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Abstract 

This report refers to uncertainty analyses of the countermeasures submodule of the program 

system UFOMOD, version NE 87 /1, whose most important input parameters are linked 

with probability dist:ibutions derived from expert judgement. 

Uncertainty bands show how much variability exists, sensitivity measures determine what 

causes this variability in consequences. 

Results are presented as confidence bands of complementary cumulative frequency distrib­

utions (CCFDs) of individual acute organ doses (lung, bone marrow), individual risks (pul­

monary and hematopoietic syndrome) and the corresponding number of early fatalities, 

partially as a function of distance from the site. In addition the ranked inf1uence of the 

uncertain parameters on the different consequence types is shown. For the estimation of 

confidence bands a model parameter sample size of n = 60 equal to 3 times the number of 

uncertain model parameters is chosen. For a reduced set of nine model paramcters a samplc 

size o f n = 50 is selected. 

A total of 20 uncertain paramcters is considered in this report. The most sensitive paramc­

ters of the countermeasures submodule of UFOMOD appeared to bc thc initial dclay of 

emergency actions in a keyhole shaped area A and the fractions ofthe population evacuating 

area A spontaneously during the sheltering period or staying outdoors. U nder thc condi~ 

tions of the source term used in this report the inf1uence on the averaU unccrtainty in the 

consequence variables - individual acute organ doses, individual risks and early fatalitics 

- o[ driving times to leave the evacuation area is rather small. 
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Unsicherheitsanalysen für den Teilmodul 'Schutz - und Gegenmaßnahmen' des Programmsy­

stems UFOM OD 

Diese Untersuchung bezieht sich auf den Schutz- und Gegenmaßnahmen - Teilmodul des 

Programmsystems UFOMOD, Vers~on NE 87 / 1. Den wichtigsten Parametern liegen 

Wahrscheinlichkeitsverteilungen zugrunde, die in Zusammenarbeit mit Experten erstellt 

wurden. 

Unsicherheitsanalysen liefern quantitative Aussagen über den Einfluß von Parametervaria­

tionen auf den Schwankungsbereich der Ergebnisse aus solchen Computer-Codes, während 

Sensitivitätsanalysen die fllr die Ergebnisschwankungen verantwortlichen Parameter ermit­

teln. 

Resultate werden präsentiert als Konfidenzbänder fllr komplementäre kumulative 

Häufigkeitsverteilungen (CCFDs) von Aktivitätskonzentrationen, Organdosen, gesundheit­

lichen Schäden, sowie der Schutz- und Gegenmaßnahmen (z.T. als Funktion der Entfernung 

von der kerntechnischen Anlage). Anschließend wird der nach Rangfolge geordnete Einfluß 

der unsicheren Modellparameter auf die jeweiligen Konsequenzen erörtert. 

Für die Unsicherheitsanalysen wird ein Stichprobenumfang von n = 60 gewählt, der das 

3-fache der Anzahl der unsicheren Modellparameter beträgt. Für eine reduzierte Anzahl von 

neun Modellparametern wird ein Stichprobenumfang von n =50 angenommen. 

Insgesamt 20 Modellparameter finden in diesem Bericht als unsichere Einflußgrößen 

Berücksichtigung. Als hauptverantwortliche Parameter ftir Schwankungen der Konsequenz­

variablen des Schutz- und Gegenmaßnahmen - Teilmoduls von UFOMOD wurden identi­

fiziert die Vorwarnzeit fllr Aktionen in einem schlüssellochförmigen Gebiet A sowie der 

Bruchteil der Bevölkerung, der spontan evakuiert bzw. sich während der Schutzphase im 

Freien befindet. 

Unter den Annahmen des Quellterms, der in diesem Bericht verwendet wird, ist der Einfluß 

der Fahrzeiten, um das Evakuierungsgebiet zu verlassen, fllr die Gesamtunsicherheit der 

Konsequenzvariablen - akute Individual-Organdosen, Individualrisiken, Frühschäden 

eher gering. 
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1. Introduction 

The assessment of the radiological consequences of severe accidents at nuclear installations 

is a complcx undertaking. ModeHing the transfer of radioactive material through the envi­

ronment following & release to the atmosphere requires an understanding of atmospheric 

dispersion, the proccsses of removal of material from the atmosphere leading to deposition 

on ground, and the subsequent behaviour in the terrestrial environment. The atmospheric 

dispersion and deposition model predicts the spatial and temporal distributions of activity, 

taking account of the meteorological conditions during the release and time of travel of the 

plume. Mechanisms for removal of activity from the plume are also included, these being 

radioactive decay and dry and wet deposition processes. 

Once the spatial and temporal distribution.ofthe radioactive material in the atmosphere and 

on the ground is estimated, it can be converted to distributions of dose in man. The major 

exposurc pathways are extcrnal irradiation from the plume and from deposited activity, and 

internal irradiation from radioactive material taken into the body by inhalation and by ing­

estion of contarninated food. Since people spend a good deal of their time inside buildings, 

cither at harne or at work, and in transport systems, due consideration of shielding by the 

material between the source of radiation and the individual is necessary. 

A varicty of possible countermeasures may be taken following an accidental release, their 

extent and duration being dependent on the scale of the accident. A realistic estimate of the 

exposure of the population must therefore take appropriate account of such protective 

actions. The major countermcasures affecting people which may be taken in the early phases 

of an accidental release are sheltering, evacuation and the issue of stable iodine tablets. 

Countermeasurc may also be applied to restriet the production and distribution of contam­
inated foods. 

Finally, the incidence of each of the major types of health effects from the distribution of 

dosc in the exposed population aftcr taking due account of the application of protective 

actions and interdictions is evaluated. Early health efiects occur if relatively high threshold 

doses arc exceeded and they may arise within days, weeks or months after exposure. They 

include death and varying forms of health impairment which may be temporary or more 

prolonged ( e.g. vorniting, sterility, cataracts). 

The accident conscquence assessment (ACA) code system UFOMOD consists of a sequence 

of models and data, which describe the various complex processes mentioned above, and 

which involve significant uncertainties. 

In applying accident consequence analyses codes to specific sites, it is of considerable 

importance to understand the nature and magnitude ofuncertainties that are associated with 

the various models and parameters that are used in the code and the effects of these uncer-
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tainties on predicted consequences. This is not only a prerequisite for safcty goal compar­

ative studies but also facilitates the identification of modeHing weakpoints and thus areas for 

further improvements and supporting research and development activities. 

Although the main goal of uncertainty analysis is the quantification of the uncertainties in 

the assessed consequences, it fades into sensitivity analysis whenever the effect of each single 

parameter ( or a group of parametcrs) on the total uncertainty is being considered. 

Carefully designed procedures are to be used to deterrnine the impact of uncertain parame­

ters in individual submodels on the predictions of accident consequence assessments. Same 

general aspects of the role and importance of uncertainty and sensitivity analyses are 

described in a previous paper [7]. 

The accuracy of the description of uncertainties of the model parameters dcpends on the 

information available, finally condensed in a probability distribution for each parameter. The 

construction of these distributions may be based on expert opinion procedurcs andjor on 

experimental data. And additionally, following [ 1], the estimated distribution of the conse­

quence variables can only be meaningful in a probabilistic sense if the model parameters 

have meaningful probability distributions associated with them. For the deterrnination of 

those parameters that contribute significantly to sensitivity, the form of the distribution is 

not as important as the representation of each parameter over its physically possible range 

and the possible intercorrclations between parameters. 

Following [14], the exarnination of the uncertainty in large accident consequence assessment 

models is a very complex undertaking and is reasonably performed in a scquential manner. 

The analysis should first involve the individual components of the system, and then, at a 

later stage the model should be exarnined in its entirety. In the first stage, much cffort is 

directed at understanding and simplifying the individual components in the modcl. In the 

second stage, effort is directed at pulling this understanding tagether for use in an integrated 

analysis. 

The first module of the program system UFOMOD models the dispersion of radioactive 

material in the atmosphere and the processes of removal of material from the atmosphere 

leading to deposition on ground. 

A detailed uncertainty analysis for this module has been presented in [9]. The investigations 

described in [9] refer to the segmented plume model MUSEMET [23], which calculates 

Gaussian type concentration distributions along trajectories. 

The countermeasures submodule of the program system UFOMOD models protcctive 

actions in the case of an uncontrolled release of radionuclides. Depending on the type and 

amount of release, the dispersion conditions, the distance to the source, and time, the 

countermeasures may cover the whole range between rninor important restrictions, almost 
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without any impact on the average citizen, and disruption of normalliving due to evacuation 

or relocation. Countermeasures are implemented with the aim of reducing either acute 

exposure during and shortly after the accident or continuing and long - term exposure due 

to deposited or incorporated radionuclides. In accident consequence asscssment codcs 

countermeasures are modellcd in order to obtain realistic predictions of thc consequcnces 

of an accidental rekase of radionuclides. 

There are several types of countermeasures and each of them may exhibit a !arge variety of 

possible features characterized by parameters in the program system UFOMOO. In its ver­

sion NE for assessing early consequences, the types of countermeasures modelled are shel­

tering and/ or evacuation of areas as immediate actions agairrst short - term exposure. 

Special attention is given to th~ initial delay time of actions in a keyholc shapcd area A with 

automatically imposed actions, the delay time betwecn end of releasc and the end of shel­

tering period in this area, the driving time to leave the area (with respect to population 

density). 

The results presented in this report require and use calculations from the atmospheric dis­

persion submodule ofUFOMOD as precalculated input for the countermeasures submodule. 

Before starting the uncertainty and scnsitivity analyscs, a detailed discussion of thc parame­

ter variations in the countermeasures module took place tagether with experts. lt lcd to a 

list of twenty parameters given in Table 3 and Table 4 of Chapter 2. 

The following aspects of accident consequence assessments are investigated: The variability 

of the averagedl individual acute doses (lung, bone marrow), indidual risks (pulmonary, 

hematopoietic syndrome) at three distances: 01 (.875 km), 02 (4.9 km) and 03 (8.75 km) 

and the corresponding number of early fatalities. 

Appropriate techniques of propagating parameter uncertainties through accident conse­

quence assessment models like UFOMOD consist of performing stochastic calculations 

using Monte Carlo simulations. Due to [20], for these simulations a numbcr of vcctors arc 

sampled from the distribution functions. The various modules of the ACA codes are run 

repeatedly for different model parameter vectors. Random sampling techniques rcquire a 

large number of runs to ensure that all combinations of parameter values are considered. 

Stratified sampling techniques, e.g. Latin Hypercube Sampling (LHS), aim at optimizing the 

sample selection in order to ensure that all relevant parameter values and their combinations 

are included in the calculations, even for a relatively small number of runs. 

averaged over 144 weather sequences samp1ed from synoptic records of the two years 1982/83 
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Chapter 3.1 briefly describes the IMAN/ CONOVER procedure for inducing a specialtype 

of corrclation between model parameters. The estimation of confidence bounds is indicated 

in Chap 3.2. 

The identification of important contributors to Variations in consequences is done by the 

use of a sensitivity measure, the so-called partial (rank) correlation coefficient, PCC or 

PRCC. Both sensitivity measures, PCC or PRCC, respectively, are measures that quantify 

the relation between the uncertainty in consequences and those of model parameters. vVhen 

a nonlinear relationship is involved it is often more revealing to calculate PCCs between 

parameter ranks than between the actual values for the parameters. The numerical value of 

the PRCCs can be used for hypothesis testing to quantify the confidence in the correlation 

itself, i.e. by statistical reasons one can determine which PRCC values indicate really an 

importance (significance) of a parameter or which PRCC values are simply due to 'white 

noise'. This is described in Chapter 3.3 or more explicitely in Appendix A.3. Moreover, as 

it is pointed out in Appendix A.4, it is possible to calculate the percentage contribution of 

each uncertain model parameter to uncertainty in consequences by use of so-called coeffi­

cients of determination (R 2). 

The last step in performing uncertainty analyses is to present and interprete the results of 

the analyses. Chapter 3.4 condenses the information obtained from the uncertainty analysis 

for the countermcasures submodule ofthe program system UFOMOD, version NE 87/l and 

gives a guideline to understand the detailed figures and tablcs in the Appendices B and C. 



2. Countermeasures Models 

2.1 Generalfeatures 

For an uncontrolled releasc ofradionuclides, the exposure ofmembers ofthe public can only 

be limited by actions usually termed proteelive actions, countermeasures, or simply 

measures. Depending on the type and amount of release, the dispersion conditions, the dis­

tance to the source, and time, the countermeasure.s may cover the whole range between 

minor restrictions, almost without any impact on the average citizen, and disruption of 

normal living due to evacuation or relocation. Countermeasures are implemented with the 

aim of reducing either acute exposure during and shortly after the accident or continuing and 

long - term exposure due to deposited or incorporated radionuclides. In accident conse­

quence asscssment codes countermcasures are modelled in order to obtain realistic pred­

ictions of the consequences of an aceidentat release of radionuclides. 

There are several types of countermeasures and each of them may exhibit a large variety of 

possible features characterized by parameters in the program system UFOMOD. 

The types of countermeasures are 

• sheltering 

• evacuation 

• interdiction of areas 

as immediate actions against short - term exposure and 

• ban of food, fced and watcr 

• land decontamination 

• relocation 

as subscquent or continuing actions against long - term exposure. The types of parameters 

arc given by the program system, their values, however, may be defined by the user of the 

code at run - time (intervcntion Ievels, delay / rcsponse times, shielding factors, fractions of 

the population taking certain actions etc.). The initial delay chosen by the user, e.g., deter­

mines whether an evacuation is prophylactic or in response to an ongoing or already finished 

rclease. Thus UFOMOD is a flexible tool for invcstigation of alternatives in emergency 

rcsponse planning and emergency management, and for studies about the influence of the 

behaviour of the population on the efficiency of countermeasures. 

UFOMOD is subdividcd into a near range and a far range part. In the arca covcred by the 

ncar range subsystems, protective actions against both short - term and chronic exposure 
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may be required, whereas m the far range countermeasures against chronic exposure are 

sufficient. 

2.2 Countermeasures in the near range subsystems of UFO.NIOD 

The area covered by the near range subsystems of the new program systcm UFOMOD is 

chosen in such a manner that exclusively in this area fast protective actions may be neces­

sary and early health effects may occur. 

As alternative or sequential countermeasures in the near range, evacuation of a keyhole 

shaped area (A) determined by two radii (r,R) and an angle and I or evacuation of an area 

(B) determined by an isodoselineare modelled (see Figure 1). 

Since radii and angles are easier to be established than isodose lines, evacuation of area A 

is modelled to take place first. If areas A and B are overlapping, the common part is assigned 

to A. 

Sheltering, unintended reactions of the population, like spontaneaus evacuation (flight) and 

disregard and misinterpretation of alarm signals and requests of the authorities, and the 

possible existence of unattainable persons, are taken into account as explained bclow. 

2.2.1 Evacuation of a keyhole shaped area 

ModeHing of a keyhole shaped area of evacuation (A) allows for consideration of this 

countermeasure even in cases when isodose lines are not (yet) determined or available. i\rea, 

features, sequence of actions and input parameters are presented in Figure 1, Figure 2, 

Figure 3. 

After an initial delay (TINA), the population in area A is assumed to be partly sheltered and 

partly evacuating spontaneously. An additional part remaining outdoors for whatever rea­

sons may be determined. The end of the sheltering I outdoor period is given by the source 

term parameter 'end of release' (TREND) plus an additional delay (TDELA) for initiation 

of the subsequent evacuation requested by the authorities. All remaining persans are then 

evacuating. 

The spectrum ofindividual driving times (TDRA) for leaving area Ais approximated by four 

three-step distribution functions. Each distribution function is representative of a certain 

range of the population density in area A (see Table 1). 
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c 

area A: 

actions: 

definition: 

area B: 

actions: 

definition: 

long-term 

countermeasures 

sheltering and/or evacuation 

keyhole shaped area with inner radius r, 

outer radius Rand sectorangle a 

(r = 2.4 km, R = 5.6 km, a = 60o) 

sheltering, evacuation 

acute dose to lung, bone marrow or Gl-tract 

> 500 mSv 

Figure 1. UFOMOD: Characterization of keyhole shaped areas: Modelling of protective 

actions in the early phase and current intervention levels 
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Population dcnsity 
Percentage of population Driving time [min] (daytime) for 

PD [ P/kmZ J corresponding: 

(Pcrccntile of driving time) R = 6 km R = 10 km 

10 (99) 13.2 13.4 

PD ::5 100 40 (90) 10.9 11.8 

50 (50) 5.7 5.3 

10 (99) 24.6 49.7 

100 < PD ::5 500 40 (90) 17.6 34.7 

50 (50) 7.7 11.3 

10 (99) 69.1 125.1 

500 < PD ::5 1000 40 (90) 49.2 86.4 

50 (50) 15.6 15.7 

10 (99) 160.9 506.0 

1000 < PD 40 (90) 107.4 290.1 

50 (50) 25.6 62.0 

Table 1. Parameterization of driving time: Mcan values of driving time percentilcs for 6 km and 

10 km radius taken from generic distribution functions 

The default values of the driving times have bccn dcrived for two distancc bands of thc 

keyhole: up to 6 km and up to 10 km (see [24] and [25]). 

Example: 

Driving tim es for PD ::5100, R = 10 km: 

The 50th perccntile, i.c. 5.3 min, is applied to 50 % of the peoplc to bc cvacuatcd. Con­

cerning the other 50 <yo of the people the value for the 90th percentile, i.c. 11.8 min, is uscd 

for 40 <Yo of the population, the 99th percentile, i.e. 13.4 min, of driving time is applied to 

the last 10 <Jio of the people. 

0 

Dependent on the outer radius of the area A, the corresponding data sct is uscd. Exposure 

during evacuation is taken into account in the dose calculations. 

Special cases like prophylactic evacuation (V), evacuation of a disk shaped or scctor shaped 

area, no evacuation of a gcomctrically defined area etc. are covered due to thc possibility 

of choosing the input data accordingly ( e.g. 100 % spontaneaus evacuation or R = r, 

R = r = 0, respectively). Shielding factors are discussed in [6]. 
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2.2.1.1 Driving times 

In order to estimate the driving times nceded to leave the evacuation area, simulation runs 

[25] with the evacuation simulation code EVAS were performed. 36 keyhole shaped areas 

were investigated, the sectors having a radius of 10 km (6 km in two cascs) and an aperture 

of60° or 67.5°, the disk shaped parts having a radius between 1.5 and 2 km. 2*12 runs wcre 

performcd with the data of two German sites moving the keyhole dockwise araund thc sitcs 

in steps of 30°. The remaining 12 keyholes comprised areas difficult to evacuate ncar other 

German sites. Driving time is defined as the time span betwecn leaving the homc and leav­

ing the area. Driving time plus the delay bcfore setting out is termcd evacuation time. Since 

the final aim of the effort was the calculation of cxposure of evacuees, driving time charac­

terized by poor shielding in cars is the more important quantity. 

The results of the simulation runs used in this context were driving time not excecded by 

50%, 90% and 99%, respectively, of the evacuees, the so-callcd percentiles of the driving 

time. 

According to [25] the driving times are mainly depending on the population density in the 

evacuation area. Therefore the driving times are parametcrizcd according to four population 

density classes (see Table 1). according to four population density dasscs The aim is to set 

up matrices of representative pcrcentile values for each density dass (for thc 6 km and 10 

km radii). Filling these matrices is not trivial because of the spread of the simulated perccn­

tile values within a dass. Based on the sample of simulated percentile valucs it is of intcrest 

to work out a so-callcd 'generic' distribution which reflects the variability of this percentile 

among all sectors that are within the population density dass. The mean values of the gen­

eric distributions serve as. 'best estimate' or 'reference' values and build the matrix ( sce 

Table 1) of representative driving times. So, if for a specific sector an estimate of this pcr­

centile of the driving time is needcd and only thc dcnsity dass is known ( e.g. no dircct EV i\S 

simulation value is available), the corresponding gcneric distribution can serve as subjcctive 

probability distribution modelling the uncertainty about the appropriate percentile value. 

2.2.2 Evacuation based on dose criteria 

Another area of (subsequent) evacuation is defined by a dose intervcntion Ievel for short -

tcrm exposure of the red bone marrow, the lung or the gastrointcstinal tract. The acute 

exposure pathways considered in the dose calculations can be preselected. Default valucs 

may be used or criteria may be provided by the user. All grid elements whcre any of the three 

criteria is exceeded are assigned to area B (if not belanging to A). 

Evacuation of area B is modelled in a way similar to that of area A, but the value of the 

parameters may be substantially different. After an initial delay (TIT\B) fractions of thc 
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population are sheltering, rcmaining outdoors, or evacuating spontaneously. In cantrast to 

A, the starting time of evacuation of area B is not related to the development of the release 

but to the end of the evacuation of area A. Again, evacuation is characterized by four trip­

lets of driving times ( see [25] and Table 1 ). 

2.2.3 Sheltering persons 

Sheltering persans may stay in various parts of houses differing by size, shape, design, con­

struction material, ventilation rate etc .. Thus a broad spectrum of shielding factors and a 

complex correlation between these shielding factors and the corresponding fraction of the 

population exists in rcality. UFOMOD allows for the definition of both three shielding 

factors and three fractions of the population to be correlated with them. In addition an 

average shielding factor for cars used to leave the areas A and B is required. Each of the 

above mentioned shielding factors must be defined for both radiation from the plume 

(cloudshinc) and from deposited material (groundshine). Since shiclding factors are defincd 

as the ratio of indoor to outdoor dose, the doublet of shielding factors for persans remaining 

outdoors is ( 1.00/ 1.00) by definition. A classification scheme and the default values provided 

by UFOMOD are presented in Table 2: 

Pcrcentage of 
Residence 

Shielding factor Shielding factor 

population cloudshinc groundshine *) 

30% in cars (spontaneous evacuation) 1.00 0.70 

30% in cellars 0.05 0.03 

]5% in buildings with low shielding 0.30 0.10 

15% in buildings with high shielding 0.01 0.01 

10% outside, rural area 1.00 1.00 

Note: 

*) normalized to external radiation from ground surface, i.e. shielding effect of ground roughness not included 

Table 2. Probabilistic treatment of population bchaviour in arcas A and B and corrcsponding shield­

ing factors 

Shielding due to ground roughness is taken into account implicitly in the dose factors ( see 

[6]). During thc initial dclay an average shielding factor for cloud - and groundshine IS 

applicd, cxccpt the population group remaining outdoors during sheltering. 

2.2.4 Source term used 

As Phase B of the German Risk Study was not yet completed at the time of this analysis 

unccrtainty calculations \Vere performed assuming a release which was gained from release 
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catcgory FK 2 of thc German Risk Study - Phase A (see [2]) by multiplying the amount of 

iodinc and acrosols with the arbitrary factor 0.2, leaving the noble gases unchanged and 

disregarding the energy content of the release. The release meets the following requirements: 

• it is a short early release 

• it is scvere cnough to lead to fast countermeasures and early fatalities. 

F or dctails see [ 4]. 

2.3 Parameter selection 

2.3.1 Parameters contributing to uncertainty in this analysis 

In the carly countermcasures module of UFOMOD, twenty (or nine, respcctively) inde­

pendent parameters were identified for consideration in this analysis. They are given in the 

following list and tables together with their meaning and some rationale for the selection of 

ranges, distributions and correlation given in Table 3, Table 4 and Table 5. 

TINA (TINB) 

TDELA 

initial delay of actions in area A (B) [h] 

Sheltering and spontaneaus evacuation starts in areas A and 

B with a time delay of TINA and TINB hours after reactor 

shutdown. During the normal working time, the emergency 

managemcnt will act rclatively quickly after the pre-alarm from 

the plant. Therefore, alerting of the population is assumcd to 

occur betwcen half an hour and one hour after shutdown, so 

that the carliest time that pcople are sheltered will be about one 

hour. Undcr night time conditions, adverse weather situations 

or failing organisational arrangements, warning of the popu­

lation might be considerably dclayed. But it is assumed that not 

more than 5 hours will be necessary. A perfect (i.e. 100 %) 

correlation of delay times for A and B is assumed, since the 

reasons for delay are the same in both areas. 

delay time between end of release and end of sheltering period in 

area A [h] 

Unccrtainties in the judgement of the amount of release, its 

time dependence and especially its end may cause a delay in the 

dccision about the evacuation of pcople sheltered during the 

release period. The delay time was assumed to be up to four 

hours with a median value of two hours. 
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PAUFA(i) (PAUFB(i)) 

GRWRTB 

IEVA2 

WGRNZA 

WSHIFT 

14 

fraction of population with different behaviour during the shel­

tering period in area A (B) 

• i = 1: 

spontaneous evacuation in cars at the start of the sheltering 

period. The percentage of population was assessed to be 

between 10 <% and 50 %. 

• i= 5: 

percentage of people who cannot be reached by the warn­

ing systems or stay outdoors intentionally. Since normally 

people show a risk averting behaviour and the emergency 

management will try to n~ach everybody, not more than 

10 % will be within that population group. 

• i = 2,3,4: 

percentage of peoples sheltered in cellars and in buildings 

with low and high shielding factors, respectively. In param­

eter studies [ 4] it has been shown, that the percentage 

of population spontaneously evacuating and staying out­

doors dominates the early health effects. Therefore and 

due to Iack of information, the relative fractions of people 

belanging to these shielding groups were assumed to be 
5 

constant. The condition L,PAUFA(i) = 1 lcd to thc 
i=l 

formulas given in Table 3 and Table 5. 

intervention dose Ievel (IL) for emergency actions in area B 

Outside area A, people are sheltered and subsequently evacu­

ated, if the doses to lung, bone marrow or gastrointestinal tract 

exceed 500 mSv (lower intervention Ievel of ICRP 40). It was 

assumed, that the emergency mana'gemcnt will recommcnd to 

lower ILs to 100 mSv rather than to increase them. 

index of last otiter radius of the keyhole-shaped area A 

The default value is 5.6 km (i.e. radius no. i = 10). It might 

be possible that a smaller keyhole of 4.2 km (i = 9) or a !arger 

one of 7.5 km (i = 11) is evacuated. 

angle of keyhole sector of area A (in degrees) 

The German regulations provide some flexibility in the choice 

of this sector according to the weather situation and the pop­

ulation distribution. The smallest evacuation unit is a 30° sec­

tor, and for the release assumed, more than a 90° scctor will 

probably not be automatically evacuated. 

azimuthal shift of the keyhole sector of area A against the wind 

direction of the first release phase (WSHIFT>O: rotation clock­

wise) 



Due to inaccurate predictions ofwind dircction, thc evacuation 

sector may not be symmetrically located to the centerline ofthe 

plume. A deviation of ± 15° is possible due to measurement 

errors. 

TDRA(X,Y) Y - fractile of driving time to leave area A at 6 km ( l 0 km) 

radius ( da)1ime) with respect to population density class X [X e 

population density class l to 4, Y e (50th, 90th, 99th) percentile 

The reference values, ranges and distributions arc dcrivcd from 

[24] and [25], see Table l. 

Additional 
Range of Variation Corre-

No. 
Rcference Distri- lation of 

Parameter charactcr-
value bution 

istics »'t *) »'o *) »'2 *) parame-

ters 

I TINA TI:--.:B 

100% 
2 triangular 0.5 I 2.5 

TINB correlatcd 

to TINA 

2 TDELA 0 triangular 0 2 4 

3 PAUFA(I) 0.3 triangular 0.333 I 1.666 
~ 

4 PAUFA(S) 0.1 uniform 0 I II 

s 
PAUFA(2) = [I -(PA UFA(! )+PA UFA(S))]/2 ~ 

~ 

PAUFA(3) = [ l -(PA UFA(!)+ PA UFA(5))]/4 
~ 
Cl., 

<nv:J!f 

PAUFA(4) = [I- (PAUFA(l) + PAUFA(S))]/4 

PAUFB(l) 

PAUFB(2) 
PAUFB 

100% 

PAUFB(3) correlated 

to 
PAUFB(4) 

PAUFA 

PAUFB(S) 

5 GRWRTB 0.5 uniform 0.2 I 

6 JE\' A2 10 discrete 0.9 1.0 1.1 

7 WGRNZA 60 triangular 0.5 1.0 1.5 

8 WSHIFT 0 uniform -15 + 15 

Note: 

*) Wt =wl wo= Wso = 50 % quantile w2=w2 
For TIN A: Wo means the peak value between Wt and w2. In this case wso is 1.28. 

Table 3. T ransformed parameter distribution table 
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Range of Variation Corre-
Additional 

Reference Distri- 'lation or 
0:o. Parameter character-

value bution 
istics Wt W2 

parame-

ters 

9 TA(I,50) 5,7 
p=3.135 

035 1.23 ( 9,10) 
q =LIDO 

corr. = 0,50 

10 Ti\(!,90) 10.9 beta +) 
p=2366 

0.37 1.28 
(10,11) 

q = 1.082 corr. =0.50 

( 9,11) 

II Ti\(1,99) 13.2 
p= 1.793 

0.38 1.36 corr. = 0.25 
q = 1.06 

12 TA(2,50) 7.7 
p=0.513 

0.65 2.60 (12,13) 
q = 2.383 

corr. = 0.50 

13 TA(2,90) 17.6 beta +) 
p=0.386 

0.51 3.41 
(13,14) 

q = 1.898 corr. = 0.50 

(12,14) 

14 TA(2,99) 24.6 
p=0.393 

0.41 3.66 corr.=0.25 
q = 1.768 

15 Ti\(3,50) 15.6 
p=0.556 

0.32 3.85 (15,16) 
q=2.321 

corr. = 0.50 

16 TA(3,90) 49.2 beta +) 
p=0.523 

0.18 3.66 
(16,17) 

q = 1.701 corr. = 0.50 

(15,17) 

17 Ti\(3,99) 69.1 
p=0.658 

0.14 3.47 corr. = 0.25 
q = 1.905 

18 TA(4,50) 25.6 
p=0.938 

0.23 2.15 (18,19) 
q= 1.405 

corr.=0.50 

19 Ti\(4,90) 107.4 beta +) 
p=0.802 

0.17 2.05 
(19,20) 

q = 1.009 corr. = 0.50 

(18,20) 

20 TA(4,99) 160.9 
p = 1.024 

0.19 230 corr. = 0.25 
q = 1.636 

;\;otc: 

+): 

TA (as an abbreviation for TDRA) means driving time in 6 km distance. F or each population density class the· TA values 

for 10 km distance for each population density class are averaged and derived from the TA values for 6 km distance: 

TDRA10(1,Y) = TA(1,Y) TDRA10(2,Y) = 1. 8 * TA(2,Y) 
TDRA10(3,Y) = 1. 6 * TA(3,Y) TDRA10(4,Y) = 2.8 * TA(4,Y) 

where y e (50, 90, 99) and from Table 1 : 

1. 8 = ( 49.7/ 24.6 + 34.7/ 17.6 + 11.3/ 7.7)/3 
1. 6 = ( 125. 1 I 69.1 + 86.4/ 49.2 + 15.7/15.6)/3 
2.8 = (506.0/160.9 + 250.1/107.4 + 62.0/25.6)/3 

Table 4. Transformed parameter distribution table (cont'd) 
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Range of Variation Corre-
Additional 

Rcfcrence Distri- Iation of 
:'\o. Parameter character-

valuc bution 
istics Wt *) wo*) W2 *) 

parame-

ters 

I TIJ:\A TINB 

100% 
2 triangular 0.5 I 2.5 

correlated Tlt\ß 
to TINA 

2 TDELA 0 triangular 0 2 4 

3 PAUFA(I) 0.3 triangular 0.333 1 1.666 
~ 

4 PAUFA(5) 0.1 uniform 0 I II 

s 
PAUFA(2) = [1- (PAUFA(I) + PAUFA(5))]/2 ~ 

~ 
"<: 

PAUFA(3) = [1- (PAUFA(1) + PAUFA(5))]/4 "-., 

">Vl] 

PAUF/\(4) = [I -(PA UFA(I) +PA UFA(5))]/4 

PAUFB(l) 

PAUFß(2) 
PAUFB 

100% 

PAUFB(3) correlated 

to 
PAUFB(4) PAUFA 

PAUFB(5) 

5 GRWRTB 0.5 uniform 0.2 I 

6 IEVA2 10 discrete I 0.9 1.0 1.1 P1,2,3=3 

7 WGR:--.!ZA 60 triangular 0.5 1.0 1.5 

8 WSHIFT 0 uniform -15 + 15 

9 TDRA 11.3 beta +) 
p = 0.376 

0.35 3.10 
q=1.216 

1\otc: 

*) w1=w1 wo= wso = 50 % quantile 1V2 = 1V2 

For TIN/\: wo means the peak value between Wt and w2. In this case Wso is 1.28. 
+): 

TDRA means the 50th pcrcentile of driving time in 10 km distance for the second population density class. All other driv-

ing time paramcter are completely correlated to TDRA := TA(2,50) (10 km) in the following manner (see Table 1): 

TA(1,90) = ( 11.8/ 5.3) * TA(1,50) TA( 1 ,99) = ( 13.4/ 5. 3) * TA(1,50) 
TA(2,90) = ( 34.7/ 11.3) * TA(2,50) TA(2,99) = ( 49.7/ 11 . 3) * TA(2,50) 
TA(3,90) = ( 86.4/ 15.7) * TA(3,50) TA(3,99) = (125.1/ 15.7) * TA(3,50) 
TA(4,90) = (290.1/ 62.0) * TA(4,50) TA(4,99) = (506.0/ 62.0) * TA(4,50) 

and 

TA(1,50) = ( 5.3/ 11 . 3) * TA(2,50) 
TA(3,50) = ( 15.7/ 11 . 3) * TA(2,50) 
TA(4,50) = ( 62.0/ 11.3) * TA(2,50) 

Table 5. Rcduccd transformell paramctcr distribution table 
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For the purpose of clearness all uncertain parameters (except TDELA and WSHIFT) have 

been split into two factors: 

Par = w • Parref and Par '#: TDELA, WSHIFT [1] 

the first of them being a random variable w with a suitable frequency distribution, and the 

second one being th~ best estimate or reference value. 

For examp1e, the original TINA - values used in UFOMOD vary within the range of 1 and 

5. This corresponds to Table 3 and Table 5 in the following manner: 

TINA = w • TINA,ef e [1,5] [2] 

But we have to set 

Par = w + Parref for Par = TDELA, WSHIFT [3] 
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3. Uncertainty Analysis 

The preceding chapter described to some extent ranges, distributions and correlations of the 

model parameters, respectivcly. 

Prior to the actual analysis performed with the program system UfOMOD it is ncccssary 

to define specific vectors of the uncertain model input parameters to be used in each run of 

UFOMOD. The selection of these sets of spccific parameter values is donc by a suitablc 

sampling scheme. With one parameter set each run produces one complemcntary cumulative 

distribution function (CCFD). From all runs a farnily of curves results, which visualizes the 

variability of the CCFDs of consequences. Confidence bands can be derived tagether with 

sensitivity measures, which determine what causes this variability in conscqucnccs. 

Important questions are, how to construct CCFD curves and confidcnce bands, how to 

calculate sensitivity mcasures and how many UFOMOO-runs are necessary to get rcliablc 

uncertainty and sensitivity results? 

Uncertainty analysis methods may need much computer runs and time if thcre are a Iot of 

model parameters and the accidcnt consequence code is long-running. Thcrefore, on onc 

hand the designer of a sampling scheme should aim at a low numbcr of runs, on the othcr 

hand the number of runs should be !arge enough to get stable and thrustworthy rcsults. 

3.1 The sampling scheme 

From the various possible sampling strategies the Latin hypercube sampling (LI IS) 

approach was selected. LHS is a modified random sampling with stratified samples and is 

found to have very good sampling characteristics when compared to othcr mcthods (sce 

[14] and [21] (Vol. 3 K-5)). 

The sampling procedure forces the value of each model parameter to be sprcad across its 

entire range. In random sampling it is possible by chance to choose only a portion of the 

range of model parameters, leaving out another part of the possible range that could greatly 

influence tbe consequcnce variables. The intent of LHS is to make more efficient use of 

computer runs than random sampling even for smaller sample sizes. For !arge samplc sizes 

there is little difference between the two techniques. 

A Latin hypercube sample of size n stratifies the range of each modcl parameter into "n" 

nonoverlapping intervals on the basis of equal probability. Randomly a valuc is sclccted 

from each of these intervals. Let x;. (i = 1 , ... ,k) be the model parameters. The n valucs 
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obtaincd for X1 are paircd at random with the n values obtained for Xz. These n pairs are 

combincd in a random manncr with the n values for X3 to form n triples. The process is 

continued until a set of n k-tuples is formed. 

There may exist "spurious" correlations between model parameter values within a Latin 

hypercube sample, due to the random pairing of the model parameter values in the gener­

ation of thc sample. This is most likely when n is small in relation to k. Such correlations 

can be avoided by modifying thc generation of the sample through use of a technique 

introduced by R.I. Iman and W.J. Conover [12]. This technique preserves the fundamental 

nature of U1S, but replaces the random pairing of model parameter values with a pairing 

that keeps all of the painvise rank2 correlations among the k model parameters close to zero. 

The ImanjConover-technique can also be used to induce a desired rank correlation structure 

among the model parameters. The procedure is distribution free and allows exact marginal 

distributions to remain intact. This is used for the UFOMOD- LHS- design (The SANDIA 

LHS program [15] is used.). For some mathematical detailssec [12] and [8]. 

3.2 Estintation of confidence bounds 

The next task is to run thc accident consequence code with the sampled input parameter 

valucs from the LI-IS-design. 

The following distinctions arc necessary: 

• Thcrc are stochastic variations e.g. in weather conditions or wind directions. Each run 

of UFOMOD thcrcforc produces one frequency distribution (CCFD) of consequences. 

• Due to lack of knowledge about the actual model parameter values there is an uncer­

tainty in these results. This can quantitatively be expressed by confidence intervals of 

the frequency distribution of conscquences. 

CCFD curvcs are gcnerated by considering the probability of equaling or exceeding each 

consequence Ievel on the x-axis. To construct a CCFD keep in mind 144 weather sequences 

with different probabilitics, say PWET(L) (L= 1, ... ,144), and 72 azimuthal sectors of 5 o 

each, arc considered. Foreachradius (distance) there exist 144 x 72 point values with the 

probability PWET(L)/72. The 144 x 72 conscquence values are sorted into 90 classes (which 

2 

20 

The rank order statistic for a random sample is any set of constants which indicate the order of 

obscrvations. The actual magnitude of any observation is used only in the determination of its rel­

ative position in the sample array and is thereafter ignored in any analysis based on ranl< order sta­
tistics. 



correspond for instance to nine decades of consequence values on a logarithrnic x-scale ). 

Each dass has its own probability of occurrence given by surnrning up the probabilities of 

the members of the class. Adding the probabilities of the classes stepwise from the right to 

the left will give the CCFD. 

To get confidence curves for each consequence level so-called p-quantiles are calculated from 

thc number n0 of associatcd probability values at this consequence Ievel x. 

Example: 

Suppose no = 60 UFOMOD - runs, i.e. there are 60 CCFDs and - corresponding for each 

conscqucnce lcvcl x - 60 probability points. To get a (p %) - confidence the following 

procedure has becn adopted: 

for each consequence Ievel x find the (p <~/o) - smallcst probability value of n0 ordered values. 

ror all individual consequence Ievels these selected probability points are connected to 

obtain thc estimated (p %) - confidence curve. 

Particularly for the 5 <~/o (95 %) - confidence curves connect the p x n0 -th numbers from the 

bottom in the ordered Iist of no probability points, i.e. in our example connect the 3-rd and 

the 57-th values from thc bottom, respcctively. Mean and median curves can be crcated in 

a similar manner. 
D 

3 It has bcen tested that different samples for n= 50 (all driving time parameters, TDRA, 

arc complctcly correlated) and for n = 60 ( TD RA parameters are partly correlated) do not 

change the 5%-95%-confidence bands. Figure 4 shows 60 estimated complementary 

cumulative frcqucncy distributions for the acute individual dose values at the distance of 

.875 km. 

Figure 5 shows the corresponding estimated so-called reference CCFD (all uncertain input 

moclcl parameters are at their point value (50<Yo-quantile)) and the empirical 

5%-95%-quantiles at each consequence Ievel. The Y%-95%-'confidence curves' were gener­

atcd by considering the probability of cqualing or exceeding each consequence Ievel 

appcaring on the x-axis. For each consequence Ievel the 5% and 95%-quantiles ( or other 

valucs: mean, median etc.) were calculated from the 60 associated probability values. These 

prohability estimates for individual conscqucncc Ievels were then connected to obtain the 

cmpirical 5<~/o-95%-confidcnce curves (sec [1]). 

3 In [14] is stated, that good results can be obtained even with n = 4/3 times the number of uncertain 

model parameters. For n < k it seems appropriate to use the LHS - technique in a piecewise fashion 

on subscts of the k modcl paramcters. For details see [12]. 
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Uf(jMCID Uncertainty AnaLysis (1988) 
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Dieleneu .•....••.. : 0.8~5 km 

Figure 4. Complementary cumulative frequency distributions (CCFDs) of acute individual lung 

dose values: Each CCFD (assuming release has occurred) corresponds to one of the 

60 runs in a Latin hypercube sample of size 60. 
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Figure 5. Reference CCFD of acute individual Jung dose values: The empirical 5%-,95%­

quantiles are given as estimated confidence bounds at discrete points of the x-axis. 
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So, the confidence bounds have to be interpreted as follows: 

There is 90%-confidence that the conditional probability for the acute individuallung dose 

values, x, at 0.875 km distance, is 

• below the ordinate value at x of the 95%-curve,and 

• above the ordinate value at x of the Y%-curve. 

The width of the CCFD-confidence band is an indicator of the sensitivity of model pred­

ictions with respect to variations in parameters, which are imprecisely known. 

3.3 Sensitil'ity analysis 

Those uncertain input model parameters have to be identified which are important contri­

butors to variations in consequences. Following [14], there are several methods for quanti­

fying the relative importancc ofthc uncertain model parameters to the output ofthe accident 

conseq uence model. U sually, each of thc uncertain modcl parametcrs is ranked on the basis 

of its influencc on the conscquenccs. Some mcthods provide such an overall ranking while 

others ( e.g. stcpwise regression) are designcd to select subsets consisting of only the most 

influential paramcters. 

• Rankings beyond the first fcw most important uncertain parameters usually have little 

or no mcaning in an absolute ordering, since only a small number of thc total number 

of unccrtain paramcters actually turns out to be significant. This will be cxplained later 

in rnore dctail. 

• Scnsitivity analysis in conjunction with any form of sarnpling or design is easiest to 

carry out if a regression mode/ is fitted betwecn the rnodel consequences and the model 

parametcr values. Such a regression model is inherent in the calculation of correlation 

cocfficients. But, regrcssion techniques are influcnced by extreme observations and 

nonlinearitics. Therefore it scems to be appropriate to transform the data. 

A mcthod which 

is regression based, 

ranks either all uncertain rnodel parameters or only those within a subset, and addi­

tionally 

• a voids sophisticated transformations 

is the ranking on thc basis of partial rank correlation coefficients. 
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N ow, regression analyses define the mathcmatical relationship between two ( or more) vari­

ables, while correlations measurc the strength of the relationship between two variables. 

But do all correlation numbcrs indicatc a significant relationship between variables, i.e. 1s 

there an actual relationship or only one by chance ('white noise')? Up to which level ('white 

noise'-level, critical value) the correlation numbers are treated as garbage? 

The numerical values of correlation cocfficients or partial (rank) correlations coefficients can 

be used for significance testing of the correlation, or with other words, for hypothesis testing 

to quantify the confidence in the correlation itself. For details see Appendix A.3. 

But to summarize the main results in advance: 

To gct statistically stable results for sensitivity analyses larger sample sizes than for confi­

dcnce bounds calculations have to be chosen. The number of uncertain model parameters, 

which have a sensitivity measurc value above thc so-called 'white noise levcl' increase with 

sample size. For details sec Appendix A and the sensitivity tables in Appendix C, which 

compare the rcsults for n =50, 60 computer runs. 

Thc partial correlation coefficient (PCC) 1s a measure that explains the linear relation 

bctween for instancc a conscq uence variable and one or more uncertain model parameters 

with the possiblc linear cffects of the rcmaining parameters removed. Following [10], when 

nonlinear rclationships arc involved, it is often more revealing to calculate PCCs between 

variable ranks than between the actual values for the variables. Such coefficients are known 

as partial rank correlation coefficients (PRCCs). Specifically, the smallest value of each vari­

able is assigned the rank 1, the largest value is assigned the rank n (n denotes the number 

of observations). The partial correlations are thcn calculated on these ranks. 

The next step is to pick out the relevant sensitivity information of the bulk of hidden mes­

sages within the CCFDs. 

Thcrc are various possiblc ways to condense thc extensive data: 

• Estimate fractiles, the estimated mean values etc. ofthe n CCFDs at certain consequence 

Ievels. Therc will be possibly divergent 'importance rankings' for different consequence 

values. 

Estimatc one fractilc, one estimated mean valuc etc. for each of the n consequence 

curves. 

Thc sccond procedurc is uscd for the UF00.t10D - uncertainty and sensitivity analyses. To 

find the most important contributors to uncertainty in the consequences partial rank corre­

lation coefficients (PRCCs) are used under assistance of the SANDIA PRCC-code (sec 

[16]). 
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Importance ranking is done by taking absolute values of the PRCC valucs. The modcl 

parameter associated with the largest absolute PRCC value is called thc most important onc 

responsible for uncertainty in conscqucnces and gets importance rank 1. 

This differs from thc definition of ranks of sample values, where the smallest values has rank 

I, the next smallest has rank 2 and so on. 

Example: 

On the basis of 60 UFOMOD - runs with LHS, the most important uncertain parameters 

including their PRCC and importance rank for each consequence ( e.g.: acute individualJung 

dose values at the distance of .875 km) are identified. By statistical reasons (as explained 

before ), a parameter is significant with confidence 95%, if the absolute value of the corre­

sponding PRCC is greater than .3I (for n = 60). Thc absolute value describcs the strength 

of the input-output dependency, while the ( + ,-)-sign indicates increasing ( decrcasing) model 

consequences for increasing uncertain parameter values. The initial dclay time of actions in 

area A, TINA, and the fraction ofpopulation, PAUFA(I), which evacuates spontaneously, 

are the most important sources of variation for the individual acute Jung dose values with 

PRCC-values of .97 and -.84, respectively. Increasing TINA and decreasing PAUFA(I) lead 

to a strong increase of individual acute lung dose values ( see A ppendices ). 
0 

In addition to evaluating the influence of each uncertain model parameter on the modcl 

consequences, the calculation of PCCs or PRCCs provide a good indicator of the 'fit of the 

analysis' to the model behaviour: the coefficient of determination, R2
, which is a measure of 

how well the linear regression model based on PCCs ( or the corresponding standardizcd 

regression coefficients) can reproduce the actual consequence values. Or, in othcr words, it 

reflects the fraction of the variance in model conscquences which can bc cxplaincd by 

regression, i.e. it is possible to calculate the percentage contribution o[ each unccrtain modcl 

paramcter to Variations in consequcnces. R 2 varics bctween 0 and I and is thc square of thc 

corresponding PCC. The closer R 2 is to unit, the better is the modcl pcrformance. 

3.4 Results 

This chapter summanzes the main conclusions of the uncertainty and sensitivity invcsti­

gations for the UFOMODj1\'E87 countermeasures submodule. For details the reader is 

rcferred to the Appendices B and C. 
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The following results of accidcnt consequence assessments are investigatcd: 

• acute individual organ doscs 

(lung, bone marrow) 

• individual risks 

(pulmonary syndrome, hematopoietic syndrome) 

• number of early fatalities 

(pulmonary syndrome, hcmatopoietic syndrome) 

considering the variability of averaged4 acute individual doses, individual risks and numbcrs 

of early fatalities, respectively, at three distances Dl (.875 km), D2 (4.9 km) and D3 (8.75 

km). 

Duc to the weather sequences considered each UFOMOD run produces one frcquency dis­

tribution (CCFD) of consequences. 

In Chap 3.2 the way of construction of CCFDs and corresponding confidcncc curvcs has 

been indicated. The calculation of sensitivity measurcs has been outlincd in Chap 3.3. 

DOS LU DOSBM 
DISTANCE [Sv] [Sv] 

[km] 
5% value 95% value factor 5% value 95% value factor 

0.875 8.03 J0- 1 1.17 JOO 1.46 10° 1.38 J0-1 2.34 J0-1 1.70 10° 

4.9 3.00 J0-2 4.35 J0-2 1.45 10° 6.82 10-3 1.30 10-2 1.90 10° 

8.75 1.11 J0-2 1.55 J0-2 1.40 10° 3.46 10-3 6.52 J0-3 1.89 10° 

Note: 
*) factor = 95 % value I 5 % value sample size n=50 

DOSLU, DOSBM = acute individual doses (I ung, bone marrow) 

Table 6. (5 %, 95 %) valucs of countcrmcasurcs conscqucnce variables (acutc individual doscs) 

Table 6 shows decreasing dose values from near to far distances and only a small width 

of confidence bands. The 5 % and 95 % valucs of the ordcred n (n =50) mcan valucs vary 

with a factor 1.4 to 1.46 for DOSLU and 1.7 to 1.9 for DOSBM.5 

There is nearly no change in the 'factors' of Table 6 if the sample size is n = 60. 

4 (averaged over 144 weather sequences sampled from synoptic data of the two years 1982 I 83) 

5 Each of the n UF0:\100 runs produces one CCFD of consequences. One mcan conscqucncc valuc 

is estimated from each CCFD. The 5 % and 95 % values in the ordered sequence of n mean values 

are a measure for the variability of mean consequence values. 

3. Unccrtainty Analysis 27 



DISTAl\' CE RSKLU RSKBM 

[km] 5% valuc 95% valuc factor 5% valuc 95% value factor 

0.875 2.22 J0-2 3.03 J0-2 1.36 JOD 6.22 J0-4 3.08 J0-3 4.96 JOD 

4.9 0 0 0 0 0 0 

8.75 0 0 0 0 0 0 

I\'ote: 

*) factor = 95% value I 5 % value sample size n=50 

RSKLU, RSKBM = individual risks (pulm. syndrome, hemat. syndrome) 

Table 7. (5 %, 95 %) values of countermeasures consequence variables (individual risks) 

POP(LU) POP(BI\1) 

5 °/o valuc 95% valuc factor 5 "/o value 95% valuc factor 

1.79 JO+l 3.01 JO+l 1.68 JOD 1.05 JOD 3.21 JOD 3.05 JOD 

Note: 

*) factor = 95 % value I 5 % value sample size n=50 

POP(LU), POP(BM) = early fatal ities (pulm. syndrome, hemat. syndrome) 

Tablc 8. (5 %, 95 %) values of countermcasures consequence variables (early fatalities) 

No individual risks and therefore no early fatalities are calculated at the second and third 

distance 4.9 km and 8.75 km. While the individual risks for the pulmonary syndrome only 

show a small variability (the 5 (Yo and 95 % values for RSKLU vary by a factor 1.36), the 

risks for the hematopoetic syndrome have a larger width of confidence bands, (the 5 % and 

95 (Yo values vary by a factor of about 5) (see Table 7). 

This can be explained by the way how individual risks are calculated in UFOMOD. As 

described in Chapter: 2.2, the detailed modeling of early protective actions distinguishes 

between five population groups with different behaviour and corrresponding percentages 

PAUFA(NA) NA= 1, ... ,5 , four driving time classes NF for different population densities 

and three population groups NFZ with different driving times (see Table 1). The corre­

sponding probabilities are given by PFD( NF, NFZ). To save storage, the individual risks 

resulting from each combination 1\'A,T\FZ are averaged due to 

RSK(NF) = I RSK(NA,NF,NFZ) X PAUFA(NA) X PFD(NF,NFZ) [4] 
NA,NFZ 

and then wr·itten on a permanent file. The CCFDs cvaluated in the uncertainty analyses are 

calculatcd from thc RSK - values. 
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Acute bone marrow doscs rcsult to a high pcrcentage from external V-radiation ( cloudshine 

and groundshine), and thc large dose valucs above the threshold (2.3 Sv) for the hemato­

poietic syndrome mainly occur in the population group staying outdoors without shielding 

during thc shcltering pcriod. Thercfore a large Variation of RSK results when multiplying the 

perccntages PAUFA(5) (which are between 0 and 10 %, see Table 3 and Table 5) with risk 

values :::; 1. This can easily be seen in the figures in Appendix B which show the individual 

risk curves (hematopoietic syndrome) at 0.875 km distance: the probabilities concentrate 

bclow risk values of 0.1. 

Acute lung doses are caused to a high percentage by inhalation of radioactive material. No 

reduction factor is assumed for this exposure pathway during the sheltering period. There­

fore, the same dose valucs and individual risks are calculated for all population groups 

except those who evacuate spontaneously (see Figure 6). This is confirmed by the fact, that 

TINA and Pi\UFA(1) are the most sensitive paramcters for early dcaths from pulmonary 

syndrome (sce Table 10), bccausc they determine the duration of thc inhalation of radioac­

tivc material and the pcrcentage of people evacuating spontaneously. i\s a result thc Vari­

ation of RSK due to Eq. [ 4] is considerably smaller than for the hematopoietic syndrome. 
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Figure 6. Time dependence of release and emergency actions 
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Conse- lmpor-
Particu- lmportant PRCC R 2 in(%) PRCC R 2 in(%) 

quence 
larity 

tance 

variable 
parameters 

ranking 
60P 60P soc soc 

Tli\A I .97 86 .96 81 

PAUFA(I) 2 -.84 II -.87 15 

DOSLUDI 60P PAUFA(5) 3 .46 I 

50C TDRA 3 .58 2 *) 

50C PAUFA(5) 4 .56 3 

TINA I .91 64 .91 50 

PAUFA(I) 2 -.81 26 -.88 33 
DOSLUD2 

60P GRWRTB 3 .46 2 

50C PAUFA(5) 3 .64 11 

GRWRTB I .97 75 .96 73 

DOSLUD3 PAUFA(I) 2 -.90 18 -.87 21 

TINA 3 .77 7 .57 2 

TINA I .99 86 .98 78 

PAUFA(5) 2 .89 9 .86 12 

DOSBMDI 60P PAUFA(I) 3 -.75 3 

50C TDRA 3 .80 6 *) 

50C PAUFA(I) 4 -.73 4 

TINA I .82 54 .75 37 

60P IEVA2 2 -.69 19 

DOSBMD2 60P GRWRTB 3 .54 15 

50C GRWRTB 2 .69 8.75 

50C IEVA2 3 -.64 23 

GRWRTB I 1.00 98 .99 96 

60P PAUFA(I) 2 -.73 2 

DOSBMD3 60P TINA 3 .69 I 

50C TINA 2 .67 I 

50C PAUFA(I) 3 -.63 I 

Note: 

* ) The R 2 
- values are calculated for the total group of correlated TD RA - paramelers. 

Table 9. Most important paramctcrs for unccrtaintics in dosc calculations: This table indicatcs the 

most important parameters (including ranking, range of PRCC - and R2 - values) for the 

variability in consequences for different sample sizes (50, 60) 

( (P) or (C) means all driving time parameters are partly (complctely) correlated) 
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Table 9 and Table 10 to summarize the main sensitivity information given in Appendix C. 

The most important parameters are listed tagether with their for PRCC- and R2 -values, 

respectively. Some particularities are detected and appear in the tables. 

Conse- Impor-
R 2 in(%) R2 in(%) Particu- Important PRCC PRCC 

quence tance 

variable 
larity parameters 60P 60P soc soc 

ranking 

TINA I .95 78 .96 72 
RSKLUDI 

PAUFA(I) 2 -.83 17 -.87 19 

PAUFA(5) I .97 80 .98 80 

TINA 2 .83 13 .86 14 
RSKBMDI 

60P TDELA 3 .55 I 

50C TDRA 3 .74 4 

TINA I .96 76 .96 68 
POP( LU) 

PAUFA(l) 2 -.84 16 -.89 20 

PAUFA(5) I .97 75 .98 76 
POP(BM) 

TINA 2 .88 17 .92 20 

Table 10. Most important paramcters for uncertaintics in individual risks and carly fatalitics: This 

table indicates the most important parametcrs (including ranking, rangc of PRCC - and R2 

- values) for the variability in consequences for different sample sizes (50, 60) 

( (P) or (C) mcans all driving time parameters are partly (completely) corrclatcd) 

As explained above, the initial delay of actions in area A, TINA, and the fraction of popu­

latioil which evacuates spontaneously, PA UF A( 1 ), or remains outside, PA U FA( 5), are the 

dominating sensitive parameters. 

Only in the first distance (.875 km) the driving time parameters, TDRA, play a certain role 

as third most important parameter (group ), but the percentage contribution of TD RA to the 

overall uncertainty is rather small (between 2°/o and 6% ). 

Two different cases are distinguished: 

the driving time parameters are partly (P) or completely (C) correlated. This is done to 

compare the uncertainty results of simple and rather detailed modeHing of driving times. (see 

[24] and [25]) of the parameter 'driving time' in evacuations in the accident consequence 

code UFOMOD of the German Risk Study Phase B. The contribution of driving time to 

uncertainty in consequences can be answered by sensitivity analyses. The partly or com­

pletely corrclated driving time parameters, TDRA, are in competition with PACFA(1) or 

PAUFA(5) for the importance rank 3. To get a conclusion: The importance ofdriving times 

does not change if only one driving time parameter (e.g. TDRA:=TA(2,50) 10 km) is varied, 

while all other driving time parameters are completely correlated to this TD RA:=TA(2,50) 

(10 km) parameter. 
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For thc acutc bone marrow dose in 4.9 km distance the index of the last outer radius 

belanging to arca A, IEVA2, gets an importance rank 2 (60P-case) or rank 3 (50C-case). But 

the percentage contribution to unccrtainty in the conseguence variable DOSBMD2 is only 

bctween 19{~/o and 23%. 

The intervention criteria for evacuation of area B, G R WR TB, becomes important in the 

sccond (4.9 km) and third (8.75 km) distance, because it deterrnines the extent of dose 

reducing cmergency actions outside area A. 

F or the second ( 4. 9 km) and the third (8. 7 5 km) distance the analysis does not show any 

individual risks and early fatalities. 
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4. Summary 

The investigation presented in this report was performed as a guidance on important 

paramcters in the countermeasures submodule of UFOMOD and to study the effect of 

unccrtainties. 

Rcsults are presentcd as confidence bands of complementary cumulative frequency distrib­

utions (CCFDs) of individual acute organ doses (lung, bone marrow), individual risks (pul­

monary, hematopoietic syndrome) and the corresponding early fatalities, partially as a 

function of distance from the site. In addition the ranked influence of the uncertain 

parameters on the different consequence types is shown. For the estimation of confidence 

bands a modcl parameter sample size of n = 60 equal to 3 times the number of uncertain 

model parameters is chosen. For a reduced set of nine model parameters a sample size of 

n = 50 is selectcd. Different samples or the different sample sizes did not change the 

5%-95<% - confidence bands. The selected sample sizes are sufficient to get statistically stable 

rcsults of the sensitivity analysis. 

A total of 20 parameters was considered in this report. The most sensitive parameters of the 

countermeasures submodule of UFOMOD appeared to be the initial delay of emergency 

actions in a keyhole shaped area A and the fraction of the population evacuating area A 

spontancously during the sheltcring period or staying outdoors. Undcr the conditions of the 

source term used in this rcport the influence on the overall uncertainty in the consequcnce 

variables - individual acute organ doses, individual risks and early fatalities - of driving 

timcs to lcave the evacuation arca is rather small. 
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More Details, Figures and Tab/es 

Appendix A.l describes the partial (rank) carrelatian caefficient and same significance tcst­

ing prablems. 

Appendix A.2 gives same remarks cancerning the caefficient af deterrninatian, R 2
• 

Appendices B and C camprise a detailed set af figures far uncertainty and sensitivity ana­

lyses, respectively. If necessary some legends ta understand abbreviatians arc addcd. The 

figures and tables are given in the following sequence: 

• UNCERTAINTY (CCFDs and confidcnce curvcs) 

• Acute individual doses (lung, bane marraw) 

" Individual risks (pulmanary syndrame, hematapaietic syndramc) 

" Early fatalities (pulmanary syndrame, hematapaietic syndrame) 

• SENSITIVITY (Tables af PRCC values) 

" Camparisan af cauntcrmeasurc runs far n =50, 60 
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Appendix A. Some Mathematical Details 

A .1 Partial correlation coefficients 

A.l.l Definition 

This paragraph follows some results presented in [10]. 

Sensitivity analysis in conjunction with Latin hypercube sampling 1s based on the con­

struction of regression models. The observations 

i= 1, ... ,n 

are uscd to construct models of the form 

subject to the constraint that 

be minimized. bo , Bq arc constants and each Zq is a function of X1, ... ,Xk . 

An important property of least squares regression is that 

where Y'" is the mean of the l';-values. 

The R2 
- value ( coefficient of determination) for a regression falls between 0 and 1 and is 

dcfincd by 

2 
:L( Yest - Ym) 

:L(Y- Yni 

Thc closeness of an R2 - valuc to 1 providcs an indication of how successful the regression 

modcl is in accounting for the variation in Y. 

For a rcgression modcl of the form 
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with an R2 - value of r2, the m1mber sign(bt) Ir I is called the correlation coefficient between 

Y and Z, where sign(b,) = l if b1 ~ 1, and sign(b1) =- 1 if b1 < 1. This number provides a 

measure of linear relationship between these two variables. When more than one inde­

pendent variable is under consideration, partial correlation coefficients are used to provide 

a measure of the linear relationships between Y and the individual independent variables. 

The partial correlation coefficient between Y and an individual variable ZP is obtained from 

the use of a sequence of regression models. The following two regression models are con­

structed: 

Y' est = a0 + I aqZq and 
q-;f.p 

Z' est = Co+ IcqZq 
q-;f.p 

Then, the results of the two preceding regressions are used to define the new variables 

Y- Y' esr and ZP - Z' P . By definition, the partial correlation coefficient between Y and ZP is 

the simple corrclation cocfficient between Y- Y' est and Zp - Z' p . Thcrefore, the partial cor­

relation coefficient provides a measure of the linear relationship bctween Y and ZP with the 

linear effects of the other variables removed. 

Example: 

Sometimes the apparcnt corrclation between two variables may be due in part to the dircct 

influence on both of the other variables: Y and X 1 are correlated, but are both influenccd 

by a variable X2 . The influence of X2 on Y and X1 must be removed. Simple linear regression 

of Y resp. X, on X2 gives: 

Define ncw variables (Y- Y') and (X1 - X' 1) • The simple correlation (based on the Pearson 

product moment correlation) between the 'residuals' (Y - Y') and (X1 -X',) is called the 

partial correlation coefficient between Y and X1, given X 2 (i.e., the linear influence of X2 on 

both Y and X, removed), and is denoted by r1Y.2 : 

riY.2 = [5] 
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r1r , r12 , rr2 are simple Pearson product moment correlations of the corresponding variables. 

For more details see [14], [10], [11], [16] and [26]. 
0 

A.1.2 Significance tests 

Following [5], the well-known Pearson product-moment corre1ation formula can be used to 

estimate Pearson's partial correlation coefficient. Spearman's rank correlation p has also 

been extended to measure partial rank correlation. 

Partial corrclation coefficients (PRCs) are correlation cocfficients on conditional distrib­

utions. The distribution of the partial correlation cocfficients depends on the multivariate 

distribution function of the underlying variables. Therefore PRCs may not bc dircctly uscd 

as test statistics in nonparamctric tests. 

Starting from some well-known theorems, we may nevertheless do some approximative tcsts 

and analyses. 

Step 1: 

Find the distribution of the sampling correlation coefficient for random variables (X, Y) wirh 

bivariate normal distribution. 

Theorem (Pitman's test): (sec [17]) 

Let U; = (X;J';) (i= l, ... ,n) be a random sample from a bivariate normal distribution with 

correlation r. Let rs be the sample correlation coefficient (Pearson's product moment cocffi­

cient): 

Let r 0 then 

I(yi- Ym)(xi- Xm) 
i 

I 

[ ~ (y,-Ym)
2 ~(x; - Xm)

2 r 
(n- 2) 

(1- r/) 

[6] 

[7] 
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is distributed as Student' t with (n-2) degrees of freedom. 

0 

Theorem: ( see [ 18] or [22]) 

Let (z1, ... , zk) be a random sample from a k-dimensional normal distribution and 

r,J,u1, ... ,uP = 0 where r;1,u1, ... ,up is the partial correlation coefficient) of order p (p= k-2). u1, ... , uP 

are p= k-2 numbers from {l, ... k} which aredifferent from i and j. That means the partial 

correlation between Z; and ZJ is tested, say, while the indirect correlation due to Zuu ... , Zup 

is eliminated. Let rs;ij,u1, .. , "P be the sample partial correlation coefficient) of order p (p = k-2). 

Take n samples from the vector z, then 

T = s 

(n-2-p) 

is distributedas Student' t with (n-2-p) degrees of freedom. 

0 

Step 2: 

T1y to find adequate approximate formtdas for non-normal situations. 

[8] 

Let W; = (u;, v;) (i = l , ... ,n) be a random sample from a bivariate distribution with correlation 

r. Let rs be the sample correlation coefficient. Transform the sample values (u1, ... , un) and 

(v,, ... , vn) into their order statistics (u<1>, ... , u<n>) and (v<1» ... , v<n)). Then do an expected normal 

scores transformation: Replace the order statistics of the (u,v)-variables by the expected 

value of the corresponding order statistics of standard normal variates (X, Y). Then rs trans­

forms approximately to lfls: 

LE(x(i))E(y(i)) 
i [9] 

(This is clear from the hint that for a N(O, l )-distributed variable X one has LE(X(i)) 0 

bccausc of E(..Y<,>) =- E(X<n-i+l>)· 

lfls can be used for an expected normal scores test of the hypothesis that U and V are 

uncorrelated. 

40 



[5] explains the role of the expected normal scores as weil defined numbers which replace 

the unpleasant behaviour connected with using the order statistics from normal variables 

thcmselvcs. The procedurc is based only on the ranks of the o bserva tions and is therefore a 

ranktest. 

Fisher and Yates (sfe [3]) suggested the analogue to Pitman's test using the exact normal 

scorcs instead of thc the original data and applied the usual parametric procedures to these 

expcctcd normal scores as a nonparametric procedure. 

Step 3: 

Give the significance test procedure. 

The proccdurc is as follows: 

Thc 'null' hypothesis rcads: "No partial correlation exists between Y (the conscqucncc vari­

able) and Xi (one of the uncertain model parameters)", while the indirect influence due to 

to the other modcl parametcrs is climinated. 

Thcn, for a sample of size n, thc partial sample rank correlation, Ps;Y;,uJ, ... ,up , between Y and 

X; has to be calculated. Ps is then compared with the quantiles of the distribution of the test 

statistic. The comparison is madc at a certain prescribed Ievel of signiftcance, a. 

The 'null' hypothesis of no correlation is rejectcd, if the correlation valuc Ps Ieads to 

I PsI ;::: Ta12,n , the critical value, wherc Ta; 2,n is a quantile of the test statistic' s distribution. 

ta/2,n-k 
T I - ----;======-a 2,11 J 2 

n- k + t a/2,n-k 

[10] 

ta;2,n-k is the ( 1 - a /2)-quantile of the t-distribution with n-k degrees of freedom ( compare 

[13] or [19]). Eq. [10] is easily derived from Eq. [8]. 

K\:ample: 

For k = 20 uncertain input model parameters and a = 0.05 significance Ievel, the partial rank 

corrclation valuc (PRCC), p, is significant, if its absolute value is greatcr than 0.43 ( 40 runs), 

0.25 (80 runs) or 0.16 (100 runs), respcctivcly. 
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A .2 Remarks to R2
- values 

Here some additional hints for motivation of the coefficient of determination, R2
, are given. 

The total variation of the consequence variable, Y, is defined as L:( Y - Ym) 2 
, i.e. the sum 

of squares of the deviation of values of Y from the mean Ym. 

The first term on the right is called the unexplained variation while the sccond tcrm is callcd 

the explained variation (by a regression model), so called because thc dcviations ( Y.sr - Ym) 

have a defined pattern while the deviations ( Y - Y.s,) behave in a random or unpredictable 

manner. 

The ratio of explained Variation to the total variation ts called the coefficient of determi­

nation, R2 

Remark: 

In this report all R2 - values R2s are normalized by R2
, • 

where R2s , R2, are calculated by the SANDIA - PRCSRC-code (see [16]) and thc R2
, -

values are calculated with all (i.e. the complete set of) model paramctcrs. 
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Appendix B. Uncertainty Analyses (Figures) 

B.J Doses, risks, early fatalities 

In this section CCFDs and the corresponding confidence curves are shown for individual 

acute doses at three distance intervals for lung and bone marrow; individual risks (pulmo­

nary, hematopoietic syndrome ); early fatalities (pulmonary, hematopoietic syndrome ). 

Sequence of figures: 

• Individual acute doscs (lung) 
11 at distance 0.875 km 

" at distance 4.9 km 

• at distance 8.75 km 

• Individual acute doses (bone marrow) 

" at distance 0.875 km 

• at distance 4.9 km 

• at distance 8.75 km 

• Individual risk (pulmonary syndrome) 

" at distance 0.875 km 

• Individual risk (hematopoietic syndrome) 
11 at distance 0.875 km 

• Early fatalities 

• hematopoietic syndrome 

• pulmonary syndrome 
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HAS OCCURAED) ANO THE EMPIAIOAL 51 -, 95% - QUANTILES RESPECTIVELY ARE 
GIVEN AS ESTIMATED CONFIDENCE BauNOS AT DISCRETE P~INTS ffF THE X - AXIS 
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10-t 

10-2 

UF~MOD Uncertainty AnaLysis (1988) 

10""' 10~ 10--2. 10-t 10° 1.0t 10 2 

IndividuaL acute dooe 
~rgen •••••••••••••• : Lung 
Olstencu •••••••••• : ~.9 km 

X, HlliVIDUAL ~ DOSE (SV) 

======================================~~~M~~===== 
Cl'ltlPLEHENTARY CUNULRTI VE FRECUENCY DISTRI BliTHlNS ( CCFIJS) l'lf RCUTE I NDI­

VIDLn.. fiRGAN OClSES C RSSUHI NG RELEASE tflS fJCCURRED> • EACH CCFU Cl!RAES­

P6HDS Tl'l crNE l'lF THE 60 AUHS IN A LATIN HYPERCUBE SAMPLE ~ SIZE 60 
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10-e 

UF~M~D Uncertainty AnaLysis <1988) 

to""" 10-9 10-e 10-1 10° 1.0 1 10 2 

X, ItlliVIDUAL. ~ DOSE CSV) 

Individual acute doee 
Organ •••••••••••••• : luno 
Dlel8nce •••••••••• : ~.9 km 

• : Ref. -Curw 
1!1: 51 -curw 
+: 951 -curw 

====================================~~~1wM~===== 
REFERENCE CCFD elf' THE ACUTE INDIVIDUAL lmGAN OOSES <MSUrtiNG RELEßSE 

HAS ~RRED) AHO THE EMPIRICAL SI -, 95f- QUANTILES AESPECTIYELY ARE 
GIVEH AS ESTit1ATEO CMIOENCE BCIWOS AT DISCflETE Pl5IHT! elF TliE X - RXIS 
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10~ 

UF~M~D Uncertalnty AnaLysis (1988) 

Individual ecute dose 
Organ •.•.••••.•••.. : Lung 
Dlslance .••.•••.•• : 8.r5 km 

=======================================~~~~Mr====== 
C~HPLEHENTARY CUHULATIVE FREQUENCY DISTRIBUTI~NS (CCFOS) HF ACUTE INDI­
VIDUAL HRGAN DOSES (ASSUHJNG RELEASE HAS DCCURREO). EACH CCFD CDRRES­
P6NDS T6 ONE DF THE 60 RUNS IN A LATIN HYPERCUBE SAHPLE OF SIZE 60 
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a: z 
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10~ 

UFOMOO Uncertainty AnaLysis (1988) 

Individual acula doaa 
Organ .••.•••..•.... : Lung 
Dislenes ••.•.••••. : 8.~5 km 

*: Aaf.-Curve 
1!1 : 51 -Curva 
~ : 951 -Curve 

=======================================~~IMMF====== 
REFERENCE CCFD OF THE ACUTE INDIVIDUAL ORGAN DOSES <ASSUHING RELEASE 
HAS OCCURRED) AND THE EHPIRICAL 51 -, 95% - QUANTILES RESPECTIVELY ARE 
GIVEN AS ESTIHATED CONFIDENCE BOUNDS AT DISCRETE POINTS CF THE X - AXIS 
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UF~M~D Uncertainty AnaLysis (1988) 

10° 
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Ja 
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~ 10-1 
a: o._ 
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0: 
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1-
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10-2 

1o~~~~~~~~~~~~~~~~ww~~~~~~ 

10-5 10-t 10-8 10-i! 10-1. 10° 10 1 10 2 

X, Itf.JIVIDUAL ~ DOSE <SV> 

Individual acute doee 
Organ ••.••••••••••• : bone merruw 
Olstence •••••••••• : O.Br5 km 

====================================~~~x~m~===== 
C~HPLEHENTARY CUHULRTIVE FAECUENCY DISTRIBUTIONS (CCFOS) ~F ROUTE INDI­
VIDUAL ORGAN DOSES (ASSUHING RELEASE HAS OCCURAEO). ERCH CCFD DOAAES­
PONOS Tn ONE OF THE 80 RUNS IN A LRTIN HYPERCUBE SAHPLE OF SIIE 80 
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10-2 

UFOMOD Uncertainty AnaLysis (1988) 

10 -'6 10~ 10-i 10° 10 1 10 2 

X, HIJIVIDUAL efl~ DOSE <SV> 

Indlvldua~ ecule doee 
Of\lan .............. : bone merrow 

• : Aef .-Curw 
1!1: 51 -Cune 

~: 951 -curn Dletence •••••••••• : 0.6?5 km 

=======================================~~x=M~===== 
REFERENCE CCfD CJ'F THE ACUTE INDIVIDUAL lmGAN DOSES <RSsut1ING RELEASE 
HAS ~URRED) ANO THE EHPIRICAL 51 -, 951 - QUANTILES RESPECTIVELY ARE 
GIVEN AS ESTIHATED CONFIDENCE BOUNDS AT DISCflETE POINTS crF THE X - AXIS 

51 



52 

UFOMOD Uncertalnty AnaLysis (1988) 

10° 
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lt3 
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1--..J 
1-t 
CO 
a: 
~ 10-1. 
a: 
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~ e 
1-1 
1-
1-t 
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8 
10--2 

Individual ecute dose 
Grgen .••••••••••••• : bone merruw 
Dlslllncs •••••••••• : ll.9 km 

====================================~~~~~m~===== 
C~HPLEHENTRRY CUMULATIVE FRECUENCY DISTRIBUTIGNS (CCfOS) ~ RCUTE INDI­
VI DUfl.. I'JAGRN DCISES ( ASSUNI NG RELEASE ~ rJCCURAEDl • EACH Ct:F!J CtlAAES­
PI'JNOS TI'J CIHE OF THE 60 AUNS IN A LATIN HYPEACUBE SAHPLE GF SIZE 60 
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UFOMOD Uncertainty AnaLysis C1988) 

Indlvldue~ ecule doee 
Clrgen •••••••••••••• : bone lll!lrrow 
Dieleneo •••••••••• : q,g km 

* : Ref. -Curn 
1!1 • 51 -Curn 
~: 951 -Curn 

==================================~~~!ßMP====== 
REFERENCE CCFD CIF THE ACUTE INDIVIDUAL crRGAN D~SES (RSSUMIHG RELEASE 
HAS OCCURRED) ANO THE EHPIAICflL 51 -, 951 - QUAHTILES AESPfCTIVELY ARE 
GIVEN AS ESTIHATED CCINFIDENCE BOUNDS AT DISCRETE POINTS Cf THE X - AXIS 
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UF~M~D Uncertainty Analysis (1988) 

10--2 10-1 10 ° 10 t 10 2 

X, INDIVIDUAL ORGAN DOSE (SV) 

Individual acute dose 
Grgan .•..•.•...••.• : bone marrow 
Olstanco .•.•.••..• : B.t5 km 

=======================================~~~~~~===== 
C~HPLEHEHTARY CUHULATIVE FREQUENCY DISTRIBUTIONS <CCFDS) DF ACUTE INDI­
VIDUAL ORGAN DOSES (ASSUHING RELEASE HAS OCCURREO). EACH CCFD CORRES­
P~NOS T~ ~NE OF THE 60 RUNS IN A LATIN HYPERCUBE SAHPLE ~F SllE 60 
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UF~M~D Uncertainty AnaLysis C1988) 

10-2 10-1 10° 10 1 10 2 

X, INDIVIDUAL ORGAN DOSE <SV> 

Individual acule doee 
Organ ...•.•.••.••.. : bone marrow 
Dletence •.••..•••• : B.r5 km 

* : Ref .-Curve 
l!l : 51 -Curve 
~ : 951 -Curve 

======================================~~~m~~===== 
AEFERENCE CCFO ~F THE ACUTE INDIVIDUAL ORGAN DOSES (ASSUHIHG RELEASE 
HAS OCCUARED) AND THE EHPIAICAL 5% -, 95Z - QUANTILES RESPECTIVELY ARE 
GIVEN AS ESTIHATED CONFIDENCE BOUNOS AT OISCRETE POINTS OF THE X - AXIS 
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UFGM~D Uncertalnty AnaLysis (1988) 

Individual rlek 
Heellh effect •••••• : puUnonftry syndrome 
Dieleneo •••••••••• : 0.8r5 km 

=====================================~~~~mr====== 
CONPLEHENTARY CUNULATIVE FRECUENCY DISTRIBUTicrHS <CCFDS) ~F INDIVIDUAL 
RISKS <ASSUMING RELEASE HRS OCCURRED). EACH CCfD ccrRRESP~ T5 ~ OF 
THE BO RUNS IN A LATIN HYPERCUBE SRHPLE nF SIZE 80. 
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UFOMOD Uncertainty AnaLysis C1988) 

Indlvldus~ rlek 
t~sl..th erfect ...... : put.monery eyndrome 
Olotsnce •••••••••• : 0.8r5 km 

* : Aef. -Curve 
1!1: 51 -Cu~ 

~: 951" -curn 

======================================~~~-M~===== 
REfrnENCE CCfO Of THE INDIVIDUAL RISI<S (flSSlR1IHG RElEASE HRS crcctmED) 

AND THE EHPI RI Cft.. 51 -, 95I - tlU'ANTI LES RESPECTI VEl Y ~E GI VEN FIS ES­

TIMRTED CONFIDENCE SOUNOS AT DISCRETE POINTS 5F THE X - AXIS. 
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UF~MDD Uncertalnty AnaLysis (1988) 
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10~ 10-2 10-t 10° 
X, INDIVIDUFL Rist< 

Individual rlak 
Haallh effect •••••• : he~topoletlc eyndrome 
Dlelt!nce •· ......... : 0.815 km 

=====================================~~~~m~===== 
CfiHPLEHEHTRRY CUHULRTIVE FREQUENCY OISTRIBUTicrHS COCFOS) ~F INOIVIDURL 
RISKS CASSUHIHG RELEASE HAS crCCURAEO). EACH OCFO ccrRRESP~DS T~ crNE ~F 
THE 80 RUNS IN A LATIN HYPERCUBE SAHPLE ~ SIZE 60. 



X 
II 
1\ 

~ 

i'= 
....... 
-1 -m a: 
Ol 
110 
0:: 
0.. 

...J a: 
:z: 
tO ....... 
1--~ 
u 

UFOMOD Uncertainty AnaLysis C1988) 

10-1. 

10-2 

10 .-i 

Indlvlduo~ rlek 
Hea~th errect ••••.. : hematopolellc eynd~ 
Dlotence •••••••••• : 0.8?5 km 

10-t 10° 
X, INJIVIIXR.. AISK 

* : Aef. -Curve . 

I!J : 51 -curve 

• : 951 -curve 

=====================================~~~~~r====== 
REFEFIENCE CCfD rJf THE INDIVIDUAL RISKS (ASSl.t1IHG RELEASE HAS crccumED> 

AND TlfE EITIRICFl.. 51 -, 951 - QURNTILES RESPECTIVELY ARE GIVEH AS ES­

TIHATED CONFIDENCE BauNOS AT OISCRETE POINTS ~ THE X - AXIS. 
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UFOMOO Uncertalnty AnaLysis (1988) 
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10° 10 1 10 2 10 8 to• 
X, EAALY FATFUTIES 

E~rly fetelltlee 
Heellh effect •••••• : pulmonery syndrome 

====================================~~~=m~===== 
C~NPLEHENT~RY CUHULRTIVE FAECUENCY DISTRIBUTI~NS (CCFDS) ~F ERRLY FATA­
LITIES <ASSUHING RELEASE HAS OCCURRED>. EACH CCFD GnAAESPOHOS T6 ~E Of 
THE 80 RUNS IN A LATIN HYPEACUBE SAHPLE Of SI1E 60. 
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UFOMOD Uncertainty AnaLysis (1988) 

Esrly fstelltlee 
Heslth effect •.•••• : puUnonery eyndrome 

* : Ref. -Curvt 
1!1 • 51 -Curve 

~ : 951 -Curvt 

==================================~~~x=M~===== 
REFEAENCE CCFO OF EARL Y FATRLI TI ES ( RSSUHI NG RELEASE HRS r!CCURREO) AHO 
THE EMPIRICAL 5% -, 951 - QUANTILES RESPECTIVELY ARE GIVEN AS ESTIMA­
TEO CONFIDENCE SOUNOS AT OISCRETE POINTS ~F THE X - AXIS. 
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UFOMOO Uncertainty AnaLysis (1988) 
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10° 10 8 10" 
X, Efft... Y FATAL I TI ES 

E111rly fetalltlee 
tleallh effect ...... : hemelopolellc syndrome 

======================================~~t~m~===== 
C~HPLEHENTAAY CUHULATIVE FREQUENCY OISTAIBUTI~NS (CCFDS> ~F EAALY FATA­
LITIES <ASSUHING RELEASE HAS ~CCUAAEO>. ERCH CCFO C6AAESPnNOS Tn ~E ~F 
THE 80 RUNS IN A LATIN HYPEACUBE SAHPLE nF SilE 80. 
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Eetrly falalltlee 
lieellh erreot ...... : herm!llopolellc eyndrome 

*: Aef .-curve 
I!J : 51 -Curve 
+ : 95.1 -Curve 

======================================~~x~m~===== 
REFERENCE CCFD crF EARLY FATALITIES <ASSUMING RELEASE HAS OCCURnEO) AHO 
Tt~ EMPIRICAL 5% -, 951 - QUANTILES RESPECTIVELY ARE GIVEN AS ESTIMA­
TED C6NFIDENCE BcrUNDS AT DISCAETE P~INTS ~F THE X - AXIS. 
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Appendix C. Sensitivity Analyses (Tables of PRCC values) 

Legends for reading the PRCC - tables 

Appendix C. Sensitivity Analyses (Tablcs of PRCC valucs) 65 



The following list gives the name and the mcaning of the parameters: 

Tl NA 

TDELA 

PAUFA(i) 

GRWRTB 

IEVA2 

WGRNZA 

WSHIFT 

TDRA(X,Y) 

initial delay of actions in area A [h] 

delay time between end of release and end of sheltering pcriod in area A 

[h] 

fraction of population with different behaviour during the sheltering period 

in area A 

1. in cars (spontaneous evacuation) 

2. in cellars 

3. in buildings with low shielding 

4. in buildings with high shielding 

5. outside, rural area 

intervention dose level (IL) for emergency actions in arca B 

index of last outer radius of the keyhole-shaped area A 

angle of keyhole sector of area A (in degrees) 

azimuthal shift of the sector in area A against the wind dircction of the first 

release phase (WSHIFT>O: rotation clockwise) 

Y- fractile of driving time to leave area A at 6 km (10 km) radius (daytime) 

with respect to pqpulation density dass X [X e population density dass I 

to 4, Y e (50th, 90th, 99th) percentile sec Table 1] 

The following list gives the name and the meaning of the consequence variables: 

DOSLUDl individual acute dose (lung) at Dl (0.875 km) 

DOSLUD2 individual acute dose (lung) at D2 (4.9 km) 

DOSLUD3 individual acute dose (lung) at D3 (8.75 km) 

DOSBMDl individual acute dose (bone marrow) at Dl (0.875 km) 

DOSBMD2 individual acute dose (bone marrow) at D2 (4.9 km) 

DOSBMD3 individual acute dose (bone marrow) at D3 (8.75 km) 

RSKLUDl individual risk (pulmonary syndrome) at Dl (0.875 km) 

RSKBMDl individual risk (hematopoietic syndrome) at Dl (0.875 km) 

POP(LU) early fatalities (pulmonary syndrome) 

POP(BM) early fatalities (hematopoietic syndrome) 

66 



C.l Comparison of countermeasures runs (LHS; n=50,60) 

In this section PRCCs are shown for individual acute doses at three distance intcrvals for 

lung and bone marrow; individual risks (pulmonary, hematopoietic syndrome); early fatali­

ties (pulmonary, hematopoietic syndrome). 
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UFOMOD SENSITIVITY ANALYSIS ( LHS-DESIGN GOUNTERMEASURES PART 1 OF 4 

TABLE ENTRIES REPRESENT THE VALUE OF THE PARTIAL RANK GORRELATION GOEFFIGIENT (AND ITS RANK) FOR EAGH GOMBINA­
TION OF SELEGTED INDEPENDENT AND SELEGTED DEPENDENT VARIABLE, PROVIDEO THAT THE ABSOLUTE VALUE OF THIS GOEFFI­
GIENT IS GREATER THAN T(ALPHA) = 0.31 (50 RUNS, 9 PARAMETERS) OR (60 RUNS, 20 PARAMETERS) RESPEGTIVELY 
FOR ALPHA = 0.05 SIGNIFIGANGE LEVEL 
(E.G. THE GRITIGAL VALUE S T(ALPHA) = 0.49 (50 RUNS, 9 PARAMETERS) OR (60 RUNS, 20 PARAMETERS) RESPEGTIVELY 
FOR ALPHA = 0.001 SIGNIFIGANGE LEVEL) 

THE PERGENTAGE GONTRIBUTIONS TO UNGERTAINTY ARE GIVEN FOR EAGH I~DEPENDENT PARAMETER OR GROUPS OF INDEPENDENT 
PARAMETERS (TA(xx,yy)) 

60P /50G, (P) or (G) MEANS: THE TDRA (I .E. TA) PARAMETERS ARE PARTLY (P) OR GOMPLETELY (G) GORRELATED 

DOSLUD1 DOSLUD1 DOSLUD2 DOSLUD2 

#RUNS 60P (%) 50G (%) 60P (%) 50G (%) 

TI NA . 97 ( 1) 86 . 97 ( 1) 81 . 91 ( 1) 64 . 91 ( 1 ) 50 
TDELA .33( 5) .40( 6) 
PAUFA(1) -.84( 2) 11 -.87( 2) 15 -.81( 2) 26 -.88( 2) 33 
PAUFA(5) .46( 3) 1 .56( 4) 3 .33( 6) 1 .64( 3) 11 

DOSLUD3 

60P (%) 

• 77( 3) 7 
.68( 4) 3 

-.90( 2) 18 

DOSLUD3 

50G (%) 

.57( 3) 2 

.53 ( 4) 
-.87( 2) 21 

GRWRTB 1 .46( 3) 2 .58( 4) 3 .97( 1) 75 .96( 1) 73 
--------------------------------------------------------------------------------------------------------------
1 EVA2 1 -. 41 ( 4) 2 -. 42 ( 5) 7 
WGRNZA . 3 1 ( 5) - . 3 3 ( 8) 1 
WSHIFT 
TA(1,50) (P) I I I 
TA(1,90) (P) I I I 
-------------------------I-------------------------------1-------------------------------I----------.----------
TA ( 1, 99) ( P) I I I 
TA(2,50) (P) -.32( 5)1 I I 
TA(2,90) (P) I I I 
TA(2,99) (P) I I I 
TA( 3, 50) ( P) I I I 
-------------------------1 1-----------------------------1 7-----------------------------1 5------------------
TA(3,90) (P) I I I 
TA(3,99) (P) I I I 
TA(4,50) (P) I I I 
TA(4,90) (P) -.37( 4)1 I I 
TA(4,99) (P) I I I 

TDRA (G) .58( 3) 2 . 39( 7) . 42( 5) 2 
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UFOMOD SENSITIVITY ANALYSIS ( LHS-DESIGN GOUNTERMEASURES PART 2 OF 4 

TABLE ENTRIES REPRESENT THE VALUE OF THE PARTIAL RANK GORRELATION GOEFFIGIENT (AND ITS RANK) FOR EAGH GOMBINA­
TION OF SELtGTED INDEPENDENT AND SELEGTED DEPENDENT VARIABLE, PROVIDEO THAT THE ABSOLUTE VALUE OF THIS GOEFFI­
GIENT IS GREATER THAN T(ALPHA) = 0.31 (50 RUNS, 9 PARAMETERS) OR (60 RUNS, 20 PARAMETERS) RESPEGTIVELY 
FOR ALPHA = 0.05 SIGNIFIGANGE LEVEL 
(E.G. THE GRITIGAL VALUE IS T(ALPHA) = 0.49 (50 RUNS, 9 PARAMETERS) ~R (60 RUNS, 20 PARAMETERS) RESPECTIVELY 
FOR ALPHA = 0.001 SIGNIFIGANGE LEVEL) 

THE PERGENTAGE GONTRIBUTIONS TO UNGERTAINTY ARE GIVEN FOR EAGH INDEPENDENT PARAMETER OR GROUPS OF INDEPENDENT 
PARAMETERS (TA(xx,yy)) 

60P /50G, (P) or (G) MEANS: THE TDRA (I.E. TA) PARAMETERS ARE PARTLY (P) OR GOMPLETELY (G) GORRELATED 

DOSBMD1 DOSBMDl DOSBMD2 DOSBMD2 DOSBMD3 DOSBMD3 

#RUNS 60P (%) 50G (%) 60P (%) 50G (%) 60P (%) 50G (%) 

TINA .99( 1) 86 .98( 1) 78 .82( 1) 54 .75( 1) 37 .69( 3) 1 .67( 2) 
TDELA .45( 4) 1 1 .49( 5) 
PAUFA(1) -.75( 3) 3 -.73( 4) 4 -.33( 5) 4 -.49( 5) 9 -.73( 2) 2 -.63( 3) 
PAUFA(5) .89( 2) 9 .86( 2) 12 .42( 4) 3 .62( 4) 22 .60( 4) .54( 4) 
GRWRTB .54( 3) 15 .69( 2) 27 1.00( 1) 98 .99( 1) 96 
--------------------------------------------------------------------------------------------------------------
IEVA2 .39( 5) 2 .39( 5) -.65( 2) 19 -.64( 3) 23 

WGRNZA 
WSH I FT 
TA(1,50) (P) I I I 
TA(1,90) (P) I I I 
-------------------------I-------------------------------I-------------------------------I--------------------
TA(1,99) (P) I I I 
TA(2,50) (P) I I I 
TA(2,90) (P) -.38( 6) I I I 
TA(2,99) (P) I I I 
TA(3,50) (P) I I I 
-------------------------1 9--------------------------~--1 5-----------------------------I 6------------------
TA ( 3, 90) ( P) I I I 
TA(3,99) (P) I I I 
TA(4,50) (P) I I I 
TA(4,90) (P) I I I 
TA ( 4, 99) ( P) I I I 
TDRA (G) .80( 3) 6 .41 ( 6) 4 .56( 4) 



~ UFOMOD SENSITIVITY ANALYSIS ( LHS-DESIGN GOUNTERMEASURES PART 3 OF 4 

TABLE ENTRIES REPRESENT THE VALUE OF THE PARTIAL RANK GORRELATION GOEFFIGIENT (AND ITS RANK) FOR EAGH GOMBINA­
TION OF SELEGTED INDEPENDENT AND SELEGTED DEPENDENT VARIABLE, PROVIDEO THAT THE ABSOLUTE VALUE OF THIS GOEFFI­
GIENT IS GREATER THAN T(ALPHA) = 0.31 (50 RUNS, 9 PARAMETERS) OR (60 RUNS, 20 PARAMETERS) RESPEGTIVELY 
FOR ALPHA = 0.05 SIGNIFIGANGE LEVEL 
(E.G. THE GRITIGAL VALUE IS T(ALPHA) = 0.49 (50 RUNS, 9 PARAMETERS) OR (60 RUNS, 20 PARAMETERS) RESPEGTIVELY 
FOR ALPHA = 0.001 SIGNIFIGANGE LEVEL) 

THE PERGENTAGE GONTRIBUTIONS TO UNGERTAINTY ARE GIVEN FOR EAGH INDEPENDENT PARAMETER OR GROUPS OF INDEPENDENT 
PARAMETERS (TA(xx,yy)) 

60P /50G, (P) or (G) MEANS: THE TDRA (I .E. TA) PARAMETERS ARE PARTLY (P) OR GOMPLETELY (G) GORRELATED 

#RUNS 

TINA 
TDELA 
PAUFA(1) 
PAUFA(5) 
GRWRTB 

RSKLUD1 

60P (%) 

. 95 ( 1) 78 

-.83( 2) 17 
.32( 4) 1 

1 

RSKLUD1 

50G (%) 

. 96 ( 1) 72 

-.87( 2) 19 
.68( 3) 7 

RSKBMD1 

60P (%) 

.83( 2) 13 

.55( 3) 1 
-.37( 5) 

• 97( 1) 80 

RSKBMD1 

50G (%) 

.86( 2) 14 

.65( 4) 4 
-.45( 5) 1 

• 98 ( 1) 80 

IEVA2 1 .35( 5) .41( 4) 6 2 
WGRNZA -. 32 ( 6) -. 41 ( 6) 
WSHIFT 1 2 
TA(1,50) (P) 
TA(1,90) (P) I I 
-------------------------I-------------------------------I----------------------------------------------------
TA(1,99) (P) I I 
TA(2,50) (P) I I 
TA(2,90) (P) .31( 5)1 I 
TA(2,99) (P) I I 
TA(3,50) (P) I I 
-------------------------l-------------------------------1 4--------------------------------------------------
TA(3,90) (P) I I 
TA(3,99) (P) I I 
TA(4,50) (P) I I 
TA(4,90) (P) -.39( 3)1 I 
TA(4,99) (P) I I 

TDRA (G) .56( 4) 2 • 74( 3) 4 
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UFOMOD SENSITIVITY ANALYSIS ( LHS-DESIGN GOUNTERMEASURES PART 4 OF 4 

TABLE ENTRIES REPRESENT THE VALUE OF THE PARTIAL RANK GORRELATION GOEFFIGIENT (AND ITS RANK) FOR EAGH GOMBINA­
TION OF SELEGTED INDEPENDENT AND SELEGTED DEPENDENT VARIABLE, PROVIDEO THAT THE ABSOLUTE VALUE OF THIS GOEFFI­
GIENT IS GREATER THAN T(ALPHA) = 0.31 (50 RUNS, 9 PARAMETERS) OR (60 RUNS, 20 PARAMETERS) RESPEGTIVELY 
FOR ALPHA = 0.05 SIGNIFIGANGE LEVEL 
(E.G. THE GRITIGAL VALUE IS T(ALPHA) = 0.49 (50 RUNS, 9 PARAMETERS) OR (60 RUNS, 20 PARAMETERS) RESPEGTIVELY 
FOR ALPHA = 0.001 SIGNIFIGANGE LEVEL) 

THE PERGENTAGE GONTRIBUTIONS TO UNGERTAINTY ARE GIVEN FOR EAGH INDEPENDENT PARAMETER OR GROUPS OF INDEPENDENT 
PARAMETERS (TA(xx,yy)) 

60P /50G, (P) or (G) MEANS: THE TDRA (I .E. TA) PARAMETERS ARE PARTLY (P) OR GOMPLETELY (G) GORRELATED 

#RUNS 

TINA 
TDELA 
PAUFA(1) 
PAUFA(5) 
GRWRTB 

POP(LU) 

60P (%) 

.96( 1) 76 

-.84( 2) 16 
.65( 3) 5 

1 

POP(LU) 

50G (%) 

. 96 ( 1) 68 

- .89( 2) 20 
.77( 3) 9 

POP(BM) 

60P (%) 

.88( 2) 17 

.68( 3) 2 
-. 45 ( 4) 1 

. 97 ( 1) 75 

POP(BM) 

50G (%) 

.92( 2) 20 

.68( 3) 4 
-.63( 5) 2 

.98( 1) 76 

IEVA2 .43( 4) 3 .42( 5) .36( 5) 5 3 
WGRNZA -. 41 ( 6) -. 31 ( 7) 
WSHIFT -.32( 7) 1 1 -.33( 6) 2 
TA ( 1 , 50) ( P) I I 
TA ( 1 , 90) ( P) I I 

-------------------------I-------------------------------I----------------------------------------------------
TA(1,99) (P) I I 
TA(2,50) (P) I I 
TA(2,90) (P) I I 
TA(2,99) (P) I I 
TA(3,50) (P) I I 
-------------------------1 6-----------------------------1 4--------------------------------------------------
TA(3,90) (P) I I 
TA(3,99) (P) I I 
TA(4,50) (P) I I 
TA ( 4, 90) ( P) I I 
TA(4,99) (P) I I 
--------------------------------------------------------------------------------------------------------------
TDRA (G) .61 ( 4) 3 .68( 4) 2 
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