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ABSTRACT

The aim of this study is to present the performance of the Gaussian dispersion model
RTARC-DSS (Real Time Accident Release Consequences – Decision Support System) at the
‘Kit’ field experiments. The Model Validation Kit is a collection of three experimental data
sets from Kincaid, Copenhagen, Lillestrom and supplementary Indianopolis experimental
campaigns accompanied by software for model evaluation. The validation of the model has
been performed on the basis of the maximum arc-wise concentrations using the Bootstrap
resampling procedure the variation of the model residuals. Validation was performed for the
short-range distances (about 1 - 10 km, maximum for Kincaid data set – 50 km from source).
Model evaluation procedure and amount of relative over- or under-prediction are discussed
and compared with the model.

1 INTRODUCTION

RTARC is a computer code [1,2] developed at the Nuclear Power Plants Research
Institute, Trnava, Slovak Republic to calculate and predict atmospheric transportation and off-
site radiological consequences in the event of a nuclear accident or radiological emergency
during the early phase. The code is used by nuclear facilities for basic emergency response
planning and preparedness, real time dose projection and dispersion calculations during an
accident, and for post-accident analysis.

The ‘Kit’ is a collection of three experimental data sets from Kincaid, Copenhagen,
Lillestrom [6] and supplementary Indianopolis experimental campaigns [9]. The validation of
the RTARC dispersion model has been performed on the basis of the maximum arc-wise
concentrations using the Bootstrap resampling procedure [3]. Validation was performed for
the short-range distances (about 1 - 10 km, for Kincaid data set – 50 km from source).

The maximum observed concentrations at each arc are compared with the estimated
maximum concentrations at same arc. The model evaluation contains: 1) Quantitative
statistical model evaluation (performance measures and statistical parameters) and 2)
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Scientific evaluation of residual plots (values of the residual are plotted versus values of any
variables).

From a statistical point of view the overall performance of the model is comparable to
other models that have been applied on the ‘Kit’ fields experiments, where all the dispersion
models face difficulties due to the stochastic nature of observations. The results of validation
have shown that the outputs of the RTARC dispersion model are very sensitive to the accurate
estimate of the roughness length and that model exhibits a tendency to underestimate the
measured concentrations.

2 MODEL DESCRIPTION

The task of RTARC dispersion model is to calculate space- and time-dependent air and
ground concentrations of radionuclides, which represent the core inventory of the VVER type
reactors. Dispersion model is straightforward Gaussian model, which simulate buoyant and
mechanical plume rise [4], reflection of plume on the ground and mixing layer, dry and wet
deposition, radioactive decay, influence of geometric size of source and influence of surface
roughness on the wind profile and vertical difussion parameter. Horizontal and vertical
diffusion parameter are calculated according to the scheme Hosker [5]. Model calculates a
values of time integrated concentrations.

The input parameters for model evaluation are following: wind speed, stability class,
roughness length, mixing height, geometric size of source, averaging time of concentrations,
exit velocity and initial buoyant flux of gas (for Kincaid and Indianopolis data sets).

3 VALIDATION PROCEDURE

This section contains brief descriptions of the four field experiments. A detailed
description of the Model Validation Kit is given by Olesen [6].

Experiments Copenhagen - The experiments took place in the Northern part of
Copenhagen in 1978-79. The dispersion experiments were carried out under neutral and
unstable conditions. The tracer SF6 was released without buoyancy from a tower at a height of
115 m, and collected at ground-level positions in up to three crosswind series of tracer
sampling units, positioned 2-6 km from the point of release. The site was mainly residential
having a roughness length of 0.6 m. The mixing height was determined from the daily
radiosounding at Copenhagen. Turner stability class is computed according to the original
paper by Turner [7].

Experiments Lillestrom - The tracer experiments took place in the town of Lillestrom
(near Oslo), Norway in 1987. The experiments were carried out in a flat residential area with
6-10 m high buildings and trees. A tracer system was used in which SF6 was released from a
mast 36 m above ground. Each experiment consisted of two sequential 15-min periods. The
meteorological measurements were carried out along the 36 m high mast. Sonic anemometer
were processed to give 10 min average values for wind speed at the 10 m level. The surface
roughness was about 0.5 m. There was generally very light wind during the experiments. In
the data set, stability category has been computed based upon the original method by Turner
[7]. The mixing height was not measured. Generally, the vertical temperature profiles in the
lowest 100 m showed an inversion.
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Experiments Kincaid - The Kincaid experiment was performed as a part of the Electric
Power Research Institute (EPRI) program at the Kincaid Power plant (Illinnois, USA). The
power plant is surrounded by flat farmland with several lakes, with a roughness length of
approximately 0.1 m. During the experiment SF6 was released at variable rates (8 to 23 g/s)
from a 187 m stack with a 9 m diameter. The exit velocity from the stack ranged between 10
to 20 m/s and temperature of tracer gas was from 100 to 180 °C. Hourly averaged
concentrations were measured from ground level monitors located along arcs placed from 0.5
to 50 km far from the source. The Model Validation Kit includes 171 hours of experiment,
covering mostly unstable to neutral conditions. The meteorological data were observed on a
100 m tower located near the source, at a National Weather Service (NWS) station and from
a radiosonde station. Observed mixing heights were determined manually by the
interpretation of radiosonde data. The Turner stability class [7] has been computed based on
NWS data.

Experiments Indianopolis - The EPRI Indianapolis field study involved SF6 tracer
releases from the 83.8 m at the Perry K power plant in Indianapolis, Indiana, USA. 170 hours
of tracer data are available from September and October, 1985, and represent all stability
classes and most wind speed ranges. Meteorological observations were taken from a 94 m
height at the top of a building in the middle of the urban area, and from three 10 m towers in
urban, suburban, and rural locations.  Standard NWS observations were available from the
local airport. Urban mixing height is based on analysis of the minisonde profiles. Turner
stability class has been determined from the urban wind speed and the airport cloud cover
data. Concentrations were observed on a network of about 160 ground-level monitors on arcs
at distances ranging from 0.25 to 12.0 km from the stack. The Perry K plant is located in a
typical industrial complex with many buildings within 2 km of the stack. Roughness length
was specified approximately 1 m.

4 EVALUATION TOOLS

The most common evaluation procedure is to compare the predicted concentrations with
the observed ones. In order to retrieve from an observed concentration pattern the appropriate
data set for the validation of a dispersion model the arc-wise maximum (AM) method [6] was
applied in this study. The maximum observed concentrations at each arc are compared with
the estimated maximum concentrations at the same arc, no matter where on the arc they occur.
Due to the fact that it has been difficult to determine the maximum observed concentration
along the arcs, a quality indicator, ranging between 0 to 3, has been assigned to each arc
indicating the reliability of the maximum observed concentration. This study takes into
account only those arcs where a maximum observed concentration could be relatively well-
defined, i.e. data quality indicator equal to 3 (designed Q3 in the following).

The predicted ground level concentrations are compared with the observed data, using
the BOOT, RESIDUAL and SIGPLOT codes [8]. The codes utilises ordered theoretical and
experimental set of data and produces the following “performance measures”: normalized
mean square error (NMSE), correlation coefficient (COR), factor of two (FA2), defined as the
fraction of the data for which 0.5 ≤ Cp / Co ≤ 2.0, mean fractional bias (FB), fractional
variance (FS) and other statistical parameters, as mean, sigma and bias. Co and Cp are the
observed and calculated concentrations, respectively. These statistical indices and their 95%
confidence limits display the deviations between the predicted and observed concentrations.

The models’ behaviour is also examined qualitatively, through the scatter plots of the
corresponding observed and predicted concentrations. Because it is important that the
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performance of a model should not show any trend with variables as distance from source,
stability, buoyant flux and velocity, the so-called residuals plots are illustrated in this work.
The residuals, defined as the ratios of the predicted versus the observed concentrations
(Cp/Co), for each data set are plotted against the above mentioned variables. The
concentrations are distributed to certain regions of each variables, and the residuals are plotted
using ‘box plots’. The boxes indicate five significant points: the 5, 25, 50, 75, 95-percentiles
of the N points that belong to each region.

5 RESULTS

Quantitative statistical model evaluation has been performed for all four field
experiments. Two calculations with the different roughness length (RL) has been performed
for each experiment. Straight Co a Cp comparison was selected for the purposes of the
quantitative evaluation. Results of quantitative evaluation for the four experiment data sets are
summarised in the tables 1 – 4.

Table 1 Copenhagen data set; statistics for maximum arc-wise concentrations
µµµµg/m3; based on data subset Q3; 23 observations; the estimate of RL = 0.6 m.

Model Mean Sigma Bias NMSE COR FA2 FB FS
C_OBS 1.91 1.33 0.00 0.00 1.000 1.000 0.000 0.000
RL 0.4m 2.49 1.53 -0.58 0.28 0.771 0.783 -0.264 -0.143
RL 1.0m 1.97 1.29 -0.06 0.19 0.799 0.826 -0.031 0.030

Table 2 Lillestrom data set; statistics for maximum arc-wise concentrations
µµµµg/m3; based on data subset Q3; 22 observations; the estimate of RL = 0.5 m.

Model Mean Sigma Bias NMSE COR FA2 FB FS
C_OBS 9.22 10.09 0.00 0.00 1.000 1.000 0.000 0.000
RL 0.4m 8.15 6.47 1.08 0.81 0.641 0.500 0.124 0.437
RL 1.0m 9.12 7.33 0.11 0.48 0.781 0.636 0.012 0.317

Table 3 Kincaid data set; statistics for maximum arc-wise concentrations µµµµg/m3;
based on data subset Q3; 280 observations; the estimate of RL = 0.6 m.

Model Mean Sigma Bias NMSE COR FA2 FB FS
C_OBS 0.71 0.53 0.00 0.00 1.000 1.000 0.000 0.000
RL 0.1m 0.35 0.26 0.36 1.80 0.099 0.468 0.676 0.684
RL 1.0m 0.53 0.33 0.18 0.82 0.335 0.629 0.295 0.468

Table 4 Indianopolis data set; statistics for maximum arc-wise concentrations
ng/m3 (ng = 10-9g); based on data set Q3; 168 observations; the estimate of RL = 1.0 m.

Model Mean Sigma Bias NMSE COR FA2 FB FS
C_OBS 1341.82 948.87 0.00 0.00 1.000 1.000 0.000 0.000
RL 1.0m 948.06 538.66 393.76 0.98 0.096 0.482 0.344 0.552
RL 4.0m 1317.10 745.01 24.72 0.65 0.216 0.494 0.019 0.241
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The values FA2 a NMSE clearly indicate that the model RTARC has a tendency to
underestimate the observed values in the cases Lillestrom, Kincaid and Indianopolis data set.
Model has slight tendency to overestimate in the case Copenhagen data set. This is indicated
by the value of FB (-0.031 for RL=1 m) that denotes 3.1% overestimates of the mean of the
estimated values.

Figure 1 Scatter plots for Kincaid and Indianopolis experiments.

Figure 2 Error bar plots for Kincaid (left side) and Lillestrom experiment (right
side).
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Figure 3 Error bar plots for Copenhagen (left side) and Indianopolis experiment
(right side).

Figure 4 Indianopolis experiment: residual plots for distance from source (XDIS),
wind speed (U), initial buoyant flux and stability class of Pasquill -
Gifford.
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Figure 5 Kincaid experiment: residual plots for distance from source (XDIS), wind
speed (U), initial buoyant flux and stability class of Pasquill - Gifford.

Figure 1 presents the scatter plots for the calculates with the roughness length that is
great than estimated from locations. Scatter plots are shown for Kincaid and Indianopolis
experiment only. The Lillestrom and Copenhagen experiments have a small number of
observation for plots (22 and 23 points).

The underestimates and overestimates of the model are very good presented in Figure 2
(for Kincaid and Lillestrom experiment) and 3 (for Copenhagen and Indianopolis
experiment), by error bar plots.

A more detailed analysis of the model results is presented in Figures 4 and 5, which
show residual plots for Kincaid and Indianopolis experiment data sets and for roughness
length, which is great than  estimated one. The bars in the box plots represent the percentiles
of distributions of the N points (where N was defined on the basis of data sets of
measurements for the responsible interval of values on the x-axis). The Lillestrom and
Copenhagen experiments have a small number of observation for interesting residual plots (22
and 23 points).

6 CONCLUSIONS

In the framework of this study, the performance of the model RTARC was assessed
using ‘Kit’ field experiments. The validation was based on the evaluation of data sets which
were determined according to the maximum of the arc-wise concentrations. The model
exhibits a tendency to underestimate the measured concentrations under conditions, when
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initial buoyant flux is great than 1500 m4/s3 (Figure 5) or stability conditions are very stable
(F stability class – Figure 4). The ‘slight’ underpredicton of the model in the case of very
unstable conditions can be seen on Figures 4 and 5 – PG class stability 2 and 1. Nevertheless,
this information could be used to guide future modifications of RTARC (plume rise model). It
is also important to notice that the model seems to underpredict the highest measured
concentrations (Kincaid plots on the Figure 1). However, such trends are typical in the most
of dispersion models that were applied to the Kincaid experiments [10]. Generally, model is
very sensitive to the accurate estimate of roughness length (see Figure 2,3). When the RL
values are equal estimated ones, the very ‘strong’ tendency of the underestimation of the
model can be seen. Because the ‘Kit’ experiments covers mostly unstable and neutral
conditions, it is important to carry out further test at data sets (including stable conditions
too).
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