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The purpose of the operationally oriented system named the Context and Scale Oriented
Thunderstorm Satellite Predictors Development (COALITION) is automatically to detect
severe thunderstorms early in their development and consequently help weather forecasters
to increase lead times when issuing severe weather warnings. This new object-oriented
system integrates data provided by different sources. Data from the Meteosat Second
Generation Rapid Scan Service, weather radar and numerical weather prediction, as well as
climatology, are utilized by the system. One of its primary purposes is to use all the best
operationally available information about convective processes and to integrate it into a
heuristic model. Furthermore the orographic forcing, which is often neglected in heuristic
nowcasting models, is taken into account and included in the system as an additional
convective triggering mechanism. This is particularly important for areas characterized by
complex orography like the Alpine region. The COALITION algorithm merges evolving
thunderstorm properties with selected predictors. The forecast evolution of the storm is the
result of the interaction between convective signatures and surrounding storm environment.
Eight different ‘object-environment’ interactions are analyzed in eight modules, providing
ensemble nowcasts of thunderstorm attributes (satellite- and radar-based) for the following
60 min. All ensemble nowcasts are then combined through a weighting and thresholding
scheme and the results are summarized into a single graphical map in order to facilitate user
interpretation. The COALITION nowcast system has an update frequency of 5 min. The
output highlights the cells having a high probability of severe thunderstorm development
within the next 30 min. Verification statistics confirm that COALITION is able to nowcast
the intensity of developing convective cells with sufficient skill up to a lead time of about
20 min.
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1. Introduction troposphere or on derived indices, considering synoptic forcing

as well. Low-level and mid-level moisture, thermodynamic insta-

This article describes the Context and Scale Oriented Thunder-
storm Satellite Predictors Development (COALITION) system,
an application providing cell-based 0—60 min nowcasts of thun-
derstorm severity. The application can be classified as belonging
to a group of ‘expert systems’ and has been tested at MeteoSwiss
since May 2012. Since May 2013, COALITION has been used
operationally.

The basic physical mechanisms governing severe thunder-
storms are relatively well understood (e.g. Rosenfeld and Wood-
ley, 2000; Doswell, 2001). Usually, convection forecasts rely
mainly on the analysis of temperature and humidity profiles of the
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bility and kinematic parameters like 3—6 km wind shear are key
convective predictors for the Alpine region (Huntrieser et al.,
1996). Nevertheless, thunderstorms are governed by processes
that range from the synoptic to the microphysical scale and are
considered one of the most challenging and difficult weather
phenomena to predict, especially in the context of operational
weather forecasting. Moreover, they pose serious hazards to soci-
ety and the economy. For example, it is estimated that on average
between 50% and 80% of all weather-related damage in Switzer-
land is caused by strong thunderstorms (Hilker ez al., 2010). Hail,
flash floods and severe wind gusts are the main causes.

Forecast verification is necessary for improving thunderstorm
forecasting, yet observational networks resolve convective
phenomena poorly at spatial and temporal scales down to
10-100 m and 1 min. Since the MeteoSwiss operational weather
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prediction model (COSMO2-CH: http://cosmo-model.org/)
operates with lower resolution, deep convection is treated
explicitly only on a 2.2 km horizontal scale and shallow convection
is parametrized. Numerical weather predication (NWP) models
face major limitations in resolving the dominant nonlinear
processes and the characteristically strong gradients associated
with thunderstorms adequately (e.g. Weisman, 1997; Bryan et
al., 2003; Kain et al., 2008). Nowcasting and very short-range
forecasting techniques still remain the most skilful forecasting
tools for strong convection at adequate temporal and spatial
resolution. Remote sensing observations and imagery can reveal
specific features at various scales and stages of the thunderstorm
life cycle to help improve nowcasting skill. Typically, the
thunderstorm life cycle can be subdivided into five main steps
(Mecikalski et al., 2012).

(1) The pre-convective stage (‘clear air’), where dry convective
processes take place caused by solar heating of the boundary
layer, low-level advection of warm air and/or low-level
convergence.

The convective initiation stage, where shallow moist
convective processes take place and cloud formation begins
(e.g. cumulus humilis and mediocris). Typically, in this
phase, only warm cloud processes take place.

The deep convection stage, where deep moist convection
takes place, clouds develop to higher altitudes (e.g. towering
cumulus) and cloud glaciation processes initiate.

The mature stage, when the thunderstorm reaches its
maximum intensity. Updraughts feed the storm with warm
moist air and the downdraught begins to form due to the
fallout of precipitation and subsequent evaporative cooling
of low-level air, known as the cold pool.

The dissipating stage, when the storm’s cold pool stabilizes
its environment and updraught formation consequently
ceases as precipitation gradually tapers off.

(2)

(3)

(4)

(5)

For over halfa century, anumber of applications for diagnosing,
monitoring and nowcasting convective storms have been
developed. In the 1950s, the first attempts to track precipitation
echoes and to extrapolate their future position were developed by
analyzing consecutive radar images (Ligda, 1953). Fujita (1968)
later developed a cloud-motion extrapolation technique using
satellite imagery. Since the 1990s, many applications focusing
mainly on the analysis of real-time radar products have been
developed (e.g. Dixon and Wiener, 1993; Steinacker et al., 2000
Mecklenburg et al., 2000; Lang, 2001; Handwerker, 2002; Hering
et al., 2004; Kober and Tafferner, 2009). The main advantage
of radar-based systems is that the most active part of the
thunderstorm can be identified and analyzed using reflectivity
information and the spatial and temporal resolution is generally
superior to that of satellite imagery. Radar-based nowcasting
techniques that detect, classify and extrapolate the position of
convective cells (based on Lagrangian persistence) for the next
5-30 min usually perform well and satisfy the needs of operational
forecasters. Nevertheless, radar-based techniques are unable to
identify convection in its early stages (shallow convection and
initial stages of deep convective processes) due to the lack of radar
echo and are often not able to detect thunderstorm initiation and
forecast thunderstorm motion before the storm approaches its
mature stage.

Other supplemental data, such as satellite imagery, can help to
improve thunderstorm detection during its earliest stages. In the
past decade, many satellite-based applications or multisensor
approaches have been developed to improve nowcasting at
various stages of the thunderstorm’s life cycle. Studies of the
pre-convective environment (e.g. Martinez et al., 2007; Koenig
and De Coning, 2009; Goodman et al., 2012), the convective
initiation phase (e.g. Mecikalski and Bedka, 2006; Mecikalski et
al., 2008, 2010, 2013) and the mature stage (e.g. Setvék et al.,
2003; Rosenfeld and Woodley, 2000; Schulz et al., 2009; Bedka et
al., 2010) have been presented. Some applications, in particular
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multisensor ones, have the ability to cover more than a single
phase (e.g. Pierce et al., 2000; Mueller et al., 2003; Puca et al., 2005;
Zinner et al., 2008; Autonés, 2012). These ‘expert systems’ have
greatly improved our ability to detect the location of convective
cells and to estimate their magnitudes at different stages.

Despite these recent improvements in nowcasting, thunder-
storms are heavily affected by nonlinear and chaotic processes. For
this reason, the convection intensity nowcasts remain notoriously
challenging. Nowadays a satisfying modelling of the convec-
tive processes is still prohibitive. One of the reasons is that the
predictability of these processes is partially limited intrinsically,
because of their chaotic nature. Particularly in regions with com-
plex orography like the Alps, heuristic nowcasting models, which
are implicitly based on conservation assumptions like Lagrangian
persistence, often fail (Mandapaka et al., 2011). Mountain chains
play a crucial role by driving the conditions at the boundary
layer and convective features can be triggered, strengthened or
weakened by orographic forcing (Barthlott et al., 2005; Kottmeier
et al., 2008; Davolio et al., 2009). Furthermore, the foothills of
the Alpine chain represent one of the regions in Europe where
thunderstorm initiation is most likely to happen (Collier and Lil-
ley, 1994; Huntrieser et al., 1996). Thus, nowcasting systems for
regions with complex orography should account for orographic
influence as well as a multiple-sensor technique.

COALITION is focused on the Alpine region in central Europe.
Typically, the thunderstorms in this area are affected by strong
orographic forcing coupled with moderate synoptic-scale forcing.
According to a climatology study performed in the framework of
the Convective and Orographically-induced Precipitation Study
field experiment (COPS: Wulfmeyer et al., 2008; Craig et al., 2012)
and other studies presented by further authors (e.g. Huntrieser et
al., 1996), thunderstorms over the Alpine chain can be classified
into four different types.

(1) Airmass convection: characterized by isolated, stationary
convection, generally in the case of uniform pressure con-
ditions and missing upper-level forcing. Local instability,
combined with low-level convergence or another trigger-
ing mechanism produced by solar radiation and thermal
circulation, results in short-lived deep convective cells.
Forced non-frontal convection: when synoptic-scale,
upper-level disturbances cause widespread fast-moving
convection. Surface fronts are missing, but often low-level
flow convergence and orographic forcing are important for
storm initiation.

Forced prefrontal convection: found ahead of approaching
cold fronts, where the low-level flow often converges
along terrain-locked quasi-stationary prefrontal bands.
Prefrontal convection is often characterized by strong,
regenerating deep convective cells and echo training in
specific areas within the pre-Alpine region. In these cases,
rapidly moving convective cells tend to initiate over
the western pre-Alpine and Jura areas. In some cases,
if the environment is favourable, the convection may
become organized into supercellular thunderstorms and/or
mesoscale convective systems (MCS).

Forced frontal convection: results from deep convective
processes along surface cold fronts, dominated and driven
by synoptic-scale forcing. In these cases the convective
precipitation is often embedded within stratiform and
orographic precipitation.

(2)

3

=

(4

~

1.1.  Objectives

The goal of COALITION is to provide early identification
of potentially severe thunderstorms in terms of intensity and
location by rapidly combining and modelling the available
predictors. Through a similar ‘ingredient-based’ approach
(Doswell et al., 1996) and a new methodology derived from
the physics of general dynamic systems, COALITION integrates
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and models the best operationally available information about
convective cells and their surrounding environment. The aim
is to provide convection intensity nowcasts for 60 min. The
output updates frequently, every 5min, and the cells having a
high probability of becoming severe in the next 15-30 min are
highlighted.

This nowcasting product is intended to support weather
forecasters in the decision-making process for issuing severe
thunderstorm warnings. The user community is very interested
in new methods aimed at improving the accuracy and increasing
the lead time of severe storm warnings. One of the basic goals
is to understand the end users’ needs and to provide them with
reliable, easy-to-use, high-quality information in real time.

1.2.  Outline

This article is organized into the following sections. The acqui-
sition of remote sensing data and environmental information,
which are processed and ingested into the algorithm, and their
spatial and temporal resolution characteristics are described
in section 2. The configuration of the COALITION model is
described in detail in section 3, illustrating the eight different
modules modelling thunderstorm intensity parameters with con-
vective environmental information. In section 4, the selection of
the case studies and a show case are presented. Then, in section 5,
after the description of the forecast verification methodology and
the presentation of the skill scores used to evaluate the system,
the verification statistics of the COALITION model are described
and evaluated. Finally, we conclude and summarize the results of
our study in section 6.

2. Datasets

The algorithm ingests data obtained from five different sources:
geostationary meteorological satellites, weather radars, numerical
weather prediction models, climatology and digital terrain
information (Figure 1).

The ingested products can be subdivided into three groups (see
Table 1):

L. Nisi et al.

(1) Primary products. Represent the algorithm’s basic data. If
one or more of these products is not available, the algorithm
cannot operate.

Secondary products. Increase the quality and reliability of

the results. If one of more of these products are not

available, the algorithm can still operate but in general the
output is of a lower quality.

(3) Auxiliary products. These data improve the quality of the
graphical output by visualizing the information on the
standard grid of the Swiss radar composite. If one or
more of these products is not available, the algorithm can
still be run and the output information is visualized on a
standard polar-stereographic infrared (IR 10.8 pm) image
over central Europe.

)

The spatial domain of COALITION is depicted in Figure 2. It
includes the central and western Alpine area between 43.6—49.3°N
and 2.9-12.2°E.

2.1.  Meteosat Second Generation (MSG)

The main instrument of the payload of the European Organisation
for the Exploitation of Meteorological Satellites (EUMETSAT)
geostationary satellite Meteosat (Schmetz et al., 2002) is a passive
radiometer referred to as the Spinning Enhanced Visible and
Infrared Imager (SEVIRI). This instrument has 12 spectral bands
at wavelengths between 0.4 and 13.4um with a horizontal
resolution of 3km at the satellite subpoint (SSP). The high-
resolution visible band (HRV) has a horizontal resolution of 1 km
at SSP. The temporal resolution is 5min for all 12 channels,
thanks to a scanning strategy called Rapid Scan Mode (RSS).

Several visible and infrared channels are used to compute
advanced products, which are then ingested into the COALITION
algorithm. The first product presented in this article is
SATellite Convection AnalySis and Tracking (SATCAST) or
Convective Initiation (CI). CI was originally developed for the
US Geostationary Operational Environmental Satellite (GOES:
Mecikalski and Bedka, 2006) and it was then adapted to Meteosat
Second Generation (MSG: Mecikalski et al., 2010). In order to
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Figure 1. COALITION input data for the current version of the algorithm. For acronym descriptions and product classifications, refer to Table 1.
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Table 1. COALITION real-time ingested data subdivided into three groups.
Input data Name Acronym Source Resolution Frequency
Cloud-Top Temperature CTT Satellite (MSG—RSS) 3km 5 min
Primar Cloud-Top Temperature and Height CTTH Satellite (MSG—Nowcasting SAF) 3km 5 min
Y Rapid Developing Thunderstorms RDT Satellite (MSG—Nowcasting SAF) 3km 5 min
Vertically integrated Liquid content VIL Radar (Swiss Radar Network) 1km 2.5 min
Convective Initiation CI Satellite (MSG—RSS) 3km 5 min
Seconda Convective Available Potential Energy CAPE NWP (COSMO-2 Switzerland) 2.2km 180 min
ol Lightning Climatology LC Lightning (Meteorage) 1km 1 year
Directional Slope Gradients DGRAD Digital Elevation Model 0.5km Static
Auxilia Thunderstorm Radar Tracking TRT Radar (Swiss Radar Network) 1km 5 min
y Max Echo czC Radar (Swiss Radar Network) 1 km 2.5min

For each product an abbreviation, the operational dissemination frequency and nominal resolution are presented.

b 710 km

640 km

o )

Figure 2. COALITION domain over central Europe. The algorithm is run over
an area of 640 x 710 km?.

P

identify the location of CI, three physical cloud characteristics
are investigated. Cloud-top cooling, cloud glaciation and cloud
depth are estimated using brightness temperatures from five
infrared channels (8.7, 9.7, 10.8, 12.0 and 13.4 um) and a cloud
mask product (e.g. from the EUMETSAT Meteorological Product
Extraction Facility (MPEF)). With CI, COALITION assimilates
two further advanced satellite products:

e the Cloud-Top Temperature and Height (CTTH) and
e the Rapid Developing Thunderstorm (RDT) product
(Autonés, 2012),

which were developed in the framework of the EUMETSAT Now-
casting Satellite Application Facilities (NWC—SAF) Consortium
and generated locally with the Nowcasting SAF software installed
at MeteoSwiss. These are two automatically generated meteoro-
logical products, where MSG data are combined with data from
numerical models (in our case the freezing level extracted from
the MeteoSwiss regional model COSMO-2). These products pro-
vide information about temperatures and heights of cloud tops
as well as an object-oriented identification of rapid developing
convective cells, respectively. In order to help RDT detect convec-
tive clouds at a very early stage, some default parameters (e.g. the
threshold for minimum thunderstorm cloud area and maximum
cloud-top temperature) in the Nowcasting SAF software have
been modified and regional tuning has been carried out. The
temperature of the cloud top is one of the basic parameters in
COALITION, since, as demonstrated in many studies (e.g. Zinner

(© 2013 Royal Meteorological Society

et al., 2008; Kober and Tafferner, 2009; Mecikalski et al., 2010,
2012; Roberts and Rutledge, 2003), its rate of change in time
provides an estimation of the storm updraught intensity.

2.2.  Swiss weather radar network

The algorithm also ingests the grid-based Vertically Integrated
Liquid (VIL) product provided by three ground-based C-band
polarimetric Doppler radars located in the Swiss Alps. This
productis obtained from radars performing volume-scanning and
represents the three-dimensional characteristics of precipitation
systems, with particular emphasis on the convective ones, in
a two-dimensional display (Greene ef al., 1972; Johnson et al.,
1998). VIL is represented by radar columnar reflectivity, which
is then converted into liquid water equivalent. It is a useful
indicator of short-term rainfall and intensity of convection used
in nowcasting methods (Boudevillain and Hervé, 2003). The
horizontal spatial resolution of the VIL map is 1 km x 1km and
the temporal resolution is 2.5 min.

In order to improve the quality of the graphical output of
COALITION, the Max Echo radar reflectivity product (Joss et
al., 1998) and the output of the Thunderstorm Radar Tracking
(TRT) algorithm (Hering et al., 2004; Rotach et al., 2009) are
also taken into account. Max Echo is a grid-based product, which
is retrieved using the maximum detected radar reflectivity in a
vertical column. TRT detects the position of convective cells: it
classifies them according to selected radar parameters (Hering
et al., 2004) and extrapolates their position for the next 60 min
based on Lagrangian persistence rules. TRT is very important
for COALITION, since it provides the storm’s future location
and it is used as an independent data source for the verification
of convection intensity nowcasts (see section 5). At present, the
decision process at MeteoSwiss for issuing severe thunderstorm
warnings relies mainly on TRT, which determines the intensity of
the cells according to thresholds of radar-based parameters e.g.
VIL, Echo Top 45 (dBz) and Max Echo. Once a thunderstorm
is identified as ‘severe’ or ‘moderate’ for at least two consecutive
5 min steps, a warning is issued. Hereafter, the warning lead time
will be defined as the difference between the moment when a
severe thunderstorm warning is issued and the moment of the
first detection of the thunderstorm provided by COALITION.
2.3.  Regional NWP model COSMO2-CH
The algorithm incorporates the most unstable Convective
Available Potential Energy (CAPE) indicated by COSMO2-
CH forecasts. COSMO2-CH is a non-hydrostatic, regional,
high-resolution model (2.2 km) operated by MeteoSwiss. CAPE
represents an integral value of the available convective potential
in the troposphere and therefore it is a robust indicator, used
for determining the potential of convective intensity (Emanuel,
1994).

Q. J. R. Meteorol. Soc. 140: 1684—1699 (2014)
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Figure 3. Average number of CG strokes per square kilometre in the Alpine area
calculated with a data period of 10years (2000-2010). [Correction added on
26 June 2014 after original online publication: the scale for Figure 3 has been
amended to ‘number of CG strokes per year per km?’.]

2.4.  Lightning climatology

Lightning data provided by the Meteorage—European Corpora-
tion for Lightning Detection (EUCLID) network are included
in COALITION. Positive and negative Cloud to Ground strokes
(CG) over the Alpine area over a period of 10 years (2000—2010)
are used to build a climatological database. This product, referred
to in this article as Lightning Climatology (LC), provides a yearly
average number of CG strokes per square kilometre. As illus-
trated in Figure 3, this climatological stroke frequency correlates
strongly with the orography. This correlation has been already
documented by several studies, where lightning data were used
for verification (e.g. De Coning et al., 2011).

2.5.  Directional slope gradients

The ability of mountain chains to trigger, invigorate and decay
convective processes is well acknowledged (Huntrieser et al.,
1996; Kottmeier et al., 2008). Nowcasting systems, designed for
regions with complex orography, should take into account terrain
features. The contribution of the topography to precipitation
patterns can be described by an extensive set of topographical
descriptors computed from a digital elevation model (e.g.
Foresti and Pozdnoukhov, 2011). The relationship between the
mesoscale flow, which largely determines the direction and speed
of convective cell propagation, and one of these topographic
descriptors, namely the slope gradient, is very important. In the

up-
slope WESTERLY FLOW
—
flat
i
down-
slope
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Alps, upward velocities caused by upslope flows often act as a
trigger for CI and intensification (Pielke and Segal, 1986; Barthlott
et al., 2005). Area, direction and velocity of convective cells have
been used together with data provided by a digital elevation model
(horizontal resolution of 1km) in order to estimate directional
slope gradients (hereafter DGRAD). According to a Lagrangian
extrapolation of the position of the cells for the following 30 min,
an average terrain slope of the area intersected by cells is
considered. The relation between topographic descriptors and
precipitation depends on the spatial scale. A sensitivity study
(not carried out in this version of the algorithm) should help
to increase the skill of such topographic predictors. Figure 4
provides two examples of DGRAD: the left panel presents a case
where a uniform westerly flow is assumed, whereas the right panel
assumes a uniform southerly flow.

3. Methodology

3.1.  Theoretical description of the algorithm: Hamiltonian
formulation of the model

COALITION assimilates data provided by different sources and
integrates them according to a conceptual model. Two physical
attributes, namely the CTT and the VIL, are selected for assessing
the thunderstorm severity. These two parameters are independent
and have been used in many studies as well as in nowcasting
models for assessing and forecasting the storm intensity and
evolution (e.g. Dixon and Wiener, 1993; Hering et al., 2004;
Puca et al., 2005; Kober and Tafferner, 2009; Zinner et al., 2008;
Mecikalski et al., 2010; Autonés, 2012). Rapid cooling of cloud
tops and increasing vertical columnar liquid content are clear
indicators of storm intensification processes. In the algorithm,
cell-based CTT and VIL are forecast independently. The first is
used to assess possible CI and intensification processes of cells
at a very preliminary stage when no rain data, and consequently
no radar observations, are available. VIL content is later used to
forecast further intensification and re-intensification of already
developed storms. The other data products, representing the
convective predictors, describe the surrounding environment of
the thunderstorm cells. The algorithm models the evolution
of CTT and VIL with convective predictors as interacting
elements. Nowcasts of thunderstorm attributes are derived from
the analysis and the modelling of present and past observed
conditions. The core of the algorithm works as an engine, which
links thunderstorm attributes with some selected surrounding
environmental conditions. The selection of these conditions is
based on the real-time availability of the respective products and
on their relation to thunderstorm attributes. The relationship

up-
slope SOUTHERLY FLOW
flat
AV
down-|
slope

Figure 4. Directional terrain slope gradients in the Alpine area. Red colours indicate upslope, blue colours downslope. Two examples are shown: on the left a westerly
flow is assumed and corresponding terrain slopes in the west—east direction are depicted. On the right, a southerly flow is assumed and therefore terrain slopes in the

south—north direction are highlighted.
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EI(in

Figure 5. Simplified illustration of the COALITION conceptual model. The
object-based approach uses the energy conservation principle from physical
mechanics. The total energy is given by the sum of the kinetic (Eyi,) and the
potential (E,q) energy. The forecast of object attributes is the result of the solution
of Hamilton’s equation (Eq. (2)).

that is applied usually relies on conceptual rules used by weather
forecasters. The COALITION methodology borrows its approach
from the physics of general dynamical systems, where the orbital
evolution of a particle moving within a potential field is commonly
described by Hamilton’s equations. The interaction between
thunderstorm attributes and the surrounding environment is
modelled as a particle-field interacting system, as depicted
schematically in Figure 5.

A Hamiltonian model formulation has already been used to
model thunderstorm processes. Mak (2001) considered a non-
supercell tornado as a non-hydrostatic columnar disturbance in a
layer of constant density fluid over a flat surface and used the basic
form of Hamilton’s principle of least action (Miles and Salmon,
1985) to derive the equations governing fluid systems (Salmon,
1998). The COALITION model is formulated in a similar
way, using Hamiltonian formalism as analogy. In general, the
Hamiltonian function for a time-independent system is given by

H(q,p) =H(qy...qwp1--.Pn) = Eiors (1)
whereq, ... , g, is the set of generalized coordinates representing
the location of each element in space (e.g. g1 = x; 92 = ¥;q3 = 2)
and other element attributes (e.g. g4 = CTT,...,q, = VIL).

P1>- - - > Py is the set of the corresponding generalized momenta.
Hamilton’s equations are given as:
. 0H . 0H 2)
q= op’ P 9q

The COALITION algorithm scheme is based on the premise
that the energy of the system is conserved. For each interacting
system formed by the couplet ‘thunderstorm attribute’ and
‘surrounding environment’, the pseudo-total energy is assumed to
remain approximately constant over short time-scales. Hereafter,
the word ‘pseudo’ will be used to distinguish energies estimated
by the COALITION model from true physical energies (e.g.
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related to movements or to thermodynamics as analogy). If the
inertial state (kinetic energy) is assumed to be conserved, common
inertial rules of closed systems can be applied. This happens mostly
in cases of mature convective processes, for which nowcasting
algorithms based on Lagrangian persistence are suitable. For all
other cases, where such conservation is violated (in particular at
the initiation and early development stage), the system may no
longer be considered to be closed. Energy losses and gains are then
explained as import or export of energy from the surrounding
environment through dynamical interactions (e.g. see example in
Figure 6). Assuming a system without dissipation, the total energy
is given by the sum of a kinetic and a potential component:

3)

where q represents the generalized coordinates (CTT, VIL) and p
represents the corresponding momentum (pcrr, pvir)-

As described in section 3.2, predictors for convective cell
attributes are selected from among those accessible in real-time
available products and according to conceptual rules. Predictors
are used in the model as external potential fields (e.g. CAPE).
Potential components of the system are built up using a
predictor’s characteristics (e.g. value distribution, magnitude,
gradients), whereas the computation of the pseudo-kinetic
component is based on the rate of change of attributes describing
the convective cells (e.g. VIL).

A one-dimensional, time-dependent generalization of a
harmonic oscillator (Eq. (4)) involving pairs of predictors and
predictands is assumed for each COALITION module (eight in
total). A single attribute of the convective cell determines the
rate of change in the inertial part (pseudo-kinetic energy), as well
as the quadratic term appearing in the interaction part of the
equation (potential field).

Exin + Epot = H(q, p) = constant,

2

H(gp.0) = 2= — Af(0) ¢, @
2m
where A is a positive constant, m is the mass of the object’s inertia
and f(¢) is the correlation function between the object’s attribute
evolution and the external field. The choice of the potential energy
in Hamilton’s equation is based on an effort to simulate the system
in a zero-order approximation. Potentials of far more intriguing
complexity may describe the system better, but it is non-trivial to
track them down in a systematic way; moreover a simpler model
may be more appropriate for operational purposes. Conceptually
speaking, the actual number of degrees of freedom in action as well
as the way their interaction/coupling takes place determines the
level of nonlinearity and, as a consequence, the unpredictability of
the system. In some sense, the actual nonlinearity characterizing
the system might reflect to a certain extent how fast the nowcast
produced by our model disassociates from the actual observation.
In the COALITION model it is heuristically assumed that the

total energy remains constant and equal to zero over time:

H(g,p,t) = 0. (5)

CAPE

potential
energy

CAPE [J kg']

12:00 12:30 13:00 13:30

time [UTC]

11:00 11:30

Figure 6. Energy losses or gains in the kinetic component are explained as an exchange of energy with the surrounding environment. In this example, the thunderstorm
attribute VIL has been used to estimate the pseudo-kinetic energy, whereas the pseudo-potential energy is estimated from the NWP—CAPE product, which is used as
the surrounding environment. Dots represent observations of VIL and the surrounding CAPE of a particular thunderstorm cell, whereas solid lines are an idealized

(hand-drawn) representation of the evolution of the kinetic and potential energy.
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Figure 7. Assuming statistical stationarity (no change in PDFs), the kinetic
energy is calculated according to the (discrete) rate of change of the convective cell
attribute (in this example the VIL). An energy value is estimated for each possible
realization i within the same cell for two consecutive time steps (i.e. taking into
account all combinations of VIL values between the cell at time #; and #,). In the
right panel, the corresponding distribution is presented.

This assumption is based on the intuitive expectation that losses
and gains of the pseudo-kinetic energy relate to and are balanced
by an exchange of energy with the surrounding environment.
One of the tasks in developing the model was to convert
heuristic relations between cell evolution and its surrounding
environment into forecast rules. A model for energy conservation
has been assumed and verified by means of a number of different
functions representing the pseudo-potential energy. The function
providing the best estimation scores was finally selected as the
most appropriate to be implemented in the model. Under the
aforementioned energy-conservation assumption, Eq. (4) can be
solved analytically providing the following two solutions:

() — qlty) = & o VAT G 1), qlt) > 0. (6)

In the model, convective cells are not represented by single
values of CTT and VIL, but rather they are described by a set of
k attributes corresponding to a set of k pixels within the confined
cell. The distribution of the attribute over all pixels provides
information about the variability of the attribute within the cell.
Figure 7 shows a developing cell at times #; and #, (with At =
5min). VIL is selected as the attribute of this cell. For each object
element (pixel), a pseudo-kinetic value for all possible realizations
i (with i = k) is calculated, according to the rate of change of
the considered attribute.

Equation (6) can therefore be generalized as

eifro 2(A/m)f (1) dt with qk(t)) qk(l‘o) >0. (7)

q"(1) = 4" (1) =
The COALITION model nowcasts the evolution of two
attributes of convective cells, namely CTT and VIL. These
nowcasts are particularly important for cells that are detected
in their early stages and likely to develop further. In the
current version, to satisfy the primary user needs, only the
cell development is taken into account; decaying processes are
not considered yet. As a consequence, only the positive solution
(Eq. (6)), which represents the forward propagation of our model
and allows us to forecast increases in thunderstorm intensity, is
taken into account:

45(6) = gt (1) + o VAT )
where
F(6) = fi¥ + B(t — 1)/ — o>, ©)
-k 2
# =3l
ErEieRE

and where o represents the predictor. Potential fields steer the
evolution of the object attributes, following the energy conser-
vation assumption. Characteristics of the external environment

(© 2013 Royal Meteorological Society
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(00 ) are included in the model (Eq. (11)) and are used to explain
the differences between extrapolated (Eq. (9)) and observed
(Eq. (10)) pseudo-kinetic energy. We use the correlation between
the averaged value of these differences ({fe;;)) and the averaged
value of the selected surrounding environment ({o')). This cor-
relation takes into account regressive information and is used
to estimate a set of pseudo-kinetic energies for the following
time step, consequently providing an ensemble forecast of the
evolution of the considered cell attribute.

In order to validate the underlying assumptions and the
COALITION methodology, in the first version of the algorithm
a simple function, ie. a one-dimensional, time-dependent
generalization of a harmonic oscillator (Eq. (4)), was used.
Later, by applying more complex functions and by using more
refined relations between cell attributes and the surrounding
environment, the skill of the method and consequently the results
will improve.

3.2, Algorithm structure and modules

The structure of the algorithm can be summarized in the following
steps.

(1) As a primary input, COALITION ingests the Nowcasting
SAF/RDT product tuned to detect small convective clouds
as well as larger ones (see section 2). For this purpose, the
threshold for maximum cloud-top temperatureisincreased
from 5 to 10 °C and the threshold for the minimum cloud
area decreased from 60 to 25 km 2. Based on this external
information, COALITION selects and confines convective
cells on MSG 10.8 um infrared images.

Once a convective cell is detected, the parallax correction
is computed using cloud-top height information provided
by Nowcasting SAF. This step is very important in order
to reduce the differences in the geolocation of the cells,
considering the large number and variety of products
ingested by the algorithm (e.g. radar, NWP).

In a third step, the cell is additionally identified and ana-
lyzed using the radar-derived VIL. Cell-based CTT and VIL
attributes are then modelled using several environmental
parameters (predictor fields). In the current version of the
algorithm, eight different ‘attribute—environment’ cou-
ples, derived by semi-empirical rules based on forecasters’
experience and conceptual models, are implemented (Fig-
ure 8 and Table 2). Three of them provide an ensemble
nowcast of the CTT attribute, while the remaining five
provide an ensemble nowcast of the VIL. Nowcasts are
generated for the next 60 min with a time resolution of
5min. Finally, all 90% quantiles from the ensembles are
then used to produce and provide the end user with a single
output.

2

3)

As a fully automatic ‘expert system’, COALITION verifies the
input product availability and quality. If the needed data for
one or more modules are missing, COALITION automatically
uses available information from the immediate past or it ignores
the module concerned, depending on the type of the data and
its typical variability in time. For example, if the environmental
information CAPE is not available, the previous value is taken (it
could be the value of 5, 10 or 15 min earlier), since this product
does not change considerably over a short time and a small region.
However, if VIL is missing, the modules requiring this input data
are automatically excluded from the model, given that VIL is a
highly variable parameter over time and space.

3.3.  Combination of module forecasts

VIL and CTT nowcasts provided by eight modules with a
5min update cycle are integrated through a weighting and
thresholding scheme similar to a fuzzy logic approach. This

Q. J. R. Meteorol. Soc. 140: 1684—1699 (2014)



Nowcasting Severe Convection in the Alpine region

1691

Legend: cell based
environment + cell attribute nowcast
(5-60 min) of:
] MODULE 1
2 —>CTT
@ Cloud TO SAT + SAT
1o Initiation
SAT convection
Liquid MODULE 2
— . Vertical Integrated L' SAT+RAD | VI
\ e
M Cloud Top Temperatiy
) ieal Integrated Liquid MODULE 3
RAD Lightning Climatology _+  Vertical lnieg Lightning +RAD |~ VI
Convection Initiation + Vertical Integrated Liquid MODULE 4
> saT+raD |~ Vt
NwP CAPE
conv. av. pot. en. + b .
oy | Vertical Integrated Liquid MODULE 5
o nwe+rap |~ VI
e Directionaj
nal Slope Gradie
nts +
Lightning Cloud Top Tem,
irens: rature MODULE 6 Jp—
" Topography + SAT
Topography MODULE7 | _ ..
Topography + RAD
MODULE 8
NWP+sSAT | CCTT

Figure 8. The eight modules implemented in the current version of COALITION. Products used as external environment are in green, cell attributes to be forecast

are in blue.
Table 2. Description of the eight modules and the related semi-empirical rules that motivated the selection of predictand—predictor pairs.

Module  Data combination Semi-empirical rule

1 Evolution of the CTT based on the environment defined in ~ Stronger convective initiation signal of a cell —> stronger updraught is available for
terms of the Convective Initiation product its cloud-top cooling (towering of the cloud)

2 Evolution of the VIL based on the environment defined in ~ Faster cooling of the cloud top of a convective cell — more potential energy is available
terms of CTT for increasing its VIL

3 Evolution of the VIL based on the environment defined in ~ Higher climatological density of cloud to ground lightning over a specific area — more
terms of a lightning climatology potential energy is available for increasing the VIL of a convective cell developing in this

area

4 Evolution of the VIL based on the environment defined in ~ Stronger convective initiation signal of a cell — more potential energy is available for
terms of the Convective Initiation product increasing its VIL

5 Evolution of the VIL based on the environment defined in ~ Higher instability values — more potential energy is available for increasing the VIL of a
terms of the Convective Available Potential Energy (CAPE)  convective cell developing in this area

6 Evolution of the CTT based on the environment defined in A convective cell is moving toward a mountain (orographic forcing) — stronger updraught
terms of orographic information (slope gradients) is available for its cloud-top cooling (towering of the cloud)

7 Evolution of the VIL based on the environment defined in A convective cell is moving toward a mountain (orographic forcing) — more potential
terms of orographic information (slope gradients) energy is available for increasing its VIL

8 Evolution of the CTT based on the environment defined in ~ Higher instability values — stronger updraught is available for its cloud-top cooling

terms of the Convective Available Potential Energy (CAPE)

(towering of the cloud)

is an efficient methodology for nowcasting the likelihood of
severe storms through the application of a conceptual model
(Roberts et al., 2006). According to subjective experience of local
weather forecasters, the conceptual model is built on the fact that
predictors have a different importance according to the current
stage of the convective cell. Different weights are assigned to the
modules for each possible stage (first guess based on forecaster
experience). By analyzing cell-based characteristics like CTT and
VIL as well as their first derivatives, the system automatically
computes an estimation of the current cell’s stage. A simple
sensitivity study based on 40 randomly selected cases has been
performed for optimizing the weighting scheme. Figure 9 shows
the module weights currently used in the COALITION algorithm.

(© 2013 Royal Meteorological Society

Large datasets, required for example by neural network systems,
were not necessary. If needed, the weights can be modified in an
easy way for regional tuning purposes. Furthermore, the system
can be extended as soon as additional predictands or improved
modules become available.

4. Results
4.1.  Selection of cases

The COALITION application has been run in real time at
MeteoSwiss since May 2012. During the convective season
(May—September 2012), the algorithm has been subjectively

Q. J. R. Meteorol. Soc. 140: 1684—1699 (2014)
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Figure 10. The distribution of geopotential height (black bold lines), temperature (red lines) and relative humidity at 500 hPa (ECMWEF) on 1 August 2012 at
1200 UTC shows the trough located over the Atlantic and a short-wave, thermal signature (red circle) determining increased instability over central and western

Europe.

verified by weather forecasters and independently and objectively
using the output of the TRT system. Since the main purpose of
the algorithm consists of automatically analyzing and modelling
convective cell parameters using surrounding environmental
characteristics, the verification was performed independently of
the weather situation and life duration of the cells. 80 convective
cases were considered. Based on the severity classification
provided by TRT (Hering et al., 2008), 40 weak and 40 moderate

(© 2013 Royal Meteorological Society

to severe thunderstorms were randomly selected from the
archive.

4.2.  Example of a real-time application: 1 August 2012

This section provides an example of a COALITION nowcast
for 1 August 2012. The synoptic situation was dominated by a
long-wave quasi-stationary trough over the Atlantic Ocean and

Q. J. R. Meteorol. Soc. 140: 1684—1699 (2014)
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Figure 11. COALITION severe thunderstorm nowcasts and radar estimation references for the western Alpine region on 1 August 2012. Only some selected frames
with a 15 min time step (between 1505 and 1605 UTC) are shown. The left column shows the COALITION nowcast, the central column shows the maximum radar
reflectivity and the right column shows the thunderstorm classification provided by TRT.

western Europe (Figure 10). A short-wave thermal trough moving
around the depression from west to east crossed central Europe
and affected the Alpine region.

Over central Europe, moderate south-westerly flow brought
very warm, moist unstable air. Initially in the Alpine region there
were dry conditions because of weak Foehn winds from the south.
During the afternoon, moisture and instability increased and at
the same time an upper-level disturbance crossed central Europe
from west to east. This moderate synoptic-scale forcing triggered
the development of strong thunderstorms over the French pre-
Alpine region. Then, later in the evening and overnight, the entire
northern Alpine region was affected by convective activity.

Theleft column in Figure 11 shows COALITION nowcasts. The
yellow colour indicates locations where only cloud-top cooling

(© 2013 Royal Meteorological Society

processes were forecast for the next 15min. Orange and red
colours are indicators of VIL intensification for the next 30 min:
convective cells are highlighted with these colours when the
nowecasts indicate that (i) CTT will decrease by at least 5 K within
the next 15 min (yellow), (ii) VIL will increase by 15-25 kgm ™2
(orange) and (iii) VIL is expected to increase by more than
25kg m~? in the next 30 min (red).

Radar products, which are used as reference for verification,
show that at 1505 UTC two convective cells (highlighted with
a red square in Figure 11) have already initiated. At that time,
COALITION predicted an important decrease of the CTT for
the northernmost cell A and an increase of the VIL values for
the second one B. The first cell was not yet classified by TRT,
whereas the second was classified as ‘weak’ (right column). At

Q. J. R. Meteorol. Soc. 140: 1684—1699 (2014)
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Figure 12. Nowcasted VIL over lead time for four different thunderstorm cells (two severe and two weak ones). In the plots, nowcasts provided by five modules for
the selected reference (represented by the vertical black line at lead time = 0) are presented. VIL observations at different lead times are also shown (bold dashed line).

1535 UTC, the radar products showed that cell Bindeed increased
its intensity (max values greater than 50 dBz) and it was already
classified as ‘moderate’ by TRT. At that time, the COALITION
nowcast indicated that a probable further intensification up to
‘severe’ convection was expected within the following 30 min.
The rapid cooling forecast at 1505 UTC for cell A was confirmed.
In fact, the cell slightly increased its intensity and was classified as
‘weak’ by TRT. If compared with cell B, however, the analysis of
the surrounding environment (especially the CI product, CAPE
and orographic triggering) showed that during this period there
were less favourable conditions supporting severe convective
development. By 1535 UTC, COALITION indicated a probable
intensification of this cell within the next 30 min as conditions for
development became more favourable. For every 5 min thereafter,
between 1535 and 1605 UTC, the nowcast system continuously
indicated that the two cells would increase in intensity (not shown
in Figure 11). At 1605 UTC, cell B was classified as ‘severe’ by TRT
and cell A after a splitting process, was classified as ‘moderate’.
For this particular case study, COALITION forecasts verified
correctly. A more general verification of the system, where a large
number of cases were analyzed, is presented in section 5.

5. Performance statistics

5.1.  Verification of quantitative module forecasts

In this section, quantitative nowcasts provided by the eight
COALITION modules are validated against observations. The
panels in Figures 12 and 13 present four randomly selected
convective cells. According to the classification provided by TRT,
two of them (cases 1 and 2, depicted in the upper panels of
Figures 12 and 13) developed into severe thunderstorms. The
remaining two (cases 3 and 4, depicted in the bottom panels of
Figures 12 and 13) developed into weak thunderstorms.

(© 2013 Royal Meteorological Society

The plots show a comparison of COALITION’s VIL and CTT
nowcasts provided by different modules for lead times between
5 and 60 min. Figure 12 shows the VIL forecasts provided by
modules 2, 3, 4, 5 and 7, whereas Figure 13 shows the CTT
forecasts provided by modules 1, 6 and 8 (see section 3 for a
detailed description of the modules).

VIL and CTT observation references are highlighted on the
plots with a vertical line. For the severe ones, the forecast reference
is represented by the VIL value observed when the thunderstorm
cell was first recognized as severe by TRT. For the weak ones,
the forecast reference is given by the time when the maximum
observed VIL value is observed, considering the whole life cycle
of the cell.

As expected, for both weak and severe cases the differences
within the nowcast ensemble become larger as the lead time
increases. Deviations among the modules are a consequence of the
different influence of the external environments on the forecast
thunderstorm attribute: some environments may support the
development of severe convection, whereas at the same time
other environments inhibit it.

As suggested by Wilks (1995), Mean Absolute Error (MAE) and
nowecast bias errors are calculated for lead times of up to 30 min
(Table 3). Considering the results of the analysis of 40 severe cells,
nowcasts generally show good skill up to 20 min before reaching
the mature stage [MAE < 8.1 (kgm™2), bias > —3.4 (kgm~2)].
Explosive cells constitute an exception, since for this kind of
storm the warning lead time is reduced to 5—10 min. The main
difficulty is the handling of extremely large and rapid increases
of the VIL: in some explosive thunderstorms it jumps by about
30-50 kg m 2 within less than 10 min. Although the environment
shows favourable conditions for severe convection, it is very
difficult to model and nowcast this extremely rapid change of cell
attributes. Considering VIL nowcasts for weak thunderstorms,
the prediction skill remains good for longer lead times, in general
up to 30 min [MAE < 7.1 (kgm™2), bias > —3.8 (m™2)]. In these
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Figure 13. Nowcasted CTT over lead time for four different thunderstorm cells (same as in Figure 12). In the plots, nowcasts provided by three modules for the
selected reference (highlighted with the vertical black line) are presented. CTT observations at different lead times are also shown (bold dashed line).

Table 3. Mean absolute error and bias for different lead times and for both VIL and CTT nowcasts.

VIL forecast (kg m™2) CTT forecast (K)

Lead time (min) Weak Severe Weak Severe

MAE BIAS MAE BIAS MAE BIAS MAE BIAS
5 1.1 —0.4 2.1 —14 2.9 —0.5 3.1 —0.5
10 2.3 —0.6 4.3 —2.2 3.0 —0.7 3.8 —0.9
15 2.9 —24 5.6 —2.6 3.3 —0.9 4.3 —1.7
20 4.1 —2.9 8.1 —34 3.6 —1.3 4.6 —2.1
25 5.9 —3.3 9.5 —3.8 4.2 —2.3 5.1 —2.5
30 7.1 —3.8 11.0 —4.4 4.8 —24 8.0 —3.4

40 weak and 40 severe thunderstorms have been considered.

cases, most of the surrounding environments agree in showing
less favourable conditions for the development of severe cells;
consequently, the variability among the modules is smaller.
Figure 13 shows the comparison of CTT nowcasts for the same
thunderstorms as shown in Figure 12. The forecast reference
has been defined using similar criteria to those described above.
For severe thunderstorms, the reference corresponds to the CTT
value observed at the moment when the thunderstorm cell is
first recognized as severe by TRT. For weak ones, the forecast
reference is given by the CTT value observed at the time when the
maximum VIL value (considering the whole life cycle of the cell)
was observed. Generally, for both weak and severe convective
cases, the CTT nowcasts provided by the three modules show
good skill for lead times up to 30 min [MAE < 8 (K) and bias
> —3.4(K) for severe thunderstorms and MAE < 4.8 (K) and
bias > —2.4 (K) for weak ones]. For a better understanding of
the skill, the variability of the thunderstorm CTT and VIL will
be analyzed. As demonstrated by the analysis of the life cycle
of a large number of convective cells, the distribution of CTT
values remains more constant compared with the distribution of

(© 2013 Royal Meteorological Society

VIL values. This property, together with the fact that the CTT
attribute is less variable in time compared with the VIL, results in
an improved forecast performance of the corresponding modules.
However, the good skill of the CTT nowcasts for longer lead times
is mitigated by higher false alarm ratios (hereafter FARs); in fact,
the VIL attribute is more robust and reliable for discriminating
between severe thunderstorm cells and weak ones.

5.2.  Verification of COALITION nowcast

In this section, the likelihood for a severe thunderstorm provided
by COALITION, which is generated using the combination of all
module forecasts (as described in section 3.3) and provided to the
weather forecasters, is verified against TRT. The goal is to assess
the probability of detections and the FARs. 80 cases from the 2012
convective season have been considered. At MeteoSwiss, forecast-
ers use TRT and COALITION synergistically for issuing severe
thunderstorm warnings. Based on objective radar parameters,
the operational and validated TRT system provides information
about the current cell intensity and an extrapolation of its future

Q. J. R. Meteorol. Soc. 140: 1684—1699 (2014)
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position. COALITION identifies the cells having a high proba-
bility of becoming severe during the next 30 min. For this reason,
TRT is considered an independent ground truth in the evaluation
of the COALITION algorithm. In particular, the evaluation
process should provide answers to the following questions:

(1) what is the skill of COALITION in nowcasting severe
thunderstorms; and

(2) do we improve lead time for issuing severe thunderstorm
warnings using COALITION forecasts?

Thunderstorm forecasts were evaluated using typical skill
scores applied in meteorology to verify weather predictions
(e.g. Huntrieser et al., 1996). Strong thunderstorms have been
used to assess the probability of detection (POD), whereas weak
thunderstorms were used for assessing FARs. Furthermore, the
critical success index (CSI) was calculated for different lead times.
POD describes the ability of the forecasting system to predict
severe thunderstorms: if the occurrence is always forecast (perfect
score), the POD is equal to 1. FAR indicates the proportion of
thunderstorm forecasts that did not develop into severe cases. A
perfect score is represented by a FAR equal to 0, indicating that
forecasts were always followed by the occurrence. CSI describes
the ability of the forecasting system to have at the same time a
high POD and a low FAR. A perfect CSI score equals 1, while 0
indicates that there are no correct forecasts. The three skill scores
were assessed according to a 2 x 2 contingency table for forecasts
and observations (Wilks, 1995).

Algorithm performances are described in Table 4. COALITION
severe thunderstorm nowcasts were compared with the
thunderstorm intensity classification provided by TRT. Again,
as described in section 5.1, the lead time represents the time
lag between the first identification of the upcoming severe
development provided by COALITION and the first detection
of a severe thunderstorm by TRT. As presented in Table 4
skill scores decrease with increasing lead time. In the first
20 min, the POD decreases from 100% to 60%, whereas the
FAR increases from 0% to 44.2% and the CSI decreases from
100% to 40.7%. For lead times longer than 20 min, however, skill
scores decrease very rapidly: the algorithm tends to overestimate
the intensity evolution of convective cells, but in some cases it
missed the severe ones. In general, considering that COALITION
provides fully automated identification and nowcasting of strong
thunderstorms, the verification results are promising. Algorithms
providing nowcasts with a POD greater than 60% and a FAR
below 40% with an averaged lead time of about 15-20 min
are considered reliable and potentially useful for operational
forecasting purposes (e.g. Kober and Tafferner, 2009). For this
reason, it can be concluded that COALITION nowcasts add value
to operational thunderstorm nowcasts: in favourable conditions,

Table 4. Performance of COALITION for predicting development of severe

thunderstorms.

Lead time POD FAR CSI

5 0.925 0.26 0.698
10 0.8 0.385 0.533
15 0.725 0.42 0.475
20 0.6 0.442 0.407
25 0.375 0.487 0.277
30 0.225 0.64 0.161
35 0.125 0.689 0.098
40 0.05 0.8 0.042
45 0.025 0.8 0.023
50 0.025 0.834 0.022
55 0 0.843 0

60 0 0.85 0

Comparison of three skill scores (POD, FAR and CSI) for lead times between 5
and 60 min. Bold values indicate lead times for which the COALITION forecast
can be considered useful. For this summary statistics, 80 case studies have been
considered.
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Figure 14. Frequency distribution of the lead times in identifying severe
thunderstorms by COALITION. This histogram considers 40 cells that effectively
developed into a severe thunderstorm.

severe weather alerts could be issued up to 20 min earlier than
without the use of COALITION.

The distribution of 40 severe thunderstorms versus the lead
time is presented in Figure 14. The figure shows that about half
of all thunderstorms were identified 15—25 min before they were
classified as severe by TRT. Only two cases were detected with
lead time greater than 35 min, but on the other hand only three
cases were not detected at all. Considering all cases, a typical lead
time of about 20 min is obtained. Reviewing the different cases, it
can be noted that missed forecasts or a detection with very small
lead times (5—10min) are often related to extremely explosive
cells or convection embedded in cold fronts.

5.3.  Discussion

The first real-time test phase of COALITION during the 2012
convective season and the detailed analysis of a large number
of thunderstorm cells demonstrated that the nowcasts are
generally useful for operational forecasting, providing support
for convective intensity nowcasts. The continuity in time
(consistency) of COALITION nowecasts is also an important
factor to consider. Cells for which COALITION provides a
consistent nowcast for two or more consecutive time steps have
in fact a higher probability of increasing their intensity and
reaching the severe stage. This probability is much lower when
the nowecasts are less coherent in time. Usually, in the first case,
all the surrounding environmental conditions (more than 80%)
are consistent and agree with each other, showing favourable
conditions for intensification. In the second case, the different
environmental predictors provide less consistent information,
resulting in a lower consistency between the different modules.
Some of them indicate favourable conditions for the development
and intensification of convective cells, whereas others indicate less
favourable conditions, yielding a lower prediction skill.

The system showed some difficulties in handling convective
development in some specific weather conditions. Typically, the
case of strong synoptic-scale forcing in proximity to cold fronts
and embedded convective cells is not well forecast, or their
prediction has very short lead times (5min). The reason has to
do with the quality of some of the primary input products, in
particular RDT. The identification of convective cells through
a thresholding scheme and tracking based on the overlap-
mechanism applied in the RDT algorithm are less suitable,
especially in this case of dense cloudiness in a frontal band and
in the absence of significant cloud-top temperature gradients.
COALITION can deal fairly well with merging and splitting
cells; however, some misdetections originated from embedded
convection with alarge number of convective cells. For this reason,
COALITION performed best in cases with airmass convection,
forced non-frontal and prefrontal convection, since the cells rarely
become organized into larger mesoscale structures.

As mentioned in section 2, using RDT for early identification
of convective processes requires modification and tuning. It was
observed that, without these modifications, when the cells were
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first detected by RDT the first rain signals had already been
detected by C-band ground radars. On the other hand, this
tuning resulted in a strong increase in the number of false alarms.
The ability of COALITION to integrate this information with
other data sources allows it to reduce the number of false alarms
considerably. Extremely rapidly developing cells, however, are
usually detected by COALITION with a shorter lead time than
in the average. This is simply due to the very high rate of growth
characterizing these explosive storms.

6. Summary and conclusions

In this article, a newly developed object-oriented, heuristic
approach to nowcasting severe convective storms over complex
terrain has been presented. Severe convective cells are effectively
identified in their early stages using a new, operational, convective
intensity nowcasting system. The best available information in
real time collected from satellites, ground-based weather radars,
NWP, climatological data and digital terrain data is assimilated
into the model. Cloud characteristics like cloud-top cooling
rate, cloud depth and cloud glaciation and instability indices,
precipitation intensities, climatological lightning information
and terrain slopes are used as predictors. All this information
is integrated using a conceptual model and a Hamilton’s equation
based formulation. The goal is to assess environmental conditions
favouring growing storms and to model the evolution of selected
storm intensity parameters, namely the vertically integrated liquid
content (VIL) and the cloud-top temperature (CTT). The system
was specially designed and tuned for the Alpine region and
several techniques are applied in order to tackle the challenge
of forecasting convective processes in complex terrain areas.
In its current version, the algorithm relies on eight modules
that integrate thunderstorm attributes with parameters of the
surrounding convective environment. The system is able to
handle the lack of one or more input datasets automatically
and it provides the user, in real time, with information about the
quality of the nowcast.

Using TRT as an independent reference, a preliminary cross-
verification has been carried out on randomly selected cases for
lead times ranging from 5—60 min. The quantitative analysis of
thunderstorm attribute nowcasts and the related skill scores show
promising results. COALITION nowcasts can be considered a
reliable tool for operational forecasting. Skill scores demonstrate
that the algorithm can help with early detection of convective
cells, which are likely to increase in intensity and become severe,
rather than simply highlight large areas prone to convection.
For this reason, the concept and methodology are suitable for
short-term nowcasts; this adds value for operational forecasts of
severe thunderstorms and aids in the severe weather warning
decision-making process.

The underlying idea of COALITION is to explain energy losses
and gains within cells in the context of energy exchanges with the
surrounding environment, according to an assumed total energy
conservation rule. This interaction is described as a dynamical
process. The fact that module results become much less reliable
after 30-40 min (values diverge considerably) indicates that
this methodology cannot be used for nowcasting purposes
with lead times greater than 30min. The rapid decrease in
forecast skill has to be related to the nonlinearity and the chaotic
nature of convective processes. According to Lorenz (1966), the
predictability of an atmospheric phenomenon depends strongly
on its lifetime. In particular, the lifetime of thunderstorm cells
that are not organized in large-scale structures is very short and
therefore the predictability decreases rapidly during the first
30 min (Wilson et al., 1998; Wieringa and Holleman, 2006).

The system has been developed and tuned in particular for
developing convective cells in their early stages. COALITION is
an easily configurable system and it allows multiple extensions. Its
modularity allows users to implement and test new input products
in an intuitive manner. One possible way to improve the system’s
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useful warning lead time would be through the implementation
of other newly developed algorithms. In the same manner as
done with RDT, other products providing information about the
locations of convective cells in their early stages (e.g. Puca et
al., 2005; Zinner et al., 2008; Mecikalski et al., 2010) or clear-air
pre-convective features (e.g. Petersen et al., 2010) should be tested.

COALITION has been validated on 80 cases during the
summer of 2012. Independent of the weather pattern, 40 weak
and 40 severe thunderstorms were selected. The skill scores
presented in this article demonstrate that COALITION nowcasts
can help the forecaster to anticipate the issuing of severe
thunderstorm warnings by about 20 min. The results of this article
demonstrate that multisensor approaches can provide added value
to convective intensity forecasting. The implementation of the
system over new regions requires the availability of primary data
sources. Furthermore, a regional tuning of the system is needed.
Thanks to the modularity of the algorithm, the user can decide
which modules of the COALITION algorithm to use. The skill
scores presented in this article refer to a system tuned for the
Alpine region and with all available data sources.

Efforts are ongoing to incorporate additional data types
(particularly other environmental data) in order to improve
the algorithm’s skill to forecast cell regeneration and decaying
processes better. Real-time lightning information (number of
cloud-to-cloud and cloud-to-ground strokes) and low-level
moisture convergence, a crucial condition for long-lasting
thunderstorms as well as for re-intensification processes (Doswell
et al., 1996), are good candidates for future extensions of the
algorithm. Furthermore, the employment of monthly and hourly
lightning climatology instead of using a single global climatology
should be considered. This predictor will help to introduce
seasonal and diurnal tuning in the algorithm and therefore
improve the skill of the forecast. In general, the addition of
meaningful predictors should help to increase the overall skill of
the system and increase its forecast lead time.

Concerning decaying processes, there are two possibilities
to expand the algorithm. The first includes the formulation
of the basic Hamiltonian equation in a statistical form, where
the uncertainties are included in the algorithm. The second
includes the possibility of modifying the basic equation by
including a dissipation term (presented in section 3). During
the development stage of a cell, this term is considered to be very
small compared with the other terms and is therefore neglected.
This assumption is confirmed by the fact that the total energy
of the object—environment system remains constant over time.
However, during the mature stage of a cell, the dissipation term
becomes more and more important since the total energy no
longer seems to be conserved.
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