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Abstract

As shown by the MUD and FAUNA projects, the influence of meteorologi-
cal uncertainties on long-range atmospheric dispersion calculations can be
large depending on the weather situation, with significant implications for
nuclear emergency preparedness and decision making. The question that
the MESO project has answered is to what extent this also applies to
short-range dispersion models employed up to, say, a hundred kilometres
from the source.

The assessment of such uncertainties is facilitated by recent develop-
ments in numerical weather prediction modelling through the use of en-
semble methodology. Currently, the computer resource demanding proce-
dures are being implemented at a number of national weather services,
thereby enabling future operational quantitative calculation of uncertainties
of concentration and deposition patterns from accidental releases of ra-
dionuclides. Thereby, a more comprehensive basis for the decision mak-
ing is provided.

Short-range atmospheric dispersion models differ from long-range models
not only by the use of finer resolution terrain and land-use data, but also
by the fact that short-range models may utilize weather radar data for
simulation of wet deposition of radionuclides. Obviously, observational
data, e.g. from radars, can be used only for hindcasting, but these data,
which are expected to represent the precipitation intensity more accurately
than model data, are useful for nuclear emergency preparedness in the
period of time until radiological monitoring data have become available.
However, there are a number of uncertainties and potential errors associ-
ated with such use of weather radar data.

Thus, the MESO project had two work packages: one devoted to the study
of uncertainties of short-range atmospheric dispersion forecasting involv-
ing the use of meteorological model data only, the other focusing on hind-
casting including the combined use of model data and weather radar data.
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Introduction

For nuclear emergency preparedness and management, the responsible authority had
previously typically only one atmospheric dispersion prediction available in real time. And
when asked: “How accurate is it?” the meteorologist at hand could at best give a rough
estimate based on hand-waving arguments. However, rhetorically speaking, if you don't know
how much confidence you can have in a prediction — is it then of any value? The situation has
now changed. Due to the development of a new computer-resource demanding methodology,
one can now provide quantitative estimates of the inherent meteorological uncertainty.
Obviously, there are other sources of uncertainty, e.g. on the source term describing the
temporal evolution of the release of the various different radionuclides from a nuclear
accident, but these uncertainties are outside the scope of MESO.

Evidently, one should strive at reducing uncertainties. However, since uncertainties are
inherent both in observational data and in the modelling process, uncertainties are
unavoidable. Nevertheless, at least one should attempt at quantifying the uncertainties — any
prediction is of little value without being accompanied by an estimate of the associated
uncertainty.

As shown by the recently completed NKS-B projects MUD (Meteorological Uncertainty of
atmospheric Dispersion model results) and FAUNA (Fukushima Accident: UNcertainty of
Atmospheric dispersion modelling), cf. Serensen et al. (2014) and (2016), respectively, the
influence of meteorological uncertainties on long-range atmospheric dispersion calculations
can be large, up to, say, an order of magnitude or two depending on the weather situation,
with significant implications for nuclear emergency preparedness and decision making. The
question that the MESO project is going to answer is to what extent this also applies to short-
range dispersion models employed for nuclear emergency preparedness up to about a hundred
kilometres from the source.

The project name, MESO, is an acronym for MEteorological uncertainty of ShOrt-range
dispersion. However, the name also indicates the meteorological scale of the phenomena
involved. Mesoscale meteorology is divided into three subclasses:
e Meso-alpha: 200-2000 km scale phenomena, e.g. fronts, squall lines, and cyclones.
e Meso-beta: 20-200 km scale phenomena, e.g. sea breezes, lake effects, and snow
storms.
o Meso-gamma: 2-20 km scale phenomena, e.g. thunderstorm convection, and complex
terrain flows.
Thus, the MUD and FAUNA projects considered the meso-alpha and beta scales (long range),
whereas MESO considers meso-beta and gamma scales (short range).

The assessment of meteorological uncertainties is facilitated by recent developments in
numerical weather prediction (NWP) modelling through the use of ensemble methodology.
Currently, the computer-resource demanding procedures are being, or are planned to be,
implemented at a number of national weather services. This development enables future
operational quantitative calculation of uncertainties, as well as the most like predictions, of
the concentration and deposition patterns from accidental releases of radionuclides to be used
by nuclear decision-support systems (DSSs). Thereby, a more comprehensive basis for the
decision making is provided than beforehand where only a single, deterministic prediction
was available.



Short-range atmospheric dispersion models differ from long-range models not only by the use
of finer resolution terrain and land-use data, but also by the fact that short-range models may
utilize weather radar data for the simulation of wet deposition of radionuclides. Obviously,
observational data, e.g. from radars, can be used only for hindcasting, but these data, which
are expected to represent the precipitation intensity more accurately than NWP model data,
are useful for nuclear emergency preparedness in the period of time until radiological
monitoring data have become available. However, there are a number of uncertainties and
potential errors associated with such use of weather radar data. These include the use of a
parameterization of the precipitation rate depending on the attenuation of the reflected radar
signal, filtering of false radar echoes arising from e.g. clutter or flocks of birds, precipitation
from low clouds not being registered by the radar beam, and precipitation evaporating before
reaching ground. A new possibility is facilitated by the next-generation dual-pole Doppler
radars, namely observed distinction between rain and snow which can have important
consequences for short-range modelling since deposition of radionuclides differs substantially
between rain and snow.

Thus, the MESO project included two work packages: one devoted to the study of uncertain-
ties of short-range atmospheric dispersion forecasting involving the use of NWP model data
only, the other focusing on hindcasting including the combined use of NWP model data and
weather radar data.



Weather radar

Measurements of precipitation have traditionally been carried out using rain gauges on the
ground. However, since the invention of radars and satellites, remote sensing techniques have
provided improved mapping capabilities for precipitation. Especially, ground-based weather
radars have become an indispensable tool for meteorology and hydrology today providing
high resolution measurement of precipitation in the atmosphere.

Functionality

Weather radars are radar systems made for observation of precipitation in the atmosphere
(Meischner, 2004; Bech and Chau, 2012). Using the radar principle, they measure the location
and properties of precipitation at a distance from the radar. As an active sensor it works by
transmitting electromagnetic energy into its surroundings and by receiving the energy
reflected by objects in its path. Through calibration of the weather radar, the received power
can be translated into a measure of reflectivity of the precipitation. This reflectivity (measured
in units of dBZ) varies for different precipitation intensities (low reflectivity for light
precipitation and high reflectivity for heavy precipitation) and for different precipitation types
(rain, hail, and snow). This is due to the difference in drop sizes and drop shapes of the
hydrometeors.

Weather radars are typically ground-based, and sensing of the atmosphere is carried out by
rotating an antenna around its vertical axis and by changing the pointing angle of the antenna
(typically once for each revolution of the antenna), see Figure 1. The angle in the horizontal
plane from geographical north in positive clockwise direction is called the azimuth angle and
the tilt angle measured from horizontal and positive upwards is called the elevation angle. The
range to a target is computed from the round-trip time of a pulse to the target and the speed of
the electromagnetic energy (i.e., the speed of light).

A % Precipitation
a; - 2

== Elevation

Figure 1 The working principle of a weather radar. Here the DMI weather radar at Stevns.

A complete radar system is a complex system comprised of many components (Skolnik,
2001): From the hardware in the transmitter, antenna, and receiver, to signal processors and
data analysis and visualization software, all of which play together in the generation of
weather radar data.

The signal processor of the weather radar typically receives data from a number of pulses
which are integrated and sampled to a polar coordinate system, one scan for each revolution
and elevation angle. For a typical weather radar, a 1 degree azimuth resolution is used and in
the range direction, a resolution of 500 m or more is used (see Figure 2, left). The 1 degree
beam width means that the resolution in the azimuth direction varies from metres close to the
radar to kilometres at the maximum range of e.g. 240 km, while the range resolution is



constant throughout the data. When converted to Cartesian coordinates the data thus have a
varying resolution even if the image has a specified pixel size.

Displaying a scan in Cartesian coordinates is called a PPl image (Plane Position Indicator) as
seen in Figure 2, right. Since the radar rays normally rise with distance to the radar, the
observed precipitation of course is close to the ground near the radar in the centre of the
image and higher up in the atmosphere at far range from the radar. By using the data from
several PPIs, a CAPPI (Constant-Altitude PPI) can be constructed which shows the
precipitation at a given height. Typically, a stack of CAPPIs are produced at intervals of
1 km.

360

Polar coordinates

0 km

range

240 km

Cartesian coordinates (PPI)

Figure 2 A radar scan in polar and Cartesian coordinates.

Finally, the 2D image products, PPIs or CAPPIs, are often composited into one image as seen

in Figure 3.
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Figure 3 Radar composite image. Data from the five radars of the DMI on 2016-03-02 at 12:00 UTC.

Most modern weather radars are Doppler radars which mean that they are able to measure the
phases of the transmitted and received signals. The shift in phase is used to derive the radial
velocity of the precipitation particles. In meteorology this is used to map the wind speed but it
is also used in clutter detection because echoes from non-moving targets are unlikely to be
precipitation.

A new technology in the field of weather radar is dual-polarization radars. These are radars
with the capability to transmit and receive electromagnetic energy in two polarizations.
Normally, weather radars are operated in horizontal polarization only (because falling rain
drops are flattened as they fall and the backscatter is greater in the horizontal than the
vertical). Dual-polarimetric radars (Bringi and Chandrasekar, 2001) provide a range of
additional information besides radar reflectivity and the Doppler velocity. The differential
reflectivity (the ratio between the horizontal (H) and vertical (V) power returns), the
correlation coefficient (correlation between H and V power returns), and the differential phase
(phase difference between H and V returns) enable improved hydrometeor classification
(classification of precipitation type, e.g. rain, hail, or snow) as well as better clutter/
precipitation discrimination (Gill et al., 2012).



The DMI weather radar network

For this project, data from the weather radars of the Danish Meteorological Institute (DMI)
were used. The radar network is comprised of five C-band radars located in Remg, Sindal,
Virring, Stevns, and Bornholm (see Figure 4 for a map of the weather radar network). The
first three are Doppler radars and the latter two are dual-polarization radars.

Figure 4 The locations of the five radars of the DMI weather radar network. Range rings show the maximum
range of 240 km from each radar site.

For this project, radar composites made of CAPPIs from all five radars were used. The data
had been processed by DMI in-house software (Gill, 2010) to improve the data quality by
inter-radar adjustment of the radar reflectivity and removal of non-precipitation echoes. The
pixel size of the data was 500 m and the temporal resolution 10 minutes.
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Sources of uncertainty and errors in weather radar observations

Like any other sensor observation, weather radar observations are subject to errors and
uncertainties. A significant source of errors is the occurrence of radar clutter (Bgvith, 2008),
which for hydrometeorological applications is defined as radar echoes from non-precipitation
targets. The types and sources of weather radar clutter are many as can be seen in Figure 5.
Land clutter originates from man-made objects (e.g., houses, towers, or bridges) or the natural
environment (e.g., mountains, hills, or fields), whereas sea clutter is caused by backscatter
from the surface of oceans or lakes. Ships also show up as sea clutter. Airborne clutter is
caused by reflections from airplanes or other man-made objects in the air, or biological targets
like birds and insects. Finally, also interference from the sun or other transmitting antennas
result in radar clutter.

Land clutter from (a) mountains/earth
surface or (b) buildings/windmills, etc.

Sea clutter from (a) sea surface or (b)
ships

Airborne clutter from (a) biological tar-
gets (birds/insects) or (b) airplanes

Interference clutter from (a) the sun or
(b) transmitting antennas

Figure 5 Types of clutter illustrated. After Bgvith (2008).

In Figure 6 three examples of clutter in weather radar images are shown. The image on the
left shows land clutter on the mountains of Norway and Sweden. Furthermore, land clutter
close to the radar is seen. In the middle image, an example of interference clutter caused by
solar radiation is seen (the pencil beam pattern), and on the right image strong sea clutter
caused by anomalous propagation of the radar signal toward the sea surface is seen.

e T3
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entre), and sea clutter (right).

Figure 6 Land clutter (left), interference clutter (c

Other sources of uncertainties are the effects of bright band (very strong radar reflections
from melting hydrometeors in the melting layer of the atmosphere) and complete or partial
blocking of the radar beams due to e.g. buildings or trees.
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Precipitation rate estimation

For many applications of weather radar, the radar reflectivity needs to be converted into
precipitation rate (mm/h) (Figure 7) and several empirical methods exist for this. This
derivation of precipitation rate on the ground on the basis of observation of radar backscatter
in the atmosphere (often several kilometres up) has traditionally been carried out using simple
power law relationships and has inherently a considerable uncertainty associated with it. The
power law Z-R relationship is defined as Z = AR?, where A and b are constants depending on
the precipitation type and essentially the drop size distribution, Z is the radar reflectivity
factor and R is the precipitation rate. The reflectivity factor Z is computed from the
reflectivity dBZ as follows: Z = 109B%/10, The precipitation type and the drop size
distribution are unknown to the weather radar, and the assumptions about these, which must
be made, contributes significantly to the uncertainty of the precipitation rate estimates.
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Figure 7 Precipitation rate derived from the reflectivity shown in Figure 3.

The first and most well-known power law relationship is the one proposed by Marshall and
Palmer (1948) where Z = 200R*®. Many other empirical Z-R relationships have been
proposed to accommodate to the predominant climatic characteristics of precipitation around
the world. Figure 8 shows the large span of Z-R-values that the choice of Z-R relationship
gives rise to. Uijlenhoet (2001) here illustrates the mean and envelope of 69 empirical Z-R
relationships documented by Battan (1973). Notice the logarithmic scale of rain rate and
hence the large uncertainties in deriving rain rate using Z-R relationships.

12



rain rate, R (mm h_l)
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Figure 8 The average of 69 empirical Z-R relationships (bold line) and their envelope (thin lines). The Marshal-
Palmer relation is shown in bold dashed line for reference. After Uijlenhoet (2001).

In this project, the precipitation rates were computed using the standard Marshall-Palmer
relation. It should be noted that the uncertainty imposed by the choice of Z-R relationship
affects the precipitation rates. However, the spatial distribution pattern of precipitation, as
well as the temporal evolution, is not affected by the choice of Z-R relationship. The
geographical and temporal localization of precipitation is very well captured by the weather
radar system, and thus also the deposition pattern based on the use of radar data by an
atmospheric dispersion model.

Future: Calibration with rain gauge monitoring network

An improved method for deriving precipitation rate from radar reflectivity is to combine the
radar data with observations of precipitation rate by ground-based rain gauges. This
potentially lowers the uncertainties of weather-radar derived quantitative precipitation
estimates and removes the assumption of a certain Z-R relationship (drop size distribution). A
dense network of rain gauges is preferred and the method is commonly used for deriving
accumulated precipitation over longer time periods, typically 24 hours.
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Meteorological ensemble prediction

The DMI meteorological Ensemble Prediction System (DMI-EPS), which is currently based
on the HIRLAM numerical weather prediction (NWP) model, involves 25 ensemble
members. The horizontal resolution is 0.05°, corresponding to approximately 5.5 km, and
vertically the model has 40 layers from the surface up to 10 hPa (approximately 30 km above
the sea surface). The ensemble HIRLAM model is nested into ECMWF's global model. For
the geographical coverage, see Figure 9.

L
5

P

Figure 9 Geographic domain covered by DMI-EPS.

Meteorological forecast uncertainties arise from uncertainties in the initial and lateral
boundary conditions and from model short-comings, particularly short-comings associated
with parameterization of physical processes that take place on spatial scales that cannot be
represented explicitly in the model. The initial condition uncertainty is assumed to be
comparable to the forecast error for short (6—18h) forecasts, and so perturbations proportional
to the forecast error are added to or subtracted from the initial conditions (Hou et al., 2001).
This approach is easily implemented, it can be generalized to also account for uncertainties in
the lateral boundary conditions, it does not require input from a global ensemble prediction
system, and the results are satisfactory compared to other, more advanced methods (Garcia-
Moya et al., 2011). The main drawback is that the number of perturbations is limited.
Therefore, the initial condition perturbations are combined with model perturbations:
13 ensemble members use the STRACO cloud scheme (Sass, 2002), while the remaining
12 members use the Kain-Fritsch/Rasch-Kristjansson scheme (Kain, 2004; Rasch and
Kristjansson, 1998), and in 13 members the total contribution from all physical
parameterizations is perturbed stochastically (Feddersen, 2009) in order to represent the
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otherwise unaccounted for uncertainty in the parameterizations, similarly to what has been
done for ECMWF's ensemble prediction system for many years (Buizza et al., 1999).

DMI's ensemble prediction system has been running operationally since April 2011. For
short-range forecasts, i.e. up to two days in advance, the main uncertainties are those
associated with clouds and convection, and so the main application of DMI-EPS has been to
provide forecasters at DMI with a tool to predict the risk of severe precipitation events (rain
or snow) 12 to 36 hours in advance. After an upgrade in 2016, the perturbations were
modified in order to increase the spread in wind speed which should reflect uncertainty in
wind predictions better.

15



Meteorological case studies

Four meteorological scenarios have been selected with either stratiform (frontal) or
convective precipitation well covered by the DMI weather radar system consisting of five
radars. The DMI ensemble prediction system has been applied to these cases, both with an
initial 54 hour forecast series, and covered by six-hourly analyses with hourly forecasts in
between. In addition, the corresponding instantaneous precipitation intensity fields are derived
from the measured radar reflectivity, see appendix C.

Both the numerical weather prediction ensemble data and the radar-estimated precipitation
intensities are made available to the RIMPUFF short-range atmospheric dispersion model.

1 March 2016

At the beginning of the release from Brokdorf (at 12 UTC) the wind is southerly and a band
of precipitation is moving eastwards from the North Sea as illustrated in Figure 10. The
meteogram shown in Figure 11 shows the time evolution for Karup in Central Jutland,
including the forecast uncertainty as represented by the 25 ensemble members. We note that
the precipitation starts as snow, and that the strong southerly wind weakens and for a while
turns westerly before returning to a south-southeasterly direction again.

Precipitation, 850hP0 wmd MSLP 2016030112+6h

0.1 0.5 1 2 5 10 20 50
Figure 10 Ensemble mean of 6 hour forecast of hourly precipitation in mm (shaded), wind at 850 hPa (barbs)

and mean sea level pressure (MSLP; red contours). Individual MSLP ensemble members (brown contours
around every other red contour) illustrate the forecast uncertainty.
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Figure 11 Meteogram showing ensemble forecast for Karup. Top: Precipitation, where each member at every
forecast hour is shown as a vertical line (blue for snow, green for total snow + rain). Middle: Wind speed at 10 m
above ground (light blue shows “outer half” of the members; darker blue shows "inner half" of the members;
darkest blue shows the median). Bottom: Wind roses, indicating the wind direction for each ensemble member.
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28 March 2016

A low pressure system moves northwards west of Jutland (Figure 12). Associated with it is
some intense rain in southern parts of Denmark which is only partly captured by the ensemble
forecast. The wind direction is southerly at the time of the release from Brokdorf. Later it
turns south-westerly as illustrated in the meteogram for Skrydstrup in southern Jutland
(Figure 13).

Figure 12 As Figure 10, but for a 12 h forecast from 0 UTC, 28 March.
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Figure 13 As Figure 11, but for Skrydstrup for the forecast from 0 UTC, 28 March 2016.

19



27 April 2016

A low is situated over southern Denmark (Figure 14). It is filled during the forecast, and the
wind weakens. There are several showers associated with this low. This is also seen in the
meteogram for Karup (Figure 15) where the precipitation panel should be interpreted as a risk
of rain every hour for the first 30 hours, not as rain continuously every hour.

Precipitation, 850hPa wind, MSLP 2016042712+3h

B

Figure 14 As Figure 10, but for a 3 h forecast from 12 UTC, 27 April 2016.
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Initial time: 2016042712 Station: 06060 Karup. 25 members
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Figure 15 As Figure 11 for the forecast from 12 UTC, 27 April 2016.
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29 April 2016
A front with rain moves from west to east over Jutland (Figure 16) and back again during the
first 30 hours of the forecast. The wind is southerly in the first part of the forecast, then

weakens, and the direction becomes quite uncertain (Figure 17).

Figure 16 As Figure 10, but for a 6 h forecast from 6 UTC, 29 April 2016.
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Source term

The source term used as input to the atmospheric dispersion modelling is called FKA and is
taken from a German nuclear reactor accident study published by Lo6ffler et al. (2010). It
describes a severe long lasting release to the environment.

A number of reactor events, in both German PWR and BWR, could lead to the severe FKA
source terms with a PSA probability in the order of one per one million year. FKA for PWR
can be characterised by the following: time to release 21h, release duration 50 h,
approximately 9% of the Cs-isotopes, 8% of the I-isotopes and 25% of the Xe-isotopes are
released. FKA for BWR is in the same order of magnitude, but with a shorter time interval to
release. It should also be noted that the release duration for FKA is limited by the calculation
time of the source term code and will in reality probably last considerably longer. Bundesamt
fur Strahlenschutz (BfS) in Germany has used the FKA source term for estimating
interventions areas.

The source term was selected because a long-lasting release will increase the probability for
precipitation to coincide with the plume. Secondly, the release is a credible worst case
scenario resulting in a more probable fallout situation. Since MESO only looks at deposition
and concentration fields, and not human doses, two nuclides are sufficient, and in the present
study only Cs-137 and 1-131 were used for the dispersion modelling. However, the original
source term contain 25 nuclides. The release rate as a function of time is shown in Figure 18.
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Figure 18 Release (Bg/hour) of Cs-137 and 1-131 as function of time (hour).
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Atmospheric dispersion modelling

The short-range atmospheric dispersion model RIMPUFF has been run for the source term
described above and applied to either the Brokdorf or the Ringhals nuclear power plant. For
each of the selected meteorological cases considered, RIMPUFF has been run for each
member of the meteorological ensemble thereby forming a statistical ensemble of dispersion
model predictions of the same release scenario. By using the methodology developed in the
MUD project (Serensen et al., 2014), and described in brief in the section below, the inherent
meteorological uncertainties of the dispersion predictions have subsequently been
quantitatively estimated based on the distribution of the dispersion model ensemble.

The RIMPUFF model has been run both in forecast and in hindcast mode, the latter based on
analysed NWP model data using either the NWP model calculated precipitation rates or radar
precipitation estimates.

For comparison, also the long-range model DERMA has been applied to the same cases.

Ensemble statistics for atmospheric dispersion modelling

The calculation and display of probabilities for exceeding a threshold level constitutes a
means for presenting uncertainties associated with atmospheric dispersion modelling. For
simplicity consider e.g. the total deposition of a single radionuclide a given time after the start
of the release. The probabilities (also known as the ATL, cf. Galmarini et al. (2004)) are
obtained from the ensemble of atmospheric dispersion calculations as

1
P =5 ) o - o)
i=1,..,N
where i denotes ensemble members, ¢ the physical quantity (here total deposition), r the
geographical location and t the time. The function 9 denotes the Heaviside step function, and
cr is the threshold value for the physical quantity.

The method may readily be expanded to include not only atmospheric dispersion uncertainties
but also uncertainties associated with e.g. source term variations, in which case the parameters
are drawn from statistical ensembles associated with these variables.

A different approach to presenting the uncertainties associated with atmospheric dispersion
modelling is to display the maximum, minimum and average influence areas. The maximum
deposition is given by

Conax (1h 1) = i gaxN ci(r,t),

Similarly, the average is given by

1
Cavr(r' t) = N Z Ci(r' t)-
i=1,..,.N
This maximum, c,,.x, can be used to estimate the geographical area which could possibly be
influenced according to the ensemble. However, it is not a solution to governing equations,
e.g. it is not conserving mass. Therefore, the quantity should be seen as a statistical measure.

Maximum plots are influenced by outliers in the tail of the distributions, and they are
therefore in fact often based on only few ensemble members. This makes these plots sensitive
to the inclusion of more ensemble members and generally uncertain. Instead, a low and a high
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percentile, e.g. 10% and 90%, together with the mean or median are more appropriate for
decision making purposes. The percentiles are more robust than e.g. maximum values, and the
approach could also be expanded to include uncertainties of e.g. source term variation.

Short-range model RIMPUFF

RIMPUFF (RIsg Mesoscala PUFF model), (Mikkelsen and Larsen, 1984; Thykier-Nielsen et
al., 1999), models the release to and transport within the atmosphere of radioactive isotopes,
chemicals, and biological agents. Instead of a continuous release forming a plume RIMPUFF
releases the material in a series of discrete puffs, thereby easing the modelling of the time
dependency. The concentration distribution within the puffs is set as Gaussian with separate
standard deviations horizontally and vertically. Wind and other atmospheric conditions are
read from specially formatted NWP model data, in this case HIRLAM data, and/or from mast
data, all of which are interpolated and processed by a meteorological pre-processor
(Mikkelsen and Desiato, 1993) using similarity theory (van Ulden and Holtslag, 1985) to give
the wind profile and the stability measures friction velocity and Monin-Obukhov length plus
the atmospheric boundary layer height at all points of the actual calculation grid. The puffs
are transported by the local wind at their centre and they grow due to the local turbulence, this
growth primarily based on the work of Carruthers (1992), but a Karlsruhe-Jilich scheme
based growth model can also be selected. Puff rise due to excessive heat of the release — i.e.
the temperature of the release is higher than that of the surrounding air — is modelled
following Macdonald (2003) who refers to Briggs (1975), and there is also a model included
for puff rise due to puff growth. Release of radioactive isotopes trigs a decay chain model
(Hgjerup, 1976) and two gamma dose rate models, a rather sophisticated one for the radiation
impact on ground level due to the puffs (Thykier-Nielsen et al., 1993), and a simpler semi-
infinite model for that of the deposited material. Aerosol and lodine deposition is modelled
following Gering et al. (2002), heavier particles deposit due to their free fall.

RIMPUFF forms an integral part of the decision support systems for nuclear emergencies:
RODOS (Karlsruhe Institute of Technology, 2015) and ARGOS (PDC-ARGOQS), the latter
system also used for chemical and biological releases to the atmosphere. Further it is used
within the Food and Mouth preparedness system in Denmark.

Long-range model DERMA

The Danish Emergency Response Model of the Atmosphere (DERMA) (Sgrensen et al.,
2007; Serensen, 1998) is a comprehensive numerical regional and meso-scale atmospheric
dispersion model developed at the Danish Meteorological Institute (DMI). The model is used
operationally for the Danish nuclear emergency preparedness, for which the Danish
Emergency Management Agency (DEMA) is responsible (Hoe et al., 2002). Besides, the
model is employed for veterinary emergency preparedness (Sgrensen et al., 2000; 2001,
Mikkelsen et al., 2003; Gloster et al., 2010a; 2010b), where it is used for assessment of
airborne spread of animal diseases, e.g. foot-and-mouth disease. DERMA may also be used to
simulate atmospheric dispersion of chemical substances, biological warfare agents and ashes
from volcanic eruptions, and it has been employed for probabilistic nuclear risk assessment
(Lauritzen et al., 2006; 2007; Baklanov et al., 2003; Mahura et al., 2003; 2005).

The main objective of DERMA is to predict the dispersion of a radioactive plume and the
accompanied deposition. However, the model may also be used in situations where an
increased level of radioactivity has been measured but no information is received on
radioactive releases. In such cases, inverse (adjoint) modelling may be applied whereby
potential sources of radioactivity may be localised and release rates estimated.
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The three-dimensional model is of Lagrangian type making use of a hybrid stochastic
particle-puff diffusion description, and it is currently capable of describing plumes at
downwind distances up to the global scale (Sgrensen et al., 1998). The model utilizes aerosol
size dependent dry and wet deposition parameterisations as described by Baklanov and
Sgrensen (2001).

Currently, DERMA makes use of analysed and forecasted meteorological data from the
numerical weather prediction model DMI-HIRLAM covering Denmark, Greenland and the
Faeroes (Sass et al., 2002) and from the global model developed and operated by the
European Centre for Medium-range Weather Forecasts (ECMWF).

DERMA is interfaced with the Accident Reporting and Guidance Operational System
(ARGOS) (Hoe et al., 1999; 2002), a PC based nuclear decision-support system developed by
DEMA and the Prolog Development Center A/S (PDC). The integration of DERMA with the
ARGOS system is effectuated through automated online digital communication and exchange
of data between the ARGOS system and the DMI High Performance Computing (HPC)
facility.

Case studies

The RIMPUFF model has been implemented at the DMI supercomputer, and with the selected
accidental release scenario RIMPUFF is applied to each member of the meteorological
ensembles corresponding to the meteorological cases. The methodology of calculating and
presenting uncertainties, developed in course of the NKS-B projects MUD and FAUNA, has
been applied to the short-range dispersion model results. Furthermore, for the same cases,
RIMPUFF has been applied in hindcast mode in two versions, one includes the use of weather
radar data in combination with NWP model data, the other is based on pure NWP model data.

Figure 19-Figure 22 below concern prediction of accumulated deposition of Cs-137 valid at
2016-03-03, 12 UTC. The release begins at 2016-03-01, 12 UTC.

Figure 23 and Figure 24 concern prediction of time-integrated concentration of 1-131 valid at
2016-04-29, 12 UTC. The release begins at 2016-04-27, 12 UTC.

In appendices A and B, comprehensive sets of figures are presented corresponding to the four
selected meteorological cases. Results are here given for the short-range dispersion model
RIMPUFF based on both forecast and analysed NWP model data as well as analysed NWP
model data together with weather radar data. Results are also given for the long-range
dispersion model DERMA based on both forecast and analysed NWP model data.

In appendix C, time series are given of the instantaneous precipitation rate, as derived from
the measured radar reflectivity, for the four meteorological scenarios selected.
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Figure 19 RIMPUFF prediction based on 48 hour forecast NWP model data.
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Figure 20 RIMPUFF prediction based on analysed NWP model data.

28




)

2y

B0 600 e 209 750

ey

1000

frey

1000

100

100

100

Prob. exceeding 10° Bg/m®

Prob. exceeding 10° Bg/m?

Prob. exceeding 10* Bg/m?

Figure 21 RIMPUFF prediction based on analysed NWP model data and weather radar estimated precipitation.
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Figure 22 DERMA prediction based on analysed NWP model data.
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Figure 23 RIMPUFF prediction based on analysed NWP model data.
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Figure 24 RIMPUFF prediction based on analysed NWP model data and weather radar estimated precipitation.
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Discussion and conclusions

In the MUD and FAUNA projects (Sgrensen et al., 2014; 2016), the influence of
meteorological uncertainty of NWP model data on atmospheric dispersion modelling was
studied at the long-range scale (from about 10 km from source and up to the global scale.
Depending on the weather scenario, differences between a low and a large percentile of
concentration and deposition values could be up to one or two orders of magnitude
corresponding to an uncertainty of a factor of three to five. One of the questions that the
MESO project aimed at answering was if this applies also at short range (from about 2 to
100 km from the source)?

In brief, the results of MESO show that there is a large influence of NWP model uncertainty
on atmospheric dispersion also at short range, even close in at the kilometre scale (the near
range). The variability is, however, less than at long range. Expressed as a factor,
uncertainties of a factor of two to three can easily be observed at short range.

As expected, the short-range model RIMPUFF and the long-range model DERMA differ from
about 100 km from source and beyond. Closer to the source, from zero to 50 km, we also see
differences with RIMPUFF in general providing larger localised concentration and deposition
values than DERMA.

In addition to studying how the uncertainty of NWP model data affects short-range
atmospheric dispersion, the effect of using weather-radar estimated precipitation instead of
model estimates is considered for wet deposition modelling. In general, the result is that this
effect is smaller than that of the NWP model data for the meteorological cases considered.
However, in other cases with well localised intense rainfalls, which are in general not well
predicted by NWP models, one might observe larger effects.

Using weather-radar estimated precipitation intensities is an improvement compared with
pure model precipitation. However, as described in the present report there are also a number
of sources of uncertainty and potential errors when using radar data. A future radar product in
which the estimated precipitation intensities are calibrated with real-time data of a monitoring
network of rain gauges may well improve the situation.

There is a large benefit for nuclear emergency preparedness and management from taking into
account the meteorological uncertainties. By including the meteorological uncertainties in the
decision process, the risk of making decisions based on an incorrect prediction of the
dispersion is much reduced. In other words, by assessing the uncertainties a more
comprehensive basis for the decision making is provided.

However, the use of quantitative uncertainty estimates requires education and training of
emergency response staff, and careful communication between experts and decision makers.

Ensemble modelling is the future of numerical weather prediction, and as shown there are
large effects also for atmospheric dispersion prediction. Therefore, application of the
methodology developed in MUD should be introduced in nuclear decision support systems in
the near future.

There is an additional source of uncertainty for nuclear emergency management, namely that
of the source term, i.e. the temporal evolution of the release of the various different
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radionuclides from a nuclear accident. This, often quite large uncertainty, interferes with the
meteorological uncertainty, and it will be important to quantify the combined uncertainty.
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Appendix A

Short-range dispersion results

Release from Brokdorf NPP starting at 12 UTC on 2016-03-01
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Figure 25 RIMPUFF prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-03-03, 12 UTC,
based on 48 hour forecast NWP model data. Release begins at 2016-03-01, 12 UTC.
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Figure 26 RIMPUFF prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-03-03, 12 UTC,
based on analysed NWP model data. Release begins at 2016-03-01, 12 UTC.
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Figure 27 RIMPUFF prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-03-03, 12 UTC,
based on analysed NWP model data and weather radar estimated precipitation. Release begins at 2016-03-01,

12 UTC.
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Release from Brokdorf NPP starting at 00 UTC on 2016-03-28
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Figure 28 RIMPUFF prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-03-30, 00 UTC,
based on 48 hour forecast NWP model data. Release begins at 2016-03-28, 00 UTC.
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Figure 29 RIMPUFF prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-03-30, 00 UTC,
based on analysed NWP model data. Release begins at 2016-03-28, 00 UTC.
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Figure 30 RIMPUFF prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-03-30, 00 UTC,
based on analysed NWP model data and weather radar estimated precipitation. Release begins at 2016-03-28,

00 UTC.

42




Release from Ringhals NPP starting at 12 UTC on 2016-04-27
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Figure 31 RIMPUFF prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-04-29, 12 UTC,
based on 48 hour forecast NWP model data. Release begins at 2016-04-27, 12 UTC.
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Figure 32 RIMPUFF prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-04-29, 12 UTC,
based on analysed NWP model data. Release begins at 2016-04-27, 12 UTC.
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Figure 33 RIMPUFF prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-04-29, 12 UTC,
based on analysed NWP model data and weather radar estimated precipitation. Release begins at 2016-04-27,
12 UTC.
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Release from Brokdorf NPP starting at 06 UTC on 2016-04-29
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Figure 34 RIMPUFF prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-05-01, 06 UTC,
based on 48 hour forecast NWP model data. Release begins at 2016-04-29, 06 UTC.
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Figure 35 RIMPUFF prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-05-01, 06 UTC,
based on analysed NWP model data. Release begins at 2016-04-29, 06 UTC.
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Figure 36 RIMPUFF prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-05-01, 06 UTC,
based on analysed NWP model data and weather radar estimated precipitation. Release begins at 2016-04-29,

06 UTC.
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Appendix B

Long-range dispersion results

Release from Brokdorf NPP starting at 12 UTC on 2016-03-01
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Figure 37 DERMA prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-03-03, 12 UTC,
based on 48 hour forecast NWP model data. Release begins at 2016-03-01, 12 UTC.
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Figure 38 DERMA prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-03-03, 12 UTC,
based on analysed NWP model data. Release begins at 2016-03-01, 12 UTC.
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Release from Brokdorf NPP starting at 00 UTC on 2016-03-28
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Figure 39 DERMA prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-03-30, 00 UTC,
based on 48 hour forecast NWP model data. Release begins at 2016-03-28, 00 UTC.
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Figure 40 DERMA prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-03-30, 00 UTC,
based on analysed NWP model data. Release begins at 2016-03-28, 00 UTC.
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Release from Ringhals NPP starting at 12 UTC on 2016-04-27
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Figure 41 DERMA prediction of accumulated deposition (Bq/m?) of Cs-137 valid at 2016-04-29, 12 UTC,
based on 48 hour forecast NWP model data. Release begins at 2016-04-27, 12 UTC.
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Figure 42 DERMA prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-04-29, 12 UTC,
based on analysed NWP model data. Release begins at 2016-04-27, 12 UTC.
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Release from Brokdorf NPP starting at 06 UTC on 2016-04-29
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Figure 43 DERMA prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-05-01, 06 UTC,
based on 48 hour forecast NWP model data. Release begins at 2016-04-29, 06 UTC.
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Figure 44 DERMA prediction of accumulated deposition (Bg/m?) of Cs-137 valid at 2016-05-01, 06 UTC,
based on analysed NWP model data. Release begins at 2016-04-29, 06 UTC.
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Appendix C

Radar estimated instantaneous precipitation rates
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Figure 45 Radar estimated precipitation rates (mm/hour) shown each six hours in the 48 hour period starting at
2016-03-01, 12 UTC.
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Figure 46 Radar estimated precipitation rates (mm/hour) shown each six hours in the 48 hour period starting at
2016-03-28, 00 UTC.
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Figure 47 Radar estimated precipitation rates (mm/hour) shown each six hours in the 48 hour period starting at

2016-04-27, 12 UTC.
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Figure 48 Radar estimated precipitation rates (mm/hour) shown each six hours in the 48 hour period starting at

2016-04-29, 06 UTC.
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As shown by the MUD and FAUNA projects, the influence of
meteorological uncertainties on long-range atmospheric dispersion
calculations can be large depending on the weather situation, with
significant implications for nuclear emergency preparedness and
decision making. The question that the MESO project has answered
IS to what extent this also applies to short-range dispersion models
employed up to, say, a hundred kilometres from the source.

The assessment of such uncertainties is facilitated by recent
developments in numerical weather prediction modelling through the
use of ensemble methodology. Currently, the computer resource
demanding procedures are being implemented at a number of
national weather services, thereby enabling future operational
quantitative calculation of uncertainties of concentration and
deposition patterns from accidental releases of radionuclides.
Thereby, a more comprehensive basis for the decision making is
provided.

Short-range atmospheric dispersion models differ from long-range
models not only by the use of finer resolution terrain and land-use
data, but also by the fact that short-range models may utilize weather
radar data for simulation of wet deposition of radionuclides.
Obviously, observational data, e.g. from radars, can be used only for
hindcasting, but these data, which are expected to represent the
precipitation intensity more accurately than model data, are useful
for nuclear emergency preparedness in the period of time until
radiological monitoring data have become available. However, there
are a number of uncertainties and potential errors associated with
such use of weather radar data.

Thus, the MESO project had two work packages: one devoted to the
study of uncertainties of short-range atmospheric dispersion
forecasting involving the use of meteorological model data only, the
other focusing on hindcasting including the combined use of model
data and weather radar data.

nuclear emergency preparedness, short range atmospheric dispersion

model, meteorology, uncertainty, ensemble prediction, weather radar
estimated precipitation rate
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