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Abstract

Since 2013, the Met Office have run a 2.2 km horizontal gridlength version of the Unified
Model (MetUM) as part of the National Oceanographic and Atmospheric Administration’s
Hazardous Weather Testbed Spring Forecasting Experiment. In this study, we perform high
resolution MetUM simulations of the 20 May 2013 Oklahoma tornado outbreak at horizontal
gridlengths between 2.2km and 100 m. Here we present results showing that at 2.2km
gridlength the MetUM is able to simulate supercell-like storms whereas at O(100 m) gridlength
it is able to simulate realistic-looking supercells with tornado-like vortices. This opens up the
opportunity for using such simulations to highlight areas of enhanced tornado risk ahead
of time.
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I. Introduction

Accurate forecasting of severe thunderstorms is cru-
cially important for providing spatially and temporally
correct warnings of the convective-scale hazards they
can cause, e.g. squall lines and tornadoes. In recent
decades, the lead time for tornado warnings has greatly
improved and currently averages at about 14 min
(Wurman et al., 2012). However, all of the National
Oceanographic and Atmospheric Administration’s
(NOAA'’s) National Weather Service (NWS) tornado
warnings are based upon detection by observers or the
presence of a tornado vortex signature in radar data
(Brotzge and Donner, 2013) meaning that the threat
has to exist before a warning is issued, which limits
further improvements in lead time unless an alternative
method is found to warn before the threat exists.

Many operational weather centres, including the
Met Office, now run order 1km gridlength models
for short-range weather forecasting. Although such
models yield qualitatively more realistic precipitation
fields than lower resolution simulations with parame-
terised convection (e.g. Kain et al., 2008; Lean et al.,
2008; Weisman et al., 2008; Schwartz et al., 2009;
Kendon et al., 2012), these gridlengths are still unable
to fully resolve the individual convective elements (e.g.
Bryan et al., 2003). As a result, we would not expect
kilometre-scale models to be able to resolve tornadoes,

© 2016 Royal Meteorological Society and Crown Copyright, Met Office.

however, they may be able to provide accurate
short-term predictions of the storms that produce
them.

As model gridlengths are decreased further to order
100 m, we may expect to start resolving features such
as tornadoes. Although such gridlength simulations
are currently unfeasible to run operationally, they
can provide useful insight into tornado dynamics and
demonstrate the added benefits of high resolution
forecasts. There have been many idealized mod-
elling studies of supercell and tornado dynamics (e.g.
Wicker and Wilhelmson, 1995; Markowski et al., 2003;
Markowski and Richardson, 2014b; Orf et al., 2014);
however, there are few high resolution numerical stud-
ies based on real tornadic storms. One such study by
Schenkman et al. (2014), simulated the 8 May 2003
Oklahoma City supercell using the Advanced Regional
Prediction System (ARPS) with four one-way nested
grids of 9km, 1km, 100m and 50 m horizontal grid
spacing. The 1 km simulation had a 5-min data assimila-
tion cycle performed over a 70-min period, assimilating
radar reflectivity and radial velocity from the Weather
Surveillance Radar-1988 Doppler (WSR-88D) at Twin
Lakes (KTLX) Oklahoma City. The 60-min, 100-m
simulation obtained its initial conditions from the
1 km final analysis while the 40-min, 50-m gridlength
simulation was nested within the 100 m simulation and
obtained its initial conditions from the 100 m forecast
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at 20 min. Tornado-like vortices were simulated in both
the 100 and 50 m simulations: 30 min after the 100-m
model was initialised and 10 min after the 50-m run
was initialised. The timing, location and intensity of
these vortices agreed well with the observed tornado.
Previously, Mashiko et al. (2009) were able to produce
a tornado-like vortex in a 26-min 50-m gridlength
simulation of Typhoon Shanshan using the Japan
Meteorological Agency Nonhydrostatic Model. The
50-m simulation was nested within a 5 km simulation,
the initial conditions for which were provided by an
operational regional analysis. Unlike Schenkman et al.
(2014), no radar data were assimilated; however, the
50-m gridlength simulation was very short and would
not aid real-time forecasting and warning of this storm.
In this article, we perform high resolution simulations
of the 20 May 2013 tornado outbreak in Moore, Okla-
homa using the Met Office Unified Model (MetUM)
nested down to 100 m gridlength. Previously, 100 m gri-
dlength versions of the MetUM have been used to study
cold pooling in valleys (Vosper et al., 2013), marine
stratocumulus (Boutle e al., 2014) and UK convection
(Stein et al., 2014; Hanley et al., 2015). The main aim
here is to investigate whether an order 100 m gridlength
simulation, down-scaled from a free-running 2.2 km
gridlength Numerical Weather Prediction (NWP) sim-
ulation, can resolve tornado-like vortices and poten-
tially identify enhanced risk regions where tornadoes
may occur many hours in advance of what could be
obtained if assimilating radar data in the driving model.
To our knowledge, this is the first study to simulate a
tornado-like vortex over the US Great Plains in a high
resolution NWP model at several hours lead-time.

2. Case overview

A 3-day stretch of severe weather across the Great
Plains from 18-20 May 2013 produced the most
deadly and devastating tornado of the year in the
United States on 20 May affecting Moore, Oklahoma.
Several supercell thunderstorms developed during early
afternoon on 20 May 2013 in central Oklahoma. One
of these supercells developed about 50 km southwest
of Oklahoma City just after 1900 UTC and rapidly
intensified, producing a tornado which touched down
at 1956 UTC on the west side of Newcastle, Oklahoma
(Atkins et al., 2014). The tornado persisted for about
40 min and produced widespread enhanced-Fujita (EF)
scale 3 damage, with localized EF4 and EF5 dam-
age (Figure S1(b), Supporting Information). Several
other, less intense, tornadoes were reported during the
afternoon. A more detailed overview of the event and
the accompanying synoptic conditions was given by
Zhang et al. (2015).

3. Model description

The experiments are performed using version 8.2
of the MetUM. The MetUM solves non-hydrostatic,

© 2016 Royal Meteorological Society and Crown Copyright, Met Office.
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deep-atmosphere dynamics using a numerical scheme,
which is semi-implicit and semi-Lagrangian (Davies
et al., 2005). The model uses Arakawa C-grid stag-
gering in the horizontal and a terrain-following
hybrid-height Charney—Phillips vertical grid. The
model uses a comprehensive set of parameterisations
including surface (Best efal., 2011), mixed-phase
cloud microphysics (Wilson and Ballard, 1999) and
boundary-layer (Lock et al., 2000). The model also
includes a convection scheme (Gregory and Rowntree,
1990), although this is switched off at gridlengths
below 4km. Gridlengths of 2.2km and finer also
use a stability-dependent Smagorinsky-type subgrid
turbulence scheme.

During the 2013 NOAA Hazardous Weather Testbed
experiment, the Met Office was routinely running both
a 4.4 and 2.2 km model (Clark et al., 2014; Kain et al.,
2016). The 4.4km model (US4) was one-way nested
within the Met Office global model and covers the
Contiguous United States (CONUS). The initial and
boundary data for this domain were provided by the
0000 UTC Global analysis and forecast. The 2.2 km
model (US2) was one-way nested within the US4 and
covers most of the CONUS area. Both domains have 70
vertical levels, with the top at 40 km. The global model
uses a hybrid incremental 4D-Var data assimilation
system, no further data assimilation was performed on
the limited area grids. The setup of the US4 and US2
domains was the same as the Met Office operational
European 4 km model and UK 1.5 km model (UKV),
respectively.

In this study, a suite of models were one-way
nested within the US2 with horizontal gridlengths
of 500, 200 and 100m (Figure S1). The US2 gets
its initial conditions and boundary data from the 20
May 2013 US4 model run and is initialised at 0300
UTC. The specification of the 500, 200 and 100 m
models hereafter referred to as the ‘nested models’
is presented in Table 1. All models were integrated
forward until 0000 UTC (21 h for the US2, 18 h for
the 500 m model, 12 h for the 200 m model and 9 h
for the 100m model). The initialisation times were
chosen to be at least 3h ahead of when convection
initiated in reality to allow the storms to develop within
each domain.

The nested models configuration is based on the high
resolution MetUM simulations performed by Hanley
et al. (2015) and is very similar to the operational UKV
and US2, but with a few differences. Unlike the US2, the

Table I. Domain details and experimental setup.

Grid Start
length/ Domain time/ Time Convection
Name km size Levels UTC step/s scheme?
Us4 44 CONUS 70 0000 100 Yes
us2 2.2 3740 % 2640 km 70 0300 75 No
500m 0.5 600 % 500 km 140 0600 10 No
200m 02 300 300 km 140 1200 6 No
100 m 0.1 150 % 150 km 140 1500 3 No

Atmos. Sci. Let. 17: 453461 (2016)
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Figure I. Reflectivity in dBZ at 2000 UTC (left) and 2230 UTC (right) 20 May 2013 from (a) and (b) the WSR-88D Twin Lakes,
Oklahoma (KTLX) radar at an elevation angle of 0.5 degrees, (c) and (d) the 2.2 km model and (e) and (f) the 100 m model. The
black and grey circles show the locations of Oklahoma City and Moore, respectively.

nested models have 140 vertical levels (corresponding
to a spacing of ~75m at 1 km above ground level com-
pared to 150 m in the US2). Another difference between
the models is the critical relative humidity (RH_;,) pro-
file used for cloud formation. On the assumption that
the subgrid variability of humidity is reduced in smaller
grid boxes, the nested models use a larger RH_,;, than the
US2. The final difference of note is that the US2 uses the
Smagorinsky subgrid mixing scheme only in the hori-
zontal with vertical mixing done by the boundary layer
scheme, whereas the higher resolution models apply
the subgrid mixing scheme in both the horizontal and
the vertical.

© 2016 Royal Meteorological Society and Crown Copyright, Met Office.

4. Simulation results

In this section, we begin by providing an overview
of the 20 May 2013 Oklahoma supercells in the US2
and 100 m simulation. We then provide an analysis
of the dynamics of the 200 and 100 m simulations at
the tornado-scale, as they both produce tornado-like
vortices.

4.1. Storm-scale overview

The MetUM provides surface precipitation rates as a
diagnostic. The simulated surface reflectivity, Z, has

Atmos. Sci. Let. 17: 453—-461 (2016)
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been derived from the surface rainrate, R, by assuming
a Z—R relationship of Z=300R!?. Figure 1 shows
the simulated reflectivity from the US2 and the 100 m
model compared with the WSR-88D KTLX radar
reflectivity at 2000 and 2230 UTC. On this day, the US2
has convection initiating in the Oklahoma City region
at about 1830 UTC (not shown) consistent with radar
observations. The 100 m simulation initiates convection
earlier but produces wide-spread light rain for several
hours before organizing into larger cells by about 2000
UTC (Figure 1(e)). The US2 produces large cells that
display some classic supercell features with high reflec-
tivity cores and larger regions of low reflectivity on the
forward-flank downdraft (FFD, Figure 1(c)). The size
of the cells and the distribution of reflectivity compare
reasonably well with the observed radar reflectivity;
however, the cells in the US2 tend to be more circular
than the observations. The 100 m simulation produces
more realistic-looking supercells, at 2000 UTC the
location of the Moore supercell is better represented by
the 100 m simulation (Figure 1(e)). However, the 100 m
simulation is producing too much widespread precip-
itation at this time and the supercell does not have a
hook-echo feature suggesting it isn’t tornadic. By 2230
UTC, the precipitation in the vicinity of Oklahoma City
has decayed (Figure 1(b)); however, both the US2 and
the 100 m simulation are still producing substantial pre-
cipitation. At this time, the supercells in the 100 m simu-
lation each have a well-defined hook-echo (Figure 1(f)).

The hook echos in the 100 m simulation develop about
2.5h later than the Moore tornado. Kilometre-scale
ensemble simulations of this case with the WRF-ARW
model by Zhang et al. (2015) showed that both the tim-
ing and location of the supercells were highly sensitive
to small changes in synoptic conditions, so small tim-
ing and/or positional errors in the position of the dryline
in the driving model could have led to the timing errors
seen here in the 100 m simulation.

Downdrafts (rather than updrafts) are considered
important in generating near-surface vertical vorticity
by transporting vertical vorticity from mid-levels to the
surface (e.g. Rotunno and Klemp, 1985; Markowski
and Richardson, 2009; Kosiba et al., 2013; Dahl et al.,
2014; Markowski and Richardson, 2014b; Naylor and
Gilmore, 2014). Due to the deep-layer wind shear and
upper-level winds, the bulk of the hydrometeors in a
supercell is deposited on the forward flank of the main
updraft. Evaporation of rain and melting and sublima-
tion of ice lead to negative buoyancy in this region and
the development of a FFD. The FFD in the US2 simu-
lation is coincident with the main area of precipitation
(Figure S2). A rear-flank downdraft (RFD) develops
when the mesocyclone wraps precipitation around the
updraft into drier air at the rear of the storm, leading
to latent cooling (e.g. Lemon and Doswell, 1979). The
RFD is not well resolved by the US2. Descending air
within the RFD can tilt horizontal vorticity into the
vertical and advect it towards the ground, leading to
vertical vorticity near the ground (e.g. Davies-Jones
and Brooks, 1993; Adlerman et al., 1999). Numerical

© 2016 Royal Meteorological Society and Crown Copyright, Met Office.
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Figure 2. (a) Minimum mean sea level pressure in hPa, (b) max-
imum 10 m wind speed in m s~ and (c) maximum 10 m vertical
vorticity in s~' for the US2 (blue), 500 m (red), 200 m (green)
and 100 m (cyan) simulations of 20 May 201 3. All data have been
sampled over the region of the 100 m domain and is every 5 min.
(d) Observed tornado damage path (filled contour) obtained
from http://www.srh.noaa.gov/oun/?n=events-20130520 com-
pared with location of maximum |0 m vorticity from the 200 m
(circles) and 100 m (squares) simulations. White symbols indi-
cate where the maximum 10 m wind is between 15 and 30 ms™'
and black symbols indicate where the maximum 10m wind
exceeds 30 ms~'. Model data are every minute.

simulations of tornadoes by Wicker and Wilhelmson
(1995) first indicated that some of the air parcels enter-
ing the tornado had indeed passed through the RFD.
Most supercells develop near-ground rotation; how-
ever, fewer than 20% of supercells produce a tornado
(Markowski and Richardson, 2014a). The lack of a
RFD and a hook-echo in the US2 simulation may indi-
cate that the gridlength is not sufficient to resolve the
mesocyclone and therefore the simulated storm fails to

Atmos. Sci. Let. 17: 453461 (2016)
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produce a RFD required for tornadogenesis. In the fol-
lowing section, we take a closer look at the 100 m sim-
ulation to determine whether the simulated hook-echo
features are associated with tornado-like vortices.

4.2. Tornado-scale overview

The 100 and 200m gridlength simulations both
produce tornado-like vortices. The 500m and US2
simulation both produce supercells, but do not pro-
duce tornado-like vortices. Tornado-like vortices were
identified from rapid decreases of 10-20hPa in the
minimum mean sea level pressure (mslp) within the
domain (Figure 2(a)) for both the 100 and 200 m
simulations. The rapid pressure drops are coincident
with increases of 10-m wind speed (Figure 2(b)) and
10-m vertical vorticity (Figure 2(c)). These vortices at
2230 UTC (and at other times, not shown) coincide
with well-defined hook-echo structures in the surface
reflectivity (Figure 1(f)), indicating that both 100 and
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200 m simulations are producing tornado-like vortices.
Similar rapid drops in pressure are not seen in the US2
and 500 m simulations, because these relatively-coarse
gridlengths are not fine enough to resolve tornado-like
vortices.

The vortices in both 100 and 200 m simulations have
10-m wind speeds exceeding 30 ms~' that persist for
at least 15 min (Figure 2(b)). Both models simulate tor-
nadoes later in the day than the observed EF5 tornado
but the 100 m simulation produced a vortex earlier than
the 200 m simulation, potentially showing a benefit of
better resolving the small-scale features. The 100 m
simulation produces a stronger tornado-like vortex
than the 200 m simulation. The 100 m simulation has a
maximum 10 m wind speed of over 40 ms~! whereas
the 200m simulation has a maximum of just over
35ms~!. The simulated strength of the tornado-like
vortices is significantly weaker than the observed
EF5 tornado; this is most likely due to insufficient
resolution as the effective resolution of the MetUM is

(b) 2240 (UTC) 20 May 2013
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Figure 3. Simulated surface reflectivity in dBZ from the 100 m simulation at (a) 2230, (b) 2240, (c) 2245 and (d) 2255 UTC 20
May 2013. Vectors show the 10m wind in ms™', grey contours depict mslp below 1000 hPa and black contours depict mslp above
1000 hPa with a contour interval of | hPa. The black and grey circles show the locations of Oklahoma City and Moore respectively.
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several gridlengths. The simulated location, direction
and length of the tornado paths are very similar to the
observed tornado (Figure 2(d)). The points marked
show the location of the 10 m vorticity maxima where
the 10m wind speed exceeded 15ms~!. The 100 m
simulation produces two tornado-like vortices within
10km of the observed EF5 tornado track. These two
tornado-like vortices persist for about 40 min and both
produce wind speeds exceeding 30 ms~! (reflectivity
shown in Figure 3). A third vortex occurs to the east of
the observed EFS5 tornado (see Figure 1(f)) and persists
for about 15 min. The 200 m model also simulates two
tornado-like vortices, both of which exceed 30 ms™!.
The first persists for about 10 min and the second
persists for over 30 min. Both of these tornado-like
vortices occur about 50km further east, in Lincoln
County, where an EF(Q tornado was reported on this
day. Although the model produces a tornado-like vortex
with good agreement with the Moore tornado, Figure 2
shows some differences from the actual event itself with
several tornado-like vortices occurring (white and black
symbol tracks in Figure 2(d)). This reflects some chal-
lenges for tornado-scale forecasting in the future. While
the model may produce some tornado-like vortices in
the correct location, it may resolve tornado-like vortices
that do not occur (or at least were not reported). Thus,
providing tornado warnings based on these simulations
may increase the warning lead time, however, the false
alarm rate could also increase. It may be more valuable
to use similar simulations to discriminate between
tornadic and non-tornadic storm environments.

Figure 3 focuses on the supercell in the 100 m simu-
lation nearest Moore, which produces an EF1 intensity
tornado-like vortex. At 2230 UTC, the hook echo begins
to form (Figure 3(a)); at this time a dynamically induced
low pressure is present in the inflow region. By 2240
UTC (Figure 3(b)), the hook echo is well established
and the dynamic low has deepened. During the next
5 min, the hook echo structure becomes more clearly
defined (Figure 3(c)) but also the leading edge of the
cold outflow (marked by the black 1000-hPa contour
line to the south of the storm) from the RFD starts to
separate the storm inflow from the updraft. By 2255
UTC (Figure 3(d)), the hook is quite tightly wrapped
and well defined, but the cold outflow from the RFD is
running ahead of the hook echo and cutting the storm
off from the inflow. Ultimately the tornado-like vor-
tex decays at this time, but the storm forms another
tornado-like vortex later on as seen by the break in the
tornado path in Figure 2(d) north-east of Moore.

Figure 4(a) shows vertical velocity at 1 km agl from
the 100 m simulation at 2230 UTC. There is a strong
updraft located near the hook-echo. The updraft is much
stronger in the 100 m simulation than the US2 simula-
tion as a result of it being better resolved. There is also
a strong RFD in the hook-echo region and a weaker,
larger area of downdrafts in the forward-flank region.
Figure 4(b) shows a vertical cross-section through the
main updraft and RFD from the 100 m simulation at the
same time, 2230 UTC. At this time, a funnel cloud has

© 2016 Royal Meteorological Society and Crown Copyright, Met Office.

K. E. Hanley, A. I. Barrett and H. W. Lean

developed which reaches down to the surface. Look-
ing at the meridional wind component along the same
cross-section (Figure 4(c)) shows that the updraft is
associated with a wide area of rotation at mid-levels. At
lower levels there is rotation coincident with the funnel
cloud.

Within the same synoptic environment consid-
ered favourable for tornadoes, both tornadic and
non-tornadic supercells occur. The reasons why one
supercell produces a tornado and another does not
are poorly understood. Markowski and Richardson
(2009) suggest that tornadogenesis in supercells is a
Goldilocks problem whereby the air feeding into the
tornado has to be just the right temperature. Downdrafts
and their accompanying negative buoyancy are crucial
for baroclinic generation of vorticity, but excessive neg-
ative buoyancy can prevent near-surface parcels from
being dynamically lifted, preventing tornadogenesis.
One advantage of having a fairly long simulation is that
there are multiple supercells simulated by the 100 m
model. In a follow-on study we plan to compare the
thermodynamic structure of the tornadic supercells with
the non-tornadic supercells. The ability to use such fore-
casts to discriminate between tornadic and non-tornadic
supercells may help reduce the high false alarm rate for
both tornado warnings and tornado watches.

5. Discussion

In this study, we have performed high resolution sim-
ulations of the 20 May 2013 tornado outbreak. By
nesting down to O(100m) gridlength, the simulated
supercells become more realistic and tornado-like
vortices are produced. To our knowledge, this is the
first time that tornado-like vortices have been simulated
for a real tornado event at several hours lead time and
without the use of high resolution data assimilation to
force realistic storm development.

These simulations were performed with multiple
nesting from the global model down to the 100m
simulation. Data assimilation was only performed on
the global domain. Despite the lack of data assimi-
lation, the model was able to simulate a tornado-like
vortex within 50 km of the observed Moore tornado,
albeit 2 h late. The demonstration here that sufficiently
high-resolution simulations can resolve both supercells
and tornado-like vortices, without requiring strong
constraint from high-resolution radar data assimilation,
is encouraging. By improving initial conditions using
data assimilation on the limited area domains, there
exists a real possibility of using similar high-resolution
simulations to provide skilful forecasts that could result
in longer-lead-time warnings of severe convective
weather, or the ability to discriminate between tornadic
and non-tornadic storm environments.

The tornado-like vortices in the 200 and 100 m
gridlength simulations were identified from rapid
decreases in minimum mslp of the order 10hPa and
were confirmed by the presence of a condensation

Atmos. Sci. Let. 17: 453461 (2016)
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funnel reaching down to the surface. Similar experi-
ments were conducted on two further severe weather
outbreaks from 2013: 30 and 31 May. On 30 May
2013, there were supercells across Oklahoma but no
reported tornadoes; whereas, on 31 May 2013, the

© 2016 Royal Meteorological Society and Crown Copyright, Met Office.

widest tornado in recorded history occurred in central
Oklahoma. For both cases, the MetUM did a good job
at capturing the supercellular features (not shown).
Timeseries analysis similar to Figure 2 showed that for
the 31 May 2013, both the 200 and 100 m gridlength
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simulations produced tornado-like vortices similar
in magnitude to those produced in the 20 May 2013
simulations; whereas, on 30 May 2013, no such vor-
tices were simulated. This indicates that the MetUM
potentially has some skill in discriminating between
tornadic and non-tornadic supercells.

Although the tornado-like vortices simulated by the
200 and 100 m models look realistic, there are issues
with the timing and location. This is to be expected
because atmospheric predictability at the convective
storm scale is limited, which presents some challenges
in tornado-scale forecasting in the future. In particu-
lar, the model produces several tornado-like vortices
in locations where tornadoes were not reported which
could lead to increased false alarm rates. One tech-
nique for overcoming this uncertainty would be to
run an ensemble of 100 m simulations nested within
a kilometre-scale ensemble. However, this would be
very computationally expensive. A cheaper alternative
would be to use the kilometre-scale ensemble to deter-
mine the spatial and temporal uncertainty of supercells
and then nest one or two 100 m simulations within the
ensemble to determine the likelihood of the supercells
being tornadic.

NOAA’s National Weather Service is moving towards
using order 1 km gridlength NWP models in so-called
‘warn-on-forecasts’ (Stensrud et al., 2013). Although
these gridlengths cannot resolve tornadoes, diagnostics
such as mid-level updraft helicity and low-level shear
are useful for identifying the mid-level rotation asso-
ciated with supercell storms and previous studies have
shown some skill in using updraft helicity to forecast
tornado path lengths (Clark et al., 2012, 2013). How-
ever, since only a small fraction of supercells actually
produce tornadoes, it is not possible to forecast a tor-
nado based on these diagnostics alone. In contrast, we
showed in Section 4 that order 100 m NWP models can
resolve tornado-like vortices, provided the tornado has
a diameter of several gridlengths or greater. This means
a relatively small percentage of tornadoes in nature will
be resolved in a 100 m NWP model (i.e. most torna-
does have diameters smaller than the effective resolu-
tion of the model). However, larger tornadoes are gen-
erally more damaging and arguably the most impor-
tant to forecast (e.g. Brooks, 2004; Agee and Childs,
2014). Further investigation into the difference between
the tornadic and non-tornadic supercells at this resolu-
tion may provide insight into which supercells in lower
resolution simulations are most likely to produce torna-
does. The use of 100 m simulations in this fashion, or
through use of real-time (ensemble) simulations, could
help improve the prediction of tornado outbreaks by
identifying enhanced risk regions where tornadoes may
occur and help reduce the high false alarm rate of tor-
nado warnings by discriminating between tornadic and
non-tornadic events.
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Supporting information

The following supporting information is available:

Figure S1. (a) Model domains used. The dashed black line shows
the outline of the US2, the red line shows the 500 m domain,
the blue line shows the 200 m domain and the green line shows
the 100 m domain. Coloured contours show the orography of
the US2. (b) Orography of the 100 m domain with the observed
tornado damage path overlaid (coloured contours) obtained from
http://www.srh.noaa.gov/oun/Mn=events-20130520.

Figure S2. (a) Updraft vertical velocity in m s~! and wind vectors
at 1 km agl and (b) updraft helicity in m? s=2 between 2 and 5 km
from the US2 simulation at 2000 UTC on 20 May 2013. The
contours depict surface reflectivity of 20 dBZ (grey) and 50 dBZ
(black).
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