulatory guides including 
Regula tory Guides 1.111 (U.S. NRC 1977) and 1.145 (U.S. NRC 1979). In 
evaluation of the effects of an accidental release, these models are realistic 
only in the area where the assumption of a uniform wind field can be 
considered valid. At some nuclear facilities this region might extend to a 
distance of 15 to 20 km from the facility, while at other locations the 
assumption might be valid for no more than 2 or 3 km. 

The data input for a transport model consists of a uniform wind field 
based on a single representative wind direction and speed. The direction of 
transport is the reciprocal of the wind direction and speed of movement of the 
effluent is equal to the wind speed. Thus, computational requirements of the 
model are minimal and can be met by hand-held calculators, simple nomograms or 
even look-up tables. 

The limitations of UW models are obvious. Straight line transport can 
lead to plumes passing through mountains or other obstacles. The uniform wind 
field .does not permit a plume trajectory to curve to follow a valley. The 
only curvature in trajectories results from variations in the wind field with 
time. 

Area of influence {AI~ models based on measured winds are a better, but 
still simple, approach toescribing the wind field. Wind instruments are 
distributed throughout the region of interest and each is assigned an area of 
influence within the region. The boundaries between areas are assigned on the 
basis of physical insight and consideration of probable effects of topographic 
features. The initial plume transport conforms to the wind speed and 
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direction in the area of release just as it does in a UW model. However, when 
the plume reaches a boundary between areas it changes direction and speed so 
the transport conforms to the wind in the area being entered. In this way 
curved trajectories are possible without changing the wind field. Hinds 
(1970) used this approach to estimate transport times in coastal mountains in 
Southern California with reasonable results. 

The computational requirements for this approach are quite modest. 
Essentially, they consist of a series of simplP. estimates of the distance 
between area boundaries and the time required to transit each area. 

Transport can be estimated with an AI model using a hand calculator or 
nomographs. Estimating transport in this way mig~t take several minutes, 
compared to a few seconds with a uniform wind fiel d model, but the results 
should be more realistic. 

The limitations on accuracy of an AI model are related to the number of 
wind measurement sites and the skill with which the area boundaries are 
drawn. The time required to make transport estimates is primarily related to 
the speed with which data can be entered into the model. Computational time 
should be negligible. 

Empirical interpolation (EI) models are the l ogical extension of the AI 
model to estimate the wind at a large number of points within the field. 
There are many ways to make the desired estimates . One of the most common 
techniques is the weighted average interpolation scheme used by Wendell 
(1972). Grid point winds are determined by averaging winds from at least 
three measurement locations. The weight assigned in averaging is proportional 
to the reciprocal of the square of the distance between the grid point and the 
measurement location. Thus, the scheme is strictly empirical. 

Typical EI model grids contain more than 100 points {10 x 10). As a 
result, the computational load implicit in selection or use of an interpolated 
wind field is more than can be accomplished by hand following an accident. On 
the other hand, it is well within the capability of micro- and 
minicomputers. The computational time required for interpolation depends upon 
many factors including grid size, computer and skill of the programmer. For 
modest grids (say 20 x 20) and typical small computers, the interpolation can 
be completed within a few seconds. As with all interpolation schemes, 
accuracy depends on the amount of data available. 

MESOI {Ramsdell and Athey 1981), a trajectory dispersion model that uses 
Wendell's {1972) wind field model, requires fewer than 20K words of memory on 
a UNIVAC 1100/44 computer. Including the time required to initialize the 
model interactively, the model can simulate a 12 hr release in less than 
5 minutes when 6 puffs are released per hour and each puff is moved and 
exposures are accumulated at 2 minute intervals. The model also produces 
timely output {<5 minutes) on a Data General Eclipse C230 minicomputer. 

Goodin, McRae and Seinfeld (1979) have evaluated various methods of 
interpolation for use with sparse data fields. They conclude that a second 
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degree polynominal interpolation function computed using weights that are 
proportional to the inverse square of the distance between the point in 
question and the measurement points provides a good compromise between 
accuracy and computational costs. This scheme is used by Wendell (1972), 
Start and Wendell (1974) and Ramsdell and Athey (1981). 

Objective Analysis, Simplified Physics and Full Physics Models. The next 
level of sophistication in wind field modeling comes with application of 
physical constraints to the interpolation process. Sherman (1978) and Traci 
et al. (1977) have developed Objective Analysis (OA) wind field models that 
are termed mass consistent. In these models, the continuity equation is 
imposed as a constraint on the wind field. As a result, they are capable of 
identifying features that might be missed by less sophisticated models. 
However, this resolution is gained at the expense of increased data 
requirements and computational time. Orake and Huang (1980) have outlined a 
different mass consistent wind field representation that may be more useful 
for emergency response applications than the Sherman and Traci models. 

As an alternative to the AI, EI and OA approaches, wind field models have 
been developed by simplification of the Navier-Stokes equations. The model 
developed by Fosberg, Marlatt and Krupnak (1976) to provide wind fields for 
predicting fire behavior and evaluation of air pollution transport patterns is 
typical of the si~plified physics (SP) models. It is a two-dimensional single 
layer model in which the advection terms in Navier-Stokes equations are 
neglected and other terms are simplified using first-order assumptions. The 
model starts with a uniform background wind direction and speed imposed at the 
top of the layer. The geostrophic wind may be assumed for this purpose. The 
surface wind field is then derived by successive superposition of disturbances 
caused by terrain, surface friction and thermal forces. 

The most sophisticated wind field models are the three-dimensional full 
physics (FP) or primative equation models based on the Navier-Stokes 
equations. The SIGMET model (Traci et al. 1q77) and the model developed by 
Pielke (1974) are typical full physics models. These models require extensive 
computer resources and are slow running, even on the fastest computers. 
Computational times for full physics models are generally compared with "real 
time." SIGMET runs at about one-half real time on a cnc 7600, i.e., a 1 hour 
simulation requires 30 minutes of run time. 

With the exception of the FP models, wind field models are diagnostic and 
can be used to estimate the wind field only if given existing data. This 
diagnostic nature of the models limits their application in predicting future 
developments. They can be used to estimate future plume positions only to the 
extent that persistence of the wind field is assumed or forecast atmospheric 
data are available from other sources. The assumption of persistence for more 
than 2 to 3 hours is questionable under normal atmospheric conditions, and in 
topographic settings that are conducive to local circulations (e.g., coast 
lines and valleys), the use of persistence beyond an hour frequently may be 
unrealistic. Thus, the availability of adequate forecasts must be considered 
in evaluation of wind field models. 
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3.4.2 Vertical Adjustment of Winds 

The transport wind is not necessarily the wind at the height of the wind 
measurements or at the height for which the wind field is computed. For 
ground-level releases the proper transport height increases as the plume 
diffuses vertically upward, and for elevated releases, a transport height 
between the effective release height and ground l evel is usually 
appropriate. With three-dimensional wind field nodels the transport wind may 
be estimated as a function of position relativel y simply by interpolation 
between levels; with two-dimensional wind field models the process is more 
involved. 

Models of the vertical profile of the wind form the bases for estimating 
elevated winds from low-level wind data. Two profile models are commonly 
used. The first one is a logarithmic model, and the second is a power-law 
profile. The logarithmic profile with correction for atmospheric stability is 
better supported by boundary layer theory and is better for heights of 100 m 
or less. The power-law technique, with an exponent that is a function of 
atmospheric stability, may give better results for heights significantly 
greater than 100 m. In general, however, either method should yield 
acceptable results if employed properly. 

The logarithmic wind profile for neutral atmospheric conditions is 
equivalent to the law-of-the-wall in fluid dynamics. In the atmosphere the 
effects of surface heating and atmospheric stability frequently result in 
departures of the actual profile from a true logarithmic form. As a result a 
stability correction term is generally added to the log profile. A detailed 
development of this relationship may be found in the literature {e.g., Lumley 
and Panofsky 1964). 

The power-law wind profile provides a somewhat simpler method of 
adjusting the wind vertically. The exponent a in the relationship is a 
function of surface roughness and atmospheric stability, although there has 
been a tendency to assume a = 1/7 for all conditions. Touma {1977) gives 
values for a between 1/10 and 3/10 depending on the Pasquill stability 
class. When both stability and surface roughness are both considered, a 
larger range of values results {e.g., Panofsky 1977). 

The use of either adjustment technique is subject to a number of 
limitations. Neither technique is appropriate for adjusting low-level winds 
for use in estimating transport if the effective transport height is above the 
atmospheric mixing layer. If this type of adjustment is attempted, large 
errors in transport direction and speed are possible, and in some synoptic 
conditions may even be likely. Within the mixing layer, the adjustment 
techniques are strictly applicable only to the layer where wind direction is 
constant. Neither technique is capable of turning the wind as the influence 
of surface friction decreases with increasing elevation. Finally, the profile 
relationships are strictly derived for use with wi nd speeds; they are not 
meant for use with the magnitudes of vector components. Component magnitudes 
will give the same result as speeds in vertical adjustment if the power-law 
profile is used with a common a· 
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3.4.3 Effective Release Height 

The previous section describes atmospheric transport assuming that the 
effective transport height is known. A qualitative definition of effective 
transport height is inherent in the three words themselves. Providing a quan
titative description a priori is difficult and involves a good deal of specu
lation. In general, it is some height between the effective release height of 
the plume for elevated releases (height of the center of mass for ground-level 
releases) and the ground. It can be estimated following a release by compar
ing observed plume positions and arrival times with model predictions based on 
a range of assumptions of transport heights. Prior to a release or during the 
course of a release an arbitrary height must be elected. Hoffnagle et al. 
(1981) recommend using the harmonic mean wind speed between 10m and the 
effective release height for transport. Considering the general uncertainty 
in identifying a transport height, use of the speed at an arithmetic or geo
metric mean height may also be considered to be reasonable. Elevated releases 
during extremely stable conditions within or above the mixing layer should 
prohably be transported using the effective release height wind. 

The factors affecting effective release height are the actual release 
height, plume rise and aerodynamic effects of structures and terrain. The 
importance of the first factor is self evident. There is an extensive litera
ture base related to plume rise and numerous models are available for its 
estimation. There is also an extensive literature base for discussion of 
aerodynamic effects, but the literature tends to be concentrated on models 
related to simple, isolated shapes and qualitative descriptions where real 
structures and terrain are concerned. 

Mathematically, the initial effective stack height is the algebraic sum 
of the stack height, plume rise and an aerodynamic wake correction. Briggs 
(1969, 1973 and 1975) reviews the literature on and recommends models for 
plume rise. Briggs (1973) and Hosker (1981) discuss correction for aerody
namic effects. Stack height and plume rise are the dominant factors in deter
mining effective release height during low wind speed conditions, while stack 
height and the wake correction are dominant during high winds. 

Models are available for both the plume height during its rise and for 
its final height. Use of a final rise model to estimate plume rise for emer
gency response applications is appropriate. The detail provided by using the 
models for the initial rise is more than is generally warranted by the trans
port and diffusion models in which the plume rise estimates will be used. In 
many cases the information needed to estimate plume rise may not be available. 

External variables affecting plume rise, in addition to ambient air tem
perature, are wind speed at release height and atmospheric stability. The 
ultimate limit to plume rise may be ambient atmospheric turbulence or the tem
perature inversion that marks the top of the atmospheric mixing layer. 
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Aerodynamic corrections to effective release height for stack-induced 
downwash and building effects are discussed by Briggs {1973) and Hosker 
{1981). Stack-induced downwash is minimized by a large ratio of effluent exit 
velocity to wind speed. A ratio of 1.5 or greater should eliminate 
downwash. Hosker {1981) also summarizes the avai l able data for releases from 
vents on the sides of structures. 

It is appropriate to correct the effective release height as the plume is 
transported downwind. Regulatory Guide 1.111 provides a conservative model 
for reduction of plume height fnr straight-line Gaussian models. This 
technique can be generalized for use with variable trajectory models by making 
the correction a function of the topography directly beneath the path of the 
plume. Egan (1975) describes a similar, more realistic but less conservative, 
height correction technique. The techniques are more realistic for terrain 
that extends above a plume centerline than they are when the plume flows 
across valleys. The techniques force a plume to descend into the valley, 
although data presented by Hinds (1970) show a definite decrease in ground
level concentrations below the ridgelines when a plume crosses a valley from 
ridge-to-ridge. 

3.4.4 Uncertainties in Transport Estimates 

Accurate transport estimates require an accurate wind field 
representation and an accurate estimate of the effective transport height for 
the material. Thus, uncertainties in transport arise from both the wind field 
model and the representation of plume behavior following release. 

The first source of uncertainty in transport estimates is the adequacy of 
the wind field model. A model can do no more than represent average or 
expected atmospheric conditions at a specific site. The actual conditions at 
the time of a release may not be average. Wind field model adequacy may be 
particularly difficult to establish for coastal sites and sites in complex 
terrain where local circulations are frequent. 

Uncertainty can enter transport estimates through inadequate 
meteorological data input in at least two ways. The total number of 
meteorological measurements can be inadequate, or the data can be inadequate 
if measurement locations are improperly positioned. In evaluation of the 
adequacy of the meteorological data, all sources of readily available data 
should be considered. This includes: onsite data, National Weather Service 
data, and data from other sources with which prior arrangements have been 
made. The potential data base should be considered in relation to the 
proposed wind field model. If the two are not consistent neither can be 
considered adequate. The effect of unexpected reductions in the available 
data base on the transport and diffusion models should be considered. 

Inaccuracy in the meteorological measurements is another source of 
uncertainty in the wind field representation used oy the model. Acceptable 
standards for accuracy of the licensee's meteorological measurements are 
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discussed in Regulatory Guide 1.23. The onsite meteorological data are likely 
to be the most accurate data used in the dose assessment. Prior to including 
the data from other sources in emergency plans, accuracy and representative
ness of the data should be assessed by the licensee. This assessment should 
include evaluation of the basic sensors, the data collection methods, instru
ment maintenance, and instrument exposure. In addition, the reliability of 
the communications link between the data source and the licensee should be 
considered. 

Any meteorological sensor or system is likely to fail occasionally. To 
minimize errors in the transport estimates due to erroneous data from failed 
sensors, the data processing, analysis and modeling programs should screen all 
data for consistency and normal range. Questionable data should be flagged 
for further evaluation. Obviously erroneous data should be noted and deleted 
from further consideration. Any time data are identified as questionable, 
instrument performance should be re-evaluated. 

There is a measure of uncertainty in transport estimates resulting from 
errors in the estimation of the effective transport height. These errors are 
probably greater for elevated releases than for ground-level releases. The 
uncertainties enter through prohlems in selecting a formulation for estimating 
the transport height, e.g., choosing between the effective release height and 
the harmonic mean height. They also enter through possible errors in computa
tion of plume rise, downwash and aerodynamic corrections, and the effect of 
changes in terrain elevation. In regions where local circulations are well 
developed these errors could result in uncertainty of transport direction by a 
full 180° under some synoptic conditions. In less complex conditions, uncer
tainty limits may be estimated by running the transport model twice--once 
assuming a ground-level release, and the second time using the effective 
release height for transport. 

In the final analysis the dose assessment team must understand the 
limitations of the transport model, the input meteorological data and the 
estimates of effective transport height. Then limitations must then be con
sidered in light of the synoptic conditions at the time of release to arrive 
at an estimate of the transport uncertainties. 

3.5 ATMOSPHERIC OIFFIJSION AND DEPOSITION 

In this section attention is shifted from transport of airborne material 
by the mean wind to the diffusion of material relative to a fixed position 
within the plume center-of-mass. The processes to be considered are the pri
mary processes that control the time and spatial variation of concentration 
within pltllles or puffs. These processes are related to the random fluctua
tions of the wind, i.e., turbulence. 

While there are many solutions to the partial differential equation 
describing diffusion, the methods of estimating concentrations that appear 
most frequently in assessing airborne releases from nuclear facilities are 
Gaussian, K-theory and particle-in-cell (PIC) models. Of these methods, the 
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Gaussian models generally require least effort t o use, are fastest, and are 
least demanding on computational resources. K-theory and PIC models tend to 
be more versatile in complex terrain. The Gauss i an models are most likely to 
be encountered in emergency response applications . Thus, the discussion in 
this section follows a Gaussian modeling approach. Although the discussion is 
not oriented toward K-theory and PIC models, it is applicable to their evalua
tion in the sense that it highlights general problem areas in diffusion and 
deposition. 

Deposition is included in this section because it affects airborne con
centrations by depleting the material in the pluwe. The material removed from 
the plumes contaminates the surfaces and serves as the primary source for 
residual contamination. Oeposition through both dry and wet processes is con
sidered. 

3.5.1 The Basic Gaussian niffusion Equations 

The theoretical derivation of the Gaussian diffusion equations is pre
sented in a wide range of texts, reports, and reviews of dispersion modeling 
(e.g., Csanady 1973; Pasquill 1q74; Drake and Barrager 1979; Hanna 19R1; Rass 
and Smith 1981; Liu et al. 1982; Gifford 1975, and Pasquill 1q75). The start
ing point is the diffusion equation for an instantaneous point source in still 
air. The temporal and spatial variations are assumed to be separable and the 
partial differential equation is solved accordingly. 

The Guassian diffusion parameters ox, o and oz are related to the dif
fusivities kx, ky, and kz, respectively, by travel time. 

3.5.2 Diffusion Coefficient Estimates 

Atmospheric diffusion experiments have resulted in a large number of 
observations of the lateral diffusion of plumes under a wide variety of atmo
spheric and topographic conditions. There have been relatively few measure
ments of the actual vertical diffusion of plumes, and even fewer measurements 
of the longitudinal diffusion of puffs. The published vertical diffusion 
coefficient data are generally values derived from diffusion models using 
measured concentrations and lateral diffusion coefficients. 

Where ox is needed, as in puff models, it is the usual practice to 
assume ox = oy. 

The familiar Pasquill-Gifford diffusion coefficient curves generally sum
marize the data collected prior to 1960. These data represent measurements to 
distances of a few hundred meters over fiat open t errain for releases of 10 
minutes to a half an hour in duration. The wide scatter of the diffusion 
coefficients and the limited experimental conditions that these coefficients 
represent have been largely forgotten as the Pasquill-Gifford curves have been 
reproduced. 

The Pasquill-Gifford curves present lateral and vertical diffusion coef
ficients as functions of atmospheric stability and distance from the point 
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of release. The relationships were initially presented graphically, without 
explicit discussion of their underlying mathematical form. Explicit repre
sentation of diffusion coefficients in mathematical form is necessary in dif
fusion models. Eimutis and Konicek (1972) provide mathematical relationships 
that closely approximate the Pasquill-Gifford curves, and others including: 
Fuquay et al. (1964), Singer and 9nith (1966) and Islitzer and Slade (1968) 
have described essentially the same diffusion coefficient data with other, 
similar mathematical representations. Briggs (1973) used the early diffusion 
coefficient data and data collected during the 1960's to develop formulae for 
diffusion coefficients for both rural and urban areas. These formulae are 
based on data to about 10 km from the source. However, Gifford (1976) recom
mends their use to distances of 20 to 30 km. 

Atmospheric diffusion is fundamentally related to atmospheric turbulence. 
In the Pasquill-Gifford approach to estimating diffusion coefficients this 
relationship is implicit in the variation of the diffusion coefficients with 
atmospheric stability. Both atmospheric turbulence and atmospheric stability 
are continuously variable throughout their respective ranges. The definition 
and use of classes is arbitrarily done as a matter of convenience in data sum
marization and computation. 

Gifford (1976) reviews many of the stability classification schemes that 
have been suggested for use in estimating diffusion coefficients. These 
schemes include: the use of wind speed, sky cover and solar insolation (e.g., 
Pasquill 1961, Turner 1961 and 1964), the use of vertical temperature differ
ence (Regulatory Guide 1.23), and standard deviations of the wind direction 
and elevation angle fluctuations (e.g., Cramer 1955, Islitzer 1964, and Fuquay 
et al. 1964). 

The various stability classification schemes do not result in equivalent 
estimates of diffusion coefficients. The inconsistencies between classifica
tion schemes are discussed in a number of papers (Luna and Church 1972, Skaggs 
and Robinson 1976, DeMarrais 1978, Lalas et al. 1979, Sedefian and Bennett 
1979; and Mitchell 1982). From these discussions it may be concluded that the 
choice of stability classification scheme frequently can make a difference of 
several classes when individual hourly meteorological data are considered. 

Lagrangian similarity theory, summarized by Horst et al. (1979) and 
statistical theory discussed by Pasquill (1974), Draxler (1976), Doran et al. 
(1978a and 1978b), Irwin (1979), Pasquill (1979) and Horst et al. (1979) among 
others estimate diffusion coefficients directly from turbulence measurements. 
Using diffusion data from several major experiments, Horst et al. (1979) 
demonstrated that estimation of diffusion coefficients directly from 
turbulence data significantly reduces the uncertainty in the estimates when 
compared with the uncertainties associated with the use of stability 
classification schemes. 
The decrease in uncertainty is especially noticeable when a classification 
scheme based on the vertical temperature gradient has been used to estimate 
the lateral diffusion coefficient. The move from use of stability classes to 
direct use of turbulence data in estimating diffusion coefficients has been 
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recommended by an American Meteorological Society workshop anrl panel reviewing 
the area (Hanna et al. 1977 and Randerson 1979). 

Computation of t~e o and oz for use in.variable trajec~ory models m~st 
be done using the der1vat1ves of o and oz w1th respect to rl1stance (or t 1me) 
for all advection steps except theyfirst or with virtual distances that are a 
function of plume dimensions and stahility. Otherwise, the sigmas will be 
discontinuous when the diffusion class changes. Increasing stability would 
cause puffs or plume segments to contract rather than just reducing the rate 
of diffusion. 

The derivatives of the sigmas reflect a relationship between plume dimen
sions and characteristic turbulence scales. In general, since analytic for
mulae foro and oz generally do not involve X to the first power, the deriva
tives are a1so functions of X. Thus, when stability changes, effective or 
virtual travel distances should be computed for o and oz for use in their 
further growth. The effective travel distances f~r oy and oz are not likely 
to be the same. 

The standard diffusion curves were developed from data collected over 
relatively simple terrain in diffusion experiments primarily with ground-level 
releases. Use of these curves or their analytic representations in areas of 
more complex terrain or for high-level release is open to question, providing 
an additional source of uncertainty. Lalas et al. (197q), Weil (1979) and 
OeMarrais (1978) discuss this problem and suggest methods to compensate for 
differences in topography and release height. 

Comparing o and oz uncertainties, it should he noted that o estimates 
are based directfy on measured data. In general, estimates of ozyare deter
mined by measuring all other terms in a diffusion model, then solving for 
oz as the unknown. Thus, measurement errors of a' l the terms are transferred 
to oz. In addition, computed oz values may be in error due to the hasic 
inadequacies of the diffusion model itself. 

One final source of uncertainty in o and o results from wind speed and 
direction shear in the vertical. As mate~ial diffuses vertically, shear in 
the mean wind tends to enhance the horizontal diffusion in both lateral and 
longitudinal directions. Most diffusion parameter estimation schemes fail to 
account for this effect. As a result, if the diffusion coefficient estimates 
are correct near the source, the will tend to be conservative (i.e., too 
small) at large distances downwind if there is significant wind shear. This 
is particularly the case if o is assumed to be equal too , because the wind 
speed shear enhancement rapidfy dominates along-wind turbufent diffusion. 

3.5.3 Vertical Constraints on Diffusion 

The vertical diffusion parameterizations discussed in the last section 
apply specifically to material released in the atmospheric mixing layer. 
Vertical diffusion of material released in the mixing layer is effectively 
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limited by the inversion that marks the top of the layer. The depth of the 
mixing layer is therefore of considerable concern in the event of an airborne 
release of material. 

The depth of the mixing layer is a function of surface thermal and 
roughness characteristics. During the day, the thermal characteristics are 
usually the dominant factor in determining the mixed layer thickness. When 
surface heating is the driving force of turbulence in the mixing layer, the 
mixing layer is frequently referred to as the convective boundary layer. At 
night and in stable conditions, when surface heating is reduced, turbulence is 
generated by surface roughness and the thickness of the boundary layer is 
reduced. The climatology of seasonal and diurnal variations of boundary layer 
thickness are discussed by Hosler (1963), Miller (1967), Holzworth (1967), 
Carson {1973) and others. 

Ideally, the mixing layer depth should be measured directly for use in 
diffusion computations. Coulter (1979) compares three methods for making this 
measurement: temperature profiles, lidar and sodar. The overall agreement 
between the methods was good, although some systematic differences were found. 

Mixing layer depth measurement may be ideal, hut it is not currently 
required. However, there are techniques for estimating the mixing layer depth 
from surface measurement and models (e.g., Benkl ey and Schul man 1979~ Yamada 
1979; Yu 1978; Mahrt and Heald 1979 and Mahrt 19R1) that can be used as 
alternatives to measurement. The uncertainties inherent in the use of an 
alternative estimation technique can he quantified and perhaps reduced by 
comparison with measured mixing layer depths in a limited duration measurement 
program. 

When material is released above the mixing layer, it diffuses slowly 
resulting in high plume concentrations at relatively large distances from the 
source. The limited vertical mixing above the layer keeps the plume above 
ground level and sets up the potential for a condition called fumigation. 
Fumigation occurs when the depth of the mixing layer increases until it 
reaches the level of the plume. At that time the material in the plume mixes 
rapidly to the ground. 

3.5.4 ~uilding Wakes 

When material is released from surface vents on or near buildings, the 
turbulence generated by the building may enhance diffusion. This effect is 
discussed at length by Hosker (1981). A technique for estimating 
concentrations downwind of buildings is given in Regulatory Guide 1.145. 
Unless estimates of concentration very near the building are necessary, the 
Regulatory Guide 1.145 treatment should be adequate. Since the building wake 
effect on diffusion is primarily found near the source, inclusion of a 
building wake correction in diffusion models to be used beyond the facility 
fenceline will not make a significant difference in offsite dose estimates. 
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3.5.5 Deposition and Washout 

The atmospheric processes for depletion of material in a plume include 
dry deposition and washout. Dry deposition is a boundary phenomenon depending 
in part on the diffusing material, its concentration near the surface, atmo
spheric turbulence, and the characteristics of the surface. Washout, on the 
other hand, occurs throughout the entire volume of the plume exposed to pre
cipitation. It depends on the nature of the material, the precipitation type 
and intensity, the size of the raindrops or snowflakes, and the collection 
efficiency of the precipitation. When these processes are included in models 
they are highly parameterized: dry deposition is modeled by a dry deposition 
velocity and washout ratio is modeled by a "wet deposition velocity." These 
processes are discussed at length in reviews by Sehmel (1980b) and ~inn 
(1978). 

The dry deposition velocity is defined as the ratio of flux of materi al 
to the surface to the concentration of material just above the surface. The 
rate at which material is deposited is a product of a "dry deposition veloc
ity" and the near surface concentration. The surface concentration can be 
determined by time integration of the deposition rate. 

Sehmel's review contains an extensive list of the factors influential in 
dry deposition. This list includes more than 20 factors each for: micro
meteorological variables, depositing material, and the surface. As a result, 
a single parameterization such as deposition velocity is subject to wide 
variation. Sehmel (1980a) shows that the range of deposition velocities 
reported for iodine covers more than three orders of magnitude. Reported 
ranges for dry deposition velocity for other materials indicate that the range 
for iodine is reasonably common. 

Deposition models can be divided into two ge~eral classes: source deple
tion and surface depletion models. Both classes consider deposition velocity 
to be constant. In the source depletion models, (e.g., Vander Hoven, 1968) 
the amount of material deposited is removed from the source term as a function 
of distance. Reduction of the source term artificially depletes the plume 
concentration throughout the full vertical extent of the plume rather than 
removing material from the part of the plume closest to the surface. Surface 
depletion models, e.g., Horst (1977), Draxler and ~liott (1977), and CNercamp 
(1980), have been developed to correct this deficiency. 

Comparing the two model types, the surface depletion models resul t in 
lower surface level airborne concentrations and less deposition near the 
source. As a result, more material remains in plume. Horst (1977) indicates 
that the differences between the models are a function of the ratio of deposi
tion velocity to wind speed and atmosph~ric stabi l ity. ~fferences are great
est for large values of the ratio (~1o- ) and high atmospheric stabil i ty 
(~Pasquill F). For either small ratios (~1o-3 ) or unstable atmospheric condi
tions, the difference becomes small (10 to 35%). bnprovements gained in the 
surface depletion model are made at the expense of increased computational 
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time. Horst reported that his surface depletion model took more than 20 times 
the computational time of the source depletion model. 

Washout depletion is frequently modeled as an exponential decay by 
introduction of scavenging rate analogous to a radioactive decay rate. Slinn 
(1978) gives approximate expressions for scavenging rates of both rain and 
snow. The scavenging rate is only representative of a small volume of the 
plume. To determine the plume depletion it is necessary to integrate the 
product of the scavenging rate and concentration vertically through the 
plume. Then the resulting flux can be used to define a wet deposition 
velocity. Alternatively, a wet deposition velocity can be defined as the 
product of a washout ratio and surface precipitation rate in which the washout 
ratio contains the results of the vertical integration. Sl inn suggests that 
estimates of scavenging rates be treated as order-of-magnitude estimates, and 
shows data from Gatz (1977) and Rosinski (1967) indicating that washout ratios 
are also order-of-magnitude estimates. 

Dry and wet deposition velocities provide a means of comparing the 
relative importance of the two atmospheric depletion processes if source 
depletion models are assumed. The washout process is comparable to dry 
deposition in depleting a plume for materials with small washout ratios during 
light rainfall. With moderate increases in either washout ratio or rainfall 
rate, or both, washout becomes the more important process. 
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4.0 DOSIMETRY 

4.1 INTRODUCTION 

The preceding two sections on source term and atmospheric dispersion have 
reviewed methods for estimating radionuclide release rates during an accident, 
and the subsequent transport and diffusion of releases in the environment. 
This section reviews methodologies for calculating offsite dose rates and 
doses from known radionuclide concentrations at downwind receptor locations. 
These offsite concentrations can be obtained either from estimates using 
release information and current meteorological conditions or by field measure
ment techniques. 

Compared to estimates of the source term and atmospheric dispersion, 
dosimetry calculations are relatively insensitive to the problems of project
ing from a partial data base and the need for timeliness. Two caveats are 
necessary, however: the dosimetry code must be capable of handling the various 
radioelements potentially in a release; and the method of plume shine calcula
tion must coincide with the spatial model of atmospheric plume dispersion. 
Otherwise, the uncertainties associated with radiation transport and the pre
accident composition and distribution of the offsite population should not 
cause uncertainties of the maximum offsite impact to exceed a factor of two. 

The review concentrates on doses received in the plume emergency planning 
zone (EPZ) including external gamma radiation dose to the whole body and 
inhalation dose to the thyroid from the passing plume. Methods for rapidly 
calculating and projecting the above doses are critical, as these calculations 
will help determine what protective actions may be necessary. Doses received 
from other pathways such as external gamma dose from ground contamination, 
inhalation dose from resuspended radioactive material, and ingestion doses are 
not discussed in detail. SUch doses would be less significant than doses from 
the passing plume during the first hours following a release of radioactivity. 

The first topic of discussion is applicable federal guidance on offsite 
dose calculation methods. Reviews of rapid and intermediate dose calculation 
methods are presented next. Rapid calculation methods are intended for used 
in the control room during approximately the first hour of an accident while 
intermediate methods are generally more sophisticated and are intended for use 
in the EOF and TSC once established. Reviews of dose calculation methods 
include discussions of mathematical models and computer codes for calculating 
external gamma dose to the whole-body and inhalation dose to the thyroid from 
the passing plume. A variety of different models are reviewed with a discus
sion of the advantages and disadvantages of each model. 

4.2 FEDERAL GUIDANCE 

Federal guidance was provided in Di Nunno et al. (1962) for calculating 
doses in the exclusion area and low population zone. Dose calculation methods 
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were presented for inhalation dose to the critical organ and external gamma 
radiation dose from the passing plume. These calculations are required by 10 
CFR 100 {Reactor Site Criteria) as a part of the licensing process for a reac
tor. 

Regulatory Guides 1.3 {U . S. AEC 1974a) and 1.4 {U.S. AEC 1974b) provide 
assumptions to be used in evaluating the potential radiological consequences 
of a loss of coolant accident (LOCA) for boiling water reactors (BWRs) and 
pressurized water reactors {PWRs) . This evaluat ion is required of each appl i
cant for a construction permit or operating license in accordance with Section 
50.34 of 10 CFR 50. Equations for calculating external whole body dose fro~ 
the plliTle using a semi-infinite cloud model (see Section 4.3.1.1) are provided 
in the two regulatory guides. In addition, iod i ne dose conversion factors 
found in Internal Commission on Radiological Protection (If.RP) Publication 2 
(1959) are recommended for use in calculating i nhalation dose to the thyroid. 

Federal guidance also has heen provided in Regulatory Guide 1.109 (U.S. 
NRC 1977a), NUREG-0172 (Hoenes and Soldat 1977), and NIJRF.G-0133 (Roegli et. 
al ., 197A) on acceptable methodologies for estimating radiation dose due to 
release of radioactive materials in effluents. This guidance is concerned 
with implementing of requirements in 10 CFR 50, Appendix I, 11 Numerical Guides 
for Design Objectives and Limiting Conditions for Operation to Meet the 
Criterion •As Low As is Reasonably khievable• for Radioactive Material in 
Light-Water-Cooled Nuclear Power Reactor Effluent s .. . Regulatory Guide 1.109 
(U.S. NRC 1977a) provides guidance to the licensee on mathematical models 
acceptable to NRC staff for calculating external gamma dose from contaminated 
air and inhalation dose to the thyroid . Although Regulatory Guide 1. 109 was 
written for calculating doses from routine effluent releases, some of the cal
culational methods are applicable to accident rel eases as discussed in 
Section 4.3. NUREG-0172 (Hoenes and Soldat 1977 ) provides updated information 
on calculating inhalation and ingestion doses. NUREG-0133 (Boegli et al. 
1978) represents the most recent federal guidance on calculating offsite doses 
from routine reactor effluents, and uses methodology outlined in Regulatory 
Guide 1.109. 

To date, no explicit federal guidance has been provided on dose calcula
tion methods to be used in the event of an accidental release at a nuclear 
power plant . All the studies reviewed above are for specific licensing 
actions or routine effluent releases . 

4.3 INTERMEOIATE OOSE CAL\.ULATION METHOnS 

Intermediate dose calculation methods would be used in the EOF and TSC. 
These methods require more rigorous modeling and the capability to include a 
broader release spectrum of radionuclides than a rapid dose calculation 
method . In addition, use of a computer is essential. 
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4.3.1 External Gamma Radiation Dose fro~ Plume 

Methods for calculating external gamma radiation dose from a passing 
plume are based on the type of release. For a ground-level release, a semi
infinite plume model is generally conservative (Dabberdt et al. 1982, Healy 
and Baker 1968, U.S. NRC 1977a). For an elevated release, a finite plume 
model is generally recommended (Dabberdt et al. 1982, Healy and Baker 1968, 
and U.S. NRC 1977a). A finite plume model also could be used for a ground
level release, if more realistic results are desired. 

Among the factors to consider when determining whether a release is ele
vated or ground-level are stack height, temperature of the release, velocity 
of the release, windspeed, and nearby building and terrain effects. 
Regulatory Guides 1.3, 1.4 and 1.145 (U.S. NRC 1979) which were developed for 
accidental releases, consider a release to be elevated if the release point is 
greater than 2 1/2 times the height of any structure close enough to affect 
plume dispersion. All other releases are considered to he at ground-level. 
Regulatory Guide 1.111 (U.S. NRC 1977h) identifies a release as elevated if 
the release height is higher than twice that of any adjacent solid structure. 
This guidance was developed for routine effluent releases. Regulatory 
Guide 1.109 suggests using the finite plume model (indicative of an elevated 
release) when the ~elease occurs from a free-standing stack over 80 m high. 
The methods discussed above were developed for specific licensing actions or 
for generic application to routine releases; they are not necessarily appli
cable to an accidental release. Since accidental release conditions cannot be 
determined a priori, the type of release should be determined on a case by 
case basis during an accident situation. 

4.3.1.1 Ground-Level Release 

For a ground-level release, Regulatory Guides 1.3, 1.4, and 1.109 and 
Dabberdt et al. (1982) recommend using the semi-infinite plume model for cal
culating external gamma radiation dose from the pas~ing plume for ground-level 
releases. Use of this model requires a plume to be at or near the ground and 
plume dimensions to be large compared to the mean freepath of gamma radiation 
in air. Therefore, the plume is assumed to have a uniform concentration and 
to be of semi-infinite dimensions (bounded by the ground plane). Gamma radia
tion dose rate is proportional to the average radionuclide concentration in 
air and can be calculated by multiplying the average concentation by a dose 
conversion factor. 

The basic expression for the gamma dose rate at the surface of the body 
from radionuclide, i, using the semi-infinite plume assumption is: 

o .(o) = 0.23 f . E . x,· 
yl yl yl 

(1) 
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where 

0 ( 0) 
'( 

f . 
yl 

E . 
yl 

= gamma dose equivalent rate at the surface of the hody from 
radionuclide, i (rem/sec) 

= stopping power of tissue relative to air for the gamma energy, 
assumed to be a constant at 1.11 (Healy and ~aker 1q68) 

= effective gamma energy released per disintegration of radio
nuclide i, (MeV/dis) 

X;= concentration of radionuclide, i, i~ the plume at the receptor 
location (Cijm3) 

0.23 = conversion factor 

(1.6 x 10-6 ~~QS) (3.7 X 1010 Ci d!!c ) 
= (0.5) {1293 g/m3) {lOO ergs/g-rad} 

= 0 23 rad dis m3 
• MeV Ci sec 

Equation (1) was originally derived by Healy and Baker (1968) and used as a 
basis for calculations in Regulatory Guide 1.109. 

Using a semi-infinite plume model for calculating external gamma doses 
from a ground-level release will overestimate doses near the release point 
particularly under stable atmospheric conditions. Correction factors should 
be developed for use under these conditions. 

Several modifications to Equation (1) are necessary to obtain a more 
accurate method of calculating external gamma dose. They include: 

• calculation of dose at a depth of 5 em of tissue, which is effectively 
whole-body dose 

• calculation of radioactive decay during plume transit 

• calculation of daughter product ingrowth during plume transit. 

The calculation of the S-cm depth dose should always be incorporated in 
calculations of external gamma dose from a plume. However, there are situa
tions where ignoring radioactive decay and daughter product ingrowth during 
plume transit will not significantly affect results. Radioactive decay during 
plume transit would not need to be considered for a noble gas release in which 
there was a long holdup time (>24 hr) prior to an environmental release. In 
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this situation short-lived noble gas radionuclides (85mKr, 87Kr, 88Kr, l3smxe) 
would decay to insignificant levels. The main contributor to external dose 
becomes l33Xe (t112 = 127 hr), which would decay insignificantly over a 
transit time of several hours. 

To obtain the 5-cm depth dose, Equation (1) is multiplied by a buildup 
factor and an exponential attentuation factor as indicated below: 

where 

-).1 !:J.X 
0 .(5) = 0 .(o) [1 + IJ t:J.X] e g 

yl yl g 

o .(5) =gamma dose equivalent rate to tissue from nuclide i after 
yl attenuation by 5-cm of tissue (rem/sec) 

0 .(o) = gamma dose equivalent rate at the surface of the body from 
Y

1 nuclide, i (rem/sec) 

( 2) 

IJ = linear energy attenuation coefficient in tissue for photons of 
g initial energy E (cm-1) 

y 

6.X = 5 em 

The calculation of a 5-cm depth dose for a given radionuclide i is 
usually included in a precalculated dose factor (DFi). The dose factor in 
units of mrem/hr per IJCifm3 can then be multiplied oy the radionuclide 
concentration at the receptor location to give a dose rate: 

( 3) 

A comparison of dose factors for noble gas radionuclides from selected 
references is presented in Table 4.1. Differences in dose factors among the 
references for a given radionuclide partly are due to the use of different 
values for effective gamma energy released per disintegration (E i). Gamma 
energies and abundance data were taken from Martin (1973), Meek And Gilbert 
(1970), and Kocher (1977). 

The impact of these dose factor differences can best be seen by consider
ing a specific accident scenario. The following noble gas inventory would be 
released for a WASH-1400 PWR-2 Accident (U.S. NRC 1975): 

85Kr = 5.0 X 105 Ci 
asmKr = 1.5 X 107 Ci 
87Kr = 1.1 X 107 Ci 
SBKr = 3.3 X 107 Ci 

133 xe = 1.5 X 108 Ci 
135Xe = 2.5 X 107 Ci 
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TABLE 4.1. Comparison of Dose Factors for Exposure
3

to a Semi-Infinite 
Plume of Noble Gases (mrem/hr per llCi/m ) 

Regula tory 
Guide 1.109 WASH-1400 

Nuclide (U.S. NRC 1977a) (U.S. NRC 1975) 

s3"tr 8.63 X 10-6 
ssmKr 1.34 X 10-1 1.31 X 10-1 
85Kr 1.84 X 10-3 1.71 X 10-3 

87Kr 6.76 X 10-1 6.52 X 10-1 

88Kr 1.68 1.68 
89Kr 1.89 
90Kr 1. 78 
131mxe 1.04 X 10-2 

133mXe 2.87 X 10-2 

133 xe 3.36 X 10-2 3.26 X 10-2 
13smxe 3.56 X 10-1 
135 xe 2.07 X 10-1 2.04 X 10-1 
137Xe 1.62 X 10-1 
138Xe 1.01 
'+ 1 Ar 1.01 

Kocher 
(1980a) 

4.62 X 10-s 

1.03 X 10-1 

1.40 X 10-3 

5.32 X 10-1 

1. 35 

1.26 

8.47 X 10-1 

5.62 X 10-3 

1.93 X 10-2 

2.17 X 10-2 

2.69 X 10-1 

1.61 X 10~1 

1.16 X 10-1 

7.53 X 10-1 

8.50 X 10-1 

Scherpel z, Borst 
and Hoenes ( 1980) 

2.00 X 10-s 

1.27 X 10-1 

1.97 X 10-3 

7.22 X 10-1 

1.68 

1.59 

3.11 

2.69 X 10-2 

2.90 X 10-2 

3.80 X 10-1 

2.06 X 10-1 

4.03 X 10-1 

The noble gas radionuclides considered were those determined to signifi
cantly contribute to dose based on a number of parameters including quantity 
of nuclide, release fraction, radioactive half-life, emitted radiation type 
and energy, and chemical characterization (U.S. NRC 1975). Assuming a PWR-2 
nuclide mixture for a unit concentration (1 llCi/m3) of noble gases at a recep
tor location, the following dose rates were calculated using dose factors from 
Table 4.1: 

• Regulatory Guide 1.109 (U.S. NRC 1977a) 
• WASH-1400 (U.S. NRC 1975) 
• Kocher (1980a) 
• Scherpelz, Borst and Hoenes (1980) 
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3.2 x 10-1 mrem/hr 
3.2 x 10-l mrem/hr 
2.5 x 10- mrem/hr 
3.2 x 10-1 mrem/hr 



For this accident scenario, dose rates varied by approximately 30% 
depending on which dose factors were used. Under accident conditions, the 
variation in dose factors in Table 4.1 would not he a significant concern. 

The second modification to the basic semi-infinite plume expression 
involves accounting for radioactive decay durinq plume transit to the downwind 
receptor location. This can be done by modifying the x; term in Equation (3) 
to: 

where 

0 
X; 

( >.. r) 
= x; exp \ -t-- ( 4) 

0 
X; = concentration of radionuclide, i, at the downwind receptor location 

corrected for decay (~Cifm3) 

>..=decay constant for nuclide, i (sec-1) 
1 

r = distance from the release point to the receptor (m) 

-u = average wind speed (m/sec) 

In most calculation methods, radioactive decay is accounted for in the 
atmospheric dispersion model and expressed as: 

where 

Q.D = 
1 

0; = 

o/ = 0; exp ~ >.; r) 

quantity of nuclide, i, in the release corrected for radioactive 
decay {Ci) 

quantity of nuclide, i, in initial release (Ci) 

(5) 

The final modification to be considered is daughter ingrowth during plume 
transit. For every parent nuclide, i, in the release, production of each 
daughter, j, can be calculated by (Bateman 1910): 

r 
n n -x1 tr( r) 

Xj' ( r) = n xr fr I e ( 6) Xo; k k n Xr - Xr k=2 t=l n 
p=1 p t 
ptt 
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where 

the fraction of nuclide (k-1) decays which produce nuclide k, 

concentration of nuclide j at receptor location corrected for 
production from each parent nuclide i (~Cijm3) 

Xoi =concentration of parent nuclide i at receptor location (~Cijm3) 

r 
Ak = 
A r = 

R. 

A r = 
p 

radioactive decay constant 

radioactive decay constant 

radioactive decay constant 

for nuclide k (d-1) 

for nuc 1 ide R. {d-1) 

for nuclide p (d-1) 

tr(r) = transit time for plume to travel from release site to range r (d) 

r =---
86400 u 

[u = windspeed (m/sec)l 
[r = range (m)] 

Similar to radioactive decay corrections, daughter ingrowth is usually 
accounted for in the atmospheric dispersion model such that Xj' (r) and 
Xoi become 0;' (r) and OQi' respectively. Where 0;' (r) is the amount released 
corrected for daughter 1ngrowth during plume transit. The concentration of 
nuclide i at the receptor location (xiT) is a sum of the initia~ concentration 
of nuclide i in the release corrected for radioac t ive decay ~x; ) and the 
concentration of nuclide i produced from parent nuclides (x; ) as expressed 
below: 

T 
x· 1 

f) 
= X; 

p 
+X· 

1 
(7) 

A simpler means of dealing with Bateman equations has been described hy 
Hamawi {1971) and Scherpelz and Desrosiers {1981). The final expression for 
calculating dose rate for a ground-level release using a semi-infinite plume 
model would be: 

where 

nT (5) = ? x
1
.T • OF. r 1 1 

OT (5) =gamma dose rate to whole body from all radionuclides in plume 
r at the receptor location (mrem/hr) 

T x; =concentration of nuclide i at receptor location corrected for 
radioactive decay and daughter ingrowth during plume transit 
( ~Ci jm3) 

OF; = dose factor for nuc 1 ide i (:~fi~~r) 
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Equation (8) considers all modification factors (5-cm depth dose, radio
active decay and daughter ingrowth during plume transit) and sums the dose 
rates from all radionuclides in the plume at the receptor location. 

An optional modification to the basic semi-infinite plume expression is 
the calculation of a dose reduction or shielding factor to account for shield
ing provided by residential structures. Several studies have reported esti
mates for the reduction in external penetrating radiation dose by sheltering 
(Aldrich et al. 1978a, Aldrich et al. 1978b, and Rurson et al. 1975). Esti
mates are reported in terms of a shielding factor (SF) which is the ratio of 
the dose received inside the structure to the dose that would be received out
side the structure. Shielding factors are highly dependent on the type of 
structure. Burson et al. (1975) have developed average SFs which consider the 
public to inhabit a variety of structures (i.e., brick homes, wood homes, 
homes with and without basements). They report an average SF range of 0.5 to 
0.75 for airborne radionuclides and 0.08 to 0.5 for ground contamination. The 
lower range values are for a typical variety of structures in the Northeast, 
which generally have basements, while the higher range values are typical for 
the Southwest and Pacific coast, where there are more structures without 
basements. 

Kocher (1980b) has developed a model to estimate dose reduction factors 
for external photon exposure for airborne nuclides using a point-kernel inte
gration method. If more rigorous shielding factor calculations are needed, 
such a model could be incorporated into the extended dose calculational model. 
The output of sue~ a model should include both shielded and unshielded doses. 

Shielding factors are generally used in the calculation of population 
dose as in Regulatory Guide 1.109. These factors would also be appropriate 
for use in calculating dose to emergency workers at known work locations. 
Their use is not generally recommended for calculating offsite dose to the 
maximum individual during an emergency; as there is no way to assure that all 
individuals are indoors even if they have been so notified by authorities. 

The discussion thus far on ground-level releases has dealt with calcula
tion of dose rates. Ouring an emergency situation, projected doses would be 
compared to Environmental Protection Agency (EPA) Protective Action Guides 
(PAG) {U.S. EPA 1975) in order to determine what protective actions would be 
recommended. Knowing the duration of the release or the projected duration of 
exposure, the dose rate integral can be evaluated. If the duration of release 
cannot be estimated, then the reactor operator should have default values of 
the release duration to fall back on. nefault values may be based on avail
able plant parameters at the time of the accident (e.g., containment ~igh
range radiation monitor readings, temperature or pressure readings in contain
ment). Another method for determining dose (when neither exposure time or 
total radionuclide release are known) is presented in U.S. EPA (1975). txpo
sure starts at a particular site when the plume arrives, and ends with a wind 
direction change or a termination of the release. The EPA suggests the expo
sure period conservatively could be assumed equal to the 99% probable maximum 
duration of wind direction persistence for that site and for the existing 
atmospheric stability conditions. 
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4.3.1.2 Elevated Release 

A method for determining whether a release is elevated was presented in 
the introduction to Section 4.3.1. A finite pluMe model is the methorl-of
choice for calculating external dose froM an ove rhead plume (elevated release) 
and can also be used for calculating external dose from a ground-level 
release. Such a model should be used when the pl ume dimensions are on the 
order of the mean free path of gamma radiation or smaller. Consideration is 
given to the spatial distrihution of radionuclide concentrations when using a 
finite plume model, therefore, the interface with the meteorological transport 
and diffusion model is important. 

Finite plume calculations should take into account the same modification 
factors as semi-infinite calculations to include S-cm depth dose, radioactive 
decay during plume transit, and daughter ingrowth during plume transit. As 
discussed in Section 4.3.1.1 there are situations when consideration of radio
active decay anrl daughter ingrowth during plume transit are not necessary. In 
addition, procedures for determining integrated dose from a dose rate at a 
receptor location would be similar for finite and semi-infinite plume calcula
tions. 

Most finite plume models involve a numerical integration technique. A 
partial list of studies using t~is technique are Healy and Baker (1968), 
Regulatory Guide 1.109 (U.S. NRC 1977a), 4ASH-1400 (U.S. NRC 1975), EPA
Protective Action Guidance Document (U.S. EPA 1975), Lahti, Hubner and Golden 
(1981), Scherpelz, Borst and Hoenes (1980), and Strenge, Watson and Youston 
(1975). A second type of finite plume model is a concentric cylinder set 
(CCS) clourl gamma dose model (Arras 1981). 

Numerical Integration Methods 

Numerical integration methods in Regulatory ~uide 1.109, WASH-1400, and 
the EPA-Protective Action Guidance document ~re hased on methods from unpub
lished work of Gamertsfelder in Healy and Baker (: 968). The Regulatory 
Guide 1.109 model is a vertically finite sector-averaged Gaussian plume model 
developed for constant, chronic releases. Equations used to calculate dose 
rate to air from the elevated cloud at a receptor location are presented in 
Appendix E of Regulatory Guide 1.109. 

The WASH-1400 study and the EPA-Protective Action Guidance document use 
finite plume correction factors from Healy and Baker (196R) for calculating 
external gamma dose from elevated releases. The correction factors are a 
ratio of dose from a finite plume to dose from a semi-infinite plume of uni
form concentration. The factors in Table 4.2 were developed for a spherical 
cloud of uniform concentration. Correction factors for 0.7 MeV gammas 
(Table 4.2) are expressed as a function of the vertical dispersion coefficient 
(o) and the elevation of the plume centerline above the surface (he). Using 
TaBle 4.2, finite plume doses can be calculated by first calculating the dose 
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Finite-Cloud Oose Correction Factors(::1 
(a ,b) 

TABLE 4. 2. 

Vertical 
Di sperson Ratio of Plume Height (he) 

Coefficient to Vertical DisQersion Coeffic1ent (oz} 
~} meters 0 I 2 3 4 5 

3 o. 020 0. OlR 0.011 0.066 0.005 0.004 

10 0.074 0.060 0.036 0.020 0.015 O.Oll 

20 0.150 0.120 0.065 0.035 0.024 0.016 

30 0.220 0.170 0.088 0.046 0.029 0.017 

50 0.350 0.250 0.130 0.054 0.028 0.013 

100 0.560 0.380 0.150 0.045 0.016 0.004 

200 0.760 o. 511 0.150 0.024 0.004 0.001 

400 0.899 0.600 0.140 0.014 0.001 0.001 

1000 0.951 0.600 0.130 0.011 0.001 0.001 

(a) Data from Healy and Raker (1968). 
Oc dose using finite ell.llle model (b)-= 
0 c dose using semi-infinite plume model· 

00 

at the receptor location using a semi-infinite plume model and multiplying hy 
the appropriate correction factor based on values of oz and he· These correc
tion factors are relatively energy independent. Over a gamma energy range of 
0.1 MeV to 2 MeV, the factors vary by a maximum of a factor of two (Healy and 
Baker 1968). 

Garrett and Murphy {1981) use a numerical integration technique in con
junction with a real-time atmospheric dispersion model. The atmospheric dis
persion model can simulate either an instanteous (puff) or continuous {plume) 
release. Two assumptions are made to simplify the calculations, a) material 
is assumed to be released instantaneously and b) cloud size is assumed to be 
constant during the period that dose is accumulated at the downwind receptor. 
The finite plume model is based on a line source concept where the total dose 
is a suiTillation of doses from an infinite number of 1 ine sources. Numerical 
integrations can be performed at every designated time interval or at every 
12th time-interval in an effort to cut down computing time and cost. If the 
latter option is chosen, doses at the intervening time-intervals are estimated 
based on the assumption that dose will decrease in proportion to the inverse 
of the distance from the release. This type of estimate is conservative but 
never overestimates dose by more than -50%. 
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Another numerical integration technique is a three-dimensional point ker
nel method. Equations used for such a method are presented in Strenge, Watson 
and Houston (1975), Scherpelz, Borst and Hoenes (1980), and Lahti, Hubner and 
Golden ( 1981). 

Other Methods 

Arras (1981) has developed a concentric cylinder set (CCS) cloud gamma 
dose model to estimate external gamma doses from an elevated release. The 
model was developed primarily to estimate doses from irregular clouds and 
requires no computer for its use. The CCS model was found to agree to within 
30% of other published models when identical input parameters could be used 
(Arras 1981). 

The NRC has developed precalculated dose rel ationships for 85Kr, 87Kr, 
88Kr, 89Kr, 133Xe, 135Xe, 137Xe, 138Xe and '+lAr using the finite pllane 
methodology in Regulatory Guide 1.109. The relationships are presented as 
nomograms and regression equations. Knowing wind speed, stability class, and 
distance to the receptor location, dose in mrem/Ci released can be determined. 
These nomograms and equations are discussed briefly in Dabberdt et al. (1982) 
and are documented in u.s. NRC (1983). 

Considerations When Choosing Finite Plume Model 

There are a number of items that need to be considered when trying to 
choose an appropriate model for finite plume calculations. As mentioned 
earlier, consideration must be given to the spatial distribution of radionu
clide concentrations as determined by atmospheric dispersion models. Lahti, 
Hubner and Golden (1981) calculated finite cloud gamma dose factors (kernels) 
for the straight-line Gaussian plume model and the Gaussian sector-averaged 
model. Dose factors for the sector-averaged dispersion model were found to be 
significantly lower than for the straight-line dispersion model at the loci of 
the plume centerline (see Table 4.3). This is pa~ticularly true for the more 
stable atmospheric classes at greater distances from the release point. 

Usage of numerical integration techniques, such as described in 
Regulatory Guide 1.109, Garrett and Murphy (1981), Strenge, Watson and Houston 
(1975), and Scherpelz, Borst and Hoenes (1980) wi l l give the most exact 
results for finite plume calculations. However, i f computer availability or 
operating cost is prohibitive for the rather timely numerical integration cal
culations, then alternate methods can be used with reasonable accuracy. 
Alternate methods include using dose correction factors (Healy and Baker 
1968), modified numerical integration technique (Garrett and Murphy 1981), the 
concentric cylinder set cloud gamma dose model (Arras 1981), finite cloud 
gamma dose factors (Lahti, Hubner, and Golden 1981), and the nomograms devel
oped by U.S. NRC (1983). 
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TABLE 4.3. 

Stability 
Class 

A 
B 

c 
n 
E 
F 

G 

Differences Between Finite Plume Dose Factors for(S~raight
Line Plume vs. Sector-Averaged Plume Model--l33Xe a 

Straight-Line Plume Factors vs. {b) Sector-Avera ed Plume Factors % Greater 
Distance Downwind m 

400 800 1,609 3,218 8,045 16,090 
{1/4 mi} {1/2 mi} {1 mi} {2 mi} {5 mi} {10 mi} 

12 16 20 23 28 32 

16 27 34 41 49 56 

18 41 57 69 83 95 

21 53 97 127 154 173 

24 66 140 206 256 284 

26 77 182 300 404 453 

27 84 217 402 613 714 

(a) Oata taken from Lahti, Hubner and Golden {1981). 
(b) Similar relationships were observed for other noble gas nuclides. 

4.3.1.3 Computer Codes 

Tahle 4.4 is a listing of some existinq computer codes for calculating 
external dose {from air and ground contamination), inhalation dose, and inges
tion dose from accidental releases. The following references were used in 
compiling Table 4.4: Strenge, Watson and Oroppo {1976), Hoffman et al. 
(1q77), Mosier et al. {1980), Owen et al. {1979), SAl (1981), and ANS {1982). 
Atmospheric transport models are included in approximately 70% of the codes. 
These transport models should be reviewed carefully for applicability in a 
real-time accident situation. 

Approximately 70% of the codes listed in Table 4.4 will calculate exter
nal gamma dose from a passing plume. A review of all of the codes is beyond 
the scope of this report, but two codes, the NRC's RADPUR code {Oabberdt et 
al. 1982) and WRAITH (Scherpelz, Borst and Hoenes 1980), are reviewed in 
detail. In addition, several other codes appropriate for calculating external 
gamma dose from the plume are briefly discussed. 

RADPUR 

The RADPUR code contains subroutines for handling atmospheric dispersion 
(calculating x/0 values) as well as for calculating external gamma dose using 
either semi-infinite or finite plume models. It can and should be modified by 
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TARLE 4o4o Listing of Dosimetry Codes for Accidental Releases 

Atmoso 
Trano Ex tern a 1 External In hal a- Inges-

Code Model Plume Ground tion tion Reference 

ACRA- I I X X X Stallman and Kam 
1973; McGill et 
alo 1976 

AERIN X X Voi 11 eque 1968; 
Voill eque 197() 

AIRWAY X X X X X Rider and Bea1 
1977 

CEORIC X X Clarke 1972 

COMRADE X I, II, X X X Wi 11 is et a 1 o 
III,IV 1970; Specht et 

al o 1975a; Otter 
and Conners 1975; 
Specht et a 1 o 
1975b; 

CRAC 2 X X X X X Ritchie et al. 
19A1 

OACRIN X X Houston et al. 
1974 

EERIE X X X Macl)onald 1971 

ERGAM X Cooper 1976; 
Garrett and 
"1urphy 1981 

EX GAM X Steyn and Kim 
1966 

EXREM I I I X X Trubey and Kaye 
1973; Killough 
and Me Kay 1976 

GAOOSE/DOSET X X X Lee et a 1 o 1966 

INDO$ 2,3 X X ThyKier-Niel sen 
1974; Killough 
and Rohwer 197 4 
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Code 
INREM-I,II 

MO 142 

NURSE-1 

PLUME 

RACER 

RADOS 

RAOPUR 

RISC 

RSAC-2 

SUBOOSA 

TIRION 

WRAITH 

YIELDS 

TABLE 4.4. (contd) 

Atmos. 
Tran. External External In hal a- Inges-
Mode 1 Pl ume Ground t ion t ion 

X X 

X X X 

X X X X 

X )( X 

X X 

X X 

X X X 

X X 

X X X X 

X X 

X X X X 

X X X 

X X 

Reference 

Turner et al • 
1968; Ki 11 ough 
et al. 1975; 
Killough et al. 
1978 

Eckert 1964 

r.ouchman et al. 
1964 

~inford 1967 

Strenge et al. 
1971 

Cooper 1967 

nahherdt et al • 
1982; U.S. NRC 
1982 

Anno et al. 1963 

Strenge et al. 
1975 

Scherpelz et al. 
1980 

Chester 1974 

the user to include site-specific information if availahle. Such information 
would include building sizes, distances to the exclusion boundary in each sec
tor, and terrain features. This discussion will concentrate on the external 
dosimetry models. The following is a list of the code's subroutines: 

• REOMET--reads in the meteorological data 
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• ADJWNO--empl oys a model that corrects the 1-1ind speed to the appropriate 
elevation 

• FRACTN--determines whether the plume should be considered elevated or 
ground-1 evel 

• GXOQ--calculates the x/Q at the centerline of the elevated plume 

• EXOQ--cal cul ates the ground-1 evel x/Q for an eleva ted plume 

• RISE--estimates the momentum rise from a circular stack 

• lOOSE--calculates the child-thyroid inhalation dose (most restrictive age 
group) from 131J through 135I 

• OOSEAR--calculates the noble gas doses with corrections for radioactive 
decay and daughter build-up during plume transit 

• OINT--performs numerical integration over the plume for finite cloud 
doses. 

The code can be simplified for certain accident situation~. For example, 
for a ground-level release, subroutines FRACTN, EXOO, RISE, anrl OINT (which 
deal with elevated releases) can be deleted. 

RAOPUR uses Regulatory Guide 1.111 (U.S. NRC 1q77b) guidance for deter
mining if the release should be considered ground level or elevated. This 
guidance considers a release to be elevated if the release height is greater 
than twice the height of any adjacent solid structure. For a ground-level 
release, RAOPUR uses a semi-infinite plume model to calculate external gamma 
dose to the whole body. The model follows the methodology outlined in 
Section 4.3.1.1, including consideration of all modification factors -- 5-cm 
depth dose, radioactive decay during plume transit, and daughter ingrowth dur
ing plume transit. Semi-infinite cloud gamma whole-body dose factors were 
obtained from Regulatory Guide 1.109 for 14 noble gas nuclides (83mKr, ssmKr, 
85Kr, 87Kr, 88Kr, 89Kr, 131mxe, 133mXe, 133Xe, 13smxe, 137Xe, 138Xe, and 
41Ar). In addition daughter production from the following nuclides were con
sidered: 88Rb, 89Rb, 138Cs, 139Cs, 139Xe, and 139Ba. RAOPUR also includes 
semi-infinite cloud beta air-dose factors, beta skin-dose factors, and gamma 
air-dose factors. 

For an elevated release, RAOPUR uses the finite plume model developed in 
Regulatory Guide 1.109, Appendix F, and Hamawi (1976). The model considers 
all appropriate modification factors for the 14 noble gas nuclides listed 
previously. 

The code calculates external gamma doses for both the sector average con
centration and the plume centerline concentration ~sinq either the semi
infinite or finite plume model. 
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WRAITH 

The WRAITH computer code (Scherpelz, Borst and Hoenes 19RO) provides an 
atmospheric dispersion model in addition to calculating both external gamma 
whole body dose and inhalation dose from the passing plume. The atmospheric 
dispersion model is a bivariate straight-line Gaussian distribution type with 
Pasquill values for standard deviations. Dispersion calculations can be cor
rected for plume meander, building wake effects, plume rise, and plume deple
tion by dry deposition. 

External gamma doses to the whole body are calculated using either a 
semi-infinite plume model or a finite plume model. The user is responsible 
for selecting the model based on release conditions. The semi-infinite plume 
model follows methodology outlined in Section 4.3.1.1 and includes all the 
modification factors. Semi-infinite plume gamma dose factors to the whole 
body for 297 radionuclides are found in WRAITH. 

As mentioned in ~ction 4.3.1.2, WRAITH uses a "finite plume" three
dimensional point kernel numerical integration technique for calculating 
external gamma doses from an elevated release. Equations used in these cal
culations can be found in Scherpelz, Borst and Hoenes (1980). Such calcula
tions involve relatively long computer times (e.g., 10 to 55 sec per calcula
tion on the UNIVAC 1100/44). 

Other Codes 

RSAC-2 (Wenzel 1974) and TIRION (Kaiser 1976) will calculate external 
gamma dose using either a semi-infinite or finite plume model in a manner 
similar to RADPUR and WRAITH. ~veral other codes including ACRA-11 (Stallman 
and Kam 1973), COMRAOEX-IV (Specht et al. 1975b), ERGAM (Cooper 1976; and 
Garrett and Murphy 1981), EXGAM (Steyn and Kim 1966), and SUBOOSA (Strenge et 
al. 1975) calculate external dose with a finite plume model. Two codes, 
AIRWAY (Rider and Beal 1977) and EXREM-111 (Trubey and Kaye 1973) use only a 
semi-infinite plume model. These codes are not appropriate for an elevate~ 
release (overhead plume) unless dose correction factors, as discussed in 
Section 4.3.1.2, are applied. The computer code, CRAC-2 (Ritchie et al. 
1981), uses finite plume dose correction factors. 

4.3.2 Inhalation Dose to Child Thyroid 

Inhalation of radioiodines and particulates are of major concern during 
plume passage because inhaled or ingested radioiodines concentrate in the 
thyroid. Several factors need to be known to compute the inhalation dose to 
the thyroid. These factors include: 1) air concentration of radioactive 
material at a downwind receptor location (x) in Cijm3; 2) breathing rate (BR) 
in m3jhr; and 3) dose factor (OF) in rem/Ci inhaled. The rate at which 
inhalation dose commitment is received is a product of these three factors. 
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where 

Dia(r) = dose commitment rate from nuclide, i, to the thyroid of an 
individual in age group, a, at receptor location, r (mrem/hr 
of exposure) 

Xi(r) = concentration of nuclide, i, at receptor location r (Ci/m3) 

BRa= breathing rate for individuals in age group a (m3/hr) 

(9) 

DFia = inhalation dose factor from nuclide , i, to an individual in age 
group a (mrem/Ci inhaled) 

The concentration term in Equation (9) shoul d be corrected for radio
active decay and daughter ingrowth during plume t ransit. When calculating 
thyroid dose, daughter ingrowth need not be considered if only radioiodines 
are in the release. However, if tellurium (Te) is present, ingrowth should be 
considered. An optional internal dose reduction factor would be appropriate 
for calculating population dose but is not recommended for calculating dose to 
the maximum individual as discussed in Section 4.3.1.1. Kocher (1980b) pro
vides a methodology for calculating such factors. Breathing rates are speci
fied in ICRP Report 23 (1975) and shown in Table 4.5. Dose factors for radio
nuclides of interest can be calculated using lung deposition and clearance 
models in ICRP Report 2 (1959) or Morrow (1966) and ICRP (1972)--Task Group 
Lung Model. Inhalation dose factors are dependent on age. Age-dependent 
parameters include thyroid mass, fractional uptake of I by the thyroid, effec
tive half-life in the thyroid, breathing rate and energy absorbed in the 
thyroid per disintegration of radioiodine (see Table 4.6). 

When considering more than one radioisotope of iodine, the dose commit
ment rate equation becomes a summation of all radionuclides available for 
inhalation: 

(10) 

TABLE 4.5. ICRP 23 Breathing Rate Values 

Breathing Rates (m3/hr) 
Adult Adult Ch1ld Infant 
(Man) (Woman) (10 yr) (1 yr) Newborn 

Resting 0.45 0.36 0.29 0.09 0.03 
Light Activity 1.20 1.14 0.78 0.25 0.09 
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TABLE 4.6. Age-Dependent Factors Used in Calculating Thyroid Dose from 
Inhalation--131! 

Age 

i 
4 

14 
Adult 

Newborn 
1 
5 

10 
15 
Adult 

Newborn 
1 
5 

10 
Adult 

Newborn 

(yr) 

Child (0.5 to 
2 yr) 

Adolescent 
{6 to 16 yr) 

Adult (>18 yr) 

Thyroid T (b) e:(c) 
Mass (g) f (a) (aays) (MeV/di s) 

.~ 

NUREG-0172 {Hoenes and Soldat 1977} and 

Regulator~ Guide 1.109 {U.S. NRC 1977} 

2 
5 

15 
20 

1 
1.8 
3.6 
7.4 

12.1 
16 

1 
1.8 
3.6 
7.4 

16 

1.4 
2.3 

6.7 

1R.3 

0.23 
0.23 
0.23 
0.23 

u.s. 
0.23 
0.13 
0.13 
0.13 
0.13 
0.13 

5.7 
5.7 
6.9 
7.4 

EPA {1975} 

5.7 
6.2 
6.2 
7.3 
7.3 
7.3 

0.2180 
0.2250 
0.2330 
0.2360 

0.19 
0.19 
0.19 
0.19 
0.20 
0.20 

WASH-1400 {U.S. NRC 1975) 

Dunning and Schwarz (1981}(e) 

0.47 
0.39 

0.47 

0.19 

5.3 
5.0 

6.9 

7.3 

(d) 

Breathing Rate 
(m3/hr) 

0.23 
0.29 
0.56 
0.89 

0.09 
0.25 
0.47 
0.79 
1.2 
1.2 

0.04 
0.16 
0.40 
0.62 
0.96 

(d) 

(0.16)(f) 
(0.42) 
(0.91) 
(0.91) 

(a) fa = fractional uptake of iodine by the thyroid. 
(b) Te = effective hal f-1 ife in thyroid. 
(c) e: = energy absorbed in thyroid per disintegration of radioiodine atom. 
(d) Not available. 
(e) All values represent mean values. 
(f) Values in parentheses are breathing rates used in Regulatory Guide 1.109 
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4.3.2.1 Lung Models 

As previously mentioned, the two basic models for calculating respiratory 
system deposition and clearance are the initial lung model (ICRP 1959) and the 
Task Group Lung Model (TGLM) (Morrow 1966; ICRP 1972). Dose factors in NUREG-
0172 (Hoenes and Soldat 1977) were calculated using ICRP (1959) methodology 
while WASH-1400 (U.S. NRC 1975) and U.S. EPA (1975) used the TGLM. Strenge et 
al. (1978) briefly reviewed the two models. The authors concluded that for 
inhalation of particulate material, dose calculations should be based on the 
TGLM, as that model was developed to handle particulates. For vapors and 
gases, use of the initial lung model would be more appropriate unless informa
tion is available on deposition characteristics of the material involved. 

4.3.2.2 Calculation of Inhalation Dose Factors 

In addition to the lung model used, age-dependent parameters affect the 
calculation of dose factors. These factors include thyroid mass, fractional 
uptake of iodine by the thyroid, effective half-life in thyroid, energy 
absorbed in thyroid per disintegration of radioiodine atom, and breathing 
rate. Breathing rate is generally not considered in the calculation of 
inhalation dose factor (see Equation 10). 

Table 4.6 is a partial listing of age-dependent factors used in calculat
ing dose factors from several references (Hoenes and Soldat 1977; u.s. NRC 
1975; u.s. NRC 1977; U.S. EPA 1975; and Dunning and Schwarz 1981). Variabil
ity of age-dependent parameters as shown in Table 4.6 in conjunction with 
usage of different lung models contributes to the differences in inhalation 
dose factors to the thyroid presented in Table 4.7. As was mentioned pre
viously, NUREG-0172 (Hoenes and Soldat 1977) and Regulatory Guide 1.109 used 
the initial ICRP lung model while U.S. EPA (1975) and WASH-1400 (U.S. NRC 
1975) used the TGLM. Direct comparisons of dose factors for each age group 
are difficult because age groups are not consistent among the references. 
However, where groups could be compared, values were found to vary by less 
than a factor of two for 131J. Such differences are not significant enough to 
choose one method over the other. 

4.3.2.3 Dose Calculations 

From Equation (10), inhalation dose to the thyroid is found to be a pro
duct of a breathing rate and an inhalation dose factor. Table 4.8 presents 
data on the ratio of thyroid dose per unit 131J ai r concentration for several 
age groups. Other radioiodines (132J, 133J, 134J, 13SJ) would show similar 
relationships. These ratios indicate that a newborn to 5-year-old child would 
receive up to twice the thyroid dose received by an adult from inhalation of 
the same concentration during plume passage. Therefore, inhalation doses to 
the child thyroid should be calculated unless young children are absent from 
the affected population. 
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TABLE 4.7. Age-Dependent Inhalation Dose Commitment Factors 
Radioiodines (mrem/pCi inhaled). 

for 

Nuclide 

Age (yr) 131! 132J 133J 13'+1 135J 

NUREG-0172 (Hoenes and Soldat 1977) and 

Regula tory Guide 1.109 (U.S. NRC 1977) 

Infant 1.06 X 10-2 1.21 X 10-4 2.54 X 10-3 3.18 x 10-s 4.97 X 10-'+ 
4 4.39 X 10-3 5.23 x 10-s 1.04 X 10-3 1.37 x 10-s 2.14 X 10-'+ 

14 1.83 X 10-3 1.89 x 10-s 3.65 X 10-'+ 4.94 X 10-6 7.76 x 10-s 
Adult 1.49 X 10-3 1.43 x 10-s 2.69 X 10-'+ 3.73 X 10-6 5.60 x 10-s 

u.s. EPA (1975) 

Newborn 1.8 X 10-2 8.8 X 10-'+ 6.0 X 10-3 4.4 X 10-'+ 1.8 X 10-3 
1 6.2 X 10-3 2.8 X 10-'+ 1.9 X 10-3 1.4 X 10-'+ 5.7 X 10-'+ 
5 3.1 X 10-3 1.4 X 10-'+ 1.0 X 10-3 7.2 x 10-s 3.0 X 10-'+ 

10 1.8 X 10-3 7.3 x 10-s 5.0 X 10-'+ 3.5 x 10-s 1.5 X 10-'+ 
15 1.2 X 10-3 4.4 x 10-s 2.9 X 10-'+ 2.2 x 10-s 9.4 x 10-s 
Adult 8.8 X 10-'+ 3.3 x 10-s 2.3 X 10-'+ 1.7 x 10-s 7 .o x 10-s 

WASH-1400 (U.S. NRC 1975) 

1 5.9 X 10-3 3.6 X 10-s 9.7 X 10-'+ 5.9 X 10-6 2.4 X 10-'+ 
5 5.1 X 10-3 3.0 X 10-s 8.3 X 10-'+ 5.1 X 10-6 2.0 X 10-'+ 

10 2.6 X 10-3 1.6 X 10-s 4.3 X 10-'+ 2.6 X 10-6 1.1 X 10-'+ 
Adult 1.1 X 10-3 6.6 X 10-6 1.8 X 10-'+ 1.1 X 10-6 4.4 x 10-s 

TABLE 4.8. Ratio of Thyroid Dose per Unit Radioiodine Air Concentration 
(131J) for Various Ages Versus an Adult 

NUREG-0172 (Hoenes and u.s. WASH-1400 Soldat 1977) and Regulatory 
Age EPA (1975) (U.S. NRC 1975) Guide 1.109 (U.S NRC 1977) 

Newborn 1.6 

1 1.5 0.9 2.0 
4 1.0 
5 1.4 1.9 

10 1.4 1.6 

14 1.0 
15 1.3 

Adult 1.0 1.0 1.0 
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4.3.2.4 Computer Codes 

Numerous computer codes are available to calculate inhalation doses from 
a passing plume {see Table 4.4). While a review of all the inhalation codes 
in Table 4.4 is beyond the scope of this document, several codes to be briefly 
discussed include the NRC's RADPUR code {Dabberdt et al. 1982), AERIN 
{Voilleque 1970), DACRIN {Houston, Strenge and Wa t son 1974), WRAITH 
{Scherpelz, Borst and Hoenes 1980), RSAC-2 {Wenze' 1974), and INREM-II 
{Killough et al. 1978). These codes are examples of appropriate intermediate 
dose calculational methods. 

The RADPUR code calculates inhalation dose to the child thyroid as 
expressed in Equation {10). The subroutine IDOSE calculates inhalation dose 
to the child thyroid. Inhalation dose factors were taken from NUREG-0172 for 
the following radioiodines: 131I, 132 I, 13 3I, 134 J, and 13S J. ICRP 2 {1959) 
methodology was used in calculating the dose factors. A child's breathing 
rate of 3700 m3Jyr {0.42 m3Jhr) was used as derived from Regulatory Guide 
1.109 {U.S. NRC 1977). 

The computer codes AERIN, DACRIN, INREM-11, RSAC-2, and WRAITH are based 
on the ICRP TGLM. These codes are more extensive than RADPUR as they are 
capable of calculating inhalation doses to various organs from a whole spec
trum of nuclides, not just inhalation dose to the thyroid from radioiodines. 
One of these codes would be needed if fission products other than noble gases 
and radioiodines were released, or modifications would have to be made to 
RADPUR. 

4.3.3 Other Dose Pathways 

Dabberdt et al. {1982) recommended that whole body gamma dose from ground 
contamination and ingestion dose from contaminated milk be determined during 
the intermediate time period {1 hr to 1 day) after an accidental release. 
These calculations may be included as part of the intermediate dose calcula
tion methods, however, it should be emphasized that calculation of doses from 
the plume take precedence. Dabberdt et al. {1982) did not recommend 
calculation of inhalation doses from resuspended material or ingestion doses 
from contaminated crops or water supplies during the immediate or intermediate 
time frame of response. 

4.3.3.1 Whole Body Gamma Dose from Ground Contamination 

The basic model for calculating whole body gamma dose from ground con
timination considers the surface as an infinite plane of negligible thickness 
with a uniform contamination distribution. For purposes of this discussion, 
it is assumed that levels of ground contamination are known either by esti
mates based on deposition mechanisms or by field measurements. 
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The basic equation for calculating external dose rate from ground con
tamination is: 

where 

0 T = ~ C. OF. 
1 1 1 

OT = total dose rate for all nuclides 

Ci =concentration of nuclide, i, on ground surface (pCi/m2) 

oF,·= whole-body dose factor for nuclide, i(mrem/hr) 
pCi/m2 

( 11) 

Dose factors have been calculated by a number of authors as reviewed in 
Hoffman et al. (1977). Table 4.9 is a comparison of dose rates from two 
references (U.S. NRC 1977a and Kocher 1980a). These dose factors would be 
appropropriate to use in the intermediate dose calculation method. 

Several computer codes are available to calculate external gamma dose 
from ground contamination, including AIRWAY (Rider and Beal 1977), CRAC 2 
(Ritchie et al. 1981), RSAC-2 (Wenzel 1974), and EXREM III (Trubey and Kaye 
1973). 

Shielding factors may be considered as an optional modification to 
Equation (11). For example, Regulatory Guide 1.109 recommends a residential 
shielding and occupancy factor of 0.5. Kocher (1980b) presents a model which 
could be used to determine shielding factors from residential units. 

4.3.3.2 Ingestion Dose from Contaminated Milk 

To calculate ingestion dose from contaminated milk, the concentration of 
radioiodines in the milk needs to be determined. This can be accomplished by 
direct measurement of milk or estimations based on the concentration of radio
iodines in the animals' feed and feed intakes of the animal. Regulatory 
Guide 1.109 (U.S. NRC 1977a) provides a method for calculating nuclide concen
trations in milk. 

Knowing the level of milk contamination, dose commitment rate to an 
individual's thyroid can be found by using the following equation: 

0 T = ~ C. • U • DF; ( 12) a 
1 

1 a a 
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where 

oaT= dose commitment rate for age group a from all nuclides in milk 
(mrem/ hr) 

Ci = concentration of nuclide i in milk (pCi/t ) 

Ua = consumption rate of individual in age group a (t/hr) 

DFia = ingestion dose factor for nuclide i and an individual in age 
group, a (mrem/ pCi) 

As with inhalation doses from the plume, thyroid doses to the most sen
sitive age groups (children) should be calculated. Age-specific consumption 
factors can be found in Regulatory Guide 1.109. Dose factors for all age 
groups can be found in NUREG-0172 (Hoenes and Soldat 1977) and are listed in 
Table 4.10. 

4.4 RAPID DOSE CALCULATION METHODS 

Rapid dose calculation methods are intended for use in the control room 
during approximately the first hour of an accident until the TSC and EOF are 
activated. As outlined by Dabberdt et al. (1982), rapid methods should con
sider external gamma doses and inhalation doses to the thyroid from the 
passing plume. Such calculation methods should be simple, to allow usage by 
individuals with a minimum knowledge of dose assessment. Examples of these 
methods include hand calculations, nomograms, isopleths, calculators, and 
microcomputers. 

This section provides a brief discussion of dosimetry models that could 
be used in the rapid dose calculation method, but this is only part of the 
rapid dose assessment model. Other parts include source term and atmospheric 
dispersion determination. Specific determinations would include: 

• ground-level or elevated release 
• atmospheric stability class 
• radioactive release rate 
• composition of release (are radioiodines present?) 
• time interval from reactor shutdown to initial release 
• duration of the release. 

IRDAM (Interactive Rapid Dose Assessment Model) (Poeton et al. 1982) is 
an example of a model which considers the above factors. 
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TABLE 4.9. External Dose Factors from Ground Contamination 
( mrem/hr/pCi jm2) 

Radionuclide 

24Na 

51Cr 

54Mn 

56Mn 

59 Fe 

sa co 
60Co 

65Ni 

64Cu 

6Szn 

83Br 

84Br 

86Rb 

88Rb 

89Rb 

89Sr 

91 Sr 

92Sr 

90y 

91my 

9ly 

92y 

93y 

9Szr 

97zr 

95Nb 

99Mo 

99mTc 

1 o 1 Tc 

Regula tory Guide 
1.109 (U.S. NRC 1977) 

2.5 x 10-8 

2.2 X 10-10 

5.8 X 10-9 

L 1 x 10-8 

8.0 X 10-9 

7. 0 X 10-9 

1.7 x 10-8 

3.7 X 10-9 

1.5 X 10-9 

4.0 X 10-9 

6.4 X 10-11 

1. 2 X 10-8 

6.3 x 10-1o 

3.5 X 10-9 

1.5 x 10-8 

5.6 X 10-13 

7.1 X 10-9 

9.0 X 10-9 

2.2 X 10-12 

3.8 X 10-9 

2.4 x lo-u 
1.6 X 10-9 

5.7 x 10-10 

5.0 X 10-9 

5.5 X 10-9 

5.1 X 10-9 

1.9 X 10-9 

9.6 x 10-10 

2. 7 X 10-9 
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Kocher (1980a)(a) 

6.14 x 10-8 

8.50 x 10-1o 

1.61 x 10-8 

2. 90 x 10-a 

2.11 X 10- 8 

1.91 X 10-8 

4.38 x 10-a 

9.46 X 1Q-9 

4.12 X 10-9 

1.12 x 10-a 

1.53 x 10-10 

2. 77 x 10-a 

1. 71 X 10-9 

1.05 x 10-a 

3.53 x 10-a 

2.56 X 10-12 

1.30 x 10-a 

2.31 x 10-a 

2.76 X 10-13 

1.08 x 10-8 

6.38 X 10-11 

4.60 X 10-9 

1.58 X 10-9 

1.43 X 10-8 

3.30 X 10-9 

1.47 X 10-8 

3.25 X 10-9 

2.90 X 10-9 

7.10 X 10-9 



Radionuclide 

103 Ru 

1 osRu 

1 06Ru 

11 omAg 

125mTe 

127mTe 

127Te 

129mTe 

129Te 

13lmTe 

131 Te 

132Te 

130 I 

131J 

132 I 

133I 

134 I 

135I 

134Cs 

136Cs 

137Cs 

13SCs 

139Ba 

l40Ba 

141 Ba 

1'+2Ba 

1'+0 La 

1'+2La 
141 

Ce 
14 3 

Ce 

TABLE 4.9. (contd) 

Regula tory Guide 
1.109 (U.S. NRC 1977) 

3.6 X 10-9 

4.5 X 10-9 

1.5 X 10-9 

1.8 x 10-s 

3.5 X 10-11 

1.1 X 10-12 

1.1 X 10-11 

7.7 X 10-10 

7.1 x 10-10 

8.4 X 10-9 

2.2 X 10- 9 

1. 7 X 10-9 

1.4 x 10-s 

2.8 X 10-9 

1.7 x 10-s 

3. 7 X 10-9 

1.6 x 10-s 

1.2 X 10-S 

1.2 x 10-s 

1.5 x 10-s 

4.2 X 10-9 

2.1 x lo-s 

2.4 X 10-9 

2.1 X 10-9 

4.3 X 10-9 

7.9 X 10-9 

1.5 x 10-s 

1.5 x lo-s 
_10 

5.5 X 10 
_9 

2.2 X 10 
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Kocher (1980a)(a) 

9.63 X 10-9 

1. 55 x 10-s 

5.15 x 10-s 

1.51 X 10-9 

4.62 x 10-10 

1.01 x 10-1o 

9.28 x 10-10 

1.32 X 10-9 

2.73 X 10-S 

8.49 X 10-9 

5.57 X 10-9 

4.21 x 10-s 

8.03 X 10-9 

4.35 x 10-s 

1. 22 x 10-s 

4.89 X 10-8 

2.73 x 10-s 

3.03 x 10-8 

4.10 x lo-s 

4.00 x 10-s 

8.33 x 10-1o 

3. 39 X 10-9 

1.63 x 10-8 

1.96 X 10-8 

3.93 x 10-8 

4. 25 x 10-s 
_9 

1. 77 X 10 
_9 

6.27 X 10 



TABLE 4.9. (contd) 

Regula tory Guide 
( 1980a) (a) Radionuclide 1.109 (U.S. NRC 1977) Kocher 

144Ce 3.2 X 10-10 5.19 X 10-10 

144pr 2.0 X 10-1o 5.30 X 10-1o 

l47Nd 1.0 X 10-9 3.24 X 10-9 

187W 3.1 X lQ-9 9.83 X 10-9 

239Np 9.5 X 10-10 5.34 X 10-9 

(a) Kocher (1980a) presents dose factors for additional 
nuclides - 240 total. 

TABLE 4.10. Age-Specific Ingfsfion Dose Factors to the Thyroid 
for Radioiodines a 

Age Nuclide (mrem/pCi ingested) 
Group I 3 I I I 32 I I33I I 31f I I3SI 

Infant 1.39 X 10-2 1.58 X 10-4 3.31 X 10-3 4.15 x 10-s 6.49 X 10-4 

Child 5. 72 X 10-3 6.82 X 10-s 1.36 X 10-3 1.79 X lo-s 2.79 X 10-4 
( 4 yr) 

Teenager 2.39 x 10-3 2.46 X lo-s 4.76 X 10-4 6.45 X 10-6 1.01 X 10-4 
( 14 yr} 

Adult 1.95 X 10-3 1.90 x 10-s 3.63 X 10-4 4.99 X 10-6 7.65 x 10-s 

(a) Data from NUREG-0172 (Hoenes and Soldat 1977}. 

4.4.1 External Ga11111a Radiation Dose from Pl 1.1ne 

When calculating external gamma dose from the plume using a rapid cal
culation model, a reliable dose estimate can be obtained by considering only a 
few critical noble gas nuclides. In WASH-1400 (U.S. NRC 1975}, for example, 
only the following noble gas nuclides were considered: ssmKr, 85Kr, 87Kr, 
88Kr, 133Xe, and 13SXe. Another way of handling the noble gas mixture in a 
release would be to consider all activity to be 133Xe and apply correction 
factors for time after shutdown to determine dose (see Figure 2.2, 
Section 2.4.3). 
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Similar to intermediate dose calculation metnods, semi-infinite plume 
considerations should be used for a ground-level release while finite plume 
considerations should be used for an elevated release. Semi-infinite plume 
dose factors discussed in Section 4.3.1.1 (Table 4.1) would be appropriate. 
Radioactive releases should also be corrected for radioactive decay during 
plume transit. Finite plume considerations could be handled using finite 
plume correction factors developed by Healy and Baker (1968) or the method of 
Lahti, Hubner and Golden (1981) as reviewed in Section 4.3.1.2 of this 
document. Numerical integration techniques requiring relatively long computer 
times (U.S. NRC 1977a; Scherpelz, Borst and Hoenes 1980) would not be 
appropriate for a rapid dose calculational method . Nomograms developed by the 
NRC (U.S. NRC 1983) using finite plume methodology from Regulatory Guide 1.109 
(U.S. NRC 1977a) would be appropriate for calculating external gamma dose. 

4.4.2 Inhalation Dose to Child Thyroid 

Calculation of inhalation dose to a child 1 S thyroid can be accomplished 
using Equation (10) in Section 4.3.2. The dose calculation could consider a 
mixture of several radioiodine nuclides (e.g., 131!, 132!, 133!, 134!, 135!) 
or consider all activity to be 131I and apply a correction factor for time 
after shutdown (see Figure 2.3, Section 2.4.3). Cose factors and breathing 
rates used for the rapid dose calculation method would be the same as those in 
Section 4.3.2. 
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TRANSPORT ANn OIFFUSION IN COMPLEX TOPOGRAPHY 

Transport and diffusion of airborne releases in complex topography 
settings including coastal and valley locations are discussed in this 
appendix. 

A.1 TRANSPORT AND DIFFUSION IN A COASTAL ENVIRONMENT 

A large percentage of the nuclear facilities in the United States are 
located in coastal environments because of the requirement for cooling water. 
As a result, the problems associated with assessing atmospheric transport and 
diffusion in this environment require specific attention. In simplistic terms 
the coastal environment can be characterized as consisting of coincident 
changes in surface roughness, thermal and moisture characteristics. These 
changes frequently induce local circulations, particularly if the coast or 
shore line is associated with a relatively large body of water. The sea 
breeze (lake breeze) has received a gQod deal of attention in the scientific 
literature. For example, Jehn (1973)la) lists 545 references appearing 
between 1664 and 1973 in his bibliography. Of these references, 157 have 
appeared since 1959. 

A quick review of the current literature indicates no reduction in the 
rate at which new material is appearing. The trend of suhject matter in the 
recent literature is divided between numerical and physical modeling of the 
atmospheric processes and applied studies related directly to atmospheric dif
fusion. A number of summaries of the material on transport and diffusion in 
the coastal environment have been published. Among these, the summaries by 
Lyons (1975), Raynor, Michael and SethuRaman (1979 and 1980), and Shearer and 
Kaleel (19R2) are particularly appropriate to emergency response applications. 
The Shearer and Kaleel summary lists 212 references including many project 
reports that are not widely publicized. 

A.1.1 Elevated Releases During the Summer 

In general, the coastal environment diffusion problem given the most 
attention is onshore flow with an elevated release when the land surface is 
warmer than the water. Figure A.1 illustrates three possible scenarios. In 
each scenario the wind is blowing from left to right and the water surface is 
cooler and smoother than the land. nashed lines indicate the internal bound
ary layers (IRL). However, it should be remembered that the internal boundary 
layer is in reality a zone. In Figure A.1(a) the release is occurring 
entirely within the IBL. This case is essentially no different than an inland 
release under similar atmospheric conditions. There may be some restriction 
to vertical diffusion at the top of the IRL, but the restriction is similar to 
that which occurs at the top of the mixing layer defined by normal inversions. 

(a) All references in this appendix can be found in Section 3.0's reference 
section. 
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In the scenario in Figure A.1(b), the release occurs at the coast, above 
the IRL. The initial diffusion takes place in the stable atmospher ic condi
tions associated with air over the water. At so~e point downwind, the IBL 
eaches the plume level and material in the plume mixes rapidly to the ground. 
Vander Hoven {1967) suggests that diffusion in this case is similar to dif
fusion under conditions of inversion break-up that are responsible for fumiga
tion. Lyons and Cole (1973); Meroney et al. (1975); Van Oop et al. (1979); 
Misra (1980) and McRae et al. (1981) give continuous plume models for use in 
estimating concentrations in this scenario. Vander Hoven (1967) also sug
gests that the height of the IBL is approximately proportional to the overland 
fetch raised to the 1/2 power. Raynor et al. (1 975) present a model of IRL 
growth in which the IRL is a function of not only fetch to 1/2 power, but also 
to wind speed to the -1 power, land-sea temperature difference to the 1/2 
power and the stability of the air over the water to the -1/2 power. The 
model of Misra avoids the problem of specification of IBL height. 

In the third scenario, Figure A.1(c), the release occurs in the unstable 
air over the land, but before the plume diffuses to ground level it encounters 
the stable air over the water. There the diffusion rate is siqnificantly 
reduced. Finally, the plume encounters unstable air in an IRL as it passes 
over land some distance downwind. The primary di f ference between the second 
and third scenarios is the length of pl~e travel in the stable air. 

Figure A.2 shows the elevated and ground-level centerline concentration 
as a function of distance from the source. This figure shows the concentra
tion as a function of time for a fixed distance downwind as the mixing layer 
increased in depth. Here airborne material is transported to an intersection 
with the IRL. 

The centerline, ground-level concentrations for the three scenarios are 
qualitatively compared in Figure A.3. Scenario (a) gives the greatest maximum 
concentration, with the position of the maximum closer to the stack than for 
the other scenarios. The maximum for (b) is somewhat lower than for (a) 
because of the initial diffusion that takes place prior to encountering the 
unstable air in the IRL. The initially slow diffus ion that causes the maximum 
to be lower in this case is also responsible for {b) having higher concentra
tions than (a) beyond the (b) concentration maximum. The comparison can be 
extended to include (c) without modification. 

Mathematically, the comparison in Figure A.3 can be explained using the 
elevated Gaussian plume model. At the point of Maximum ground-level concen
trations, the vertical diffusion parameters will be about equal in the three 
scenarios. However, because of the increasing travel distances to the maxima 
from (a) to (b) to (c), the horizontal diffusion parameters will increase from 
one scenario to the next. As a result, the concentration maxima will 
decrease. Beyond the maxima, the ground-level concentrations can be con
sidered inversely proportional to the product of the horizontal and vertical 
diffusion parameters, and the exponential term that compensates for plume 
height can be neglected. The growth rate of the di f fusion parameters is 

A.2 



FIGURE A.l. 
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Three Elevated Release Scenarios with Onshore Flow 
During the Summer 
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FIGURE A.2. Elevated and Ground-Level Concentrations in a Sea 
Breeze Fumigation Condition 

a function of downwind oistance and atmospheric stability. It is greatest in 
unstable atmospheric conditions and least in stahle conrlitions. As a result, 
the longer the plume travels in stable atmospheric conditions, the longer it 
takes for the product of the diffusion parameters to reach a magnitude associ
ated with a specified concentration level. 

A.l.2 Temporal Variation of the Sea Breeze 

Up to this point diffusion in the coastal environment has been considered 
independent of transport. Implicitly the assumption is that wind direction is 
constant in both time and space. That assUMption is appropriate if the 
grounrl-level concentration as a function of downwind distance in the plume is 
of interest. If the position of the maximum ground-level concentration, the 
time at which a release will intersect the IRL, or any number of other related 
concerns is of interest, the implicit transport assumption is no longer 
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FIGURE A.3. Comparison of Ground-Level Centerline Concentrations for 
the Scenarios Shown in Figure A.l 

tenable. The sea breeze is typically a nonstationary phenomenon in which both 
wind direction and speed are functions of time. 

To illustrate the importance of considering the time variation, consider 
the following example: the scenario is a north-south oriented coast with 
water to the west and land to the east during the summer. Therefore, stable 
air can be assumed over the water and unstable air during the day over the 
land. In the absence of a dominant synoptic weather situation, the 12 hour 
sequence of wind observations in Table A.l might be recorded at a location 
near the coast. To simplify the example, assume that these winds are 
representative for the air over land and over water, and consider the diffu
sion and transport of material released at the beginning of each hour through
out the day. The diffusion can be represented by the appropriate scenario in 
Figure A.l. Figure A.4 shows trajectories for the material released at each 
time. The solid line represents the coast, and the dashed line represents the 
ground-level projection of position of the intersection of the elevated plume 
and the IBL. The numbers along the trajectories are times associated with the 
leading edge of the plume. 

A.S 



TARLE A.1. Hypothetical Wind Record for a Sea Breeze Event 

Time Wind Direction Wind S~eed 

0700 140 2 

0800 160 2 
0900 1RO 2 

1000 210 3 

1100 240 4 

1?.00 260 5 

1300 270 5 

1400 280 5 
1500 300 4 

1600 320 3 
1700 340 3 
1800 360 2 
1900 020 2 

If a release occurred at the first two starting times bP.ing considered, 
the initial plume travel would be over water and the plume would finally 
intersect the IRL well north of the release point. We have essentially 
scenario (c) from Figure A.1. nelaying the release shifts us to scenario (b), 
and more importantly causes the point of intersection with the IRL to move 
south, closer to the source. nuring the middle of the day, the wind direction 
carries material directly inland, and the distance to the point of the ground
level concentration maximum is at a minimum. As the afternoon progresses, the 
wind continues to veer, ultimately carrying material off-shore. Such diffu
sion conditions are represented graphically in Figure A.1 (Scenario C). 

To further explore the consequences of this type of wind variation on 
diffusion and transport, we have listed the time, position and total distance 
traveled to the IRL intersection for releases beginning each hour as listed in 
Table A.2. Material released between 0700 and 1100 hr would arrive at the 
ground between 1030 and 1130 hr, appearing to ground-level observers almost as 
though it had been released from an off-shore line source that increased in 
strength from north to south. For this reason, t,e duration of a high-level 
concentration at any point would be relatively short. Ry contrast, observers 
positioned under a plume released from 1200 to 1400 hr could correctly per
ceive that they were beneath the plume from a single point source. They would 
have a significantly larger exposure to the high concentrations than the 
observers to the north, because the lateral motion of the plume during this 
period is significantly slower than during the earlier period. Finally, 
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TARLE A.2. Location and Times of Fumigation for the F.:xampl e in 
Figure A.4 

Time of Direction and Total 
Release Intersection Oi stance {km) Distance 
Time with IRL IRL Intersection Traveled {km} 
0700 1130 OOR/32.8 39.6 

OROO 1108 010/24.8 27.1 

0900 1048 015/15.8 16.2 

1000 1050 030/9.0 9.0 

1100 1123 060/5.4 5.4 

1200 1214 080/4.7 4.7 

1300 1314 090/4.3 4.3 

1400 1416 100/4.7 4.7 

1500 1521 120/5.4 5.4 

1600 1640 140/7.2 7.2 
1700 
1800 

1900 

observers farther south would again undergo short periods of high exposure 
during the later portion of the afternoon as the wind direction continued to 
veer. 

Having considered a realistic description of diffusion and transport, 
consider how the straight-line Gaussian plume mig~t be misapplied. A release 
prior to 1000 hr would not be expected to affect the area onshore hecause the 
winds prior to that time are either offshore or along the coast. Releases 
between 1000 and 1600 hr would be reasonably well treated, provided that only 
the position and time of arrival of the plume at the point of maximum concen
tration were to he estimated. Total exposures would be overestimated, if per
sistence were assumed and the release extended more than an hour. For 
releases after 1600 hr, the position and arrival time of the plume at some 
point on the land cannot be predicted from the wind at the point and time of 
release. 

As might be expected, actual conditions along a coastline are more com
plex than indicted in the preceding example. Raynor et al. (1979) indicate 
that the wind direction tends to change as the coastline is crossed, unless 
the offshore wind is essentially perpendicular to the coast. If the wind 
approaches the coast at an oblique angle, the direction shifts as the coast 
line is crossed, leaving it more nearly perpendicular. The diffusion data 
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collected in many coastal diffusion experiments, e.g., Lamb, Lorenzen and 
Shair (1978) and Lamh, Shair and Smith (1978), provide further evidence of the 
inadequacy of simple models that relegate transport to an implicit treatment. 

A.1.3 Other Coastal Release Scenarios 

Concerns related to coastal diffusion and transport are not limiterl to 
the elevated release scenarios so far discussed. Those scenarios are primar
ily summer scenarios. Briefly consider three additional sets of scenarios: 
"winter" elevated release scenarios that parallel the "summer" scenarios, then 
"summer" and "winter" ground-1 evel release scenarios. 

In Figure A.5, the wind is again hlowing from left to right. This time, 
however, the water is warmer than the land surface. The cooler land tends to 
stabilize the air as it flows inland, thus reducing the turbulence and verti
cal diffusion rate. The increased stability is countererl, at least partially, 
by the increased land roughness. In Figure A.5(a) the release is within the 
IRL. As a result, it behaves as would be expected of releases in other, non
coastal locations with similar meteorological conditions. In Figure A.5(b) 
the release occurs in the relatively unstable air still under the influence of 
the water. When the plume intersects the IBL, the rate of vertical diffusion 
in the lower portion of the plume decreases due to the increased atmospheric 
stability within the IRL. As a result of the initial diffusion in the rela
tively unstable air, the plume reaches the ground sooner in Figure A.5(b) than 
it does in Figure A.5.(a). In the final "winter" scenario, Figure A.5(c), the 
release takes place in the stable air over land. Shortly, the plume encoun
ters the unstable air over the water and mixes to the surface. It then con
tinues downwind until it intersects another body of land. If the initial 
over-land fetch is sufficiently short, the plume in Figure A.5(c) will reach 
the ground sooner than the plumes in either Figure A.5(a) or Figure A.5(b). 

The centerline, ground-level concentrations for the "winter" scenarios 
are qualitatively compared in Figure A.6. In these scenarios, going from (a) 
to (b) to (c) increases the magnitude of the maximum concentrations and 
reduces the ground-level centerline concentrations beyond the maxima. This is 
opposite of the changes taking place in the "summer" scenarios. 

The ground-level release scenarios are illustrated in Figures A.7 through 
A.lO. In these scenarios the source is over land. As a result, there are 
just two cases. In the first case, the release takes place within the IRL 
during an onshore flow. In the second case the flow is offshore and the con
cern is about the concentration when the plume returns to land. 

Figure A.7 deals with "summer" conrlitions where the 1 anrl is warmer than 
the water and the air over the land tends to be unstable. The release in Fig
ure A.7(a) behaves as a release at inland sites. In Figure A.7(b), however, 
after an initial period of relatively rapid vertical diffusion, the plume 
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FIGURE A.S. Three Wintertime Coastal Elevated Release Scenarios 

encounters the stable air over the water and the vertical diffusion rate 
slows. Relatively rapid vertical diffusion resumes when the plume returns to 
land. The relative centerline concentrations in these two cases are shown 
qualitatively in Figure A.A. 
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FIGURE A.lO. Comparison of Centerline Concentrations 
for the Release Scenario in Figure A.q 

11 Winter 11 scenarios for ground-level releases in a coastal environment are 
illustrated in Figure A.q. In Figure A.q(a) the release takes place in rela
tively stable air over land and diffuses in those conditions. The release in 
Figure A.9(b) takes place over land, but the vertical diffusion is enhanced 
when the plume encounters the moist, unstahle air over the water. Figure A.lO 
shows the effects of the enhanced vertical diffusion. 

Comparing Figures A.8 and A.lO with Figures A.4 and A.6, it can be seen 
that the effects of specific scenarios are different for ground-level releases 
than for elevated releases. For elevated releases, changing the scenario 
changes the magnitude and position of the maximum concentration. On the other 
hand, changing the scenario for ground-level releases does not change the 
maximUill concentration. It only changes the distances required to realize a 
given concentration reduction. 

A.1.4 Coastal Measurement Programs 

The simplistic outline of coastal transport and diffusion given above, 
results from an attempt to generalize from many rather specific sources of 
diffusion data and modeling studies. When it comes to evaluating the conse
quences of a release at a specific location, this general picture should be 
augmented with any directly applicable information. There is a good bit of 
relevant information for several coastal regions around the United States. 
The areas for which this information is most abundant are: the California 
coast from Los Angeles north to the San Francisco Ray area, the Great Lakes 
region, the north Atlantic coast particularly along New Jersey, New York and 
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lower New England, the Florida Atlantic coast, and the Texas coast along the 
Gulf of Mexico. Figures A.11 and A. l2 show the locations of measurement pro
grams identifierl by Shearer and Kaleel (1<}82). 

A.2 TRANSPORT ANn OIFFUSION IN CO~PLEX TERRAIN 

The discussion now moves to topographic sett i ngs that include v~lleys and 
ridges. The coastal environment previously discussed was sufficiently complex 
that it was treated by assuming long straight coastlines and ignorinq topo
graphical features frequently associated with coasts such as b·luffs and inland 
hills and mountains. In this section similar simplifications will be made. 
In general, discussion will be limited to isolated topographic features, i.e., 
individual hills, bluffs, valleys and gorges. The primary issues associated 
with transport and diffusion in complex terrain can be illustrated using this 
approach and can provide some insight into transport and diffusion in real 
terrain, where more detailed study is needed for a quantitative evaluation. 

A large portion of the current research in atmospheric transport and dif
fusion is directed toward complex terrain problems. Orgill (1981) compiled an 
extensive summary of the work in this area through 1979 for use in planning 
Department of Energy multi-laboratory complex terrain research programs, which 
go by the acronym ASCOT (Atmospheric Studies in Complex Terrain). nickerson 
and Gudiksen (1980) descrihe the overall ASCOT progrm and nickerson (1981) 
describes its current status. Orgill's summary lists 362 references for the 
section on "Terrain-Inducerl Airflow Phenomena," and 16<} references for the 
section on "Plume or Pollutant Transport and Oiffusion in Complex Land Forms." 
It forms the basis for the material presented here . For a more detailed dis
cussion of the material, refer to Orgill's report or to his references. 
Appropriate references to the primary information sources are included in this 
section. 

Following Orgill, the major areas of concern related to atmospheric pro
cesses in complex terrain are: streamline displacemPnt, channeling, local 
terrain- induced winds, stagnation in basins and valleys, impaction of elevated 
plumes on terrain, fumigation and effects of flow deformation and wakes on 
plumes. 

A.?..1 Transport Near Isolated Hills 

Flow around geometric shapes that might represent isolated terrain fea
tures has been studied in great detail using mathematical models such as 
potential flow theory and in-wind tunnels . A hemisphere can be assumed to 
represent an isolated hill. Figure A. 13 shows typical streamlines flowing 
over and around the hill. Low wind speeds will be found on the windward and 
leeward sides of the hill, and areas of higher speed will be found on the top 
and cross-wind sides of the hill where there is convergence of the distorted 
flow. Figure A.14 shows the same general features as shown in Figure A.13 but 
for a more realistic shape. 
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TOP VIEW 

SIDE VIEW 

FIGURE A.l3. Streamline Flow Around anrt (Ner a Hemisphere 

The effect of an isolated hill on transport and diffusion depends, to a 
large extent, on the relative sizes of the hill and the plume. If a release 
occurs sufficiently close to the hill that the horizontal and vertical rlimen
sions of the plume are small comparerl with the dimensions of the hill, the 
primary effect should be a displacement of the plume. If the dimensions of 
the plume and hill are approximately equal, two possihilities are apparent. 
In the first possibility, the plume may be diverted around the hill as in the 
previous case. The second possibility arises if the wind is nearly directly 
toward the hill. In this case, the plume may split as it approaches the 
region of flow divergence just upwind of the hill. Finally, if the plume 
dimensions are large compared with tho~e of the hill, the hill will have 
little effect on the plume. These possibilities are illustrated in 
Figure A.l5. The ease of qualitatively defining them belies the practical 
difficulties in selecting the appropriate case and making a quantitative esti
mate of the effect. 

A.2.2 Transport Near Two-Dimensional Features 

Flow over two-dimensional features such as long cylinders and prisms also 
has been studied in detail. These shapes when perpendicular to the flow are 
somewhat analogous to cliffs and mountain ridges. They tend to block the 
flow, and as a result air is forced up and over them. The convergence of the 
air as it rises causes it to speed up. Figure A.l6 illustrates these features 
as might be shown through flow visualization techniques in a wind tunnel. 
Figure A.17 shows the effects of blocking to be expected in real terrain. 
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FIGURE A.14. Flow Around an Isolated Mountain Heated by Solar Radiation 
(Orgill 1981, adapted from Scorer 1955 and Fujita 1967} 
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FIGURE A.l5. The Effect of Relative Oimensions of a Hill and Plume on 
Transport and Diffusion 

FIGURE A.l6. Simulated Flow Visualization of the Convergence 
and Increase in Air Speec1 Rising Over a Two
Oimensional Slope 
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FIGURE A.17. Effects of a Mountain Ridge on Airflow 
(Orgill 1981) 

The rising air on the windward side of the mountain range corresponds to 
the rising air in the wind tunnel example. However, Figure A.17 indicates 
three additional effects: funneling air through passes in the range, causing 
stagnation of low-level air on the windward side of the mountain, and divert
ing the flow. Funneling the air through the passes will be discussed shortly. 

Atmospheric conditions favorable to stagnation on the windward side of 
the ridge are: a mixing layer depth less than the height of the mountains, 
stable conditions in the mixing layer, and low wind speeds. Under these con
ditions, treatment of plume transport becomes difficult. Considerable mixing 
of the air may occur within the stagnant zone without any true transport 
occurring. With somewhat higher wind speeds than are associated with stagna
tion, there can be a deflection of the horizontal near surface wind 
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approaching the ridge. This is particularly true where the length of the 
ridge is not long enough for the ridge to be considered a two-dimensional 
feature. 

Hewson, Bierly and Gill (1961) illustrate the potential effects of cliffs 
on plume transport for the case in which the wind is toward the cliff. In 
unstable atmospheric conditions the flow tends to rise while being deflected. 
In stable conditions, the vertical motion of the air is limited and the pri
mary effect of the cliff is to deflect of the plume. These two conditions are 
illustrated in Figure A.18. Of course, the difference between the release 
height and the height of the cliff plays an important role in determining the 
extent of the effect, as does the distance from the release to the cliff. 

A.2.3 Flow Channeling 

There are many ways in which wind channeling can occur, three of which 
are illustrated in Figure A.19. Figure A.19(a) represents a mountain pass or 
gorge. Figure A.19(b) depicts the modification of upper level winds by a val
ley or canyon, and Figure A.19(c) shows the convergence of the flow where two 
valleys meet. The mountain pass situation is similar to air flow through 
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FIGURE A.18. Transport and Diffusion Near a Cliff (Orgill 1981, 
adapted from Hewson, Bierly and Gill 1961) 
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FIGURE A.19. Three Examples of Valley Channel ing the Wind (adapted 
from Orgill 1981) 

a venturi. Bernoulli's Theorem can be used to est imate the change in flow as 
the air pases through the gap. The direction of t he flow and the speed 
depend, in part, on the large scale wind, the temperature and pressure gradi
ents across the pass, and on the heights of inversion or stable layers on 
either side of the pass. Olsson, Elliott and Hsu (1973) and Scorer (1952) 
among others discuss the conditions that are necessary for flow through a pass 
to exist. Although the pass is shown as straight in Figure A.l9, that is not 
a necessary configuration. It should also be noted that significant wind 
through the pass can be generated by pressure and temperature differences, 
even when there are light winds on the windward si de of the pass. 

Analysis of the channeling in the second case is more complex. Insight 
into the potential magnitude of the flow induced ' n the valley cannot be 
gained through a mathematical formulation as neat as Bernoulli's Theorem. 
Conceptually, however, the induced flow should be a function of: the angular 
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difference between the upper level wind direction and the valley orientation, 
and the atmospheric stability and height difference between the ridges on the 
sides of the valley. 

The third example of channeling considers the convergence of air flows 
from two valleys. Assuming the air flows are contained within the valleys, 
the equation for conservation of mass can be used to relate the inflow and 
outflow wind speeds. Use of this equation requires estimates of the cross
sectional areas of the valley at the inflow and outflow points. More realis
tic estimates of the flow can be made if sufficient information is avail~ble 
by using Bernoulli•s Theorem. 

Where valleys converge or a single valley curves there may be a tendency 
for the air to follow preferred paths over the ground. Specifically, conser
vation of vorticity and momentum may tend to cause a curved jet along the 
outer side of the curve, while the air along the inside of the curve moves 
relatively slowly. 

A.2.4 local Terrain-Induced Winds 

The third area of terrain effects primarily related to atmospheric trans
port is that of local terrain-induced winds. These winds are associated with 
the diurnal variation of surface heating. As a result, they tend to follow a 
regular diurnal cycle in the absence of overriding synoptic influences. The 
two types of topographic features that give rise to local winds are adjacent 
land and water masses, and sloping terrain. We have already discussed the 
land-sea breeze; now we will discuss various slope (mountain-valley) flows. 
The primary driving force for these flows is the density change that occurs in 
air as it is heated or cooled. 

The basic process responsible for these thermally induced local winds is 
illustrated in Figure A.20. The upper frame represents the daytime condition. 
Solar radiation warms the slopes, which in turn, warms the layer of air in 
contact with the surface. The decrease in density of the warmed air starts 
the air moving up the slope where it continues to warm. To compensate for the 
ascending air alonq the slope, there must be descending air somewhere. In a 
valley, the descending air may be in the center of the valley or along an 
unheated slope. The nighttime condition is illustrated in the lower frame. 
As the surface of the slope cools due to long-wave terrestrial radiation, the 
temperature of the air layer next to the surface cools faster than the air 
farther from the surface. This cooling results in increased density for the 
surface layer air, and descending motion along the slope. 

Oefant (1951) presents a classic picture of mountain-valley circulations, 
which is included in Orgill •s summary (1981). This picture, shown in Fig-
ure A.21 follows the mountain-valley circulation through a full diurnal cycle. 
The cycle starts at sunrise (A) with general down-valley flow indicated by the 
black arrows and the onset of up-slope flow indicated by the white arrows. Ry 
mid-morning (B) the slope winds become the dominant flow feature. As heating 
continues, an up-valley wind begins to develop and the role of the up-slope 
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FIGURE A.20. Effects of Surface Heating on Slope Flow (Orgill 1981) 
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FIGURE A.21. Diurnal Mountain-Valley Wind Cycle {Oefant 1951 
and Orgill 1981) 

winds diminishes {C). In late afternoon {0), the up-slope winds cease and the 
primary flow is up the valley. The remainder of the cycle is essentially a 
mirror image of the diurnal cycle to this point. When the slopes enter the 
shadows in early evening {E), down-slope flow starts. This flow tends to 
counter the valley wind. In late evening the valley wind stops and the pri
mary circulation is due to the down-slope flow. Eventually, in the middle of 
the night {G), the mountain wind develops. Finally, the down-slope flow 
ceases, leaving just the mountain wind {H). This condition persists until 
early morning when the surface heating starts the cycle over. This picture is 
based upon observations indicating the diurnal temperature range in mountain 
valleys is larger than in open plains. In the mid-day, valley temperatures 
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tend to be higher than plains temperatures, and at night they tend to be 
lower. Thus, these temperature differences also contribute to the diurnal 
wind variation. 

Whiteman (1982) and Whiteman and McKee (1982) have examined the details 
of the morning transition in the mountain-valley circulation. Whiteman (1982) 
presents an analysis of observations of temperature and wind profiles in 
several valleys in the Colorado Rocky Mountains. The morning change in winds 
is related to the break-up of the nocturnal temperature inversion. 
Figure A.22 shows typical conditions in the middl e of the break-up period. 
The thermal stratification, shown in the upper portion of the figure, has 
several layers. Next to the surface there is a convective boundary layer 
(CBL) developing as a result of surface heating. Immrnediately above the CBL 
is a stable layer containing the remnants of the nighttime inversion. It is 
overlain by a neutral layer, and finally there is the slightly stable layer 
that represents the free atmosphere. Associated with each of these thermal 
layers is a characteristic wind regime. The up-floor and up-slope winds are 
contained within the CBL, and up-incline winds are found within the neutral 
layer. The nighttime down-valley winds persist within the stabl.e core, and 
the gradient wind is found in the free atmosphere. 

Problems associated with estimating plume transport during the morning 
inversion break-up period are immediately obvious. From Oefant's (1951) 
description it might be expected that the break-up and wind transition take 
place rather rapidly. However, Whiteman's (1982) observations indicate the 
transition typically takes from 3.5 to 5 hours to complete, with an average of 
about 4.5 hours. And in one of Whiteman's observation periods, when the 
ground was snow covered, the transition did not go to completion. 

Transition mechanisms include both a deepening of the CBL and descent of 
the bottom of the elevated neutral layer. When the ground is wet or covered 
with snow, the development of the CBL may be delayed or inhibited. Two of 
Whiteman's cases followed this pattern. In a third case, on a summer morning, 
the inversion break-up resulted from growth of the CBL without descent of the 
bottom of the upper neutral layer. In the remaining 18 cases, both mechanisms 
were operative. Typical values for the rate of increase in the CBL depth and 
descent of the bottom of the upper neutral layer were found to be 70 m hr-1 
and 80 m hr-1, respectively. Whiteman and McKee (1982) discuss the thermo
dynamics of the mechanisms. 

With differential heating of the sides of valley and different orienta
tions of the upper level wind possible, local circulations within the valley 
are possible. Wanta and Lowry (1976) have cataloged several of the potential 
local circulation patterns. Six of these patterns are illustrated in 
Figure A.23. The conditions associated with the patterns are listed in 
Table A.3. As with most of the information on local circulations in complex 
terrain, these patterns should be considered as qualitative descriptions, and 
should be verified if they are likely to have a significant effect on trans
port at a specific location. 
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FIGURE A.22. Thermal and Wind Structure in a Valley During Morning 
Inversion Break-up (Whiteman 1982) 
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FIGURE A.23. Potential Circulation Patterns in a Heated Valley Cor
responding to the Conditions Described in Table A.3. 
Regions where thermal and mechan ical circulations 
reinforce each other are indicated by +, where they 
counter each other by -. (From Orgill 1981, adapted 
from Wanta and Lowry 1976) 
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TABLE A.3. Valley Circulation Patterns Resulting from the Comhined 
Effects of an Upper Level Wind and Solar Heating (from 
Orgill 1981, adapted from Wanta and Lowry 1976) 

Wind Oi rec
ti on Relative 

to Ridge 
Parallel 

Parallel 

Parallel 

Parallel 

Perpendicular 

Perpendicular 

Perpendicular 

Perpendicular 

Ridge 
Orientation 

East-West 

East-West 

North-South 

North-South 

East-West 

East-West 

North-South 

North-South 

Time 
Day 

Night 

Day 

Night 

Day 

Night 

nay 

Night 

Resulting Flow 
South-facing slope is heated. 
Single Helix. 

nownslope flow on both slopes. 
Do ub 1 e He 1 i x. 

Up-slope flow on both heated 
slopes. nouble Helix. 

Downslope flow on both slopes. 
Double Helix. 

South-facing slope is heated. 
North wind--stationary eddy fills 
valley. South wind--eddy sup
pressed, flow without separation. 

Indefinite flow--extreme stagna
tion in valley bottom. 

Upslope flow on both heated 
slopes--stationary eddy one-half 
of the valley. 

Indefinite flow--extreme stagna
tion in valley bottom. 

In Figures A.21 through A.23, the valleys have been drawn as relatively 
narrow. Lest we be tempted to conclude that the local circulations in ques
tion are found only in narrow valleys, Figure A.24 illustrates a well docu
mented drainage flow in the Snake River Basin in Idaho (Wilkins 1956, Wendell 
1972, and Cate 1Q77). The width of the basin in about 60 miles. Figure A.25, 
from Wendell {1973), shows what can happen to atmospheric transport when the 
drainage flow occurs. The trajectories in the figure represent the paths of 
two tetroons {constant level ballons) released one minute apart with about 
100m vertical separation. It is important to know that the conditions are 
such that widely divergent trajectories of released material are possible in 
the event of an accident. This knowledge should be based upon a combination 
of climatological information and current meteorological data. It also pre
supposes a good bit of meteorological understanding by the individual making 
the meteorological assessment at the time of the accident. 
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FIGURE A.24. Orainage Winds in the Snake River Basin, 
Idaho (Orgill 1981) 

A.2.5 Fumigation 

The fumigation process has been discussed in Section A.l.l. Since its 
characterization and treatment in complex terrain is not significantly differ
ent than in the other situations, it will not be discussed further. 

A.2.6 Stagnation 

Stagnation is defined as the state of the atmosphere when the wind speed 
approaches zero and the direction is ill-defined for relatively long periods. 
The primary problems associated with stagnation are the small initial dilution 
that occurs as material is released and the poorly defined transport direc
tion. ln licensing nuclear facilities, these problems are treated by assign
ing wind speeds below anemometer threshold an arbi t rary speed and distributing 
the directions in proportion to the frequency of occurrence of directions dur
ing ~igher wind speeds . This is a satisfactory approach for licensing, hut it 
is not appropriate when an accident release is about to occur or has already 
occurred. In this case, it is important to use any available information to 
estimate the segment of the population most likely to he exposed, and to esti
mate the level of exposure. 

The licensing treatment of low wind speed conditions is the direct result 
of mathematical problems associated with allowing the wind speed to approach 
zero in the denominator of the continuous plume equation. This is not a fun
damental problem, however, if the Gaussian plume model is discarded. One 
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FIGURE A.25. Oivergent Trajectories of Tetroons Released One Minute 
Apart with about 100m Separation in Elevation 
(Wendell 1973) 

relatively simple approach that reasonably treats the stagnation problem is 
use of a Gaussian puff model. A second problem of historical rather than fun
damental origin is also apparent. That problem is associated with the speci
fication of the values for the diffusion parameters ox, oy and oz. The his
torical origin of the problem comes from routine specification of values 
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for these parameters as functions of travel distance. If the air is stagnant, 
how can there be a travel distance and how can these parameters be defined? 
Lower limits can be placed on the magnitude of the product of the parameters. 
To identify the lower limit consider the thermodynamic laws that control the 
atmosphere. They will only allow the atmosphere to concentrate an effluent 
through processes such as gravitational settling and redistribution by pre
cipitation. In a practical sense, they will not permit the atmosphere to com
press the effluent, thereby increasing its concentration. Thus, the release 
time and flow rate define a minimum volume for the effluent. In this case the 
flow rate is for the stack, vent or other path by which the effluent reaches 
the atmosphere. 

Returning to consideration of stagnation and wind speed, the transforma
tion leading to the Gaussian plume equation involved the mean components of 
the wind in a Cartesian coordinate system. ~oth positive and negative values 
are acceptable for component speeds. Thus, assuming that a component mean is 
zero is not equivalent to assuming that the component speed is zero at all 
times during the averaging period. Also, in many, if not most, cases of calm 
winds, the wind is not really calm. It is just below the instrument response 
threshold. Therefore, it is reasonable to consider or allow some diffusion 
even though there is little or no transport. This can he accomplished hy 
treating the diffusion parameters a , a and az as functions of time since 
release rather than as functions ofxdis~ance from the source . Treatment of 
diffusion as a time-dependent process rather than a distance-dependent process 
is an old concept. Diffusion theory is generally developed in terms of time 
rather than distance: it is only when the continuous plume model is derived 
that the diffusion parameters are made a function of distance. Development of 
diffusion theory as a function of time is found i n many places (e.g., Gifford 
1968, Csanady 1973 and Pasquill 1974). The relationship between diffusion 
parameters and time is discussed in papers by Gifford (1q57), Fuquay, Simpson 
and Hinds (1964), Nickola (1q71) and in a recent paper by Sheih {1980) with 
the ensuing comments and replies {Gifford 1981, Sheih 1981a, Rowe 19Al, Sheih 
1q8lb and Mikkelsen and Troen 1981) and elsewhere. 

With the diffusion parameters determined as a function of time, the puff 
diffusion equation may be used to estimate the concentration at a particular 
instant following the release regardless of wind speed. However, it is 
unlikely that the integration to obtain an estimate of the total exposure to 
time T following release can be done in closed form. However, the integration 
can be performed numerically and still produce a timely estimate. 

Assuming that a release can be represented as a single puff is reasonable 
for short duration releases, that is for releases of perhaps 15 minutes' dura
tion. For longer releases, the release should he modeled as a series of 
puffs. To estimate concentrations and exposures when more than one puff is 
used to simulate a release, it is necessary to sum the contributions of all 
puffs. 
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Clearly the conceptual treatment of diffusion in stagnant conditions is 
tractable. The basic problems are in the selection of diffusion parameters 
and in prediction of the direction of motion of the material when the wind 
picks up. There is a need for further work on the definition of the time
dependent diffusion parameters at low wind speeds. This definition might be 
provided by diffusion experiments, or by special turbulence measurements made 
with sensitive instruments during low wind speed conditions. 

Near calm winds provide an opportunity to monitor the release onsite, and 
they provide more time for the public to take protective action. To take 
maximum advantage of these opportunities it is necessary t.o estimate the time 
that the wind will pick up and the direction of motion of the material when 
the wind picks up. While these estimates may be best made by a professional 
forecaster, it is possible to develop objective forecasting techniques that 
could be used by a health physicist with a moderate amount of traininq. 
Objective forecast aids miqht use current meteorological conrlitions and 
climatological data on local circulations to make the estimates. The forecast 
aids can be developed from routinely collected data or from data obtained in a 
relatively short (compared to the life of the facility) meteorological study. 

A.2.7 Impaction and Wakes 

The problem of impaction is essentially one of estimating the position 
and concentration at touchdown of an elevated plume in complex terrain. It 
involves both transport and diffusion. Given the airflow possibilities dis
cussed earlier in this section and in the previous section, the problem of 
predicting the location of touchdown may be difficult. The problem of esti
mating the concentration at touchdown may be somewhat easier. 

Regulatory Guide 1.111 treats impaction by assuming straight-line trans
port directly into topographic features. The concentration at the point of 
impaction is then the axial concentration in the elevated plume just prior to 
impaction. Clearly, these assumptions give a conservative estimate of the 
maximum ground-level concentration. Distortion of the air as it flows over 
and around topographic features will reduce the concentrations as the plume 
approaches the surface. Improved estimates of the impact location require 
hetter transport models, while less conservative, more realistic concentration 
estimates can be made within the existing model. 

Egan (1975) briefly describes what appears to he a more realistic model 
for flow over topographic features. If the feature is lower than the effec
tive plume height, the effective height is reduced by one half the height of 
the feature. If the elevation of the topographic feature is greater than the 
effective plume height, the plume height is reduced by a factor of two. These 
plumes height corrections are used in place of the Regulatory Guide 1.111 cor
rection procedure in which each increase in terrain elevation is subtracted 
directly from the plume height until the plume is at ground-level. Egan also 
discusses corrections to be applied to the diffusion parameters as a result of 
flow deformation and acceleration. 
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Complex terrain diffusion tests (Start, Dickson and Wendell 1975, and 
Start, Dickson and Ricks 1974) support Egan's diffusion parameter corrections. 
Data from these experiments show significantly enhanced diffusion in compari
son with expectations based on the Pasquill-Gifford stability class. The 
reductions in concentration were greatest in stable conditions. For class F 
conditions, average concentration reductions were more than an order of magni
tude, while for classes C and D, average reductions in concentration were 
typically a factor of two to a factor of four. 

In his summary of available field data, Egan questions whether "very low 
diffusion rates" should be expected. This question arises because: 1) noc
turnal inversions tend to produce drainage winds that produce mechanical tur
bulence, 2) topographic-induced flow distortions produce shears that contri
bute to turbulence and also decrease concentrations through divergence and 
3) stable thermal stratification is associated with a number of other flow 
features that enhance diffusion such as waves and rotors. 

The effects of wakes has been discussed in relation to transport. If an 
obstacle is of the same scale as a plume or larger, the wake of the obstacle 
may enhance the diffusion as shown in Figures A.14 and A.15. If it is smaller 
than the plume, it will not affect the diffusi on. 

Position of the source in relation to the obstacle is an important con
sideration. The point of release is commonly assumed to be upwind of the 
obstacle, in which case the preceding discussion is appropriate. If, however, 
the release takes place immediately downwind of the obstacle, the situation is 
more complex. The flow at the release point may be counter to the overall 
flow and highly variable. Another possibility is that the air in the wake may 
be nearly calm. If a facility is located in the vicinity of topographic fea
tures that could affect transport and diffusion, special studies may be 
required to evaluate those effects for each wind direction. 
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