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a b s t r a c t

The Ki-Jang research reactor (KJRR), a new research reactor in Korea, is being planned to fulfill multiple
purposes. In this study, as an assessment of the environmental radiological impact, we characterized the
atmospheric dispersion and deposition of radioactive materials released by an unexpected incident at
KJRR using the weather research and forecastingemesoscale model interface programeCalifornia
Puff (WRFeMMIFeCALPUFF) model system. Based on the reproduced three-dimensional gridded
meteorological data obtained during a 1-year period using WRF, the overall meteorological data pre-
dicted by WRF were in agreement with the observed data, while the predicted wind speed data were
slightly overestimated at all stations. Based on the CALPUFF simulation of atmospheric dispersion (c/Q)
and deposition (D/Q) factors, relatively heavier contamination in the vicinity of KJRR was observed, and
the prevailing land breeze wind in the study area resulted in relatively higher concentration and
deposition in the off-shore area sectors. We also compared the dispersion characteristics between the
PAVAN (atmospheric dispersion of radioactive release from nuclear power plants) and CALPUFF models.
Finally, the meteorological conditions and possibility of high doses of radiation for relatively higher
hourly c/Q cases were examined at specific discrete receptors.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The Ki-Jang research reactor (KJRR), a new research reactor in
Korea with a 15 MW thermal power capacity, is being planned to
fulfill multiple purposes. These include (1) advancing technology
related to research reactors, (2) producing medical and industrial
radioisotopes (e.g., Mo-99, I-131, and Ir-192), and (3) conducting
neutron transmutation silicon doping to help meet growing global
demand. The planned location for the KJRR is in a suburb of Busan
City (35.3251 N,129.2474 E) in the south-east region of South Korea.
According to regulatory requirements, various assessments of the
environmental radiological impacts have been carried out,
including potential air dispersion release of radionuclides during an
unexpected accident.
by Elsevier Korea LLC. This is an
An accident at a nuclear facility like those that have occurred at
Three Mile Island, Chernobyl, and Fukushima Daiichi can cause
significant radioactive exposure on local, regional, and global
scales. Thus, the importance of developing an emergency pre-
paredness program when a new nuclear facility is planned and
permitted is well recognized [1]. Emergency responses require
instant information regarding the affected areas, the plume arrival
times at critical locations, and the local scale of background radi-
ation levels. To evaluate this and related information, an atmo-
spheric dispersion model and high resolution meteorological field
data with accurately estimated emission rates are mandatory for
accurate prediction.

Several studies have been presented that have accurately esti-
mated the affected areas and potential plume arrival times at
critical locations following the Fukushima accident; in these
studies, various air dispersion models were applied including the
hybrid single-particle Lagrangian integrated trajectory, flexible
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particle dispersion model , system for prediction of environment
emergency dose information, Lagrangian particle dispersionmodel,
and California Puff model (CALPUFF) [2e8]. However, previous
studies have identified the difficulties involved in accurately pre-
dicting the air dispersion of radioactive nuclides; these difficulties
can result from uncertainties in the emission rates and the mete-
orological data [2,6]. For this reason, it is important to establish an
accurate representation of temporally and spatially varying mete-
orological field patterns (e.g., temperature, humidity, wind direc-
tion, wind speed, vertical wind flow, radiation, mixing height, etc.)
to simulate the transport and physicochemical dispersion of
radioactive nuclides into the environment in the mesoscale area
around nuclear facilities.

Gaussian straight line models such as XOQDOQ (meteorological
evaluation of atmospheric nuclear power plant effluents) and
PAVAN (atmospheric dispersion of radioactive release from nuclear
power plants) are widely used to estimate air dispersion charac-
teristics of radionuclides for the regulatory or permitting processes
of a nuclear facility [9,10]. The results from these models tend to
give the maximum dose in the study area. However, they have
limited applicability while modeling a range of spatial and tem-
poral scales. For this reason, for a local scale analysis (<10 km),
Gaussian straight line models should be considered.

The CALPUFF model is a regulatory model defined by the United
States Environmental Protection Agency (US EPA) that can be used
to model complex wind regimes at local scale, as well as for
modeling the regional transport of various pollutants [11]. Based on
a tracer study, Rood (2014) pointed out that Lagrangian puff models
such as CALPUFFmay be preferably used for dose reconstruction for
a large model domain [12]. The CALPUFF system can also be suc-
cessfully used to evaluate dispersion characteristics for both real-
time emergency response plans and long-term simulations. CAL-
PUFF can be used with three-dimensional gridded meteorological
fields to simulate mesoscale transport, dryewet deposition, simple
trajectories, and the decay of radioactive materials released from
various types of time-integrated source terms (e.g., point, volume,
area, and line). It has been used to estimate the dispersion of
radioactive materials in several studies [13e15].

In this study, to evaluate the meteorological conditions and
spatial regions of high-dose radiation exposure to the public, we
attempted to characterize the atmospheric dispersion and deposi-
tion of radioactive materials released by an unexpected incident at
KJRR. Also, a model system for realistic dispersion characteristics as
ameans of practical safety assessment for new research reactor was
presented. For these main objectives, the weather research and
forecasting (WRF) model from National Center for Atmospheric
Research was used to produce high resolution meteorological
fields. The meteorological model output fromWRF was statistically
compared to field measurement data in the study area. The atmo-
spheric dispersion (c/Q) and deposition (D/Q) factors, which
correspond to the average concentration or deposition by using a
unit release rate (Q), were calculated using three-dimensional
gridded meteorological data collected during a 1-year study period
using the weather research and forecastingemesoscale model
interface programeCalifornia Puff (WRFeMMIFeCALPUFF) model
system. Finally, the meteorological conditions and spatial regions
for high-dose radiation exposure to the public were examined at
specific discrete receptors.

2. Methodology

2.1. Study area characteristics

The study area is located in the south-east of South Korea at
35.3�N and 129.2�E. KJRR is adjacent to large cities (e.g., Pusan and
Ulsan) with more than 5,000,000 residents within a radius of
50 km. According to the 30-year monthly average of meteorological
data measured by the Korea Meteorological Administration (KMA),
the prevailing winds are from north and northeast directions. The
average annual rainfall and temperature are about 1,500 mm and
14.5�C, respectively. As shown in Fig. 1, the topography of the study
area is characterized generally as mountainous uplands about
150 m above sea level; the area has a complex coastline on the
south and east sides. Therefore, the meteorology (especially, wind
direction and speed) is significantly affected by thermal in-
teractions between the mountains and the sea.

2.2. Field meteorology measurements

A meteorological station was installed at the north-east edge of
the KJRR boundary (35.3251�N, 129.2474�E). The collected meteo-
rological data, including wind speed, direction, temperature,
pressure, and humidity at 65 m, 10 m, and 1.5 m, were recorded
every 10 minutes beginning on 1 September 2014 and separately
stored in a data logger (CR1000, Campbell). Additionally, hourly
meteorological data (e.g., wind direction and speed) collected at
weather observation stations in the modeling grid were extracted
from the meteorological data archive of the KMA (available online
at http://data.kma.go.kr/). The field measurement data and archive
data in the modeling grid were then inputted and interpolated in
the WRF model simulation to improve the prediction accuracy. To
obtain the field measurement, the objective analysis technique
(OBSGRID) provided by theWRFmodel was applied. By performing
an objective analysis in meteorological modeling, we can improve
meteorological analyses on the mesoscale grid by incorporating
information from observations, and thus better model reproduc-
ibility can be expected [16].

2.3. WRF model simulation

WRF model, version 3.8.1 [17], which is a fully compressible
nonhydrostatic model with an Arakawa-C grid system, was used to
simulate the local meteorological fields around the study area.
Since the simulation results of the meteorological fields are
strongly dependent for numerical weather prediction on datum
resolution and the initial meteorological analyses, the use of higher
resolution geological datum is required to improve prediction ac-
curacy [18,19]. Furthermore, integrating the observed meteoro-
logical field with data from surface and upper air measurements
can also improve prediction accuracy [20].

The initial and boundary conditions were generated every
6 hours by the unified modelebased regional data assimilation and
prediction system in the KMA, with a horizontal resolution of
12 km (available online at http://data.kma.go.kr/). The low
boundary for the model is based on the optimum interpolation sea
surface temperature. The model simulation was started at 09:00
LST on 29 August 2014 and continued till 00 local standard time
(LST) 1 September 2015. The analysis period excluded spin-up days
during August 2014. One year of meteorological field data from 1
September 2014 to 1 September 2015 were evaluated and used as
input for the dispersion model. As presented in Fig. 1, the model
domain consists of one-way interactive triple nested domains with
a Lambert conformal map projection. A 1-km domain covering the
south-east part of the Korean peninsula, centered on KJRR (Domain
3, 142 � 142), is nested in a 3-km domain (Domain 2, 145� 145),
which in turn is nested in a 9-km domain (Domain 1, 116� 132). All
of the domains have 34 vertical layers with terrain following sigma
coordinates, and the model top is 50 hPa. Note that the cumulus
parameterization scheme is not used in the 1-km grid model, for
which convective rainfall generation is assumed to be explicitly

http://data.kma.go.kr/
http://data.kma.go.kr/


Fig. 1. Three nested domains used for WRF simulation (left). The right figure shows the location of KJRR and topography in the finest domain. The red line indicates the domain
boundary of the CALPUFF simulation model. The automatic weather stations around 30 km radius of KJRR are indicated by red triangles; (A) Ulsan, (B) Busan, (C) Kimhae, and (D)
Yangsan. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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resolved. To improve the prediction accuracy of the WRF model,
high-resolution input data for the geological parameters (e.g., 90 m
resolution (3s) obtained from the shuttle radar topography mission
data from the National Aeronautics and Space Administration and a
30 m resolution medium division land cover map from the Korea
Ministry of Environment, http://egis.go.kr) were used in the finest
nested domain. The details of the physics and grid configuration in
the WRF and modeling conditions in CALPUFF are summarized in
Table 1.

2.4. CALPUFF model simulation

The CALPUFF modeling system is a multilayer, multispecies
nonesteady state Lagrangian Gaussian puff dispersion model that
simulates the three-dimensional spatial and temporal transport,
transformation, and deposition of a species [21]. The modeling
system is currently the US EPA's preferred long-range dispersion
model and is composed of three main modules: CALMET, CALPUFF,
Table 1
Details of the physics and grid configuration in the WRF and modeling conditions in CAL

Meteorological/dispersion models WRF

Domains Domain 1 Domain 2 Dom

Horizontal resolution 9 km 3 km 1 km
Vertical levels 34 34 34
Grid 116 � 132 145 � 145 142
Domain center 38.0 N, 126.3 E
Initial/boundary conditions RDAPS-based UM, KMA (12 km resolution)

Physics
Boundary layer YSU PBL scheme
Radiation RRTM for longwave

Simple cloud-interactive shortwave radiation
scheme

Surface scheme Noah land surface scheme
Microphysics WRF single-moment 3-class scheme
Convection KaineFritsch cumulus scheme

WRF, weather research and forecasting; CALPUFF, California Puff.
and CALPOST. CALMET, the meteorological module, generates
geophysical data and a three-dimensional hourly gridded wind
field and meteorological data. CALPUFF is the main module for
simulating complex terrain effects, overwater transport, coastal
interaction effects, building downwash, wet and dry removal,
simple chemical transformation, and the decay of radionuclides.
CALPOST is a postprocessing module that display the CALPUFF
output in graphical form [11].

The parameters and direct input format of the CALPUFF
dispersion module were extracted by the MMIF (v3.3) from the
prognostic meteorological model output of the WRF [22]. The data
for topographic height and land use, which play critical roles in the
dispersion of pollutants, were also directly extracted by the MMIF.
The model domain for long-term simulation was 131 � 131 grid
units with a horizontal resolution of 1-km. The grid was covered
after trimming five points off each edge of the WRF modeling
domain. The vertical layers were divided into 10 levels with EPA/
FLM (Federal Land Manager) guidance layers of 0, 20, 40, 80, 160,
PUFF.

CALPUFF

ain 3 Main domain

1 km
10

� 142 131 � 131
35.6 N, 128.8 E
Map projection LCC
Datum WGS-84
Conditions
Source term Ground release (10 m)

Cross-sectional area (120 m2)
Steady-state unit emission (1 Bq/m2/s)

Dispersion coefficient PasquilleGifford (for rural)
McElroyePooler (for urban)

Terrain algorithm Complex terrain algorithm
Scavenging coefficient 1 � 10�4

http://egis.go.kr


Fig. 2. Frequency of wind speed; (A) At 10 m above ground level, (B) At 65 m above
ground level at KJRR site. The wind rose plots are also shown to identify the prevailing
wind direction.

Fig. 3. Hourly variation in mixing height at the KJRR site.
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320, 640, 1,200, 2,000, 3,000, and 4,000 m above ground level.
PasquilleGifford (PG) and McElroyePooler dispersion coefficients
were used for rural areas and urban areas, respectively, and the
complex terrain algorithm of the partial plume path adjustment
was applied in this study. We assumed that the radionuclides were
absorbed in small particles with an aerodynamic diameter of under
0.95 mm. Accordingly, dry and wet depositions were simulated
using particulate characteristics. For the wet deposition, a scav-
enging coefficient of 1 � 10�4 for particles was used for liquid
precipitation.

3. Results and discussion

3.1. Characteristics of the meteorological field at the KJRR site

When using the Gaussian straight line model, the meteorolog-
ical data at a nuclear facility site become very significant when
estimating dispersion characteristics (e.g., frequency, possible area,
and direction of high radiation dose). For this reason, the meteo-
rological data should be observed over a long period and thor-
oughly analyzed. For the KJRR site, based on a 10-minute resolution
of the observational data from September 2014 to August 2015, the
annual rainfall was 1,078 mm, the mean temperature was 16.5�C,
and the frequency of calm wind, defined as below 0.5 m/s, at the
KJRR site was 10.8%. The wind speed frequency at 10 m and 65 m
above ground at the KJRR site is presented in Fig. 2. The histogram
of the wind speed at 10 m above ground was 1.43 ± 0.97 m/s, while
at 65 m above ground it was 3.56 ± 2.13. It was found that 79.8% of
the wind was under 2.0 m/s and 95.5% was under 5.0 m/s at 10 m,
whereas 29.8% of the wind was under 2.0 m/s and 76.4% under
5.0m/s at 65m. Thewind pattern at the KJRR site is prevailing wind
from the northeast (N, NNE: 20.65%) and west (W, WNW: 15.66%)
directions. If the wind direction is divided into terrestrial charac-
teristics with land and sea, as depicted in Fig. 1, the frequency of
occurrence of land breeze (e.g., SW-NNE) at 10 m height was pre-
dominant at 58.2% compared with that for sea breeze (NE-SSW:
31.0%). Furthermore, the frequency of occurrence of wind blowing
toward the sea (e.g., SW-NNE) at the effective stack height was also
68.7%. This means that radioactive materials in an unexpected ac-
cident would be mainly dispersed to the sea direction, because
KJRR is located in the vicinity of the coastline.

Along with wind field and stability, the mixing height is an
important input variable with respect to the dispersion of radio-
active materials. The mixing height, which is defined as the height
of the layer at which turbulence occurs adjacent to the ground, was
extracted by WRFeMMIF simulation at the KJRR site for a 1-year
period. The seasonal variation of hourly mixing heights is shown in
Fig. 3. The average (with standard deviation) estimated mixing
heights in spring, summer, fall, and winter were 571 ± 374,
450 ± 259, 452 ± 267, and 372 ± 179 m, respectively. Significant
seasonal differences (p < 0.05) were not observed. The seasonal
variation of simulated mixing heights from the WRF model shows
its maximum value in spring and minimum value in winter, rep-
resenting a range of mixing height between 200 and 1,200 m,
which is consistent with the observed characteristics of mixing
height over the Korean Peninsula [23]. Also the mixing heights
extracted from the WRFeMMIF reflected hourly phenomena well,
showing high values in daytime and reduced values at night time.

Extended periods of the meteorological field, over a 1-year
period, were sequentially extracted from WRF and MMIF, and field
measurements were carried out onsite at KJRR. To estimate the
ability of theWRFeMMIF to reproduce themeteorological data, the
simulated data were compared with the measurement data at KJRR
onsite, especially for wind patterns. Furthermore, to identify the
pattern of wind speed and direction around 30-km radius around
KJRR, the site-specific meteorological data from KMA were also
compared with the corresponding points of extracted data ob-
tained by simulation. A comparison of the results at five observa-
tion points (refer Fig. 1) are presented as wind rose plots in Fig. 4.
The meteorological data, including temperature, humidity, wind



Fig. 4. Wind rose plots extracted from observations (left) and WRF-MMIF (right) at five observation stations; (A) On site, (B) Ulsan, (C) Busan, (D) Kimhae, and (E) Yangsan.
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pattern, and precipitation values re-produced by the WRFeMMIF
were also compared using statistical approaches. The determina-
tion coefficient (R2), mean bias (MB), normalized mean error
(NME), and root mean square error (RMSE) were used to evaluate
the consistency at all observation points. The R2, MB, NME, and
RMSE were calculated using the following equations:

R2 ¼
�
Obs� Obs

��
Model�Model

�

so sP
(1)

MB ¼
XN

1

ðModel� ObsÞ
N

(2)

NME% ¼

PN
1
jModel� Obsj

PN
1
ðObsÞ

� 100 (3)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
XN

1

ðModel� ObsÞ2
N

vuut (4)

where, Obs andModel represent the observed and predicted values,
respectively; so and sp denote the standard deviation of the
observed and predicted values, respectively, and N is the number of
values analyzed. A determination coefficient close to 1 indicates
greater agreement between the observed and predicted values. The
MB quantifies the overall systematic bias [e.g., overestimation
(MB > 0) or underestimation (MB < 0)], and the RMSE provides
information for the distribution of the residuals. As an error esti-
mation method, the RMSE provides good prediction accuracy [24].
As shown in Fig. 4, the prevailing wind direction predicted by the
WRFeMMIF simulation corresponded to the observed data for all
stations except the Busan site. Overall, this similarity indicates that
the dispersion modeling results obtained using prognostic data
may compare favorably to those obtained using observation data.
Because of the difficulty of representing local wind in a very com-
plex central city flow in the model, differences in the prevailing
wind direction were clearly observed at the Busan station.

Table 2 summarizes the statistical analysis for the temperature,
humidity, wind speed, and wind direction. Temperature and rela-
tive humidity have strong correlation coefficients of 0.93e0.95 and
0.82e0.87 between the predicted and observed data, respectively.
The MB for these parameters ranged from 0.70 to 1.35�C and from
1.04% to 1.40% for all stations, respectively. One may conclude that
the temperature and relative humidity data predicted by
WRFeMMIF were in agreement with the values observed for all
stations. The predicted wind speed data shows a moderate deter-
mination coefficient of 0.38 at Busan and of 0.64 at Yangsan station.
Table 2
Statistical summary for temperature, wind speed, and direction between observed and p

Station Temperature (�C) Relative humidity (%)

R2 MB NME% RMSE R2 MB NME

Onsite 0.94 0.70 12.6 2.35 0.86 1.34 15.3
Ulsan 0.94 1.01 14.0 2.57 0.82 1.19 12.2
Busan 0.94 0.99 12.5 2.36 0.80 1.40 14.1
Kimhae 0.95 1.00 12.8 2.37 0.84 1.21 12.9
Yangsan 0.93 1.35 15.6 2.86 0.87 1.04 11.1

MB, mean bias; NME, normalized mean error; RMSE, root mean square error; R2, determ
Systematic overestimation, evaluated in terms of NME%, was
observed for all stations; it was 52.7% onsite, 46.1% for Ulsan, 72.0%
for Busan, 50.8% for Kimhae, and 39.9% for Yangsan. Although this
overestimation of wind speed patternmight affect the dispersion of
radionuclides in the model output, leading to subsequently
underestimated results due to wide dispersion from the source
region, using a three-dimensional gridded wind vector still offers
notable advantages. Biases and inconsistencies in surface wind
speed and direction are usually reported over mountainous and
coastal areas when produced by WRF with observation data [25].
However, the model performance can be improved with a finer
horizontal resolution grid and multiscale terrain and land use data
[26,27]. Indeed, according to Lee et al. (2016), when a sub-grid
topography parameterization was applied, the prediction accu-
racy of thewind speed and direction near the surface also improved
[25]. Thus, continuous efforts to simulate a more realistic wind field
are required in the WRF simulation for application to dispersion
modeling. It should be noted that the wind field patterns at each
point for the 1-year period were obviously different. The simulation
results from the Gaussian straight line model using the mean wind
pattern at the nuclear facility thus do not represent real dispersion
characteristics.

Comparison results between observed and predicted precipi-
tation data are shown in Fig. 5. Since the dispersion model (e.g.,
CALPUFF) calculates the wet depositionwith precipitation data, the
reproducibility of precipitation from meteorological simulations
plays an important role, along with wind field pattern. In a nu-
merical weather prediction system, which is constructed to simu-
late atmospheric phenomena during a long-term period,
precipitation at small spatial scales with varying prediction time is
the most difficult variable to simulate due to limited information.
Furthermore, because the precipitation data reproduced fromWRF
and MMIF in this study spatially represent area-average values,
comparison with measurement data at a point within a complex
terrain region could lead to systematic and representativeness er-
ror [28]. As shown in Fig. 5, the determination coefficients between
observed and predicted values are 0.62 for Ulsan, 0.79 for Busan,
0.65 for Kimhae, and 0.58 for Yangsan station. Based on these
comparison results, rainfall data reproduced from WRF and MMIF
in this studywere in moderate agreement with the values observed
for all stations.

3.2. Simulated dispersion (c/Q) and deposition (D/Q) factors

The inhaled dose of radioactive particulate (and gas) in the
ground-level layer and public exposure to ground deposited
particulates should be considered while evaluating accidental re-
leases. For this reason, the ground-level concentration and the
deposition of radioactive materials were computed independently
under all meteorological conditions from September 2014 to
August 2015. Because the amount released from the facility in an
unexpected severe accident might be difficult to accurately predict,
redicted values.

Wind speed (m/s) Wind direction
(degree)

% RMSE R2 MB NME% RMSE MB RMSE

2.31 0.48 1.1 52.7 2.6 10.5 67.2
1.64 0.54 1.0 46.1 1.9 13.0 51.3
2.20 0.38 2.1 72.0 3.0 51.4 105.9
1.95 0.51 0.9 50.8 2.1 9.0 68.3
1.52 0.64 0.5 39.9 1.6 7.6 51.7

ination coefficient.



Fig. 5. Two-dimensional scatterplots for precipitation between observed and predicted values; A) Ulsan, (B) Busan, (C) Kimhae, and (D) Yangsan.
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the simulation focused on an evaluation of the dispersion direction,
the dilution factor, and the possibility of a high dose of radiation in
the study area. The dispersion (c/Q) and deposition (D/Q) factors,
which correspond to the average concentration or deposition by
using a unit release rate (Q), were calculated using three dimen-
sional gridded meteorological data over a 1-year period. This
means that the dispersed concentration in air or the amount
deposited around the nuclear facility can be directly estimated by
the product of those factors and the release rate. A continuous unit
emission rate (1.0 Bq/m2/s) for 1 year was used to evaluate hourly
c/Q and D/Q at the 17,161 nodes. The cross-sectional area of ground
release is assumed to be 120 m2. The seasonal variation of wind
pattern at the KJRR site is presented in Fig. 6. The average and 95th

percentile values of hourly c/Q and D/Q data at each node for the 1-
year period are presented in Figs. 7 and 8, respectively. The diurnal
variation of c/Q divided into day and night times is also provided
with wind rose plots in Fig. 9.

As shown in Figs. 7 and 8, the average and 95th percentile values
of 8,760 hourly values of c/Q and D/Q at each node indicate that the
dispersion of radioactive materials released from KJRR mainly de-
pends on the wind field patterns. Heavy contamination in the vi-
cinity of KJRR was observed; the c/Q values at up to 50 km distance
from the source dramatically decreased (bymore than 106 orders of
magnitude). The prevailing land breeze in the study area resulted in
relatively higher c/Q values in the off-shore sectors. All of the c/Q
values in the SE sector (E, ESE, SE, and SSE directions) and SW sector
(SW, SSW, and S directions) were 1.9e3.2 times higher than those
in the NW sector (NNW, NW, WNW, and W directions). In
particular, at 20 km (e.g., the emergency planning zone), the former
were 2.6 and 2.8 times higher than the latter, respectively. For the
spatial distribution of D/Q, there was also heavy contamination in
vicinity of KJRR. However, the area, highly contaminated by wet
deposition of emitted radionuclides, was relatively narrow and D/Q
values in the south and west regions from the KJRR had values
rather higher than those in off-shore sectors. These results reflect
that the wet deposition of pollutants was mainly affected by pre-
cipitation and that winds prevailed from the southeastern and
south during rain in the summer season. From a comparison of the
distribution patterns of c/Q and D/Q on a seasonal basis, significant
seasonal differences between the summer and winter seasons were
observed for both values. Because the wind pattern was prevailing
toward the north-west in summer, the possibility of relatively
higher c/Q and D/Q in the land area increased compared to other
seasons.

As shown in Fig. 9, differences in the dispersion pattern between
day and night times were also observed. The results indicate rela-
tively higher c/Q inland in the day time and relatively lower values
at night time. These patterns can be explained by the fact that the
meteorology (especially, wind direction and speed) is affected by
thermal interactions between the mountains and the sea. However,
relatively higher values at night time were shown at the vicinity of
the release point due to the relatively lower mixing layers and
stagnation of air flow.

Lutman et al. (2004) pointed out that the conventional Gaussian
type dispersion models for radiological assessment are appropriate
for predicting long-range dispersion of continuous releases. Since



Fig. 6. Wind rose plots extracted from WRF-MMIF with seasonal basis; (A) Spring, (B) Summer, (C) Fall, and (D) Winter.
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these models are simple to use and appear to overestimate envi-
ronmental concentrations, they are widely used to estimate air
dispersion characteristics, although the Lagrangian dispersion
model can provide more complete and realistic dispersion char-
acteristics [29]. Accordingly, the PAVAN model, one of the con-
ventional Gaussian type dispersionmodels which estimates ground
level concentrations downwind of accidental radionuclide releases
from nuclear facilities into the atmosphere, was also applied in this
study. The joint frequency function of wind speed and direction for
16 sectors according to atmospheric stability class at the KJRR site
were reproduced using the WRFeMMIF simulation output. The
wind speed class for the PAVAN simulation was divided into 11
levels (1, 1.5, 2, 3, 4, 5, 6, 8, 10, and 14.13 m/s), including calmwind.
The ground emission option and PG diffusion parameter were used
for dispersion. Site-specific terrain correction factors were not
applied. c/Q values were calculated for distances from 400 m to
50,000m and comparedwith the 95th percentile values of hourly c/
Q from CALPUFF. The ratios (PAVAN/CALPUFF) at the 16 sectors are
shown in Table 3. Note that the dry and wet deposition schemes
could not be applied in PAVAN. However, for a comprehensive
comparison including a consideration of the limitations between
the two models, the model outputs were directly compared. The
average (with range) ratio for all sectors within 1 km was 0.9
(0.5e2.0). However, for the sectors beyond 5 km, there is a greater
divergence, by a factor of 0.9e13.8 with an average of 5.2, between
the values from both models. The slightly lower values of PAVAN in
vicinity of KJRR reflect the fact that this model could not simulate
wake effects by which radionuclides are deflected and advected
over the complex terrain. However, because the dry and wet
deposition scheme could not be applied in PAVAN, as it was applied
in CALPUFF, the radionuclides emitted from the source consistently
dispersed and diffused along the centerline. For this reason, the
values calculated using PAVAN are overestimated for sectors
beyond 5 km. This overestimation implies that a Gaussian type
dispersion model (e.g., PAVAN) leads to conservative dose for pre-
liminary safety analysis estimates. Nevertheless, these results do
not necessarily reflect the need to seriously change the facility
design because, finally, the resulting conservative dose has a very
low level. To overcome these disadvantages, Till et al. (2014) pro-
posed the use of a Lagrangian dispersionmodel such as CALPUFF for
deterministic safety analyses and Gaussian type dispersion models
for probabilistic safety analyses [14].

According to a study of 137Cs dispersion characteristics when
hypothetically released from the Kori nuclear power plant (NPP)
near KJRR [30], a comprehensive assessment of weather, geogra-
phy, topography, and emission conditions is required for the
emergency response in this study area. Thus, to identify meteoro-
logical conditions for the cases of relatively higher c/Q, we exam-
ined hourly c/Q distribution at five discrete receptors; (a) Busan, (b)
Ulsan, (c) Kimhae, (d) Miyrang and (e) the sea area. As threshold
criteria, the 95th percentile concentrations were employed. The
meteorological conditions of wind speed and direction, mixing
height, and PG stability at KJRRwere analyzed in terms of frequency
and are provided in Table 4. The relatively higher c/Q at specific
receptors mainly depends on the wind direction. However, under
moderately unstable conditions and wind blowing from N and
NNWwith relatively lowwind speed (1.0e2.0 m/s) at the KJRR site,
the possibility of a maximum dose to the public was higher when



Fig. 7. Spatial distribution of hourly dispersion factor (c/Q). All values expressed are multiplied by 106; (A) annual average of c/Q, 95th percentile of c/Q in B) All period, (C) Spring,
(D) Summer, (E) Fall, and (F) Winter.
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Busan city, which is located in the S and SSW part of KJRR site, was
chosen as the receptor. As shown in Fig. 4, winds blowing from N
and NNE as well as from W prevail at the KJRR site. Thus, when
westerly winds are dominant at the KJRR site, radionuclides are
supposed to be dispersed towards the sea. Meanwhile, winds
blowing from N and NNW having relatively low wind speeds
(1.0e2.0 m/s), which could enhance the chance of radionuclides
residing near Busan by converging winds blowing from N and NNE



Fig. 8. Spatial distribution of hourly deposition factor (D/Q). All values expressed are multiplied by 106; (A) annual average of D/Q, 95th percentile of D/Q in (B) All period, (C) Spring,
(D) Summer, (E) Fall, and (F) Winter.
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at the Busan site. In addition, radionuclides are not dispersed well
during the night time, because the vertical structure of the atmo-
sphere is stable and wind speed is low (see Table 4). This atmo-
spheric condition also results in radionuclides stagnating near the S
and SSW parts of the KJRR site, where the Busan site is located.
4. Conclusion

In this study, we attempted to characterize the atmospheric
dispersion and deposition of radioactive materials released by an
unexpected incident at KJRR. In this study, the WRFe



Fig. 9. Diurnal variation of c /Q and wind pattern. All values expressed are multiplied by 106; (A) Day time, and (B) Night time.

Table 3
Comparison results of 95th percentile highest hourly c/Q values calculated by PAVAN
and CALPUFF. The values in this table express the ratio of PAVAN and CALPUFF.

Sector Distance from KJRR (km)

0.4 0.8 1 5 10 20 30 40 50

N 0.9 0.7 0.9 1.5 4.4 3.2 3.8 6.0 8.6
NNE 1.2 0.8 0.8 2.7 3.4 3.7 3.9 5.5 6.1
NE 1.3 0.9 1.0 2.6 4.8 3.5 4.0 4.0 4.3
ENE 0.9 0.6 0.7 2.5 2.7 3.2 4.7 5.4 6.8
E 1.2 0.7 0.7 1.8 3.1 4.2 5.9 6.1 8.0
ESE 1.2 0.8 0.8 1.8 2.9 4.9 7.4 9.3 13.8
SE 0.9 0.6 0.9 2.6 4.1 4.0 5.4 7.6 10.0
SSE 1.0 0.6 0.8 1.6 4.9 6.3 7.5 8.1 9.7
S 1.3 0.8 0.8 1.4 3.7 6.3 7.7 8.6 10.8
SSW 1.0 0.8 0.9 3.3 4.7 6.6 6.7 6.7 8.2
SW 2.0 1.2 1.4 5.0 6.5 7.7 8.9 8.4 8.3
WSW 1.4 0.8 0.7 2.4 2.7 3.1 2.8 3.5 4.0
W 0.9 0.5 0.7 0.9 2.7 2.2 2.6 3.7 3.7
WNW 0.9 0.7 0.9 1.7 3.0 3.5 5.0 5.2 4.8
NW 0.9 0.7 0.9 2.3 3.4 4.8 8.5 11.2 12.3
NNW 0.8 0.6 1.0 3.0 4.4 5.0 5.2 7.7 10.3

KJRR, Ki-Jang research reactor; CALPUFF, California Puff.
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MMIFeCALPUFF model system was used to produce high-resolu-
tion meteorological fields and to estimate the dispersion of radio-
active materials.

Based on a measurement period of 1 year at the KJRR site, the
annual average wind speed at 10 m above ground was determined
to be 1.43 ± 0.97m/s, while at 65m above ground it was 3.56 ± 2.13.
The wind pattern at the KJRR site is prevailing from the northeast
(N, NNE: 20.65%) and west (W, WNW: 15.66%) directions. The fre-
quency of occurrence of land breeze (e.g., SW-NNE) at 10 m height
was predominant at 58.2% compared to that for sea breezes (NE-
SSW: 31.0%). From a statistical comparison between the meteoro-
logical model outputs fromWRF and the field measurement data in
the study area, one may conclude that the temperature and relative
humidity data predicted by WRFeMMIF are in agreement with the
observed data. For wind speed, the predicted wind speed datawere
slightly overestimated at all stations. Although this trend might
affect the model output, leading to subsequently underestimated
results, using a three-dimensional gridded wind vector still offers
notable advantages.

The main dispersion direction and the possibility of a high dose
of radiation were simulated using a three-dimensional gridded



Table 4
Meteorological conditions for hours observed beyond 95th percentile highest c/Q.

Receptor site Receptors Meteorological condition

Direction Distance (km) Criteriaa Hour Wind speed (m/s) Wind direction Mixing height (m) PG stability

Busan SSW 20 5.71 02e06 1.0e2.0 N, NNW <200 B, C
Ulsan NE 20 2.74 12e20 2.0e4.0 SSW, S, SSE <200 A, B
Kimhae WSW 25 2.28 18e24 1.5e3.5 NE, ENE <600 B
Miryang NW 45 0.43 2e6, 16e20 1.0e3.5 ESW, SE, SSE <400 A, B
On sea SE 10 7.61 02e10 2.5e3.5 WNW <200 C

PG, PasquilleGifford.
a 95th percentile highest c/Q at receptor (multiplied by 106).
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meteorological model output. Heavy contamination in the vicinity
of KJRR was observed, and the prevailing land breeze in the study
area resulted in relatively higher concentrations and deposition in
the sea area sectors. Based on a comparison of the results from
PAVAN and CALPUFF, the average (with range) ratio for all sectors
within 1 km was 0.9 (0.5e2.0). However, for the sectors beyond
5 km, there was a greater divergence, by a factor of 0.9e13.8, with
an average of 5.2, between the values from these two models.
Therefore, based on the results of this study, the Gaussian type
dispersion models (e.g., PAVAN), which lead to a conservative dose
for preliminary safety analysis estimates, can result in unnecessary
and costly facility design changes. Under moderately unstable
conditions and with wind blowing from the N and NNW at a
relatively low wind speed (1.0e2.0 m/s), the possibility of public
exposure to a maximum dose was higher in the Busan city area in
the south-west direction from KJRR.

In terms of applicability and to evaluate realistic dispersion
characteristics, the dispersion assessment system using
WRFeMMIFeCALPUFF in the present work is useful for evaluating
the characteristics of regional scale atmospheric dispersion around
KJRR.
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